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Abstract

Objectives: Klinefelter syndrome (KS) is one of the most common sex-chromosome disorders as it
affects up to 1 in every 600-1000 newborn males. Men with KS carry one extra X chromosome and they
usually present a 47,XXY karyotype, but less frequent variants have also been reported in literature. KS
typical symptoms include tall stature, gynecomastia, broad hips, hypogonadism and absent
spermatogenesis. The syndrome is also related to a wide range of cognitive deficits, among which
language-based learning disabilities and verbal cognition impairment are frequently diagnosed. The
present study was carried out to investigate the role of mitochondrial subunits in KS, since the molecular
mechanisms underlying KS pathogenesis are not fully understood.

Methods: The study was performed by the next generation sequencing analysis and qRT-PCR assay.

Results: We were able to identify a significant down-expression of mitochondrial encoded NADH:
ubiquinone oxidoreductase core subunit 6 (MT-ND#6) in men with KS.

Conclusion: It is known that defects of the mtDNA encoding mitochondrial subunits are responsible for
the malfunction of Complex |, which will eventually lead to the Complex | deficiency, the most common
respiratory chain defect in human disorders. Since it has been shown that decreased Complex | protein
levels could induce apoptosis, wehypothesizethat the above-mentioned MT-NDé down-expression
contributes to the wide range of phenotypes observed in men with KS.
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Introduction

Klinefelter syndrome (KS), with a prevalence of 1
in 600-1000 newborn males [1], is one of the most
common sex-chromosome disorders. Men affected by
KS carry one or more extra X-chromosome and the
classic aneuploidy, observed in about the 80% of the
cases, presents a 47, XXY karyotype. The
above-mentioned karyotype arises as a consequence
of a failure in disjunction of paired X-chromosomes
during the first or second meiotic division, either
during oogenesis or spermatogenesis. Other
karyotype variations, although uncommon, have also
been reported. Among them 48 XXXY, 48XXYY,

49, XXXXY and mosaicisms (e.g. 47,XXY/46,XY) are
mentioned in literature [2].

KS clinical symptoms typically include
gynecomastia in late puberty, broad hips, sparse facial
and pubic hair, tall stature, hypogonadism, low
testosterone levels and absent spermatogenesis.
Moreover, the disorder is associated with cognitive
deficits, such as decreased verbal intelligence,
language-based learning disabilities, verbal cognition
impairment and auditory hallucinations. It has been
suggested that, with the increase of supernumerary
X-chromosomes, speech disabilities and cognitive
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impairment deepen progressively, leading to a loss of
about 16 points of the intelligence quotient per extra X
chromosome [3].Unfortunately, since most symptoms
generally appear with a late onset and the related
phenotype is prone to a considerable variability, the
disorder is frequently disregarded and undiagnosed.
Indeed, it has been estimated that the majority of men
with KS are diagnosed after reaching adulthood and,
most important, only about 26% of the affected men
[4] receive a correct diagnosis. As we can infer from
these data, a late diagnosis leads to severe health
complications that often result into a burdensome
clinical management. For these reasons, one main
concern is to improve diagnostic tools in order to
overcome the delay in identification of affected
individuals and related issues.

To this purpose, it is important to deepen our
knowledge on the molecular and cellular mechanisms
underlying KS pathogenesis and to unveil the genetic
aspects responsible for the disease that are still
undetermined. In fact, KS is a complex and
multifaceted disorder and the genetic causes that lead
to it still need to be partially understood. What we
currently know about the genetic background of KS is
that the incidence of paternal and maternal
non-disjunction during meiosis seems to be equally
shared (circa 50% each) in affected men [5]. Moreover,
in recent studies, a 4-fold increase in the prevalence of
KS cases was showed in advanced aged mothers [>40]
rather that young ones [<24]. This result suggests that
advanced maternal age could represent a risk factor
[6].

