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Proceedings of the MACPROGEN Final Conference held
at Ohrid, Republic of Macedonia, March 29-April 1 2012

WELCOME ADDRESS

Respected Academicians,
Distinguished Guest Speakers,
Colleagues,
Ladies and Gentlemen

 It is my great pleasure to welcome you to the Final MACPROGEN Conference. To begin, I would 
like to take this opportunity to thank the European Commission for their support. I would also like to 
express our gratitude to the guest speakers, who represent our partners in the MACPROGEN project. We 
are grateful for your collaboration; your expertise was a valuable contribution to the successful realization 
of the MACPROGEN project. I would also like to thank our collaborators from different Macedonian 
institutions for their participation in this Conference and for their continuous support and collaboration. We 
are honored to have you all here with us.
 Unfortunately, during the work on the MACPROGEN Project we lost our professor and mentor, 
Georgi D. Efremov, who was a founder and a Director of the Research Centre for Genetic Engineering and 
Biotechnology (RCGEB), since its establishment until last May when he passed away. Professor Efremov 
was a world renowned expert in the field of hemoglobin (Hb) research and a very prominent expert in 
the field of biomedicine and biomo-lecular sciences in the Republic of Macedonia and in the surrounding 
regions. Immediately after his death, the Presidency of the Macedonian Academy of Sciences and Arts 
renamed the Center in his honor as the Research Centre for Genetic Engineering and Biotechnology “Georgi 
D. Efremov.” I would just like to emphasize that the European Commission Research Potential grants were 
very competitive; our Institution was successful primarily because Academician Efremov had devoted his 
whole professional career and life to build such a prestigious Center with a high international reputation.
 I hope that in the next 3 days in this beautiful city of Ohrid we will have a successful conference full 
of interesting and productive discussions and exchange of ideas, but also some free time to enjoy the 
sightseeing of the ancient city of Ohrid.
 At the end of the MACPROGEN Project, I would like to express my belief that this is just the end of 
one project, but at the same time, a start of many more.

Dijana Plaseska-Karanfilska
MACPROGEN Coordinator
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 INTRODUCTION

 The “National Reference Centre for Genomics 
and Proteomics” (MACPROGEN) was financed by 
the European Commission within the FP7 Capacities 
Work Program for a period of 3 years, starting April 
1 2009. The MACPROGEN project aimed at up-
grading and improving the capacity of the Research 
Centre for Genetic Engineering and Biotechnology 
(RCGEB) “Georgi D. Efremov,” Macedonian 
Academy of Sciences and Arts (MASA), Skopje, 
Republic of Macedonia, for research and education 
in the fields of genomics and proteomics. The main 
objectives of the project were to establish a techno-
logical platform for high throughput genomics and 
proteomics research, networking with European 
Union (EU) research institutions in order to foster 
collaborative activities, disseminating knowledge 
and expertise and ultimately building an interactive 
and competitive research environment. Altogether, 
the realization of MACPROGEN objectives was 
contributing to the strengthening of Macedonian re-
search, technology and development capacities and 
enhancing career opportunities for Macedonian sci-
entists.
 The RCGEB is one of the few institutions from 
the Republic of Macedonia that met the criteria 
for a center of excellence due to its esteemed sci-
entific and educational record in life sciences. The 
RCGEB was founded in 1987 as a research unit of 

MASA with the main goal of advancing scientific 
knowledge in the field of protein chemistry, molecu-
lar biology, genetic engineering and biotechnology 
through research, practical training of scientists and 
postgraduate studies. Under the guidance of the 
late Academician Georgi D. Efremov, the founder 
and Director of RCGEB until his death in May 
2011, the RCGEB became a hub for research in the 
field of biomolecular sciences in the Republic of 
Macedonia. It was one of the first institutions in the 
region that applied these new technologies in mo-
lecular diagnostics of human diseases and became 
an international center for training in basic and 
advanced methods in these sciences. Immediately 
after his death, the Presidency of MASA renamed 
the center in his honor, as the Research Centre for 
Genetic Engineering and Biotechnology “Georgi D. 
Efremov.” In the past 25 years, the RCGEB scien-
tists have published over 150 papers in international 
and national journals, as well as several chapters in 
books and monographs. The RCGEB collaborates 
with numerous institutions from the Republic of 
Macedonia, medical institutions from neighboring 
countries and many academic institutions from dif-
ferent countries worldwide.
 The main research interest at the RCGEB during 
the past 25 years has been molecular characteriza-
tion of the most common monogenic diseases, with 
a special emphasis on hemoglobinopathies, as well 
as some aspects of the molecular epidemiology of 

   NATIONAL REFERENCE CENTRE FOR GENOMICS
   AND PROTEOMICS — MACPROGEN
   Plaseska-Karanfilska D*

*Coordinator of the MACPROGEN Project: Professor Dr. Dijana Plaseska-Karanfilska, Research Centre 
for Genetic Engineering and Biotechnology “Georgi D. Efremov,” Macedonian Academy of Sciences and 
Arts, Krste Misirkov 2, Skopje 1000, Republic of Macedonia; Tel: +389(0)2 3235410; Fax: +389 (0)2 
3115434; E-mail: dijana@manu.edu.mk
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infectious diseases, genetics of the most common 
malignancies and DNA markers for human identifi-
cation. The upgrading of the RCGEB infrastructure 
by MACPROGEN funds has enabled widening of 
the research objectives toward larger scale investi-
gations of monogenic diseases and also shifting our 
research interest toward comprehensive studies of 
some common complex diseases such as cancers, 
infertility, mental retardation and deafness by high 
throughput genomic and proteomic technologies.

 Keywords: Genomics, Proteomics, Republic of 
Macedonia

 MACPROGEN PROJECT ACTIVITIES

 The activities within the MACPROGEN project 
were organized into five work packages: Management 
and Coordination (WP1), Technological Platform 
and Employment (WP2), Networking and Training 
(WP3), Workshops and Symposia (WP4) and 
Promotion and Dissemination (WP5).
 WP1: Management and Coordination cov-
ered administrative, financial and technical man-
agement of the project activities. The activities 
within this project were coordinated by the Steering 
Committee which was composed of the Coordinator 
of the project and the Work Package Leaders. The 
Steering Committee worked closely with the ad-
ministration and financial departments of MASA, 
as well as the RCGEB Scientific Committee. The 
Steering Committee met regularly each month to 
enable a smooth operation of all foreseen activities 
and to fulfill the objectives of the project.
 WP2: Technological Platform and Employ-
ment was headed by the late Academician Georgi 
D. Efremov (until May 2011) and by Professor Dr. 
Dijana Plaseska-Karanfilska (since May 2011). 
The three main objectives of WP2: 1) purchasing 
of equipment; 2) preparation of working protocols 
and operational use of equipment; and 3) hiring of 
scientists, were all successfully completed. The fol-
lowing equipment was purchased: DNA microarray 
system, 2-D DIGE (two-dimensional differential 
in gel electrophoresis) system, Genetic Analyzer, 
real-time polymerase chain reaction (ReTi-PCR) 
system, Bioanalyzer, spectrophotometers, miro-
centrifuges and liquid scintillation counter. The 
equipment has already been integrated into RCGEB 

