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Abstract

Background: Klinefelter syndrome is a common chromosomal (aneuploidy) disorder associated with an extra X
chromosome in males. Regardless of numerous studies dedicated to somatic gonosomal mosaicism, Klinefelter
syndrome mosaicism (KSM) has not been systematically addressed in clinical cohorts. Here, we report on the evalua-
tion of KSM in a large cohort of boys with neurodevelopmental disorders. Furthermore, these data have been used for
an extension of the hypothesis, which we have recently proposed in a report on Turner’s syndrome mosaicism in girls
with neurodevelopmental disorders.

Results: Klinefelter syndrome-associated karyotypes were revealed in 49 (1.1%) of 4535 boys. Twenty one boys
(0.5%) were non-mosaic 47,XXY individuals. KSM was found in 28 cases (0.6%) and manifested as mosaic aneuploidy
(50,XXXXXY; 49 XXXXY: 48 XXXY: 48 XXYY: 47 XXY; and 45 X were detected in addition to 47,XXY/46,XY) and mosaic
supernumerary marker chromosomes derived from chromosome X (ring chromosomes X and rearranged chromo-
somes X). It is noteworthy that KSM was concomitant with Rett-syndrome-like phenotypes caused by MECP2 muta-
tions in 5 boys (0.1%).

Conclusion: Our study provides data on the occurrence of KSM in neurodevelopmental disorders among males.
Accordingly, it is proposed that KSM may be a possible element of pathogenic cascades in psychiatric and neurode-
generative diseases. These observations allowed us to extend the hypothesis proposed in our previous report on the
contribution of somatic gonosomal mosaicism (Turner’s syndrome mosaicism) to the etiology of neurodevelopmen-
tal disorders. Thus, it seems to be important to monitor KSM (a possible risk factor or a biomarker for adult-onset mul-
tifactorial brain diseases) and analysis of neuromarkers for aging in individuals with Klinefelter syndrome. Cases of two
or more supernumerary chromosomes X were all associated with KSM. Finally, Rett syndrome-like phenotypes associ-
ated with KSM appear to be more common in males with neurodevelopmental disorders than previously recognized.

Keywords: Aneuploidy, Chromosome X, Fluorescence in situ hybridization (FISH), Klinefelter syndrome, Molecular
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Background
In 1942, H.E. Klinefelter, E.C. Reifenstein and F. Albright
described a clinical condition, which is now known as
Klinefelter syndrome [1]. In 1959, P.A. Jacobs and J.A.
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[2]. Nowadays, Klinefelter syndrome is considered the
commonest aneuploidy syndrome in males affecting
1:500-1:700 male newborns [3-5]. Karyotypic hetero-
geneity (i.e. chromosomal abnormalities producing the
effect of additional chromosome(s) X) is vast in Kline-
felter syndrome. In addition to 47,XXY in the majority
of cases, Klinefelter syndrome-associated chromosomal
abnormalities may be non-mosaic or mosaic aneuploidy
(48,XXXY, 48,XXYY, 48,XYYY, 49, XXXXY, 49, XXXYY,
49XYYYY, 50, XXXXXY etc.) and supernumerary rear-
ranged chromosomes X (supernumerary marker chro-
mosomes derived from chromosome X) [5, 6]. Still, there
is an opinion that several additional gonosomes in males
(non-mosaic and mosaic) and Klinefelter syndrome
mosaicism (KSM) may cause sex chromosome ane-
uploidy syndromes or conditions other than Klinefelter
syndrome [5]. Moreover, somatic gonosomal mosaicism
appears to be involved in the pathogenesis of complex
diseases (e.g. complex brain disorders) [7, 8]. Alterna-
tively, the effect of an extra X chromosome is likely to be
associated with multifactorial brain diseases (autism and
schizophrenia) in Klinefelter syndrome individuals [9].
Additionally, 47,XXY/46,XY mosaicism is common in
autistic children, whereas non-mosaic 47,XXY karyotype
is detectable in children and adolescents with Klinefelter
syndrome and autism [10-12]. Schizophrenia is signifi-
cantly more common in Klinefelter syndrome individu-
als than in the general population [13]. 47,XXY karyotype
or Klinefelter syndrome is suggested to be an important
risk factor for psychosis, autism and attention-deficit
hyperactivity disorder [14]. Usually, the contribution of
an extra X chromosome to brain diseases is addressed by
studying individuals with Klinefelter syndrome [11, 13,
14]. The inverse study design (i.e. analysis of 47,XXY kar-
yotype in a clinical cohort) is much more rare [10, 15, 16].
Moreover, similar studies of KSM are even rarer [7, 10].
Previously, KSM have been shown to be almost the com-
monest genetic alternation in children with idiopathic
autism [10, 12]. In total, KSM may be an important con-
tributor to the etiology of neurodevelopmental disorders,
as a whole.