Additionally, evidences [7-9] point to a
contribution to the disorder from X-linked genes
escaping X-chromosome inactivation in the early
female embryo. In particular, it is known that in the
somatic cell line of females, one of the two
X-chromosomes is inactivated with the purpose to
provide a dosage compensation of the genes located
on it to that of male cells. The random X-inactivation
is ensured by the wuntranslated product of
X-inactive-specific transcript gene (Xist), located in
the long arm of the inactive chromosome. Studies
have shown that, in humans, around 15% of X-linked
genes escape transcription inactivation. These genes,
located on the short arm of the X chromosome, would
be present in a double dosage (comparable to that of
females) in males affected by KS and have thus been
indicated as main contributors to the syndrome’s
phenotype [10-12] .

Furthermore, a  potential  cause  for
spermatogenic failure in KS has been identified in the
gene Testis-expressed 11 (TEX11) [13], whose
expression is increased in the germ line of affected
individuals. In fact, the protein encoded by the gene

TEX11, found in spermatogonia and early
spermatocytes testes, is involved in the suppression of
cell proliferation. Hence, its overexpression in KS men
could represent one of the causes for germ cell death.

Another gene whose relation to the KS
phenotype has been clearly proved is the short stature
homeobox-containing gene (SHOX), located in the
pseudo-autosomal region 1 (PARI1) in the terminal
region of Xp [14]. As shown, the over-expression of a
growth-related gene such as SHOX is responsible for
tall stature and long extremities, typical features of KS
patients [15].

It has also been established that KS men show
more frequently than controls X-linked copy number
variations. It is particularly relevant that the majority
of the above-mentioned CNVs are duplications and
half of them interest regions enclosing genes escaping
X-inactivation [16].

Furthermore, a significant progress has been
made in disclosing the relation between mitochondria
and male infertility [17]. As known, mitochondria
play a key role in the energy production and thus a
correlation  between  sperm  motility and
mitochondrial ~enzymatic activities has been
suggested. Specifically, recent studies have shown
that mutations in mitochondrial genes like ATPase6
and 8, COX II and ND1 perturb the ATP production,
affecting spermatogenesis and sperm motility, and
hence could be responsible for the absent
spermatogenesis in males affected by KS [18, 19].
Moreover, in a population study conducted in Japan,
it has been identified a mutation pattern in the
hypervariable segment 1 (HV1) of mtDNA of patients
affected by the disorder [20]. Of notice, the
polymorphisms found in the KS affected population
were rare in the normal samples. These results
support the hypothesis of the involvement of
mitochondria DNA inKS pathogenesis.

In the present study, we used next generation
sequencing technology to investigate on whole
genome expression profile in peripheral blood
leukocyte samples, collected from both KS men
(karyotype 47,XXY) and normal age-matched
controls. Subsequently, the results were validated by
quantitative real-time PCR (qRT-PCR). Of particular
interest to us was gene expression in mitochondrial
sub-units, towards which we focused our attention.

Materials and Methods

Selection Criteria for Patients and Controls

The study was approved by the Ethical
Committee of the University teaching Hospital
“Policlinico-Vittorio Emanuele (Catania, Italy), trial
registration number 49/2015/PO (Register of the
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Ethics Committee opinions). All the participants in
the study signed an informed consent.

Transcriptome analysis was performed on blood
mononuclear cells (PBMCs) of 10 non-mosaic KS
patients as well as 10 healthy controls of similar age.
All men with KS (mean age 32.5) had 47,XXY
karyotype, as confirmed by cytogenetic investigation
performed on at least 50 metaphases. Control group
individuals (mean age 32) had negative history of
genetic diseases, normal testicular volume and
normal reproductive hormones (FSH, LH, total
testosterone) levels, as showed in Table 1. All men
enrolled in this study (KS patients and controls) were
Italian.

RNA Sequencing and Next Generation
Sequencing

Total RNA was extracted using the standard
RNA extraction method with TRIzol (Invitrogen,
Carlsbad, CA, USA). Before use, RNA concentration
in each sample was assayed with a ND-1000
spectrophotometer (NanoDrop) and its quality
assessed with the Agilent 2100 Bioanalyzer via
Agilent RNA 6000 nano kit (Agilent Technologies,
Santa Clara, CA, USA).