laboratory practices and numerous working proto-
cols have been developed using the new equipment. 
The upgrading of the RCGEB infrastructure was 
also supported by the Government of the Republic 
of Macedonia by purchasing additional equipment: 
2-D nano HPLC (high performance liquid chro-
matography), Accuspot and a matrix-assisted laser 
desorption/ionization time of flight-time of flight 
(MALDI TOF-TOF) mass spectrometer.
 Nine researchers, paid by MACPROGEN funds, 
have been employed at RCGEB during the work on 
this project: Lybomira Chakalova, Ph.D., Svetlana 
Madzunkova, M.D., M.Sc., Predrag Noveski, 
M.Sc., Sanja Kiprijanovska, Ivana Maleva, M.Sc., 
Biljana Atanasovska, Zvezdana Moneva, M.Sc., 
Slavica Pecioska M.Sc and Ognen Spiroski M.Sc. 
These researchers have become an integral part of 
the research potential of RCGEB. The Presidency 
of MASA in coordination with RCGEB is making 
efforts to obtain permanent positions paid for by the 
Government of the Republic of Macedonia for the re-
searchers who were working on the MACPROGEN 
project. Until this is realized, RCGEB has ensured 
that funds are available for their salaries for the pe-
riod after completion of the MACPROGEN project.
 WP3: Networking and Training was headed 
by Professor Dr. Dijana Plaseska-Karanfilska. The 
main objectives of this work package were to: 1) 
foster networking and establish close collaboration 
with leading EU institutions; 2) transfer of the high 
throughput genomic and proteomic technologies 
and scientific knowledge; and 3) foster preparation 
of collaborative projects.
 Six leading EU institutions were our partners 
since the beginning of the project: 1) University 
of Copenhagen, Wilhelm Johannsen Centre for 
Functional Genome Research, Copenhagen, 
Denmark; 2) Hannover Medical School, Gynaeco-
logy Research Unit, Hannover, Germany; 3) 
University of Barcelona, Faculty of Medicine, 
Department of Physiological Sciences, Human 
Genetics Laboratory, Barcelona, Spain; 4) University 
of Verona, Department of Mother and Child, Biology 
and Genetics, Section of Biology and Genetics, 
Verona, Italy; 5) University of Copenhagen, Division 
of Genetics and Bioinformatics, IBHV, Copenhagen, 
Denmark; and 6) Institute Paoli Calmettes, Molecular 
Oncology Department, Oncogenomic Group, 
Marseille, France.
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 However, during the work on this project we 
have established close collaboration with other insti-
tutions, namely: 1) Mondor Institute of Biomedical 
Research, Henri Mondor Hospital, Créteil, 
France; 2) Institut Cochin, Inserm, University 
Paris Descartes, Paris, France; 3) K.U. Leuven, 
Labaratory for Cytogenetics and Genome Research, 
Department of Human Genetics, Biomedical 
Sciences Group, Leuven, Belgium; 4) Vienna 
University of Technology, Institute of Chemical 
Technologies and Analytics, Vienna, Austria; 
5) Clinical Proteomics Center, Luxemburg; 6) 
Columbia University, Department of Pathology and 
Cell Biology, New York, NY, USA; 7) Mabritec 
AG, Riehen, Switzerland; 8) University Medical 
Centre Ljubljana, Department of Obstetrics and 
Gynecology, Division of Medical Genetics, 
Ljubljana, Slovenia; 9) Bulgarian Academy of 
Sciences, Institute of Experimental Morphology 
and Anthropology with Museum Sofia, Bulgaria; 
10) University of Glasgow, College of Medical, 
Veterinary and Life Sciences, BHF Glasgow 
Cardiovascular Research Centre, Institute of 
Cardiovascular and Medical Sciences, Glasgow, 
Scotland, UK; and 11) Academy of Athens, 
Biomedical Research Foundation, Biotechnology 
Division, Athens, Greece.
 Knowledge transfer was achieved through the 
training of MACPROGEN researchers in the new 
technologies. Several visits of researchers from 
RCGEB to EU laboratories were organized. These 
proposed to ensure that RCGEB researchers are 
familiarized with the new technologies [microar-
ray, 2-D DIGE, mass spectrometry (MS)] through 
practical experience. Several expert visits were also 
organized. Some of them were primarily aimed to 
establish closer professional contacts and facilitate 
collaboration. In other cases, the main objective was 
to present and promote MACPROGEN along with 
the RCGEB. Since the starting date of the project, 
researchers on the MACPROGEN team have ap-
plied for a total of 17 research projects, of which, 
seven were successful and four are awaiting deci-
sions. Work on funded projects has commenced in 
accordance with the respective grant agreements.
 WP4: Workshops and Symposia was head-
ed by Dr. Katarina Davalieva. The objective of 
WP4 was the organization of three Genomics and 
Proteomics Workshops and a Final Conference. The 

first workshop was organized in November 2010, 
the second in June 2011 and the third in March 
2012. The theoretical part of the workshops in-
cluded lectures given by scientists from the partner-
ing institutions; the lectures were attended by the 
members of the Macedonian Biochemical Society 
and Macedonian Society of Human Genetics. The 
practical part of all three workshops was mainly at-
tended by RCGEB scientists and collaborators, but 
on the first workshop 24 scientists from different 
Macedonian research institutions also participated. 
The practical part of all three workshops included 
demonstration of protocols using the major new 
equipment.
 The Final Conference took place at Ohrid, 
Republic of Macedonia, at the end of March 2012. 
Ten scientists from 10 different EU institutions 
participated, in addition to all RCGEB employe-
es and several collaborators from the Republic of 
Macedonia.
 WP5: Promotion and Dissemination was 
headed by Dr. Emilija Sukarova-Stefanovska. The 
objectives of this work package were to: 1) promote 
the activities and potential of the National Reference 
Centre for Genomics and Proteomics; 2) increase 
and strengthen the collaboration with institutions 
from the country, the wider region and the EU; and 
3) increase the participation of scientists from the 
Republic of Macedonia in FP7. These objectives 
have been accomplished as planned. The website 
of the National Reference Centre for Genomics and 
Proteomics (www.manu.edu.mk/macprogen) was 
launched during the second month and has been 
regularly updated to reflect the progress of project 
activities. Leaflets containing relevant informa-
tion on MACPROGEN have been published three 
times and distributed during events, such as meet-
ings, lectures, etc. Meetings with clinicians, health 
professionals and research scientists from several 
institutions have been periodically organized to 
discuss the Centre’s policies for achieving optimal 
translation of its potential. During the work on the 
MACPROGEN project, RCGEB scientists have 
participated in several scientific meetings and pub-
lished 36 conference abstracts. The MACPROGEN 
researchers have also published 25 papers in inter-
national and national journals.
 Project Impact. The introduction of novel 
genomic and proteomic technologies at RCGEB 
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“Georgi D. Efremov” has already resulted in 
strengthening of Macedonian and regional research 
capacities. Experienced scientists, some of them 
trained in EU countries, have joined the RCGEB 
team. Contemporary research projects in collabo-
ration with leading EU institutions have been initi-
ated. It is very much hoped that the modernization 

of research along with intensified collaboration will 
further stimulate promising young scientists to es-
tablish their research in the Republic of Macedonia. 
It is expected that the improved infrastructure and 
research environment will have long-lasting effects, 
such as enhanced levels of science communication 
and high-impact publications.

12



Proceedings of the MACPROGEN Final Conference held
at Ohrid, Republic of Macedonia, March 29-April 1 2012

 ABSTRACT

 Understanding early stage renal malfunctions 
with regard to the glomerular filtration processes 
is essential for nephropathological prescreening 
strategies and intervention at an early stage. Mass 
spectrometry imaging (MSI) in combination with 
histopathology can provide an universal analytical 
approach. Proteomic and lipidomic aspects of glo-
merular biocompositions were applied for micro-
structural differentiation in healthy rat kidney sam-
ples. Usability of commonly used tissue embedding 
media and the compatibility of histological staining 
and fixation methods were of interest. It was de-
monstrated that ultra-thin tissue samples (500 nm, 1 
and 10 mm) can be used for lipid and peptide-based 
differentiation at the glomerular resolution level in 
formalin-fixed tissue samples in combination with 
preceding histological staining for correlating opti-
cal and molecular mass images.

 Keywords: Glomerular microstructures, 
Lipids, Matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) mass spectrometry 
(MS) imaging, Nephropathy, Proteins

 INTRODUCTION

 A combination of histopathology and mass 
spectrometry imaging (MSI) offers comprehensive 
information regarding structure, molecular compo-
sition and pathological information in tissue sam-
ples. Mass spectrometry imaging is a rapidly de-
veloping technique using spatially resolved mass 
spectrometry (MS) techniques to simultaneously 
trace distributions of hundreds of biomolecules di-
rectly from tissue samples using essentially the same 
technology. Peptides, proteins, pharmaceuticals and 
metabolites can also be analyzed but without a label 
and without prior knowledge. With MSI, molecular 
peak information is correlated to the underlying tis-
sue architecture and a virtual image is rebuilt with 
respect to the intensity of each molecular species to 
understand the distribution of differential signals.
 Renal dysfunction has a high demand for early 
stage identification to initiate healing processes. 
Recent investigations proved nephropathy is associ-
ated with insulin resistance leading to malfunctions 
of the glomerular filtration [1], manifested in poten-
tial glomerular basement membrane modifications 
[2]. Lipid phosphatase levels, promoting podocyte 
apoptosis leading to diabetic nephropathy, are up-
regulated before histological changes are observed 
[1]; moreover, the membrane contains protein com-
plexes associated with cholesterol binding which al-
ters the lipid environment [2]. Lipid accumulations 
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have been reported for diabetic kidney diseases [3] 
and oxidized phosphatidylcholine species seem to 
be associated with renal dysfunction [4]. Recently 
tubuli-related phosphatidylcholine classes identi-
fied by MSI were correlated to immunoglobulin A 
nephropathy [5].
 Thus, for visualizing renopathological micro-
structures, MSI is a promising tool, allowing fur-
ther discoveries of yet unknown disease-related 
analytes. Special challenges regarding ion suppres-
sion effects during the matrix-assisted laser desorp-
tion/ionization (MALDI) process were observed 
whilst obtaining lipidomic information using MSI. 
Consequently, special attention had to be paid to 
sample preparation methods, regarding washing 
procedures, matrix application and protein denatur-
ation, making adaptation to the particular analytical 
question mandatory [6].