In the present report, we describe the study of KSM in
a large cohort of boys with neurodevelopmental disor-
ders and congenital anomalies by molecular cytogenetic
techniques. Karyotypic, molecular and clinical data have
been used for evaluating possible phenotypic outcomes
of KSM. Furthermore, using these data, we found possi-
ble to extend our recent hypothesis concerning diagnos-
tic and prognostic significance of ontogenetic instability
of the X chromosome (for more details, see [8]).
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Materials and methods

Patients

The cohort of boys with neurodevelopmental disor-
ders (intellectual disability, autism and/or epilepsy) and
congenital anomalies included 4535 individuals. The
ages ranged between 1 month and 18 years (mean age:
8.4 years). Molecular (cyto)genetic studies of the cohort
were approved by the Ethics Committee of the Veltischev
Research and Clinical Institute for Pediatrics of the Piro-
gov Russian National Research Medical University, Min-
istry of Health of Russian Federation, Moscow. Written
informed consent was obtained from the parents of the
patients.

Cytogenetic analysis

Karyotyping by G- and C-banding was performed for all
the boys from the cohort as described previously [17-19].
The resolution of G-banding was no less than 550 bands
(for details, see ISCN 2020 [20]).

FISH

KSM was evaluated by fluorescence in situ hybridization
(FISH) with chromosome-enumeration and site-specific
DNA probes. X-chromosome-specific DNA probe DXZ1
was used in all the cases, which demonstrated additional
chromosome X (mosaic and non-mosaic cases). X chro-
mosome site-specific DNA probes (suggested structural
X chromosome rearrangements) and chromosome-enu-
meration DNA probes for autosomes and chromosome
Y (marker chromosomes and controlling in KSM analy-
sis) were applied when needed. Protocols for DNA probe
labeling and FISH (hybridization and detection) includ-
ing interphase FISH analysis was previously described
in details [21-24]. Quantitative FISH was used for
interphase analyses for increasing the efficiency of ane-
uploidy scoring [25, 26]. FISH analysis was performed in
513 patients out of whole cohort, which encompassed all
cases of KSM. No fewer than 100 metaphase spreads and
1200 interphase nuclei were scored per case.

SNP-array

Molecular karyotyping by SNP-array was performed
using CytoScan HD Arrays (Affymetrix, Santa Clara, CA,
USA; ~ 2.7 million markers) as described earlier [27, 28].
Affymetrix ChAS (Chromosome Analysis Suite) software
(CytoScan® HD Array Version 4.1.0.90/r29400; reference
sequence—GRCh37/hg19) was applied for data visualiza-
tion. Out of the whole cohort, 372 patients with severe
intellectual disability and multiple congenital malforma-
tions were analyzed.
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Results