Next generation sequencing experiments were
performed by Genomix4life S.R.L. (Baronissi, Salerno,
Italy). Indexed libraries were prepared from 1 ug/ea
purified RNA with TruSeq Stranded Total RNA
(Illumina) Library Prep Kit according to the
manufacturer’s instructions. Libraries were quantified
using the Agilent 2100 Bioanalyzer (Agilent
Technologies) and pooled such that each
index-tagged sample was present in equimolar

amounts, with final concentration of the pooled
samples of 2nM. The pooled samples were subject to
cluster generation and sequencing using an Illumina
HiSeq 2500 System (Illumina) in a 2x100 paired-end
(RNA-seq) format. The raw sequence files generated
(.fastq files) underwent quality control analysis using
FastQC (http://www.bioinformatics.babraham.ac.uk

/ projects/fastqc/).
Data Analysis of Next Generation Sequencing

Bioinformatics analysis were performed by
Genomix4Life srl (Baronissi(SA), Italy).The raw
sequence files generated (fastq files) underwent
quality control analysis using FastQC
(http:/ /www.bioinformatics.babraham.ac.uk/project
s/fastqc/) and the quality checked reads were
trimmed with cutadapt [21] v.1.10 and then aligned to
the human genome (hgl9 assembly) using STAR
v.2.5.2 [22], with standard parameters. Differentially
expressed mRNAs were identified using DESeq2
v.1.12 [23].

Firstly, gene annotation was obtained for all
known genes in the human genome, as provided by
Ensembl (GRCh37). Using the reads mapped to the
genome, we calculated the number of reads mapping
to each transcript with HTSeq-count v.0.6.1 [24].
These raw read counts were then used as input to
DESeq?2 for calculation of normalized signal for each
transcript in the samples, and differential expression
was reported as Fold Change along with associated
adjusted  p-values (computed according to
Benjamini-Hochberg). Differential expression data
were further confirmed using Cuftdiff (25).

Table 1. Clinical and biochemical characteristics of men with Klinefelter syndrome (KS) and controls (C).

Patient Age (years) BMI (Kg/m?) LH (mUl/ml) FSH (mUl/ml) T (ng/ml) Right testicular volume (ml) Left testicular volume (ml)
C1 34 26.2 7.78 3.5 6.36 15 15
KSs1 35 28 243 349 32 1 1
C2 32 271 4.57 3.69 6.13 22 25
KS2 32 399 9.9 19 2.3 2 15
Cc3 31 27.3 4.93 45 6 18 18
KS3 33 20.1 31.1 55 3.3 1 1
C4 31 25.1 21 3.5 47 16 16
KS4 29 273 15 25 21 15 15
C5 36 23.6 2.1 3.5 47 16 16
KS5 38 22 26.5 333 5.17 18 18
Coé 24 23 7.78 3.5 6.36 20 20
KS6 23 17.6 11.6 13.7 9.03 5 5
Cc7 24 20 4 32 105 20 15
KS7 21 293 222 25.6 1.03 2 15
c8 50 247 5.2 2.08 2.7 21 19
KS8 48 30.1 18 23 5 2 14
9 28 24.5 7.04 3.84 513 22 21
KS9 26 249 29.1 64.6 2.8 2 15
C10 41 29.6 4.6 4 43 15 15
KS10 39 225 17.2 35.6 2.6 2 2
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Quantitative Real-Time PCR Expression
(qRT-PCR)

To validate the results obtained via the NGS
analysis of KS subjects described above, we compared
gene expression in 10 KS patients and 10 normal
subjects via qRT-PCR. In this step, the subjects studied
in the NGS analysis were included. Once again, KS
and control individuals were recruited in the study
only after obtaining family and/or personal informed
consent.

RNA extraction from peripheral blood
leukocytes has been performed using RNeasy Mini
Handbook (Qiagen Sciences, Germantown, USA),
following the manufacturer’s protocol.

2-00CTgRT-PCR was performed with a Light
Cycler 480 software v1.5 (Roche Molecular System
Inc., Pleasanton, CA, USA) on KS subjects to measure
gene expression and the results were compared with
controls, as previously reported by Salemi et al. (2015)
[26].

