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Microdeletions 
and microduplications linked 
to severe congenital disorders 
in infertile men
Triin Kikas 1, Anna Maria Punab 1, Laura Kasak 1, Olev Poolamets 2, Vladimir Vihljajev 2, 
Kristjan Pomm 2, Mario Reiman 1, Stanislav Tjagur 2, Paul Korrovits 2, Margus Punab 1,2,3 & 
Maris Laan 1*

Data on the clinical validity of DNA copy number variants (CNVs) in spermatogenic failure (SPGF) is 
limited. This study analyzed the genome-wide CNV profile in 215 men with idiopathic SPGF and 62 
normozoospermic fertile men, recruited at the Andrology Clinic, Tartu University Hospital, Estonia. A 
two-fold higher representation of > 1 Mb CNVs was observed in men with SPGF (13%, n = 28) compared 
to controls (6.5%, n = 4). Seven patients with SPGF were identified as carriers of microdeletions 
(1q21.1; 2.4 Mb) or microduplications (3p26.3, 1.1 Mb; 7p22.3-p22.2, 1.56 Mb; 10q11.22, 1.42 Mb, 
three cases; Xp22.33; 2.3 Mb) linked to severe congenital conditions. Large autosomal CNV carriers 
had oligozoospermia, reduced or low-normal bitesticular volume (22–28 ml). The 7p22.3-p22.2 
microduplication carrier presented mild intellectual disability, neuropsychiatric problems, and 
short stature. The Xp22.33 duplication at the PAR1/non-PAR boundary, previously linked to uterine 
agenesis, was detected in a patient with non-obstructive azoospermia. A novel recurrent intragenic 
deletion in testis-specific LRRC69 was significantly overrepresented in patients with SPGF compared 
to the general population (3.3% vs. 0.85%; χ2 test, OR = 3.9 [95% CI 1.8–8.4], P = 0.0001). Assessment 
of clinically valid CNVs in patients with SPGF will improve their management and counselling for 
general and reproductive health, including risk of miscarriage and congenital disorders in future 
offspring.

Male factor infertility is a prevalent health condition (5–10% of men) with broad etiologies, clinical and social 
 consequences1. Known genetic causes (e.g., 47, XXY karyotype) explain < 10% of male infertility cases, whereas 
every second patient remains  idiopathic2. Copy number variants (CNVs) refer to locus deletions or duplications 
that span from single genes to large genomic segments. CNVs may modulate the process of spermatogenesis 
through altered gene dosage effect, impaired homologous recombination, and/or genomic instability leading to 
errors in chromosomal segregation. So far, data on the role and clinical validity of CNVs predisposing to male 
infertility is  limited3. The only CNVs included in the diagnostic workup of men with spermatogenic failure 
(SPGF) are sporadic microdeletions encompassing three Azoospermia Factor regions (AZFa, AZFb or AZFc) 
located in the Y chromosome and mostly leading to complete lack of mature  sperm2. Recently, a novel Y-haplo-
group specific inversion was described that predisposes to recurrent AZFc deletions and consequently, to  SPGF4. 
Also some rare autosomal and X-linked CNVs have been confidently shown to cause male infertility phenotypes, 
such as heterozygous loss of WT1 and congenital genitourinary  disorders5, hemizygous deletions of TEX11 and 
meiotic  arrest6, biallelic loss of DPY19L2 and  globozoospermia7. A multi-center study of patients with azoo-
spermia has reported rare non-recurrent deletions in the DMRT1 genomic region involved in sex  development8.

A decade ago, two seminal studies profiling genome-wide CNVs in patients with SPGF reached concordant 
results that the average number and total load of DNA gain/loss per genome was similar to fertile men and the 
general  population8,9. The few reports published on this topic across 10 years have not identified any additional 
replicated candidate infertility-linked  CNVs8–13. Therefore, more investigations are needed to fill the gaps in 
this underexplored field.

OPEN

1Institute of Biomedicine and Translational Medicine, University of Tartu, Ravila 19, 50411 Tartu, 
Estonia. 2Andrology Clinic, Tartu University Hospital, L. Puusepa 1a, 50406 Tartu, Estonia. 3Institute of Clinical 
Medicine, University of Tartu, L. Puusepa 8, 50406 Tartu, Estonia. *email: maris.laan@ut.ee

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-27750-w&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |          (2023) 13:574  | https://doi.org/10.1038/s41598-023-27750-w

www.nature.com/scientificreports/

This study aimed to characterize the genome-wide profile of CNVs in 215 idiopathic infertility subjects with 
variably reduced spermatogenic output, and 62 normozoospermic fertile men as controls. As the main objective, 
the carriership of large deletions and duplications was analyzed under the hypothesis that increased chromo-
somal instability and/or altered dosage of multiple genes may predispose to SPGF. As a secondary objective, 
rare recurrent CNVs and gains/losses of genes implicated in monogenic forms of male infertility were explored.

Materials and methods
Recruitment and formation of the study cohort. The study was approved by the Ethics Review Com-
mittee of Human Research of the University of Tartu, Estonia (permission no. 74/54, last amendment 288/M-13) 
and complied with the Helsinki Declaration. Written informed consent was obtained from each study subject 
prior to recruitment. Study participants were recruited to the Estonian Andrology (ESTAND)  cohort2 and the 
material was collected at the Andrology Clinic, Tartu University Hospital (AC-TUH), Estonia. AC-TUH rep-
resents the primary and referral center managing > 90% of all male infertility cases in the country. SPGF (total 
sperm count < 39 ×  106 per ejaculate) was defined according to the World Health  Organization14. Stratification to 
severe (SO, sperm count > 0 and < 10 ×  106) and moderate oligozoospermia (MO, 10–39 ×  106) was implemented 
as  described2. Non-obstructive azoospermia (NOA) refers to lack of sperm in the ejaculate due to primary SPGF.

The genome-wide CNV profile was generated and analyzed for 277 ESTAND participants (median age 33, 
range 18–58 years; Table 1). The study group was formed of 215 patients with idiopathic SPGF (NOA n = 73; 
SO, n = 84; MO, n = 58) and 62 normozoospermic fertile men (NORM)2,15. The known causes of male infertility 
were excluded (Supplementary Methods). All men had passed identical clinical assessment and phenotyping 
using the established andrological pipeline and standard protocols at the AC-TUH. Since none of the men in the 
NORM group as well as 48 men with SPGF (n = 11 NOA, 14 SO, 23 MO) had undergone the standard cytogenetic 
analysis, all samples were evaluated for sex chromosome abnormalities using the genome-wide SNP genotyping 
data and the established  approach16.

All participants were of white European ancestry and living in Estonia.

Calling and analysis of CNVs. Blood genomic DNA was genotyped using Illumina HumanOmniExpress-
24-v1.0/v1.1 BeadChips at the institutional genotyping core facility (https:// genom ics. ut. ee/ en/ genom ics- core- 
facil ity). CNVs were called based on 705,754 SNPs present at the same genomic locations on both genotyping 
array versions. The established pipeline for autosomal CNV calling was  used17,18, based on parallel implementa-
tion of three CNV prediction algorithms – QuantiSNP v2.319, GADA (Genome Alteration Detection Analysis), 
and  CNstream20 (Supplementary Methods). The HD-CNV  algorithm21 was implemented to identify overlapping 
CNVs called by alternative prediction tools. A criterion of 40% reciprocal overlap in the predicted region (mini-
mal length of 100 bp) for the same type of event (deletion or duplication) was used to define confident CNVs. 
All CNVs called by at least two algorithms for the same individual were included in the final list (Supplementary 
Table S1). A large microduplication at 7p22.3-p22.2 (Case SO1) was validated by array-CGH and the carrier-
ship of an LRRC69 intragenic deletion among 215 SPGF cases was confirmed by TaqMan qPCR (Supplementary 
Methods).