Klinefelter syndrome-associated karyotypes were
observed in 49 (1.1%) out of 4535 boys with neu-
rodevelopmental disorders and congenital anoma-
lies. Non-mosaic 47,XXY karyotypes (Fig. 1) were
identified in 21 boys (0.5% or 42.8% out of the whole
group or boys with Klienfelter syndrome-associated
karyotypes, respectively). Among these cases, one
was 48,XXY,+21 (i.e. c-occurrence of Klienfelter and
Down syndromes). KSM was uncovered in 28 boys
(0.6% or 57.2% out of the whole group or boys with
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Klinefelter syndrome-associated karyotypes, respec-
tively); cells with 47,XXY karyotypes were detected in
all these cases. Mosaicism rates varied from 1 to 95%.
SNP array analysis did not demonstrate copy number
variants which might be associated with neurodevelop-
mental disorders in patients with Klienfelter syndrome-
associated karyotypes including KSM cases. Four cases
demonstrated non-mosaic 47,XXY, whereas other cases
were featured by molecular karyotypes, which were not
associated with neurodevelopmental disorders.
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Fig. 1 Cytogenetic and cytogenomic findings in a non-mosaic case of 47,XXY; a G-banding of metaphase chromosomes; b SNP-array results
demonstrating additional chromosome X in male
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All the KSM cases were confirmed by interphase FISH
(Fig. 2). In addition to cells with 47,XXY karyotypes, we
detected cells with following aneuploidies: 50, XXXXXY,
49, XXXXY (Fig. 3), 48 XXXY, 48,XXYY, 47,XXY, and
45,X. We also detected Klinefelter syndrome-asso-
ciated karyotypes featured by structural rearrange-
ments of additional chromosomes X: 47,XYr(X) and
47,XY,+ mar, where mar=der(X). A case of supernu-
merary ring chromosome X was mosaic (47,XYr(X)—7%,
49,XXXYr(X)—11% (Fig. 4); 47,XXY—30%, 46,XY—52%).
Supernumerary maker chromosomes were found in two
cases. One case was mosaic (supernumerary rearranged
chromosome X—10.5%; 45X—2.6%; 47,XYY—3.7%;
46,XY—83.2%), whereas another case was non-mosaic.
Overview of KSM cases is provided in Table 1.

Among cases of KSM, ~ 50% were those expressing low-
level mosaicism (<20% of cells affected by aneuploidy).
The total amount of cells (metaphase plates + interphase
nuclei) scored for all the individuals exceeded 25,000. The
distribution of non-aneuploid and aneuoloid cells was
as follows: cells without gonosomal aneuploidy—50.4%
and aneuploid cells—49.6%. The distribution among ane-
uploid cells was determined as follows: XXY—21.2%,
XXXXY—8.1%, XXYY—6.6%,+ der(x)—4.4%, XXXY—
4.4%, one chromosome X—2%, XXXXXY—1.2%, XYY—
1%, ring chromosome X—0.7%.

Phenotypically, individuals affected by non-mosaic
47,XXY exhibited Klinefelter syndrome with a variety
of neurobehavioral abnormalities (e.g. mild intellectual
disability and autism). Among individuals with Kline-
felter syndrome-associated karyotypes, 81.6% demon-
strated abnormalities in sexual development. Clinically,
individuals with KSM demonstrated a wide spectrum of
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Fig. 3 Cytogenetic and molecular cytogenetic findings in a case

of 49 XXXXY; a G-banded metaphase spread demonstrating three
additional chromosomes X in a male; b Interphase FISH with
chromosome-enumeration probes for chromosomes X (DXZ1) and Y
(DYZ3) demonstrating mosaic aneuploidies

Fig. 2 Interphase FISH with chromosome-enumeration probes for chromosomes X (DXZ1) and Y (DYZ3)
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Fig. 4 FISH with chromosome-enumeration probes for
chromosomes X (DXZ1) and Y (DYZ3) demonstrating gonosomal
aneuploidy and a ring chromosome X

conditions ranged from severe to mild intellectual dis-
ability and congenital anomalies. KSM was frequently
concomitant with other genetic diseases. Thus, Rett-
syndrome-like phenotypes (i.e. Rett syndrome in males)
caused by MECP2 mutations concomitant with KSM
were observed in 5 cases (0.1%); two cases exhibited frag-
ile X syndrome (FMRI repeat expansions were molecu-
larly confirmed) with KSM; a case of CDKL5 mutation
(C532C>T) causing CDKL5-deficiency demonstrated
KSM; single cases of KSM were concomitant with Gil-
bert and Williams-Beuren syndromes (cytogenetically/
molecularly confirmed). No phenotype-karyotype corre-
lations (correlations between clinical outcomes and KSM
levels) were found (for more details, see Table 1). The age
of individuals with Klinefelter syndrome-associated kar-
yotypes was generally lower than 6 years. Consequently,
significant correlations between changes in KSM levels
and age were impossible to obtain.