 MATERIALS AND METHODS

 Chemicals were of analytical grade (Sigma-
Aldrich, St. Louis, MO, USA). Water (ddH2O) was 
purified in a Simplicity system (Millipore, Billerica, 
MA, USA). Frozen rat kidney tissue (formalin-
fixed, unfixed) embedded in paraffin (FFPE), opti-
mal cutting temperature (OCT) compound (Sakura 
Finetek, Tokyo, Japan) or sucrose was sliced to 
10, 5 and 0.5 mm using a cryo-microtome (Leica, 
Wetzlar, Germany) and mounted on indium-tin ox-
ide coated glass slides (Sigma-Aldrich). The OCT 
compound and sucrose were removed by washing 
the samples five times (4°C) for 45 seconds with 
200 mL ddH2O/cm2. A xylene bath followed by a de-
scending ethanol gradient (100.0, 96.0, 70.0, 50.0, 
0.0% in ddH2O) removed the paraffin. All samples 
were washed three times with 200 mL 70.0% etha-
nol/cm2 for 45 seconds (4°C) and vacuum dried 
for 15 min. before the MALDI matrix application. 
Samples were hematoxylin/eosin (H/E) stained be-
fore MSI treatment.
 The MALDI matrices [a-cyano-4-hydroxycin-
namic acid (HCCA), sinapinic acid, 2,5-dihydroxy-
benzoic acid] were dissolved in solvents contain-
ing 50.0 or 70.0% acetonitrile or ethanol in 0.1% 
aqueous trifluoroacetic acid. Matrix deposition was 
performed using a ChIP-1000 (Shimadzu Biotech 
Kratos Analytical). For protein identification, tissue 
was trypsinized before matrix deposition by depos-

iting enzyme directly on pre defined tissue spots 
[1 ng/mL in 50 mM ammonium bicarbonate, 0.1% 
Rapigest (Waters, Manchester, Greater Manchester, 
UK)]. Samples were incubated in a humidified at-
mosphere overnight at 37°C before desiccation in 
vacuum and heat treatment (85°C).
 Mass spectrometry imaging experiments were 
performed using a MALDI-TOF (time of flight) in-
strument (AXIMA TOF2; Shimadzu Biotech Kratos 
Analytical, Manchester, Greater Manchester, UK; 
337nm nitrogen laser, 20Hz) and a MALDI-QqTOF 
instrument (Synapt HDMS, Waters; 355nm Nd-
YAG laser, 200Hz). The optical diameter of 60 mm 
was reduced to an operational resolution of 35 mm 
by over sampling.
 Peptide and lipid identification was based on 
post source decay (PSD) and collision induced 
dissociation (CID) fragmentation in combination 
with database search [proteins: SwissProt (http://
www.uniprot.org/help/ uniprotkb); lipids: Lipid 
Maps (http://www.lipidmaps.org/ data/structure/)]. 
Selected ion images were generated using BioMAP 
(Novartis, Basel, Switzerland).

 RESULTS AND DISCUSSION

 Histology and Mass Spectrometry Imaging. 
Integrating MSI in histopathology necessitates the 
combination of different requirements from pathol-
ogy and MS. The primary demands for histology are 
the preservation of high spatial resolution for tissue 
structures, long lasting analyte preservation and low 
sample consumption. For MS, spatial resolution can 
usually be disregarded and analytes have to be mo-
bilized instead of preserved. For MSI, additionally, 
histological information has to be retained and tis-
sue disintegration has to be limited to a minimum. 
We present an approach arranging histological 
staining prior to MSI using ultra-thin tissue sections 
showing good molecular results comparable to mi-
croscopic images.
 It was found that MALDI-TOF MSI analysis of 
H/E-stained tissue showed no limiting aspects con-
cerning proteomic approaches. Protein digestion di-
rectly from the tissue and measuring peptides by MS 
could be achieved. Stain-related signals, however, 
were observed below m/z signals of 500, eventually 
leading to ion suppression effects for neutral lipids. 
Phospholipid classes were obtained unaffected from 
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1-phospho-choline and two glomeruli specific 
metabolites, cholesterol and squalene, were also 
discovered. Histological correlation revealed the 
potential to identify pathologically modified mem-
brane structures in glomerular associated diseases.
 Protein Identification. To detect most of the 
proteins available in an ultra-thin sample, several 
washing steps were required for complete removal 
of analyte species which are much easier to ionize 
than proteins, e.g., lipids [7]. Our study showed 
that mass spectra quality for tissue analysis was en-
hanced by heat treatment before MSI experiments. 
Several tissue-related peptides could be identified 
by PSD and CID, revealing the possibility to dis-
tinguish pelvis and cortex, both tissue macrostruc-
tures. For all investigated embedding materials as 
well as fixation methods, it was possible to obtain 
sufficient signals up to m/z values of 10000 (Figure 
2). The application of danaturation agents and heat 
treatment supports subsequent on-tissue enzymatic 
treatment for protein identification on fixed and 
embedded rat kidney. Highly cross-linked proteins 
(formalin) showed improved signal intensities for 
tryptic peptides after denaturation, which signifi-
cantly supported protein identification based on 
peptide fragmentation. For protein identification in 
MSI approaches, peptide sequencing was indispens-
able because of protein co-localization and the non 
applicable approach of peptide mass fingerprinting. 
The presented protocol on ultra-thin tissue sections 

ultra-thin sucrose samples. Histological images of 
OCT embedded samples were often difficult to cor-
relate to MSI results because of structural changes 
after thawing. Sucrose embedding in combination 
with cutting thickness of 1 mm was sufficient for 
IMS analysis, even reducing signal background 
and enhancing signal quality. The selected ultra-
thin samples considerably improved signal quality 
whilst preserving spatial resolution.
 Lipid Differentiation. Lipid-based histologi-
cal differentiation was performed using unfixed rat 
kidney samples embedded in sucrose and formalin-
fixed tissue embedded in OCT Low embedding me-
dium related signals and intensive species-related 
signals were obtained from both OCT and sucrose 
embedded samples. Several lipid classes could be 
localized, identified and characterized by fragmen-
tation experiments. Unfixed tissue species revealed 
different distribution pattern phosphoatidylcho-
line species with varying alkyl chain lengths. The 
1-tetradecanoyl-2-sn-glycero-3-phosphocholine, 
1-hexadecanolyl-2-sn-glycero-3-phosphocholine 
and 1-octadecanoyl-2-sn-glycero-3-phosphocho-
line showed specifiable areas related to kidney 
structures, i.e., cortex, medulla and pelvis (Figure 
1). The 1-hexadecyl-2-acetyl-sn-glycero-3-phos-
phocholine and 1-hexadecanoyl-sn-glycero-3-phos-
phocholine exhibited different localization as well 
as 1-O-(1Z-tetradecenyl)-2-(9Z-octadecenoyl)-sn-
glycerol and its oxidized co-species. Besides 16 
different phospholipids, diacylglycerophospho-
ethanolamine, N-(tetracosanoyl)-sphing-4-enine-

Figure 1. Tissue differentiation according to identified lipid 
species. Distribution of (a) diacylglycerol on (b) 5 mm OCT 
embedded unfixed kidney tissue; (c) oxidized diacylglyc-
erol; (d) 1-tetradecanoyl-2-sn-glycero-3-phos-phocholine; (e) 
1-hexadecanolyl-2-sn-glycero-3-phosphocholine; (f) 1-octa-
decanoyl-2-sn-glycero-3-phosphocholine.

 Figure 2. Protein based differentiation of (a) medulla and 
(c) cortex in; (b) FFPE rat kidney tissue (10 mm) after HCCA 
application; (d) MALDI-TOF-MS profile of the marked sample 
area (red).
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allowed the identification of Tubulin and Claudin-4, 
besides seven other peptide fragments on differenti-
ated, but so far unspecific, tissue regions.
 Perspectives. Combining histopathology and 
MSI for investigating structural membrane modifi-
cations associated with glomerular related nephro-
pathology looks promising. Structural modifica-
tions and molecular changes can be detected and 
investigated very early in progression.
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 ABSTRACT

 Current invasive procedures [amniocentesis 
and chorionic villus sampling (CVS)] pose a risk 
to mother and fetus and such diagnostic procedures 
are available only to high risk pregnancies limit-
ing aneuploidy detection rate. This review seeks to 
highlight the necessity of investing in non invasive 
prenatal diagnosis (NIPD) and how NIPD would 
improve patient safety and detection rate as well as 
allowing detection earlier in pregnancy.
 Non invasive prenatal diagnosis can take either 
a proteomics approach or nucleic acid-based ap-
proach; this review focuses on the latter. Since the 
discovery of cell free fetal DNA (cffDNA) and fe-
tal RNA in maternal plasma, procedures have been 
developed for detection for monogenic traits and 
for some have become well established (e.g., RHD 
blood group status). However, NIPD of aneuploi-
dies remains technically challenging. This review 
examines currently published literature evaluating 
techniques and approaches that have been suggested 
and developed for aneuploidy detection, highlight-
ing their advantages and limitations and areas for 
further research.