X chromosome CNVs were detected using the Illumina Genomestudio 2.0.5 built-in CNV analysis tool with 
default settings (cnvPartition CNV Analysis Plugin v3.2.0), as algorithms used for autosomal CNV calling tend 

Table 1.  Clinical parameters of 277 study subjects. a Median (range) is shown for each parameter. 
b Normozoospermic (total sperm count > 39 ×  106/ ejaculate) partners of pregnant women. c WHO normal 
range 30–75%14. d WHO normal range 4–39%14. e 61/62 subjects in the NORM subgroup had normal sperm 
morphology (10–27% of sperm). n/a, not applicable.

Parametera
Non-obstructive azoospermia 
(NOA) Severe oligozoospermia (SO) Moderate oligozoospermia (MO)

Normozoospermic fertile men 
(NORM)b

Subgroup size (n) 73 84 58 62

Age (years) 33.7 (21.6–58.0) 35.6 (18.1–55.4) 32.4 (20.0–57.8) 31.0 (22.0–53.0)

Height (cm) 180 (169–197) 178 (166–198) 181.5 (162–210) 180 (171–193)

Weight (kg) 85.9 (54.3–127.7) 85.2 (55.7–125.8) 86.2 (59.7–123.0) 80.3 (62.0–107.4)

BMI (kg/m2) 26.1 (18.7–35.7) 26.9 (18.4–37.8) 25.7 (18.0–34.4) 25.0 (19.7–34.2)

Total testis volume (ml) 27 (7–49) 28 (7–55) 28 (18–56) 47.5 (34–100)

Semen volume (ml) 3.4 (0.5–8.9) 3.6 (0.6–8.2) 4.0 (1.4–9) 4.1 (1.8–9.4)

Total sperm count (×  106/ ejaculate) 0 (0–0) 2.4 (0.004–9.9) 21.3 (10–37.8) 430.3 (49.5–1540)

Sperm concentration (×  106/ml) 0 (0–0) 0.9 (0.001–14) 5.0 (1.8–19) 115 (15–355)

Progressive A + B motility (%)c n/a 14.5 (0–70) 30 (0–60) 55 (41–84)

Sperm with normal morphology 
(%)d n/a 0 (0–12) 2 (0–12) 14 (2–27)e

FSH (IU/l) 24.9 (4.8–70.5) 17.4 (2.7–41.1) 13.4 (4.1–30.5) 3.2 (0.8–6.8)

LH (IU/l) 8.3 (2.7–27.8) 5.9 (2.2–16.4) 4.8 (2.5–14.6) 3.4 (1.5–6.8)

Total testosterone (nmol/l) 14.0 (1.0–45.0) 16.5 (3.5–46.0) 16.5 (5.8–41.1) 16.7 (9.1–30.1)

https://genomics.ut.ee/en/genomics-core-facility
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to perform with low confidence for sex chromosome  analysis8 (Supplementary Methods). To avoid spurious 
predictions, only CNVs calls > 10 kb were considered (Supplementary Table S1).

Human genome databases  (DECIPHER22, The Database of Genomic  Variants23, OMIM, https:// omim. org) 
were utilized to extract phenotype and breakpoint data for previously mapped CNVs in the regions of interest 
and their reported prevalence in the general population. Clinical significance of the highlighted large (> 1 Mb) 
autosomal and X chromosome CNVs was assessed according to the American College of Medical Genetics and 
Genomics  guidelines24. Recent literature reviews were used to assemble the list of genes implicated in monogenic 
forms of male  infertility25,26.

Statistical analysis. Statistical analyses were performed using the R Statistical Software version [3.5.4] 
(http:// www.r- proje ct. org/). Two-tailed Student t-test was used to assess the differences between clinical sub-
groups in the size and count of CNVs, and the χ2 test to compare the distribution of deletions and duplications. 
The nominal P value < 0.05 was considered statistically significant.

Enrichment of the LRRC69 deletion in SPGF was tested compared to the CNV dataset of 45,390 population-
based  subjects27,28 recruited to the Estonian Biobank (Supplementary Methods).

Results
Profile of autosomal deletions and duplications identified in the study group. Across 277 study 
subjects (Table 1), 2026 autosomal CNVs were identified in total (median size 33 kb, range 185 bp–2.4 Mb; 
Table 2, Supplementary Table S1). Losses were mapped to 697 and gains to 512 unique loci (Fig. S1-2). The 
median length of a duplication exceeded over fourfold the median span of a deletion (86.2 vs. 19.6 kb Student 
t-test, P = 2.4 ×  10–17). The most extensive rearrangements were detected on chromosome 16 (mean 911 bp/ Mb 
per subject, Fig. S3). No significant differences were observed in the median number and load of CNVs per sub-
ject among subgroups stratified by spermatogenic output (Fig. 1, Table 2, Fig. S4). Trends for a longer cumulative 
span of deletions (median 191 vs. 160 kb; P < 0.05) and a shorter span of duplications (292 vs. 399 kb; P < 0.05) 
were observed in patients with NOA compared to normozoospermic men. The summary data of genome-wide 
CNVs was consistent with previous  reports8–11.

Over 1 Mb long autosomal deletions (n = 18; mapping to four regions) and duplications (n = 17; eight regions) 
were detected in 32 of 277 (11.6%) study subjects (Fig. 1, Tables 3 and 4, Supplementary Table S2). A trend for 
overrepresentation of large deletions in men with SPGF (17 of 215) compared to NORM subjects (one of 62) 
was observed (7.9% vs 1.6%; χ2 test, P = 0.08). The highest proportion of large duplications was identified in 
patients with SO (9 of 84; 10.7%).

Patients with SPGF carried microdeletions and microduplications linked to severe congenital 
syndromes. Six of 215 cases with SPGF (2.8%) carried large autosomal microdeletions (1q21.1) or microdu-
plications (3p26.3, 7p22.3-p22.2, 10q11.22) linked to severe congenital syndromes in patients with developmen-
tal delay (DD), intellectual disability (ID), facial dysmorphism, and/or other health conditions (Fig. 1; Table 3). 
The recurrent 1q21.1 microdeletion is classified as pathogenic, whereas the non-recurrent microduplications 

Table 2.  Summary statistics of identified autosomal deletions and  duplicationsa. Data shown as median 
(range) unless stated otherwise. CNV burden for each analyzed subject is shown on Fig. 1 a X chromosome 
CNVs were analyzed using an alternative approach and respective summary statistics are presented in 
Supplementary Table S3. *NOA vs NORM, nominal Student t-test P < 0.05. NORM Normozoospermic fertile 
men, MO Moderate oligozoospermia, NOA Non-obstructive azoospermia, SO Severe oligozoospermia.