Discussion

Klinefelter syndrome (47,XXY) is the commonest gono-
somal syndrome in males [29]. Additional chromosome
X in males possesses an appreciable impact on brain
functioning, the manifestations of which range from
mild cognitive difficulties to severe neuropsychiatric dis-
orders [30-33]. Unfortunately, similar effects have not
been systematically evaluated in cases of KSM [5, 34].
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However, taking into account the effect of gonosomal
aneuploidy (non-mosaic and mosaic) on brain function-
ing, in general [16, 35], a role of KSM in brain dysfunc-
tion is expected. Moreover, dynamic nature of somatic
chromosomal mosaicism leads to the involvement in
pathogenetic and ontogenetic processes [7, 36, 37]. These
processes are further involved in intercellular genetic
(genomic) diversity [35, 38, 39], early-onset brain dis-
eases [7, 10, 28, 40, 41], late-onset brain diseases [34, 42—
46], behavior [47], and aging [43, 48—51]. Therefore, the
analysis of KSM in the context of brain diseases seems to
be required. Accordingly, we took an opportunity to eval-
uate KSM in a large neurodevelopmental cohort started
to be described decades ago [10, 17, 52]. Thus, rates of
Klinefelter syndrome-associated karyotypes and KSM
among boys with neurodevelopmental disorders were
determined as 1.1% and 0.6%, respectively, for the first
time. Taking into account the occurrence of neurodevel-
opmental disorders, one may conclude that KSM is likely
to be involved in the pathogenesis. Karyotypic variations
among individuals with KSM allowed us to conclude that
this type of somatic chromosomal mosaicism has a highly
dynamic nature. The latter has been recently proposed to
be an important factor for evaluating mechanisms and
possible therapies of a disease [37]. Additionally, dynamic
nature of KSM underlies the lack of phenotype-karyotype
correlations (correlations between mosaicism rates and
phenotypic outcomes).

Another intriguing observation is the frequent con-
comitance of KSM with other genetic diseases. Rett-
syndrome-like phenotypes caused by MECP2 mutations
co-occurred rather frequently with KSM (0.1%) among
boys with neurodevelopmental disorders. Although
Klinefelter and Rett syndromes are relatively frequent
genetic diseases, the uncovered frequency of the co-
occurrence is not likely to be a coincidence. It is gener-
ally accepted that additional chromosome X is required
for the survival of males affected by X-linked dominant
mutations/disorders (e.g. Rett syndrome and CDKL5
deficiency). This fact is the most probable explana-
tion for the frequent occurrence of Rett-syndrome-like
phenotypes demonstrating KSM [17, 53, 54]. Nonethe-
less, it should be concluded that Rett-syndrome-like
phenotypes caused by MECP2 mutations and KSM
are more frequent among males with neurodevelop-
mental disorders than previously recognized. A case
was associated with CDKL5-deficiency (CDKLS muta-
tion; C532C>T) and KSM. Since CDKL5-deficiency
may be considered as an atypical Rett-syndrome-like
disorder [55], Rett-syndrome-like phenotypes asso-
ciated with KSM may be even more frequent among
males with neurodevelopmental disorders. Cases that
demonstrated co-occurrence of CDKLS5 mutations
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Chromosome complements

*Cell proportions (%)

Brief phenotypical overview

Mild intellectual disability, disorder of sex development
Severe intellectual disability, autism, congenital malformations, Klinefelter syndrome

Rett-syndrome-like phenotype
Fragile X syndrome, autism

Severe intellectual disability, disorder of sex development, multiple congenital
malformations

Mild intellectual disability, Klinefelter syndrome features

Fragile X syndrome, severe intellectual disability, disorder of sex development, multi-
ple congenital malformations

Rett-syndrome-like phenotype

Severe intellectual disability, multiple congenital malformations, skeletal dysplasia
Mild intellectual disability, Klinefelter syndrome features

Rett-syndrome-like phenotype

Rett-syndrome-like phenotype

Intellectual disability, congenital malformations

Intellectual disability, microcephaly, multiple congenital malformations
Intellectual disability, autism, multiple congenital malformations

Intellectual disability, epilepsy, congenital heart defect (Williams-Beuren syndrome)
Intellectual disability, Klinefelter syndrome features, myopia