 Keywords: Aneuploidy; Cell free fetal DNA 
(cff DNA); Non invasive prenatal diagnosis (NIPD).

 

INTRODUCTION

 Current invasive diagnostic techniques pose 
a risk to mother and fetus. The National Health 
Service (NHS) offers prenatal screening to all preg-
nant women in England [1]. At 11 to 13 weeks ges-
tation a combination of tests (termed the combined 
test) are performed to screen for abnormalities and 
score the risk of the fetus having Down’s syndrome 
(trisomy 21) (T21). The combined test includes ul-
trasound scans to check nuchal translucency and 
analyzing maternal blood samples for free b human 
chorionic gonadotrophin and pregnancy-associated 
plasma protein A concentrations. These are com-
bined with factors such as maternal age, pregnancy 
histories and familial genetic conditions [1]. Women 
with high risk pregnancies are then offered prenatal 
diagnosis. Current diagnostic procedures take sam-
ples for karyotyping through invasive means, pos-
ing a risk to mother and fetus.
 Chorionic villus sampling (CVS) can be per-
formed from 10 weeks; taking a tissue sample 
from the placenta through the cervix or abdomen. 
Amniocentesis can be performed from 15 weeks by 
obtaining a sample of amniotic fluid by passing a 
needle through the mother’s abdomen into the uter-
us [1]. The rate of miscarriage associated with CVS 
and amniocentesis is 1.0 to 2.0%. Despite the risks, 
on average 5.0-10.0% of pregnant women chose to 
undergo these tests [2], averaging approximately 

School of Biomedical and Biological Sciences, 
University of Plymouth, Plymouth, Devon, UK

17



NIPD OF ANEUPLOIDY

23,700 invasive diagnostic tests per year [1]. The 
combined test has a 5.0-9.0% false positive rate 
[3,4]; consequently mothers with healthy fetuses 
may choose to undergo unnecessary invasive diag-
nostic procedures, putting the fetus at risk of iatro-
genic spontaneous abortion. Non invasive prenatal 
diagnosis (NIPD) would pose no such risk.
 Increasing maternal age increases risk of Down’s 
syndrome, Edwards’ syndrome (trisomy 18) (T18) 
and Patau’s syndrome (trisomy 13) (T13), the three 
most common autosomal aneuploidies in live births. 
In the early 1970s, about 5.0% of pregnant women 
were 35 years or over. However, almost 20.0% are 
now over 35, increasing the incidence of aneuploid 
fetuses [5]. Trisomy 18 and T13 are currently not 
screened for until fetal anomaly ultrasound screen-
ing at 18 to 20+6 weeks [1]. However, the NHS state 
that although abortion is legal up to 24 weeks, it 
should be carried out as early as possible, ideally 
before 12 weeks [6]. Therefore, preferably, detec-
tion of all aneuploidies would be made within the 
first trimester, which would give greater scope for 
parental choice. It is hoped that NIPD could help 
achieve this.
 Despite increasing maternal age, approximately 
80.0% of Down’s syndrome patients are stillborn 
to those under 35 [7]. Currently diagnostic tests 
are only offered to those with high risk pregnancies 
(such as those with abnormal serum protein levels) 
as the risk of having a fetus with an abnormality 
must be balanced against the risk of miscarriage. 
This inevitably results in some abnormalities being 
missed as women under 35 years are not considered 
at risk of having a Down’s syndrome fetus [7]. Non 
invasive prenatal diagnosis would allow testing 
of these low-risk pregnancies. A recent European 
Commission (EC) funded project, SAFE (Special 
non-invasive advances in fetal and neonatal evalu-
ation) explored a number of new technologies in 
NIPD [8,9], and this has been extended in a recent 
project funded by the UK National Institute for 
Health Research (NIHR), RAPID, and a EC frame-
work 7 program, Eurogentest 2.
 In summary, prenatal testing is important as 
it allows possible health issues of the baby to be 
identified before birth, allowing arrangements for 
immediate care to be made. It also enables parents 
to make an informed choice regarding whether to 
terminate the pregnancy. Replacing current invasive 

tests with NIPD would reduce risk and increase de-
tection rate.
 Methods for Non Invasive Prenatal Diagnosis 
of Aneuploidies. The importance of prenatal diag-
nosis and risk posed by invasive techniques makes 
NIPD research a worthwhile commitment morally 
and commercially. Research originally focused on 
fetal nucleated cells found in maternal circulation 
[10-12]. A number of cell types were investigated 
but subsequently ruled out for a variety of reasons. 
These include lack of fetal specific markers [13], 
entrapment in the maternal lungs, confined placen-
tal mosaicism [14] and persistence in the maternal 
circulation years after pregnancy [15]. Furthermore, 
only one or two fetal nucleated cells are found per 
mL of maternal blood, further hampering their use 
[7]. Research now focuses on cell free fetal DNA 
(cffDNA), which was discovered in maternal plas-
ma in 1997 [10]. It has since been reported to be 
present from as early as 4 weeks gestation [16], 
making it possible for NIPD to be achievable ear-
lier in pregnancy than invasive methods. It has a 
short circulation half-life (»16 min.) and is unde-
tectable in the maternal circulation within 2 hours 
postpartum [17], making it specific to the current 
pregnancy. Technical challenges stem from the fact 
cffDNA constitutes only 3.0 to 6.0% of cell free 
DNA in maternal plasma [7,10]. Detection of pater-
nally inherited alleles in maternal plasma is quali-
tative; however, direct detection of aneuploidies is 
reliant on dose, therefore quantitative. Therefore, it 
was originally assumed that direct measurement of 
fetal chromosome dose in maternal plasma would 
show maternal chromosome dose and fetal chro-
mosome dose would be lost in the background of 
maternal DNA. Nevertheless, chromosome dose 
methods have been developed and are discussed 
later. Methods for aneuploidy detection originally 
focused on fetal markers for allelic ratio analysis.
 Non Invasive Prenatal Diagnosis in Routine 
Clinical Practice 2012. Following the discovery 
of cffDNA in maternal plasma in 1997 [10], testing 
for fetal RHD blood group status rapidly evolved 
from risky DNA testing of amniotic fluid samples 
provided from Liley curve investigations [18] to the 
world’s first routine application of a non invasive 
prenatal test clinically [19]. Fetal blood grouping 
using maternal plasma as a source of fetal DNA is 
now used extensively worldwide [20]. In addition, 
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the detection of other paternally inherited alleles or 
chromosome is possible, for example, fetal sexing 
(for review, see [21]). Most clinically applicable 
methods utilize the simple real time polymerase 
chain reaction (ReTi-PCR) approach, however, 
methods to detect the most commonly requested 
prenatal diagnostic test, for aneuploidy, require 
more sophisticated approaches. This is primarily 
due to the fact that maternal DNA is an admix of fe-
tal (derived from the placenta) and maternal DNA.

 METHODS TO DETECT FETAL 
ANEUPLOIDY BY NON INVASIVE 
PRENATAL DIAGNOSIS

 Methods Based on Allelic Ratio: RNA-Single 
Nucleotide Polymorphism Allelic Ratio Approach. 
The presence of free fetal RNA (ffRNA) in maternal 
plasma was established in 2000 by Poon et al. [22] 
who showed that Y chromosome-specific zinc fin-
ger protein (ZFY) mRNA could be found in the plas-
ma of women carrying a male fetus. Further studies 
showed that ffRNA is surprisingly stable [23] and 
present in maternal plasma as early as 4 weeks ges-
tation [24]. As different tissues express their own 
individual mRNA profiles, it follows that some 
mRNAs may be placenta-specific and therefore fe-

tal specific. Ng et al. [25] showed that placenta spe-
cific mRNAs could be detected in maternal plasma, 
and in 2007, a placental-specific mRNA transcribed 
from PLAC4 on chromosome 21 was discovered 
[26]; use of these could circumvent the problems 
caused by maternal background DNA.
 Lo et al. [26] developed the RNA-SNP (single 
nucleotide polymorphism) allelic ratio approach. 
This technique exploits SNPs that cause sequence 
variation between alleles. A heterozygous euploid 
fetus should yield equal proportions of each allele, 
giving an allelic ratio of 1:1. However, a heterozy-
gous triploid fetus would yield the allelic ratio 1:2 
or 2:1 [27]. Lo et al. [26] used reverse transcription 
(RT)-PCR to amplify a PLAC4 SNP containing lo-
cus, followed by primer extension. Mass spectrom-
etry was then used to determine allelic ratio (Figure 
1). Maternal plasma of 57 women carrying euploid 
fetuses and 10 carrying T21 fetuses was analyzed. 
The method had a sensitivity of 90.0% and specific-
ity of 96.0% [26]. Larger trials to refine the normal 
reference ranges could potentially improve sensitivi-
ty and specificity [27]. Regrettably, RNA-SNP allelic 
ratio methods are limited to fetuses heterozygous for 
the SNP under analysis. Among 119 placentas geno-
typed by Lo et al. [26] for the most common PLAC4 
SNP (rs8130833), 42.0% were homozygous and the 
method would have therefore been uninformative.