Parameter All (n = 277) NOA (n = 73) SO (n = 84) MO (n = 58) NORM (n = 62)

All CNVs (n) 2,026 526 610 435 455

All deletions (n) 1,279 343 375 280 281

All duplications (n) 747 183 235 155 174

Size of CNVs (kb) 33.1 (0.2–2413) 31.7 (0.3–2397) 34.7 (0.2–1856) 32.4 (0.3–2413) 37.6 (0.3–1856)

Size of deletions (kb) 19.6 (0.2–2413) 14.8 (0.3–2397) 20.7 (0.2–1856) 18.1 (0.3–2413) 22.5 (0.3–1856)

Size of duplications (kb) 86.2 (0.4–1856) 82.1 (3.8–1089) 85.4 (0.4–1856) 81.7 (0.5–1420) 112.7 (1.7–1856)

CNVs per individual (n) 7.3 7.2 7.3 7.4 7.3

Cumulative span of all CNVs per subject 
(kb) 579 (24–5033) 496 (115–2524) 644 (31–5033) 576 (55–3135) 562 (24–3795)

Deletions per subject (n) 4.6 4.7 4.5 4.8 4.5

Cumulative span of deletions (kb) 173 (0.9–2724) 191 (4.8–2482)* 141 (0.9–1917) 186 (1.1–2724) 160 (8.3–2084)

Duplications per subject (n) 2.7 2.5 2.8 2.6 2.8

Cumulative span of duplications per subject 
(kb) 329 (2.2–4492) 292 (29–1250)* 418 (5.0–4492) 223 (2.2–1819) 399 (20–3411)

 > 1 Mb CNVs in total (n) 33 8 14 7 4

 > 1 Mb deletions (n) 18 7* 5 5 1

 > 1 Mb duplications (n) 15 1 9 2 3

https://omim.org
http://www.r-project.org/
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currently represent variants of uncertain significance due to low number of characterized subjects and variable 
breakpoints.

For the carrier of a 1.56 Mb 7p22.3-p22.2  microduplication31 (case SO1: age 35 years, sperm count 0.2 ×  106/
ejaculate, bitesticular volume 23 ml, FSH 13.7 IU/L; Table 4), retrospective clinical records revealed mild ID, 
behavioral and cognitive problems, residual schizophrenia, and diagnosis of a joint disorder. He also presented 
obesity (BMI > 30) and height (170 cm) that was over 10 cm below the average male height in the Estonian 
population (181–182 cm)2. The patient SO1 also carried a subtelomeric non-recurrent 14q32.33 microduplica-
tion (1.2 Mb), recently linked to DD/ID35. The carriership of both large CNVs was externally validated by aCGH 
(Methods, Fig. S5a). Neither 7p22.3-p22.2 nor 14q32.33 microduplication encompassed genes that were apparent 
candidates for SPGF. Other subjects with the 14q32.33 microduplication (SO10, SO11, and NORM2) exhibited 
no congenital abnormalities during their andrological workup (age 30–42 years; Supplementary Table S2).

The carriers of the recurrent 1q21.1  microdeletion29,30 (case MO1; 2.6 Mb; OMIM#612474; Fig. 1), and non-
recurrent microduplications at 3p26.334 (case SO2; 1.1 Mb) and 10q11.2232,33 (cases SO3, SO4, MO2; 1.2–1.4 Mb) 
presented moderate or severe oligozoospermia (Fig. S5b). During infertility workup (age 30–43 years), no typical 
phenotypic conditions linked to these variants were reported. However, all these men had reduced or low-normal 
bitesticular volume (22–28 ml vs. median 47.5 ml in NORM subjects, Table 1) and high FSH (13.2–24.2 IU/l), 
suggesting congenital testicular failure. All patients with autosomal microduplications were overweight (BMI 
25–30; two cases) or obese (BMI > 30; three cases), and also the 1q21.1 microdeletion carrier had a high BMI 
(24.6). Additionally, the patient with the 3p26.3 microduplication presented a short stature (167 cm) compared 
to typical Estonian men.

A NOA patient with a 2.3 Mb X chromosome duplication encompassing the PAR1/non-PAR 
boundary. X chromosome CNVs (median 128.8 kb; range 14–2298 kb) were mapped to 31 unique regions 
(Supplementary Tables S1, S3). No enrichment was identified in men with SPGF compared to NORM subjects.

Patient NOA9 carried a 2.3 Mb duplication at Xp22.33 (Fig. 1, Tables 3, 4, Supplementary Table S2). Interest-
ingly, he presented tall stature (191 cm) and a high FSH level (21.1 IU/L, aged 28 years) that are also typical to 
patients with Klinefelter syndrome (mostly presenting NOA) caused by extra copies of the X  chromosome38. 
However, his bitesticular volume (45 ml) and testosterone level (17.4 nmol/l) were normal. The identified DNA 
gain encompasses the boundary between the pseudoautosomal (PAR1, ~ 1 Mb) and non-PAR regions (~ 1.3 Mb) 
and represents a rearrangement-prone locus affecting recombination between the X and Y  chromosomes39. This 
variant has been reported in a female patient with vaginal and uterine  agenesis36.

One recurrent X chromosome variant, a ~ 90 kb deletion encompassing ZNF630 at Xp11.23, was detected only 
in cases with SPGF (one NOA, two SO). Although its allele frequency in this study and in a large multicenter 
dataset of cases with  NOA8 was similar (1.4% and 1.6%, respectively), this deletion has been reported with a 
1.2% prevalence in the general population (gnomAD SVs v2.1: variant: DEL_X_186083) and therefore, is an 
unlikely major contributor to SPGF.
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Figure 1.  The burden of copy number variants in the subgroups based on spermatogenic output. Y-axis shows 
the cumulative burden of all identified autosomal and X-chromosomal CNVs for every study subject (X-axis). 
Deletions and duplications larger than 1 Mb are indicated with color coding, and example variants are visualized 
with Genomestudio 2.0.5 (Illumina Inc.). Subjects with total burden of CNVs spanning over 2 Mb are indicated 
by numbering. Dotted lines refer to the median total span of CNVs in each subgroup.
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Table 3.  Large (> 1 Mb) autosomal and X chromosome deletions and duplications identified among analyzed 
individuals. a Exact genomic coordinates of identified large CNVs are detailed in Table 4 and Supplementary 
Table S2. b Assessment based on the recommendations of the American College of Medical Genetics and 
 Genomics24. c Testicular expression of the encompassed genes was assessed based on the Human Protein 
Atlas; https:// www. prote inatl as. org. d One moderate oligozoospermia case carried 16p11.2 microdeletion and 
14q11.2 microduplication. e One severe oligozoospermia case carried 7p22.2 and 14q32.33 microduplications. 
f One normozoospermic fertile man carried 14q11.2 and 15q11.2 microduplications. DD Developmental 
delay, del Deletion, dupl Duplication, ID Intellectual disability, MO Moderate oligozoospermia, NOA Non-
obstructive azoospermia, NORM Normozoospermic fertile men, PAR Pseudoautosomal region, SO Severe 
oligozoospermia, VUS Variant on uncertain significance.