Intellectual disability, disorder of sex development

Mild intellectual disability, disorder of sex development

Mild intellectual disability, disorder of sex development

Mild intellectual disability, Klinefelter syndrome features

Severe intellectual disability, multiple congenital malformations, disorder of sex

development

Intellectual disability, muscular hypotonia, obesity, disorder of sex development
Intellectual disability, autism, aggressive behavior, multiple congenital malformations
Gilbert syndrome, Mild intellectual disability, congenital malformations
CDKL5-deficiency (severe intellectual disability, epilepsy)

Severe intellectual disability, multiple congenital malformations, congenital heart

defect, disorder of sex development

47 XXY/46,XY 9/91

47 XXY/46,XY 95/5
features

47 XXY/46,XY 12/88

47 XXY/46,XY 7/93

48, XXXY/50,XXXXXY/ 49, XXXXY/47 XXY  50/20/18/12

47 XXY/46,XY 4/96

49, XXXXY/46,XXY 91/9

47 XXY/46XY 7/93

49 XXXXY/48 XXXY/ 47 XXY 74//19/7

47 XXY/46,XY 91/9

47 XXY/46,XY 9/91

47 XXY/46,XY 7/93

47 XXY/46,XY 7/93

47 XXY/45X/47 XYY/46,XY 8/5/4/83

47 XXY/45,X/46,XY 13/8/79

47 XXY/45 X/46XY 8/7/85

47 XXY/48 XXXY/46,XY 50/37/13

48 XXYY/47 XXY/46,XY 62/15/23

47 XXY/45X/46,XY 21/18/61

47 XY,r(X)/46,XY 16/84

47 XXY/46,XY 99/1

49 XXXXY/47 XXY/48 XXXY 87/7/6

49 XXXXY/50,XXXXXY/ 47 XXY 91/6/3

48 XXYY/47 XXY/47 XYY 95/3/2

47 XXY/47 XYY/46XY 5/1/94

47 XXY/46,XY 8/92

49 XXXXY/47 XXY 91/9

47 XXY/46,XY 30/70

Rett-syndrome-like phenotype

" According to FISH analysis

and Klinefelter syndrome-associated karyotypes were
previously reported [56]. FMRI repeat expansions co-
occurred with KSM in two cases. Similar concomitance
was previously reported [57, 58]. Non-mosaic Klinefel-
ter and Down syndromes co-occur rather frequently
inasmuch as these are the commonest chromosomal
disorders [18]. Certainly, the phenotypes in these cases
are essentially the result of X-linked mutations and
trisomy of chromosome 21. However, the phenotypic
effect of an additional chromosome X in a male karyo-
type may not be excluded.

Since no direct phenotype-karyotype correlations were
revealed, we suggested KSM to be rather an element
of the pathogenetic cascade than a phenotype-caus-
ing genetic change per se. The idea is supported by the

reports demonstrating high frequency of mosaic 47,XXY
in children with neurodevelopmental (neurobehavioral)
disorders [10, 12, 17, 19, 47]. Supernumerary chromo-
some X seems to be a critical element of the pathogenetic
cascade of psychiatric diseases observed with high fre-
quency in Klinefelter syndrome [5, 11, 13-16]. Moreo-
ver, since aneuploidy levels are age-dependent and are
involved in normal and pathogenic aging [7, 37, 48-51],
it is highly likely that KSM levels are able to change with
age. The dynamic nature of KSM exhibited by cases
associated with multiple aneuploidy and structurally
rearranged chromosomes X supports this assumption.
Unfortunately, neither age-dependent KSM variation
nor brain aging in individuals with Klinefelter syndrome-
associated karyotypes has been addressed.
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The gap in our knowledge concerning possible involve-
ment of KSM in pathogenesis of brain diseases is likely to
result from the lack of technological solutions. Molecu-
lar cytogenetic techniques provide for high-resolution
single-cell analysis of somatic chromosomal mosaicism
at all the stages of cell cycle (i.e. in any tissue) [7, 39].
However, since there is a need to understand molecular
pathways leading to and affected by somatic chromo-
somal mosaicism and chromosome instability [59], it is
strongly recommended to process molecular cytogenetic
and cytogenomic data by bioinformatic (system biology)
technologies [60, 61]. These data may allow to unravel
molecular and cellular pathways to KSM as well as deci-
pher KSM impact on cellular/tissular physiology [39, 61].
This knowledge is likely to become significant for devel-
oping techniques of molecular diagnosis of brain diseases
mediated by somatic chromosomal mosaicism and chro-
mosome instability, which has been previously shown
important for biomedical and diagnostic research [62].
Our findings and discussions concerning KSM in boys
with neurodevelopmental disorders correlated with a
hypothesis concerning the role of ontogenetic changes in
the levels of gonosomal aneuploidy (Turner’s syndrome
mosaicism) in brain dysfunction [8]. Consequently, we
found possible to extend the hypothesis further.