Figure 1. Schematic representation of Digital PCR.

19



NIPD OF ANEUPLOIDY

 The Digital RNA-Single Nucleotide 
Polymorphism Allelic Ratio Approach. The digi-
tal RNA-SNP allelic ratio approach is an adaptation 
to the RNA-SNP allelic ratio method made to utilize 
the sensitivity of digital PCR [28]. Rather than one 
reaction mix, digital PCR involves thousands of re-
actions running in parallel. The template strand so-
lution is diluted so that a maximum of one template 
strand is added to each reaction. Lo et al. [28] used 
384-well plates for digital ReTi-PCR of the PLAC4 
SNP, rs8130833. Uninformative wells (i.e., those 
containing no or multiple signals) were discounted 
and wells containing A or G PLAC4 allele were 
counted and their ratio calculated. Using maternal 
plasma RNA samples, four T21 fetuses and nine eu-
ploid were correctly identified. However, although 
digital PCR is more sensitive than ReTi-PCR, the 
digital RNA-SNP allelic ratio approach it is still 
limited to heterozygous fetuses. The methodology 
entered commercial trials under the governance of 
Sequenome Inc. (San Francisco, CA, USA) but was 
subsequently found to be an unreliable technology 
and unlikely to see routine application in NIPD.
 Epigenetic Allelic Ratio Approach. The epi-
genetic allelic ratio (EAR) approach is similar to 
the RNA-SNP allelic ratio approach but rather than 
targeting fetal specific mRNA, it exploits epigen-
etic phenomena that alter DNA expression without 
altering sequence; the most well known of these is 
cytosine methylation. Methylation patterns differ 
between tissues; genes that are differentially meth-
ylated between mother and fetus have been iden-
tified allowing an opportunity to selectively target 
fetal-specific DNA with the use of methylation spe-
cific primers [22,27].
 Chim et al. [29] demonstrated that the maspin 
gene (SERPINB5) promoter is unmethylated 
(U-mapsin) in the placenta but hypermethylated 
in maternal blood cells. SERPINB5 is located at 
18q21.33 [30], providing the opportunity for an 
EAR-based approach to T18 detection. Tong et al. 
[30] used the EAR approach, first using bisulphite 
conversion followed by methylation-specific PCR 
and primer extension reactions designed to distin-
guish the A and C allele of U-mapsin based on size 
[30]. The test had a sensitivity of 100.0% but had a 
9.7% false positive rate [30]. Theoretical modelling 
suggested that 200 sequence copies were needed at 
the start of PCR to achieve diagnostic sensitivity and 

specificity of 97.0%. However, bisulphite conver-
sion has been reported to cause DNA degradation 
of up to 96.0% [30]. Taking this into account, Tong 
et al. [30] predicted that only 20 sequence copies 
would have remained in their samples after bisul-
phite conversion due to low blood volume used; this 
could explain the high false positive rate.
 Although the EAR approach was successfully 
demonstrated, strategies need to be developed to 
overcome DNA degradation by bisulphite conver-
sion. Weber et al. [31] described a way of enriching 
methylated DNA using immunoprecipitation with 
the use of an antibody against 5-methylcytosine; 
methylated DNA immunoprecipitation (MeDiP) 
has since been used to successfully enrich fetal hy-
permethylated DNA [32]. Alternatively, degrada-
tion of maternal unmethylated DNA by bisulphite 
conversion would be acceptable so targeting genes 
hypermethylated in the placenta but hypomethyl-
ated in maternal tissues could be a solution [3].
 Despite various groups showing methods based 
on allelic ratio to work successfully, all are limited 
to heterozygous fetuses. However, an allelic ratio 
method could still have potential for use in practice 
if multiple SNPs, with a combined heterozygosity 
rate high enough to cover the general population, 
were analyzed [27]. Allelic ratio methods also as-
sume both alleles are transcribed at an equal rate, 
which is not always true [4], meaning analysis of 
transcript ratios could be unreliable. However, suc-
cessful demonstration of allelic ratio methods sug-
gests this is not problematic. Finally, although al-
lelic ratios may successfully identify trisomies they 
would not detect monosomies.
 Methods Based on Relative Chromosome 
Dosage. Using microfluidics digital PCR, Lun et al. 
[33] re-evaluated the percentage of cell free DNA 
that was fetal in maternal plasma and found there 
was a median 9.7% in the first trimester rising to 
20.4% by the third trimester. These levels are higher 
than previously thought, suggesting direct measure-
ment of fetal chromosome dose may be possible 
without prior enrichment. Relative chromosome 
dose approaches work on the principal that in a 
normal fetus the ratio of two chromosomes should 
be 2:2. Comparing an affected chromosome in a 
triploid fetus would give the ratio 3:2. A number 
of methods based on chromosome dose have been 
reported and are described below.
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 Epigenetic-Genetic and Epigenetic-Epigenetic 
Chromosome Dosage Approaches. Tong et al. [34] 
combined a methylation restricted digest to digest 
hypomethylated DNA and microfluidics digital PCR 
to measure HLCS on chromosome 21 (a hypermeth-
ylated fetal marker), RASSF1A on chromosome 3 
(a hypermethylated fetal marker) and ZFY on the 
Y chromosome. The epigenetic-epigenetic chromo-
some dosage approach comparing hypermethyl-
ated HLCS and RASSF1A ratio showed too great an 
overlap between euploid and T21 fetuses. However 
the epigenetic-genetic chromosome dosage ap-
proach comparing hypermethylated HLCS and ZFY 
ratio in euploid and T21 fetuses was discriminative 
but limited to male fetuses. Other groups have also 
successfully used the EGG chromosome dose ap-
proach, for example, Tsui et al. [35] identified T18 
fetuses with a sensitivity of 88.9% and specificity 
of 96.3%. However, Tsui et al. [35] also used ZFY 
limiting use to male fetuses. ZFY is often used for 
proof of principal studies but epigenetic-genetic 
(EGG) chromosome dosage needs to be success-
fully demonstrated with sex-independent markers 
before it can be used in practice.
 Digital Relative Chromosome Dosage Method. 
There is a 1.5-fold increase in relative chromosome 
dose in trisomies. Due to the exponential increase 
in template strand number in ReTi-PCR, it is not 
suited to detecting differences in template strand 
concentrations below 2-fold [4,36,37]. Digital PCR 
provides a more accurate measure of template strand 
concentration.
 Methodology involves the amplification of mul-
tiple targets on different chromosomes in many thou-
sands of different PCR reactions (microfluidic PCR 
or droplet PCR). In this example, two regions of the 
human genome have been amplified, chromosomes 
18 and 21. The relative abundance of the target DNA 
is defined directly against one another, and thus a sta-
tistical 1:1 ratio of each chromosome would indicate 
a euploid fetus and a (theoretical) 2:1 ratio (21:18) 
would indicate aneuploidy. Despite the admix of fetal 
and maternal DNA in maternal plasma, like next gen-
eration sequencing (NGS) (see Figure 2), digital PCR 
is able to differentiate such a difference, although 
clearly the actual difference in ratio would not be 2:1 
due to the presence of maternal DNA.
 The digital relative chromosome dosage (RCD) 
method directly targets a non polymorphic locus on 

the chromosome of interest and on a reference chro-
mosome without differentiating between maternal 
and fetal DNA. Lo et al. [28] used digital PCR to 
measure a non polymorphic locus on chromosome 
21 and chromosome 1. The number of wells in 
which there was a positive PCR for either locus was 
counted and their relative dose calculated. Euploid 
and T21 fetuses in artificial mixtures of placental 
and maternal DNA were successfully identified but 
the method was not tested using maternal plasma 
from T21 pregnancies. However, despite RCD not 
differentiating between maternal and fetal DNA, 
computer modeling estimated 97.0% of fetuses 
would be correctly identified by 7680 digital PCRs 
in cases where the cffDNA constituted 25.0% of the 
DNA [28]. Nevertheless, this is higher than previ-
ously reported levels in maternal plasma. Moreover, 
other groups have shown the digital RCD approach 
to be feasible with fetal fractions of 10.0% [38] al-
though some level of enrichment may still first be 
needed for use in the first trimester.
 Next Generation Sequencing (NGS) or 
Massively Parallel Sequencing. Massively paral-
lel sequencing (MPS) is a method through which 
the entire genome can be sequenced using millions 
of short sequence reads. These are then reassembled 
by a computer program using genomic databases to 
compare the reads to the known genomic sequence 
[3,4,39]. A number of groups have demonstrated 