CNV  IDa Size Carriers (n)

CNV region  featuresc

Published literature

Effectb hg19 NOA SO MO NORM Clinical phenotypes and inheritance Patients in this study

1q21.1 del
Pathogenic 2.4 Mb 0 0 1 0

28 genes, including dominant PIAS3, 
ANKRD34A, PRKAB2, BCL9, 
RBM8A; GJA8 has enriched protein 
expression in spermatocytes and early 
spermatids

1q21 microdeletion syndrome with 
recurrent breakpoints (OMIM#612,474, 
ORPHA:250,989): mild facial dysmor-
phisms, microcephaly, DD, ID and 
congenital cardiac, ocular, skeletal, and 
psychiatric or behavioral conditions; 
variable penetrance including asympto-
matic carriers; de novo or inherited from 
either of the  parents29,30

no congenital or chronic health 
conditions documented in health 
records, except for SPGF

15q11.2 del
Likely benign 2.4 Mb 2 1 0 1

pericentromeric; OR4 gene cluster; 
primate-specific and testis-enriched 
GOLGA6L6 (early spermatids) and 
LINC02203 genes, and the POTEB 
gene cluster

no established links to clinical pheno-
types

no congenital or chronic health con-
ditions except for SPGF in 3 of 4 men

16p11.2 del
VUS 2.0 Mb 4 4 4d 0

pericentromeric; epididymis and 
testis-specific TP53TG3 gene cluster 
with enriched expression in spermato-
cytes, early and late spermatids

no established links to clinical pheno-
types

no congenital or chronic health 
conditions except for SPGF

19q11 del
VUS 1.4 Mb 1 0 0 0 pericentromeric; no protein coding 

genes
no established links to clinical pheno-
types

no congenital or chronic health 
conditions except for NOA

All del 7 5 5 1

7p22.2 dupl
VUS 1.6 Mb 0 1e 0 0 AMZ1, GNA12, CARD11, SDK1

rare non-recurrent 7p22.3-p22.2 
microduplication syndrome with variable 
breakpoints: facial dysmorphisms, short 
stature, DD, ID, asthma, myopia; other 
conditions; de novo or due to unbalanced 
chromosome translocations 31

mild ID, problems with cognitive 
performance, residual schizophrenia; 
diagnosed with joint disorders; short 
stature (170 cm)

10q11.22 
dupl
VUS

1.4 Mb 0 2 1 0

ANTXRL is a testis-specific gene 
expressed in early and late spermatids; 
PTPN20 has enhanced expression in 
spermatocytes and spermatids
Other: ANXA8L1, GDF10, GDF2, 
GPRIN2, NPY4R, RBP3, SYT15, 
ZNF488

rare non-recurrent duplications with 
variable breakpoints; DD, ID, microceph-
aly, childhood-onset epilepsy, seizures, 
autistic features and other health condi-
tions; de novo or parental karyotype data 
 unavailable32,33

asymptomatic to typical 10q11.22 
dupl phenotype; one patient has been 
treated for various dermatological 
conditions

3p26.3 dupl
VUS 1.1 Mb 0 1 0 0 CNTN4

rare non-recurrent microduplication 
syndrome with variable breakpoints: 
DD, ID and autism spectrum disorder; 
incomplete penetrance; de novo or inher-
ited from healthy parents 34

asymptomatic to typical 3p26.3 dupl 
phenotype; no congenital or chronic 
health conditions except for SPGF; 
short stature (167 cm)

14q32.33 
dupl
VUS

1.2 Mb 0 3e 0 1 subtelomeric; IGH gene cluster prone 
to rearrangements

rare 14q32.33 terminal duplications with 
variable breakpoints and expressivity, 
e.g. low birth weight, hypotonia, facial 
dysmorphisms, DD, ID and other health 
conditions; de novo or due to unbalanced 
chromosome translocations 35

asymptomatic to typical 14q32.33 
dupl phenotype; in two cases, no con-
genital or chronic health conditions 
except for SPGF

14q11.2 dupl
Likely benign 1.1 Mb 1 0 1d 1f. pericentromeric; POTEG, POTEM, 

OR11 and OR4 gene families
no established links to clinical pheno-
types

no congenital or chronic health con-
ditions except SPGF in 2 of 3 men

15q11.2 dupl
Likely benign 1.9 Mb 0 2 0 1f. pericentromeric; see 15q11.2 del no established links to clinical pheno-

types
no congenital or chronic health con-
ditions except SPGF in 2 of 3 men

Xp22.33 dupl
VUS 2.3 Mb 1 0 0 0

encompasses the boundary of PAR1 
(DHRSX, ZBED1, CD99, XG) and 
non-PAR regions (GYG2, ARSD, 
ARSL, ARSH, ARSF, MXRA5, PRKX)

previously described in one female with 
Mayer–Rokitansky–Küster–Hauser 
syndrome II; she had vaginal and uterine 
agenesis, horseshoe kidney, hypoacu-
sis, tachycardia, osteoporosis; parental 
karyotype data  unavailable36

The effect in men is currently unknown

no congenital or chronic health 
conditions except for SPGF

Xp22.31 dupl
Benign 1.7 Mb 0 0 0 1

PUDP, STS, PNPLA4; VCX is a testis-
enriched gene that is expressed in 
spermatocytes and spermatogonia

rare non-recurrent duplications with 
variable breakpoints; no association to 
clinical phenotypes in the UK biobank 
study; de novo or inherited from either of 
the parents 37

no congenital or chronic health 
conditions

All dupl 2 9 2 4

https://www.proteinatlas.org
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The rest of the X chromosome CNVs were mapped to either intergenic loci (22 of 43 CNVs, 51%), spanned 
duplicated gene families, represented common variants in the general population, and/or did not include any 
strong candidate genes for SPGF. Also, a large gain at Xp22.31 (1.7 Mb) identified in the NORM4 subject was 
evaluated as benign in the UK Biobank dataset of 421,413  individuals37.

A large deletion in the pericentromeric region of 16p11.2 as a candidate risk factor for 
SPGF. Large CNVs in pericentromeric regions (1.1–2.4 Mb) were detected in 21 of 277 study subjects (7.6%), 
including 17 deletions at 15q11.2, 16p11.2, or 19q11.2; and six duplications at 14q11.2 or 15q11.2 (Fig. 1, Table 3, 
Supplementary Table S2). None of the men carrying large CNVs in pericentromeric regions presented severe 
congenital or chronic health conditions apart from SPGF.

A recurrent deletion in the pericentromeric region of 16p11.2 (2 Mb) was detected in 12 of 215 SPGF patients 
(median sperm count 2.9 ×  106 / ejaculate) but was not identified in NORM subjects (Fischer exact test, P = 0.07). 
The frequency observed in cases with SPGF exceeded the reported population prevalence fourfold (5.6% vs. 1.4%; 
Fig. 2a, Supplementary Table S4). The 16p11.2 deletion encompasses the hominid-specific TP53TG3 cluster 
comprised of six duplicated genes with enriched expression in the epididymis, spermatocytes, early and late 
spermatids.

Deletions in pericentromeric regions of 19q11 (1.4 Mb, case NOA8) and 15q11.2 (1.9–2.4 Mb, NOA6-7, 
SO12, NORM3) had no apparent link to SPGF. The subject NORM1 carried duplications at 14q11.2 (1.1 Mb) 
and 15q11.2 (1.9 Mb), excluding these CNVs as likely risk factors for SPGF.

A recurrent partial deletion of the testis-specific LRRC69 gene is significantly associated with 
SPGF. Six smaller autosomal deletions (median 41.0 kb, range 1.9–191.6 kb) and six duplications (median 
50.3 kb, range 16.5–341.3 kb) (all heterozygous) were identified that were carried by four or more patients with 
SPGF but not by any NORM subjects (Fig. 2a, Supplementary Table S4). No recurrent CNVs were overrepre-
sented in a specific SPGF subgroup.