Hypothesis extended

Recently, we have proposed a hypothesis suggesting
ontogenetic changes in the levels of gonosomal aneu-
ploidy to be a possible mechanism for complex brain dis-
eases. More precisely, X chromosome loss was suggested
to increase throughout the lifespan leading, thereby,
to occurrence of complex diseases associated with ane-
uploidy in later life [8]. Similarly, mosaic X chromosome
gain in males or KSM is likely associated with ontoge-
netic variations in the rates of mosaicism. As mentioned
previously, the increase, which may be mediated by alter-
ations to genome safeguarding pathways and genetic-
environmental interactions, has to lead to manifestations
of diseases associated with X aneuploidy (gain) in males.
We hypothesize these diseases to be neurobehavioral
disorders (especially, autism and intellectual disability),
schizophrenia and, probably, dementia (e.g. Alzheimer’s
disease). Since these brain disorders are of increasing
socio-medical significance, KSM analysis might be an
important part of early (preclinical) diagnosis, progno-
sis and possible therapeutic interventions. As previously
suggested for Turner’s syndrome mosaicism [8], molecu-
lar cytogenetic monitoring of KSM for early detection of
changes in the X chromosome aneuploidy rates is recom-
mended. Moreover, bioinformatic analyses (system biol-
ogy studies) of molecular and cellular pathways leading to
the X chromosome aneuploidy/instability might provide
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an opportunity for controlling (inhibiting) somatic chro-
mosomal mosaicism and/or chromosome instability.
Furthermore, systems biology studies of consequences
of KSM (Klinefelter syndrome-associated karyotypes)
might shed light on the effect of additional chromosomes
X in males suffering from psychiatric and neurodegen-
erative diseases. These studies might gain more relevance
by combination of molecular cytogenetic and bioinfor-
matic assessments of ontogenetic changes in KSM levels.
Molecular cytogenetic monitoring and systems biology
analysis of causes and consequences of KSM is able to
provide a successful evidence-based therapy of devastat-
ing multifactorial brain diseases.

Conclusions

Klinefelter syndrome-associated karyotypes affect 1.1%
of boys with neurodevelopmental disorders (~ 10 in 1000
boys suffering from intellectual disability, autism, epi-
lepsy and/or congenital anomalies). Cases of two or more
supernumerary chromosomes X (ie. XXXY, XXXXY,
XXXXXY etc.) were all associated with KSM. X-linked
dominant mutations in MECP2 (Rett syndrome) and
CDKL5 (CDKLS5 deficiency) genes are frequently associ-
ated with KSM in males with neurodevelopmental disor-
ders. More importantly, Rett-syndrome-like phenotypes
concomitant with KSM seem to be more common than
previously recognized (0.1%). Significant heterogeneity
in chromosomal complements mediated by KSM was
observed in males with neurodevelopmental disorders.
Accordingly, KSM may be recognized as a contributor to
the risk of brain disorders. It appears that studies dedi-
cated to ontogenetic changes in KSM levels and to effects
of Klinefelter syndrome-associated karyotypes in late
ontogeny are required. Still, our observations on KSM in
boys with neurodevelopmental disorders allowed us to
extend our hypothesis proposed previously for Turner’s
syndrome mosaicism [8]. KSM proportions are likely to
change through the ontogeny in favor of the abnormal
cells. Therefore, KSM might be a biomarker for adult-
onset (multifactorial) brain diseases, which are mediated
by X chromosome mosaicism. Thus, the detection and
monitoring of gonosomal mosaicism is important for
early diagnosis, prognosis and evidence-based therapeu-
tic interventions in brain diseases.
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