Figure 2. Schematic representation of next-generation se-
quencing based approaches for NIPD of fetal aneuploidy. The 
figure represents the numbers of targets from each chromosome 
(X-axis) identified by NGS as colored dots. Based on statistical 
counting of each chromosome (Z-score), a higher proportion 
of chromosome 21 signals can be shown in maternal plasma 
samples despite this being an admix of maternal and fetal DNA. 
The approach can include whole genome sequencing, or target-
ed sequencing of various chromosomes following amplification
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that if cffDNA is sequenced in this way and the se-
quence reads assigned to each chromosome are then 
counted, whether a chromosome is over- or under-
represented can then be calculated [39,40]. This is 
similar to the approach taken for the digital relative 
chromosome dose method. However, NGS gener-
ates far more sequence reads, possibly over 60,000 
for chromosome 21 alone, suggesting it should be 
more sensitive to small changes in genomic rep-
resentation [4]. The NGS could therefore have the 
potential of identifying partial trisomies, although 
further research is needed to investigate this.
 Fan et al. [39] were able to identify nine T21 cas-
es, two T18 and one T13, distinguishing them from 
six normal euploid cases, using shot gun sequencing 
(Figure 2). However, the blood samples used in this 
study were drawn 15 to 30 min. following an inva-
sive procedure, this may have influenced the results 
by introducing additional fetal DNA into the mater-
nal circulation [3]. Furthermore, Fan et al. [39] argue 
that using a digital PCR assay, they estimated fetal 
DNA in their samples constituted <10.0% of total 
cell free DNA, in line with previous studies.
 More recent studies have taken into account 
that differing GC contents between chromosomes 
results in nonuniform sequencing by MPS and cor-
rected genomic representation to account for CG 
content. By doing this, Chen et al. [40] found that 
a specificity and sensitivity of 98.9 and 100.0%, re-
spectively, could be achieved for T13 detection and 
98.0 and 91.9%, respectively for T18 detection.
 In light of recently successful studies, Ehrich et 
al. [41] conducted a blinded study on 449 plasma 
samples from pregnant women (39 with T21 fetus-
es), using the most up-to-date sequencing technolo-
gy available at the time, to investigate NGS for T21 
diagnosis. Z-scores described in [42] were used to 
standardize genomic representation and classify the 
fetus as euploid or T21. The results were very suc-
cessful with a sensitivity of 100.0% and specificity 
of 99.7%, suggesting that if the cost of MPS could 
be reduced it could be used in practice. Recently, 
using the single molecule sequencing technology 
of Helicos (Cambridge, MA, USA) that does not 
require a prior DNA amplification step, van den 
Oever et al. [43] have demonstrated a greater sen-
sitivity of this platform above that of Illumina GA-
II (San Diego, CA, USA) used in previous studies. 
This may lead to utilization of NGS much earlier in 

NIPD, perhaps within the first trimester [44], as the 
study demonstrated detection of trisomy 21.
 All three relative chromosome dose methods 
discussed are polymorphism-independent and have 
successfully demonstrated the ability to detect triso-
mies. Of the three relative chromosome dose meth-
ods, NGS seems the most promising as, due to the 
large amount of data it produces, it has high sen-
sitivity and specificity. It can also simultaneously 
provide information on chromosome dose for all 
chromosomes, and theoretically, has the potential to 
detect partial trisomies and monosomies, although 
this needs to be validated by further research.
 Methods to Enrich Fetal DNA. One of the main 
hindrances on NIPD is the dilution of fetal DNA in 
maternal blood; this makes the quantitative nature of 
aneuploidy diagnosis difficult. Therefore, a number 
of methods have been investigated to enrich or pre-
vent the dilution of fetal DNA in maternal plasma.
 Use of Formaldehyde. In 2004, Dhallan et 
al. [45] hypothesized that a significant portion of 
maternal DNA in maternal plasma is leaked from 
maternal leukocytes following venipuncture due to 
physical forces put on them during collection and 
subsequent handling. Blood was collected from 69 
pregnant women in tubes containing a 4.0% form-
aldehyde neutralizing buffer. Analysis showed the 
majority of samples had >25.0% fetal DNA and 
27.5% had >50.0%, suggesting formaldehyde treat-
ment could successfully prevented leukocyte rup-
ture. However, no untreated blood was collected 
in this trial so no comparisons between treated and 
untreated samples could be made. Since 2004, a 
number of groups have attempted to replicate the 
enrichment of fetal DNA in maternal plasma using 
formaldehyde without success [46,47].
 Separation Based on Size by Gel Electro-
phoresis. Another approach to fetal enrichment is 
to separate cffDNA from maternal based on size. 
This can be done by gel electrophoresis [48]. In ear-
ly pregnancy (13 + 2 weeks gestational ages), Li et 
al. [48] found that 85.5% of fetal DNA is less than 
0.3 kb. Fetal DNA also constituted 28.4% of the 
<0.3 kb fraction in maternal plasma, increasing to 
68.7% in the third trimester. A study by Chan et al. 
[49] supports Li et al. [48], concluding that >99.0% 
of fetal derived DNA is shorter than 313 bp. Gel 
electrophoresis has since been used to successfully 
enrich fetal DNA for detection of point mutation in 
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b-thalassemia [50]. However, isolation of size frac-
tions by gel electrophoresis is considered too time 
consuming and prone to contamination to allow its 
widespread use [3].
 Co-Amplification at Lower Denaturation 
Temperature Polymerase Chain Reaction. In 
2008, Li et al. [51] reported on (co-amplification 
at lower denaturation temperature) COLD-PCR, a 
variation of PCR that can selectively amplify mi-
nority alleles from a background of wild-type al-
leles. This technique works on the basis that even 
a single nucleotide difference between the minor-
ity and wild-type allele may lower the critical de-
naturation temperature (Tc). If so, the minority al-
lele could be denatured at a lower temperature than 
the wild-type sequence, allowing only the minor-
ity allele sequence to bind with the primers and be 
amplified [52]. Li et al. [51] used COLD-PCR to 
identify mutations in a number of genes associated 
with human cancer that had previously been missed 
and suggested that COLD-PCR could also be used 
for detection of “fetal alleles in maternal blood.” 
However, in aneuploidies there may be no sequence 
difference between the maternal and fetal allele of 
interest. Moreover, it is possible that the shorter 
length of cffDNA in comparison with maternal cell 
free DNA may allow COLD-PCR to denature cffD-
NA at a temperature at which maternal DNA would 
remain double-stranded, allowing only cffDNA to 
be amplified. There is currently no published study 
on the enrichment of fetal DNA from maternal plas-
ma using this method but this could be a promising 
technique. If fetal DNA could be enriched in this 
way, not only could it aid detection of aneuploidies 
but also aid detection of monogenic diseases where 
a disease allele may have been maternally inherited.
 Proteomics for New Down’s Syndrome Bio-
markers (for review, see [53,54]). Despite the 
advances in molecular counting technologies, espe-
cially NGS and digital PCR, better serum screening 
biomarkers for Down’s syndrome and other condi-
tions are still an option, as NGS and digital PCR 
methodologies are not yet applicable to mass-scale 
screening. For this reason several large scale studies 
were launched to analyze the maternal plasma pro-
teome in pregnancies where the mother was carrying 
a Down’s syndrome fetus [53,55-60]. It is clear that a 
number of overlapping biomarkers have been identi-
fied, but the search for a truly differentiating trisomy 

21 biomarker using this approach may still be a way 
off, but may well be worth the effort expended.