A heterozygous partial LRRC69 gene deletion (52–69 kb) that removes four exons of its alternative transcript 
(ENST00000448384.2) was detected and validated using a locus-specific assay in seven patients with SPGF, 
including four cases with NOA (Methods, Fig. 2b, Supplementary Table S5). This previously undescribed testis-
enhanced gene is expressed in early and late  spermatids41 but there is no data on the phenotypic consequences of 
its reduced dosage. A highly significant enrichment of the LRRC69 deletion among cases with SPGF compared 
to population-based participants in the Estonian biobank (EstBB)27,28 was observed (7/215 vs. 386/45,390; 3.3% 
vs. 0.85%; χ2 test, OR = 3.9 [95%CI 1.8–8.4], P = 0.0001; Fig. 2c, Supplementary Table S6).

Other gene deletions were ranked as low priority due to their high population prevalence (AADAC, CSMD1, 
QRFPR loci; 1.5–6.4%) or unlikely major involvement of lost gene copies in SPGF (TMTC2, PSG cluster). All 
but one (ABCC4) recurrent duplications were mapped to subtelomeric regions with no present evidence that 
increased dosage of encompassed genes would affect spermatogenesis.

CNVs involving genes linked to monogenic male infertility are not enriched in cases with 
SPGF. Nine heterozygous deletions (three independent loci) and two duplications (two loci) were identi-
fied encompassing genes linked to monogenic infertility (Supplementary Table S7). Most involved genes were 
linked to disorders with autosomal recessive inheritance. One patient with NOA carried four copies of PLXNA1, 

Table 4.  Detailed clinical features of undiagnosed carriers of clinically relevant large microdeletion or 
microduplications. a The case also carried a large CNV at 14q32.33 which is likely to be a benign change 
(detailed in Supplementary Table S2). FSH Follicle stimulating hormone, H Height, LH Luteinizing hormone, 
n.d. not documented, Sp conc Sperm concentration (×  106/ml), Sp count Sperm count (×  106/ per ejaculate), T 
Testosterone, TTV Total testis volume, bitesticular (left + right), W Weight.

Case ID CNV ID

CNV data (hg19) General parameters Testicular and sperm parameters Hormonal parameters

Start (bp) End (bp)
Size 
(Mb)

Age 
(yrs) H (cm) W (kg)

BMI
(kg/m2)

TTV 
(ml)

Semen 
vol (ml) Sp conc Sp count

FSH 
(IU/l)

LH 
(IU/l)

Total T 
(nmol/l)

MO1 1q21.1 
del 145,413,715 147,826,789 2.41 32 178 78 24.6 28 7.2 5.1 36.7 13.2 4.1 21.8

SO1a 7p22.2 
dupl 2,727,337 4,283,564 1.56 35 170 88 30.4 23 2.9 0.1 0.2 13.7 5.5 9.8

SO2 3p26.3 
dupl 1,571,508 2,669,708 1.10 41 167 84 30.3 22 1.7 1.5 2.6 14.7 4.6 33.8

SO3 10q11.22 
dupl 46,283,686 47,703,869 1.42 30 182 95 28.6 27 2.4 1.0 2.4 22.9 13.8 22.2

MO2 10q11.22 
dupl 46,283,686 47,703,869 1.42 33 178 80 25.2 25 3.0 7.2 21.3 24.2 4.3 10.6

SO4 10q11.22 
dupl 47,101,942 48,318,619 1.22 43 178 102 32.3 23 3.7 2.0 7.4 22.8 5.1 3.5

NOA9 Xp22.33 
dupl 1,853,035 4,151,086 2.30 28 191 90 24.7 45 5.8 0 0 21.1 3.5 17.4
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recently linked to autosomal dominant hypogonadotropic  hypogonadism42. As the patient’s hormonal profile 
(FSH: 14 IU/l) did not match this condition, the effect of increased gene dosage was unclear.

Discussion
This study analyzed the genome-wide CNV profile in 215 patients with idiopathic SPGF and 62 normozoosper-
mic fertile men. A considerable number of patients with SPGF (n = 28; 13%) carried large deletions and duplica-
tions spanning over 1 Mb, whereas the respective carrier frequency in the normozoospermic fertile men was 
two times lower (n = 4, 6.5%). The proportion of large CNVs in infertile men is in a similar range as reported for 
patients with  autism43 or  DD44. In comparison, a study of 7,877 Estonian Biobank participants identified only 
2% of subjects as carriers of > 1 Mb  CNVs27.

As the main outcome of this study, seven patients with SPGF (~ 3.3%) were identified as undiagnosed carri-
ers of microdeletions (1q21.1) or microduplications (3p26.3, 7p22.3-p22.2, 10q11.22, Xp22.33) linked to severe 
congenital developmental conditions (Table 3). This is comparable to the prevalence of Y chromosome AZFa-c 
microdeletions (2–10%) currently included in the diagnostic pipeline for  SPGF2,45,46. Clinical data of patients 
with large autosomal DNA gains/losses are supportive to congenital testicular maldevelopment (bitesticular 
volume < 30 ml, FSH > 12 IU/l) as their primary cause of SPGF (Table 4, Supplementary Table S2). Case SO2 

8 genes
341kb
SPGF 4.7%
pop 0.02%

4 genes
52kb
SPGF 7.0%
pop NA

AADAC
31kb
SPGF 2.8%
pop 1.5%

QRFPR
3.4kb
SPGF 1.9%
pop 6.4%

CSMD1 #
2.7kb
SPGF 1.9%
pop 3.6%

LRRC69
69kb
SPGF 3.3%
pop 0.16%

19 genes
270kb
SPGF 3.3%
pop 0.02%

TMTC2
49kb
SPGF 2.8%
pop 0.59%

ABCC4
111kb
SPGF 2.3%
pop 0.16%

7 genes
43kb
SPGF 3.3% 
pop NA

3 genes
211kb
SPGF 2.8%
pop 0.87%

6 genes
94kb
SPGF 6.0%
pop NA

TP53TG3 
gene cluster
2.0Mb
SPGF 6.0% 
pop 1.4%

The only gene disrupted by this CNV
Previously reported CNV in SPGF cases
Testis enhanced RNA expression

GENE
#

GENE

       Duplication
       Deletion
Non-obstructive azoospermia
Severe oligozoospermia
Moderate oligozoospermia

A

B

ENST00000343709.7
ENST00000518304.1
ENST00000448384.2

012
TPM

LRRC69 protein coding transcript expression in testis

LRRC69 deletion carriers (%)