Gene expression levels were then normalized to
GAPDH level and target mean Cp (crossing point,
cycle number at detection threshold) definition was
used to indicate the mean normalized cycle threshold.

Distribution analysis of the expression values
was performed using Shapiro - Wilk test and
statistical analysis of results was carried out using the
Wilcoxon rank-sum test. A p value <0.05 was been
considered significant.

mRNA levels of the following mitochondrial
subunits have been evaluated: ATP6, ATPS8, COl,
CO2, CO3, MT-ND1, MT-ND2, MT-ND3, MT-ND4,
MT-ND5 and MT-NDé.

Results

As described in Materials and Methods, blood
mononuclear cells samples from patients with

1.4

non-mosaic KS and controls were examined in an
NGS transcriptome analysis. The results obtained
showed that the transcription of MT-ND6
mitochondrial subunit (locus MT:14148-14673) was
down-regulated in the pool of men with KS with a
fold-change of 0.166 (p<0.00005).

With the purpose of validating these results, we
performed a qRT-PCR, for the high sensitivity of this
assay is optimal for ensuring accuracy in the
evaluation of gene expression. We examined mRNA
levels of mitochondrial subunits ATP6, ATP8, CO1,
CO2, CO3, MT-ND1, MT-ND2, MT-ND3, MT-ND4,
MT-ND5 and MT-NDé6 in the 10 KS men and the 10
controls. Data acquired from this analysis confirmed
the significant down-expression of MT-MD6
mitochondrial subunit in KS affected individuals
compared to that of controls, as showed in Figure 1.

Discussion

The mechanisms underlying KS clinical
symptoms have been extensively studied and many
hypotheses have been proposed to date. Nevertheless,
how the supernumerary X-chromosome affects the
phenotype and determines the typical features of KS
is poorly understood. As discussed in the
Introduction, gene-dosage dysregulations have been
largely implicated in the pathogenesis of KS [27-29],
suggesting that epigenetic modifications play a
pivotal role in the process. In the present study, we
have shown that MT-ND6 (mitochondrially encoded
NADH: ubiquinone oxido reductase core subunit 6), a
mitochondrial subunit belonging to Complex I,
encoded by mtDNA and thus thought to be involved
in proton translocation and ubiquinone binding
during the respiratory chain, is down-expressed in
men with KS.
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Figure 1. mRNA mitochondrial expression in KS subjects and normal controls. Data shown were obtained via qRT-PCR. *= p<0.00005
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It has been proposed that mutations in
mitochondrial subunits encoded by mtDNA, such as
MT-ND6, are responsible for great defects in the
assembling of Complex I [30, 31]. These malfunctions
result in the Complex I deficiency, which is the most
common respiratory chain defect in human disorders
as it has been proved its involvement in many
pathological conditions, such as adult onset
neurodegenerative disorders, isolated mitochondrial
myopathy and lethal infantile mitochondrial disease
[32-34].

Using next generation sequencing analysis, we
identified variants in the sequences of different
mitochondrial subunits, but no statistically significant
difference between KS and controls was observed.
Therefore, the above-mentioned variants are not a
factor influencing the phenotypes related to KS.

On the other hand, our results suggest that the
down-expression of MT-ND6 could contribute to the
etiology of KS. In fact, it has been established that
decreased complex I protein levels could induce
apoptosis [35] and contribute to the phenotype of men
with KS.

Moreover, we can speculate that, by severely
interfering with the assembling of complex I, and thus
with the process of mitochondrial oxidative
phosphorylation (OXPHOS), the reduced expression
of MT-ND6 can cooperate with the above-mentioned
gene-dosage dysregulation and epigenetic factors to
establish the physical as well as psychological features
typically associated with KS. Other studies, currently
under development, will be necessary to determine
the modalities and the extension of mitochondrial
subunits involvement in KS pathogenesis.

In conclusion, this study showed a significant
down-expression of the mitochondrial subunit
MT-ND6 in men with non-mosaic KS. The
above-mentioned down-expression could play an
important role in determining the typical pathological
phenotypes associated with the syndrome.
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