 CONCLUSIONS

 In summary, despite various non invasive 
methods invented to diagnose aneuploidy, none 
are yet used in practice. Methods described in the 
current literature can be split into methods based 
on allelic ratio or chromosome dose. Allelic ratio 
methods are held back by their restriction to hetero-
zygous fetuses, yet if a combination of SNPs could 
be used, their combined heterozygosity rate could 
potentially cover the general population. However, 
allelic ratio approaches would still be unable to 
diagnose monosomies. Chromosome dose meth-
ods have the advantage of being polymorphism-
independent and have the potential to diagnose 
trisomies, monosomies and in the case of NGS-
based methods, possibly even partial trisomies but 
this needs to be verified by further research. For 
these methods to be introduced into practice, fur-
ther research needs to be aimed at simplifying the 
methods and reducing the cost. Another approach 
would be to selectively enrich cffDNA or deplete 
maternally derived cell free DNA to overcome the 
problem of low cffDNA concentration in maternal 
plasma; this would allow more straight-forward 
analysis methods to be used. Co-amplification at 
lower denaturation temperature-PCR seems the 
most promising enrichment technique discussed 
but requires further investigation.
 With the progress made in NIPD since the dis-
covery of cffDNA, and invention of new sequenc-
ing techniques, it is not over optimistic to predict 
that NIPD will be used in practice in the near future; 
improving detection rate, allowing earlier diagnosis 
and eliminating iatrogenic fetal loss and risk to the 
mother due to invasive procedures.
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 ABSTRACT
 

The study of the sperm proteins is crucial for un-
derstanding its normal function and alterations in 
infertile patients. The sperm is a highly special-
ized cell with a very large flagella, with little cy-
toplasm and a highly condensed nucleus. The most 
abundant proteins in the nucleus of mammalian 
sperm are the protamines. The main functions of 
the protamines are the condensation of the DNA, 
possibly contributing to the generation of a more 
hydrodynamic sperm head and to the protection of 
the genetic message. However, in addition to prot-
amines, about 5.0-15.0% of the paternal genome 
is also complexed with histones and histone vari-
ants. It has also demonstrated a differential distri-
bution of genes in regions associated with histone 
and protamine-associated regions, suggesting a po-
tential epigenetic relevance in embryonic develop-
ment. More recently, detailed lists of proteins have 
been described corresponding to the different com-

partments of the sperm cell thanks to the applica-
tion of recent proteomic techniques based on mass 
spectrometry (MS). Differential proteomics is also 
being applied to identify the presence of protein ab-
normalities found in infertile patients.

 Keywords: Proteomics, Proteome, Sperm chro-
matin, Epigenetics, Infertile

 The Nucleohistone-Nucleoprotamine Transi-
tion and Organization of the DNA in the Sperm 
Nucleus. Spermatogenesis involves radical changes 
in chromatin structure to give rise to the mature 
sperm [1,2]. The nucleosome structure present in 
spermatogonia, spermatocytes and round sperma-
tids, is disassembled in spermiogenesis and is tem-
porarily replaced by transition proteins and finally 
by protamines [1-4].
 While most of the genome in the sperm cell 
(about 85.0-95.0%) is tightly packaged by prot-
amines in the form of toroidal structures, it is also 
important to note that about 5.0-15.0% of sperm 
DNA is organized by histone proteins, many of 
which are sperm-specific variants [3-5]. The dis-
tribution of genes in genomic regions organized 
by protamine and the genomic regions organized 
by histones is not random. Recent studies based 
on analysis of the paternal genome associated with 
each of these domains using microarrays, have led 
to the basic conclusion that the regions associated 
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with the nucleohistone are associated with gene 
regulatory regions [6]. In another recent study [7], 
based on massive genome sequencing, it was found 
that nucleosomes associated regions are significant-
ly enriched in genes important for development, in-
cluding imprinted genes, microRNAs, Hox genes, 
promoters and transcription developmental genes 
and signaling factors. It has also been shown that 
histone modifications (H3K4me2, H3K27me3) are 
reached at certain loci associated with developmental 
genes, and promoters associated with developmental 
genes are hypomethylated in the sperm, but are meth-
ylated during maturation [7,8].
 In addition to these epigenetic marks deter-
mined by the differential distribution of genes in 
the domains associated with the nucleohistone and 
nucleoprotamine, other types of epigenetic informa-
tion are potentially transmitted by the sperm nucleus 
to the oocyte. One of the best known is contrasted 
DNA methylation. More recently, the identifica-
tion of RNAs present in the sperm and the demon-
stration of oocyte transfer, opens the possibility of 
their role in fertilization. Another potential source 
of epigenetic information could be the presence of 
other proteins in the sperm nucleus, in addition to 
histones and protamines [9,10].
 More recently, proteomic analysis of proteins 
identified in mature sperm has provided some un-
expected results. For example, transcription factors, 
DNA binding proteins and proteins involved in the 
metabolism of the chromatin in cells that are tran-
scriptionally inactive [9,10]. The catalogs for the 
proteomes of human sperm are available [9,11,12]. 
Most notable is the presence of proteins such as 
histone acetyltransferase and deacetylase, histone 
methyltransferase, DNA methyltransferase, topoi-
somerase, helicase, transcription factors, zinc fingu-
ers, homeobox proteins, cromodominio proteins, 
centrosomal proteins, and telomerase in cells that 
are transcriptionally inert and have at least 85.0% 
of their DNA packaged by protamines [9]. A cru-
cial question is whether these transcription factors 
and proteins newly identified in the cores, represent 
remnants of the process of spermatogenesis or are 
making some regions of the paternal genome and 
have an epigenetic basis [9,13].
 Abnormalities in the content of protamine in 
subfertile patients have already been described 
over 20 years ago [14]. Subsequently, other stud-

ies confirmed the link between abnormal protamine 
content and alterations in sperm parameters in in-
fertile patients [15,16]. One of the potential causes 
of abnormal protamine ratio (P1/P2) can be found in 
abnormal processing of protamine 2 and increased 
protamine precursors in a subset of patients [15,17]. 
The results of the content of protamines and histones 
have been correlated with alterations in the integrity 
of DNA and the results of assisted reproduction [18].
 Identification of Sperm Proteins and Their 
Alterations in the Spermatozoa Through 
Proteomic Techniques. Essentially, two different 
alternatives can be used to study the sperm pro-
teome through mass spectrometry (MS) (Figure 1): 
1) two dimensional (2D) separation of the proteins 
followed by their identification by Matrix-assisted 
laser desorption/ionization (MALDI)-MS or liq-
uid chro-matography-tandem MS (LC-MS/MS), 
and 2) the initial digestion of proteins to gener-
ate peptides, followed by separation and LC-MS/
MS analysis [9]. The first alternative generally in-
volves the separation of proteins using isoelectric 
focusing and is followed by polyacrylamide gel 
electrophoresis (PAGE) in the presence of sodium 
dodecyl sulfate (SDS) for separating proteins in a 
second dimension based on their molecular weight. 
This alternative has been widely used in the past 
to identify many proteins present in the sperm cell 
[11,19]. Of the two alternatives, the initial genera-
tion of peptides and analysis by LC-MS/MS is of 
much higher throughput. For example, through 2D 
and MALDI-TOF (time of flight) or LC-MS/ MS, 
it has been possible to identify some hundreds of 
proteins [11,20], whereas the generation of peptides 
followed by LC-MS/MS allows the identification of 
up to about 1000 different proteins [9,12].
 In addition to the generation of catalogs of pro-
teins, proteomics has also been applied to the iden-
tification of the presence of anomalies in infertile 
patients. There are several strategies to analyze the 
differential protein content in two or more differ-
ent samples. One method is 2D-DIGE (differential 
in-gel electrophoresis) and is based on the differen-
tial identification of fluorochrome-labeled proteins 
extracted from the control (for example, labeled 
green) and experimental cells (for example, labeled 
red). This is followed by mixing of the proteins and 
their separation in the same 2D system, followed by 
detection that can detect increased or decreased pro-
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teins, observing the deviation of the fluorescence to 
one of the fluorochromes [9,12]. Another alternative 
is the quantification and comparison of the relative 
abundance of the different proteins in separate gels. 
Newer strategies are being developed based on non 
radioactive isotopic labeling of the test samples and 
control [9,12].
 The first description of the potential of 2D pro-
teomic analysis in the study of defects in sperm was 
performed in a patient with repeated failure of in 

vitro fertilization techniques [20]. The proteome of 
this patient showed 20 differences compared with 
controls, and identified several proteins differen-
tials. It was later applied to the identification of the 
differential proteins in astenozoospermic patients, 
oligozoospermic patients, and patients with altera-
tions in the content of protamines or the integrity of 
DNA [19].
 The application of proteomics techniques in an-
drology and reproductive biology is in its infancy 