SPGF
patients
7/215

EstBB
cohort

386/45,390

3.26%

0.85% χ2 test, P=0.0001
OR=3.94, CI95% 1.8-8.4

C

Figure 2.  Recurrent CNVs in men with spermatogenic failure. (A) Chromosomal distribution of recurrently 
detected deletions and duplications among 215 cases with spermatogenic failure (SPGF). The highlighted 
13 CNVs represent the same type of copy number change (seven deletions, six duplications) encompassing 
protein-coding gene(s) and detected in at least four cases with SPGF and no normozoospermic fertile men 
(NORM). The number of encompassed genes, and the length and frequency of each variant in subjects with 
SPGF compared to the general population (pop; sources: DGV  Gold23,  DECIPHER22) are shown. Recurrent 
CNVs exceeding 1 Mb or disrupting only a single gene are highlighted. Intronic CSMD1 deletions (indicated by 
#) have been proposed as candidate contributors to male  infertility8, but in this study the detected prevalence 
in cases with SPGF was lower than reported in the general population. Details are presented in Supplementary 
Table S4. (B) The major protein-coding transcripts of the LRRC69 gene expressed in the human testis according 
to the GTEx  database40. The identified LRRC69 partial deletion is shown with a red box. Genomic coordinates 
of the minimal deleted region (52,375 bp) are chr8:92,128,840–92,181,214 (hg19). TPM, transcripts per million. 
(C) Statistically significant association between LRRC69 intragenic deletions among cases with SPGF compared 
to population-based participants in the Estonian Biobank (EstBB)  cohort27,28. A χ2 test was used to test the 
difference between the two groups.
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(total sperm count 0.2 ×  106) with the non-recurrent 7p22.3-p22.2 microduplication also presented mild ID, 
neuropsychiatric problems, and short stature. To our knowledge, this is the first clinical description of an adult 
subject with this variant, so far reported in pediatric patients with a severe syndromic DD  phenotype31. One 
patient with SPGF was identified as a carrier of the recurrent 1q21.1 microdeletion spanning 2.4 Mb (Fig. 1). The 
prevalence of undiagnosed cases carrying this large CNV has been reported 1/2,626 in the Estonian population-
based  study27. The 1q21.1 microdeletion is listed in the  DECIPHER22 database of developmental disorders and 
characterized by incomplete penetrance and variable expressivity, including infertility and cryptorchidism in 
some male  carriers29,30. Unfortunately, general health data of the case in our study was unavailable. Inheritance 
from healthy parents and incomplete penetrance have also been evidenced for the 3p26.3  microduplication34, 
whereas other identified non-recurrent microduplications have been reported mostly as de novo events with no 
penetrance estimates (Table 3). Non-recurrent microduplications at 10q11.22 have been described in singleton 
cases with pediatric-onset epilepsy and  ID32,33, but this study identified three carriers among SPGF cases. Their 
andrological data resembled the phenotype of the 1q21.1 deletion carrier – oligozoospermia, lower bitesticular 
volume compared to controls, increased FSH and BMI (Table 4). The variant spans two candidate genes with 
testis-specific (ANTXRLI, restricted to spermatids) or -enhanced (PTPN20, spermatocytes and spermatids) 
expression. The case with NOA carrying the Xp22.33 duplication spanning the PAR1/non-PAR boundary had 
normal testes size, suggesting a primary defect in the process of spermatogenesis per se. As the amplified region 
involved no apparent candidate genes, a structural effect disturbing recombination between X and Y is a likely 
scenario.

CNVs encompassing large genomic regions will potentially impair critical processes in spermatogenesis 
–mitosis required for the efficient proliferation and differentiation of spermatogonia, and the quality of meio-
sis resulting in haploid spermatids. There is an abundance of literature showing that large duplications affect 
meiotic chromosome pairing and lead to non-allelic homologous recombination events, generating genomic 
 rearrangements47,48. Meiosis may be further impaired due to translocated duplications. Acrocentric segmental 
duplications promoting interchromosomal duplications between acrocentric and non-acrocentric chromosomes 
1, 3, 4, 7, 9, 16, and 20 are particularly prone to double-strand  breaks49. Large CNVs in pericentromeric regions 
identified on chromosomes 14, 15, 16, and 19 may modulate the stability of long stretches of constitutive hetero-
chromatin (Table 3, Supplementary Table S2), potentially affecting meiotic chromosome pairing and assembly 
of the kinetochore complex for chromosomal  segregation50,51. Other reports on SPGF cases have also described 
CNVs in pericentromeric regions on chromosomes 13–1652. In our study, extensive deletions at 16p11.2 were 
detected in 12 patients with SPGF but not in fertile men. Chromosome 16 is susceptible to heteromorphisms 
and includes a hotspot for inversions leading to subsequent deletions or duplications that may predispose to 
errors in chromosomal  segregation53. Reduced dosage of six testis-enriched TP53TG3 genes in the deleted region 
may also contribute to SPGF. The role of structural variation at 16p11.2 in SPGF must be further studied using 
targeted long-read sequencing.

It has been discussed that there is an abundance of genomic rearrangement hotspots that harbor genes 
important for  spermatogenesis54. Also in this study, novel candidate genes for male infertility were identified that 
were disrupted by CNVs (Table 1, Fig. 2). As a secondary outcome, a recurrent deletion within the testis-specific 
LRRC69 gene was identified as a novel candidate risk factor for male infertility. It was carried by seven cases with 
SPGF (and no NORM) and presented significantly higher prevalence among infertile men than in the general 
Estonian population (3.3% vs. 0.9%). A possible link to spermatogenic parameters might be through carnitine 
levels 55, which are lowered by LRRC69 loss-of-function  variants56. Further investigation of the functional link 
between LRRC69 and spermatogenesis is warranted.

Several large microdeletions and microduplications identified in this study have been mainly or only described 
in pediatric patients presenting ID/DD (Table 3). Alternative scenarios need to be considered to understand the 
pleiotropic effect of large CNVs in causing developmental disorders and/or potentially leading to SPGF. Whereas 
microdeletion/microduplication syndromes are mainly considered to be caused by altered dosage of critical 
genes, most highlighted CNVs did not encompass any apparent candidate genes for SPGF. As discussed above, 
the presence of a large genomic rearrangement per se may affect the complex process of spermatogenesis. In 
other occasions, large CNVs may involve genes implicated in brain development and function, as well as those 
required for spermatogenesis. Altered dosage of those genes will have differential effect, depending on the tissue 
of action. Notably, according to the Human Protein Atlas, the human brain and testis share the highest number 
of group enriched genes, indicating potential shared pathways in spermatogenesis and brain development and 
 function41. One example is PTPN20 (10q11.22 microduplication) that has the highest expression in both, tes-
ticular and brain tissues. It has been proposed that the role of these two tissues in the speciation process could 
explain the high similarity of their proteomic  profile57. However, at present the clinical relevance (shared cause 
for neurological disorders and impaired spermatogenesis) of this topic is underexplored.

As a practical implication, the study data provided supportive evidence that introducing chromosomal 
microarray analysis into routine andrological workup of certain subgroups of cases with SPGF will improve 
their molecular diagnostics and clinical management. This additional genomic analysis will be relevant for idi-
opathic NOA and SO patients after standard genetic evaluation. Infertile men with sperm concentration less than 
5 ×  106/ml could be tested, concordant with current recommendations for the analysis of Y chromosome AZF 
 microdeletions58. Before genetic testing, counselling by a clinical geneticist could be considered for extended 
patient phenotyping and compilation of family health history. This advanced genetic assessment will facilitate not 
only evidence-based counselling of the couple about their reproductive choices and predisposition to pregnancy 
 failure18,59 but also identification of congenital risks for health conditions of the patient and future offspring.
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Limitations. The limitations of the study have to be acknowledged. Standard chromosome analysis was 
not performed in 48 (22.3%) patients with SPGF and all individuals in the NORM group. As microarray-based 
analysis does not enable to detect inversions, translocations, and complex genomic rearrangements., these vari-
ant types may have been missed. Additionally, the exact breakpoints of deletions and duplications cannot be 
precisely determined with the resolution of the SNP microarray dataset. Also, this study did not analyze CNVs 
on the Y chromosome due to high level of genomic complexity and low number of unique SNPs. Calling of 
Y-linked CNVs requires targeted genotyping and/or sequencing  approaches4. Due to different approaches for 
CNV calling, only deletions/duplications of 10 kb or more were evaluated for the X chromosome and the load of 
CNVs on autosomes and the X chromosome could not be directly compared.

Recurrent disease-associated rare genetic variants identified in one population, such as the partial deletion 
of LRRC69 in this study, may not be present in subjects with other ancestries. In the current retrospective study, 
health data and blood samples of family members had not been collected at patient recruitment. Therefore, the 
origin of the identified CNVs (de novo or inherited) could not be determined and the phenotypes of other pos-
sible CNV carriers in the family were unavailable. In perspective, collecting parental informed consent for their 
carrier testing and family history of health conditions should be recommended upon recruitment of patients 
with SPGF for genetic testing and research.

Conclusions
The diagnostic pipeline of SPGF cases will benefit from chromosomal microarray analysis by identifying undi-
agnosed carriers of clinically relevant microdeletions and microduplications. This will add significant value in 
the routine management and counselling of infertile men for their general and reproductive health.

Data availability
All data generated or analyzed during this study are included in this published article. Data of the identified 
CNVs have also been submitted to NCBI dbVar (https:// www. ncbi. nlm. nih. gov/ dbvar/) under the study acces-
sion number nstd227.

Received: 4 November 2022; Accepted: 6 January 2023

References
 1. Agarwal, A. et al. Male infertility. Lancet 397, 319–333 (2021).
 2. Punab, M. et al. Causes of male infertility: A 9-year prospective monocentre study on 1737 patients with reduced total sperm 

counts. Hum. Reprod. 32, 18–31 (2017).
 3. Laan, M., Kasak, L. & Punab, M. Translational aspects of novel findings in genetics of male infertility—status quo 2021. Br. Med. 

Bull. 140, 5–22 (2021).
 4. Hallast, P. et al. A common 1.6 mb Y-chromosomal inversion predisposes to subsequent deletions and severe spermatogenic failure 

in humans. Elife 10, e65420 (2021).
 5. Seabra, C. M. et al. A novel Alu-mediated microdeletion at 11p13 removes WT1 in a patient with cryptorchidism and azoospermia. 

Reprod. Biomed. Online 29, 388–391 (2014).
 6. Yatsenko, A. N. et al. X-Linked TEX11 mutations, meiotic arrest, and azoospermia in infertile men. N. Engl. J. Med. 372, 2097–2107 

(2015).
 7. Harbuz, R. et al. A recurrent deletion of DPY19L2 causes infertility in man by blocking sperm head elongation and acrosome 

formation. Am. J. Hum. Genet. 88, 351–361 (2011).
 8. Lopes, A. M. et al. Human spermatogenic failure purges deleterious mutation load from the autosomes and both sex chromosomes, 

including the gene DMRT1. PLoS Genet. 9, e1003349 (2013).
 9. Tüttelmann, F. et al. Copy number variants in patients with severe oligozoospermia and sertoli-cell-only syndrome. PLoS One 6, 

e19426 (2011).
 10. Hardy, J. et al. Genomic testing for copy number and single nucleotide variants in spermatogenic failure. J. Assist. Reprod. Genet. 

39, 2103–2114 (2022).
 11. Wyrwoll, M. J. et al. Analysis of copy number variation in men with non‐obstructive azoospermia. Andrology 10, 1593–1604 

(2022).
 12. Eggers, S. et al. Copy number variation associated with meiotic arrest in idiopathic male infertility. Fertil. Steril. 103, 214–219 

(2015).
 13. Jorgez, C. J. et al. Genomic and genetic variation in E2F transcription factor-1 in men with nonobstructive azoospermia. Fertil. 

Steril. 103, 44-52.e1 (2015).
 14. WHO. World Health Organization. WHO laboratory manual for the examination and processing of human semen. 6th ed. World 

Health Organization, Department of Reproductive Health and Research. Geneva, Switzerland. WHO Press (2021).
 15. Ehala-Aleksejev, K. & Punab, M. The different surrogate measures of adiposity in relation to semen quality and serum reproductive 

hormone levels among Estonian fertile men. Andrology 3, 225–234 (2015).
 16. Sanders, S. J. et al. Insights into autism spectrum disorder genomic architecture and biology from 71 risk loci. Neuron 87, 1215–1233 

(2015).
 17. Kasak, L., Rull, K., Vaas, P., Teesalu, P. & Laan, M. Extensive load of somatic CNVs in the human placenta. Sci. Rep. 5, 8342 (2015).
 18. Kasak, L., Rull, K., Sõber, S. & Laan, M. Copy number variation profile in the placental and parental genomes of recurrent pregnancy 

loss families. Sci. Rep. 7, 45327 (2017).
 19. Colella, S. et al. QuantiSNP: An objective bayes hidden-markov model to detect and accurately map copy number variation using 

SNP genotyping data. Nucleic Acids Res. 35, 2013–2025 (2007).
 20. Alonso, A. et al. CNstream: A method for the identification and genotyping of copy number polymorphisms using Illumina 

microarrays. BMC Bioinform. 11, 264 (2010).
 21. Butler, J. L. et al. HD-CNV: Hotspot detector for copy number variants. Bioinformatics 29, 262–263 (2013).
 22. Firth, H. V. et al. DECIPHER: Database of chromosomal imbalance and phenotype in humans using ensembl resources. Am. J. 

Hum. Genet. 84, 524–533 (2009).
 23. MacDonald, J. R., Ziman, R., Yuen, R. K. C., Feuk, L. & Scherer, S. W. The database of genomic variants: A curated collection of 

structural variation in the human genome. Nucleic Acids Res. 42, D986–992 (2014).

https://www.ncbi.nlm.nih.gov/dbvar/


10

Vol:.(1234567890)

Scientific Reports |          (2023) 13:574  | https://doi.org/10.1038/s41598-023-27750-w

www.nature.com/scientificreports/

 24. Riggs, E. R. et al. Technical standards for the interpretation and reporting of constitutional copy-number variants: A joint consensus 
recommendation of the American college of medical genetics and genomics (ACMG) and the clinical genome resource (ClinGen). 
Genet. Med. 22, 245–257 (2020).

 25. Houston, B. J. et al. A systematic review of the validated monogenic causes of human male infertility: 2020 update and a discussion 
of emerging gene-disease relationships. Hum. Reprod. Update 28, 15–29 (2021).

 26. Kasak, L. & Laan, M. Monogenic causes of non-obstructive azoospermia: Challenges, established knowledge, limitations and 
perspectives. Hum. Genet. 140, 135–154 (2020).

 27. Männik, K. et al. Copy number variations and cognitive phenotypes in unselected populations. JAMA 313, 2044–2054 (2015).
 28. Auwerx, C. et al. The individual and global impact of copy-number variants on complex human traits. Am. J. Hum. Genet. 109, 

647–668 (2022).
 29. Brunetti-Pierri, N. et al. Recurrent reciprocal 1q21.1 deletions and duplications associated with microcephaly or macrocephaly 

and developmental and behavioral abnormalities. Nat. Genet. 40, 1466–1471 (2008).
 30. Bernier, R. et al. Clinical phenotype of the recurrent 1q21.1 copy-number variant. Genet. Med. 18, 341–349 (2016).
 31. Cox, D. & Butler, M. A case of the 7p22.2 microduplication: Refinement of the critical chromosome region for 7p22 duplication 

syndrome. J. Pediatr. Genet. 4, 34–37 (2015).
 32. Borlot, F., Regan, B. M., Bassett, A. S., Stavropoulos, D. J. & Andrade, D. M. Prevalence of pathogenic copy number variation in 

adults with pediatric-onset epilepsy and intellectual disability. JAMA Neurol. 74, 1301–1311 (2017).
 33. Fortin, O. et al. Copy number variation in genetic epilepsy with febrile seizures plus. Eur. J. Paediatr. Neurol. 27, 111–115 (2020).
 34. Te Weehi, L. et al. Microduplication of 3p26.3 implicated in cognitive development. Case Rep. Genet. 2014, 295359 (2014).
 35. Han, J. & Park, J. A recurrent de novo terminal duplication of 14q32 in Korean siblings associated with developmental delay and 

intellectual disability, growth retardation, facial dysmorphism, and cerebral infarction: A case report and literature review. Genes 
(Basel). 12, 1338 (2021).

 36. Pontecorvi, P. et al. Protein–protein interaction network analysis applied to DNA copy number profiling suggests new perspectives 
on the aetiology of Mayer–Rokitansky–Küster–Hauser syndrome. Sci. Rep. 11, 448 (2021).

 37. Gubb, S. J. A. et al. Medical and neurobehavioural phenotypes in male and female carriers of Xp22.31 duplications in the UK 
biobank. Hum. Mol. Genet. 29, 2872–2881 (2020).

 38. Gravholt, C. H. et al. Klinefelter syndrome: Integrating genetics, neuropsychology, and endocrinology. Endocr. Rev. 39, 389–423 
(2018).

 39. Schiebel, K. et al. Abnormal XY interchange between a novel isolated protein kinase gene, PRKY, and its homologue, PRKX, 
accounts for one third of all (Y+)XX males and (Y-)XY females. Hum. Mol. Genet. 6, 1985–1989 (1997).

 40. Lonsdale, J. et al. The genotype-tissue expression (GTEx) project. Nat. Genet. 45, 580–585 (2013).
 41. Uhlen, M. et al. Tissue-based map of the human proteome. Science 347, 1260419 (2015).
 42. Kotan, L. D. et al. Prevalence and associated phenotypes of PLXNA1 variants in normosmic and anosmic idiopathic hypogonado-

tropic hypogonadism. Clin. Genet. 95, 320–324 (2019).
 43. Kanduri, C. et al. The landscape of copy number variations in finnish families with autism spectrum disorders. Autism Res. 9, 9–16 

(2016).
 44. Mardy, A. H. et al. Variants of uncertain significance in prenatal microarrays: A retrospective cohort study. BJOG 128, 431–438 

(2021).
 45. Olesen, I. A. et al. Clinical, genetic, biochemical, and testicular biopsy findings among 1,213 men evaluated for infertility. Fertil. 

Steril. 107, 74-82.e7 (2017).
 46. Krausz, C., Escamilla, A. R. & Chianese, C. Genetics of male infertility: From research to clinic. Reproduction 150, R159–R174 

(2015).
 47. Lupski, J. R. Biology in balance: Human diploid genome integrity, gene dosage, and genomic medicine. Trends Genet. 38, 554–571 

(2022).
 48. Mefford, H. C. & Eichler, E. E. Duplication hotspots, rare genomic disorders, and common disease. Curr. Opin. Genet. Dev. 19, 

196–204 (2009).
 49. Vollger, M. R. et al. Segmental duplications and their variation in a complete human genome. Science 376, eabj6965 (2022).
 50. McAinsh, A. D. & Marston, A. L. The four causes: The functional architecture of centromeres and kinetochores. Annu. Rev. Genet. 

56, 279–314 (2022).
 51. Jagannathan, M., Cummings, R. & Yamashita, Y. M. A conserved function for pericentromeric satellite DNA. Elife 7, e34122 (2018).
 52. Dong, Y. et al. Copy number variations in spermatogenic failure patients with chromosomal abnormalities and unexplained 

azoospermia. Genet. Mol. Res. 14, 16041–16049 (2015).
 53. Porubsky, D. et al. Recurrent inversion polymorphisms in humans associate with genetic instability and genomic disorders. Cell 

185, 1986-2005.e26 (2022).
 54. Huang, N. et al. A Screen for genomic disorders of infertility identifies MAST2 duplications associated with nonobstructive 

azoospermia in humans. Biol. Reprod. 93, 61–62 (2015).
 55. Sharma, A. P., Sharma, G. & Kumar, R. Systematic review and meta-analysis on effect of carnitine, coenzyme Q10 and selenium 

on pregnancy and semen parameters in couples with idiopathic male infertility. Urology 161, 4–11 (2022).
 56. Yu, B. et al. Loss-of-function variants influence the human serum metabolome. Sci. Adv. 2, e1600800 (2016).
 57. Matos, B., Publicover, S. J., Castro, L. F. C., Esteves, P. J. & Fardilha, M. Brain and testis: More alike than previously thought? Open 

Biol. 11, 200322 (2021).
 58. Krausz, C., Hoefsloot, L., Simoni, M. & Tüttelmann, F. EAA/EMQN best practice guidelines for molecular diagnosis of Y-chro-

mosomal microdeletions: State-of-the-art 2013. Andrology 2, 5 (2014).
 59. Nagirnaja, L. et al. Structural genomic variation as risk factor for idiopathic recurrent miscarriage. Hum. Mutat. 35, 972–982 

(2014).

Acknowledgements
We would like to thank all study participants engaged in the ESTAND cohort and the clinical team at the Androl-
ogy Centre, Tartu University Hospital for patient phenotyping and recruitment. We acknowledge the personnel 
of the Chair of Human Genetics at the Institute of Biomedicine and Translational Medicine, University of Tartu 
for the assistance in DNA extractions and in the management of the ESTAND Androgenetics Biobank. Anett 
Michelle Valdner is thanked for the assistance in TaqMan qPCR experiments and Maarja Jõeloo for the help in 
the analysis of the Estonian Biobank CNV dataset.

Author contributions
Conception and design were performed by M.L. and M.P. Material preparation, data collection and analysis 
were performed by all authors. Statistical analysis was conducted by T.K., A.M.P. and M.L. The first draft of the 



11

Vol.:(0123456789)

Scientific Reports |          (2023) 13:574  | https://doi.org/10.1038/s41598-023-27750-w

www.nature.com/scientificreports/

manuscript was written by T.K. and M.L. and all authors contributed to the improvement of the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was supported by Estonian Research Council (Grant numbers PRG1021 and IUT34-12 to ML).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 27750-w.

Correspondence and requests for materials should be addressed to M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-27750-w
https://doi.org/10.1038/s41598-023-27750-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Microdeletions and microduplications linked to severe congenital disorders in infertile men
	Materials and methods
	Recruitment and formation of the study cohort. 
	Calling and analysis of CNVs. 
	Statistical analysis. 

	Results
	Profile of autosomal deletions and duplications identified in the study group. 
	Patients with SPGF carried microdeletions and microduplications linked to severe congenital syndromes. 
	A NOA patient with a 2.3 Mb X chromosome duplication encompassing the PAR1non-PAR boundary. 
	A large deletion in the pericentromeric region of 16p11.2 as a candidate risk factor for SPGF. 
	A recurrent partial deletion of the testis-specific LRRC69 gene is significantly associated with SPGF. 
	CNVs involving genes linked to monogenic male infertility are not enriched in cases with SPGF. 

	Discussion
	Limitations. 

	Conclusions
	References
	Acknowledgements