Figure 1. Strategies available for studying the sperm cell proteome. Typical extraction from sperm protamines consisting of reducing 
the disulfide bridges of protamines with DTT/guanidine hydrochloride, followed by extraction with 0.5 M HCl, precipitation and 
purification of the proteins and their separation by PAGE acid (left). With this strategy it is possible to identify the protamine 1 
(P1) and a set of bands corresponding to the family of protamine 2 (P2). To analyze the total proteome it is possible to use 2D 
electrophoresis of the proteins. The identification of proteins is then performed via MS. A more robust strategy involves the initial 
generation of peptides followed by their separation by liquid chromatography and identification using MS (right). Based on [9] 
with modifications.
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but the data available to date indicate their enormous 
potential. It is foreseeable that in the future it will 
allow the molecular dissection of the various causes 
of male infertility, allowing both the identification 
of the pathophysiologic mechanisms involved and 
its application to the diagnosis, prognosis, and de-
velopment of new therapeutic strategies.
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 INTRODUCTION

 Infertility is a major health problem today, 
affecting about 15.0% of couples trying to have a 
child. Impaired fertility of the male is causative in 
20.0% of infertile couples and contributory in up 
to another 30.0-40.0%. Infertility already affects 
about 5.0-7.0% of the general male population and 
may further increase in the future, considering the 
apparent trend of declining sperm count in indus-
trialized countries. Despite enormous progress in 
the understanding of human reproductive physi-
ology, the underlying cause of male infertility re-
mains undefined in about 50.0% of cases, which 
are referred to as idiopathic infertility [1]. Most 
idiopathic cases are likely to be of genetic origin 
because the number of genes involved in human 
spermatogenesis is probably over 1 thousands. At 
present, only a few of the genes implicated in the 
processes of testis determination, testis descent 
and spermatogenesis have routine clinical impor-
tance. These include the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene, whose 
mutations cause cystic fibrosis and absence of vas 
deferens and the androgen receptor (AR) gene, 

whose mutations cause the androgen insensitivity 
syndrome and spermatogenic damage.
 Common Genetic Causes of Male Infertility. 
Chromosomal anomalies and microdeletions of the 
azoospermia factor (AZF) regions of the Y chromo-
some are the only commonly known genetic causes 
of spermatogenic failure. The frequency of these 
two genetic anomalies increases with the severity of 
the spermatogenic defect, reaching up to an overall 
30.0% (15.0% karyotype abnormalities and 15.0% 
of AZF microdeletions) in azoospermic men.
 Sex chromosome aneuploidies, such as 
47,XXY (Klinefelter’s syndrome), 47,XYY and 
46,XX males are the most common chromosome 
anomalies occurring at birth and in the population 
of infertile males [2]. Klinefelter’s syndrome is a 
form of primary testicular failure with a high preva-
lence in infertile men, up to 5.0% in severe oligo-
zoospermia and 10.0% in azoospermia.
 Y chromosome microdeletions represent the 
etiological factor of 10.0-15.0% of idiopathic azo-
ospermia and severe oligozoospermia [3]. The fre-
quency of AZF deletions in infertile men ranges from 
5.0 to 20.0% in worldwide surveys [4]. Y chromo-
some microdeletions are found almost exclusively 
in patients with azoospermia or severe oligozoo-
spermia [5]. The prevalence of Y chromosome mi-
crodeletions in the infertile males from the Republic 
of Macedonia is 6.4%, in patients with azoospermia 
16.7% and 2.8% in those with severe oligozoosper-
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mia [6]. Deletions most frequently involve the AZFc 
region, less frequently the AZFb region, and only 
rarely the AZFa region. The most frequent deletions 
in Macedonian males are AZFc deletions, while AZFa 
deletions have not been detected [7,8].
 Partial deletions within the AZFc region (gr/
gr and b2/b3) that remove smaller portions of the 
AZFc region (1.6 and 1.8 Mb) are much more com-
mon and are present at various frequencies in dif-
ferent Y chromosome haplogroups [9]. While the 
association of the complete AZFc deletion with 
spermatogenic failure is well established, the role 
of partial AZFc deletions on spermatogenesis and 
male infertility is still controversial.
 In addition to deletions, different duplications at 
the AZFc region have been reported. Duplications 
can occur on a chromosome with a partial AZFc de-
letion and generate a chromosome with four DAZ 
genes, but lacking some sequence tagged site (STS) 
markers [10,11]. Recently, an AZFc partial dupli-
cation has been shown to be a risk factor for male 
infertility in Taiwan [12].
 Screening for Common Genetic Causes of 
Male Infertility by Quantitative Fluorescent-
Polymerase Chain Reaction. Screening for chro-
mosomal abnormalities is usually done by cytoge-
netic analysis and for AZF deletions by polymerase 
chain reaction (PCR) analysis of several STSs in the 
three AZF regions. Recently, we described a multi-
plex quantitative fluorescent (QF)-PCR method that 
allows simultaneous detection of the most common 
genetic causes of male infertility, i.e., sex chromo-
somal aneuploidies and AZFc and AZFb deletions, 
and some potential risk factors such as partial AZFc 
deletions/duplications and AR CAG repeats [8]. 
This multiplex QF-PCR analysis was shown to be 
a rapid, simple, reliable and inexpensive method 
that can be used as a first-step genetic analysis in 
infertile patients. Recently, we presented a modified 
system, where we have included additional markers 
in the AZFa and AZFb region, as well as a marker 
for determination of the X/chromosome 3 ratio [13].
 Our results showed that Klinefelter’s syndrome 
and complete AZFc deletions are the most common 
genetic causes of azoospermia. Partial AZFc dele-
tions as well as AZFc duplications were present in 
both infertile and fertile men. They may represent a 
risk factor for male infertility when present on cer-
tain Y chromosomal backgrounds.

 Gene Polymorphisms and Male Infertility. 
Analysis of Y chromosome haplogroups, defined 
by single nucleotide polymorphisms (SNPs), has 
become a standard approach for studying the ori-
gin of human populations and measuring the vari-
ability among them. A few groups have studied the 
possible association of Y chromosome haplogroups 
with male infertility and Y chromosome microdele-
tions, but conflicting results have been published. 
Some recent studies suggested that a Y chromosome 
background is an important factor that affects par-
tial AZFc deletion formation and its contribution to 
spermatogenic failure [14].
 We have used a hierarchical analysis of 28 SNP 
markers by multiplex PCR followed by single base 
extension reactions using a multiplex SNaPshot 
kit to determine the Y chromosome haplogroups 
in men from our country [15]. Our initial results 
showed slight differences in the distribution of the 
Y chromosome haplogroups such as higher frequen-
cy of the R1a haplogroup in infertile patients with 
a milder phenotype in comparison with those with 
azoospermia and severe oligozoospermia and fertile 
controls.
 We have studied in detail the Y chromosomal 
background of different Y chromosome deletions 
detected in men from our country. Several differ-
ent Y chromosome haplogroups were determined 
in men with complete AZFc (b2/b4) deletions and 
gr/gr deletions. All infertile males with b2/b3 dele-
tion belong to the Hgr E3b1 anomaly, while the only 
fertile man with this deletion falls within the Hgr 
N3 anomaly. Most of the men with the b2/b4 dupli-
cation, both infertile and fertile, were identified as 
Hgr R1a, but the frequency of this Hgr was higher 
in infertile men. There was also a difference in the 
distribution of the Y chromosome haplogroups in 
males with the b2/b3 duplication.
 The analysis of polymorphisms in genes in-
volved in spermatogenesis represents one of the 
most exciting areas of research in genetics of male 
infertility [16]. Polymorphisms in these genes are 
considered potential risk factors that may con-
tribute to the severity of spermatogenic failure. 
Polymorphisms in different genes [CAG repeats in 
AR and DNA polymerase g (POLG) genes, C677T 
mutation in 5-methylenetetrahydrofolate reductase 
(MTHFR), A260G and A386G in the DAZL gene, 
different polymorphisms in FSHR, ERa, protamine 
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1 and 2, etc.] have been studied for possible asso-
ciation with male infertility but many of them have 
presented contradictory results. It is likely that only 
polymorphisms in association with a specific ge-
netic background and/or with environmental factors 
can lead to spermatogenic impairment. We have also 
studied the possible association of several different 
polymorphisms with male infertility. There was no 
association between the POLG polymorphism and 
infertility in Macedonian men [17]. We found a sig-
nificantly higher percentage of long CAG repeats 
in patients with mild oligozoospermia indicating 
the possible association of CAG repeat numbers in 
exon 1 of the AR gene and mild oligozoospermia 
[18]. Our preliminary results suggest that there is no 
association between the MTHFR C677T, MTHFR 
A1298C, MTR A2756G and MTRR A66G poly-
morphisms and male infertility. Of the nine SNPs 
evaluated in eight different genes (FASLG, JMJDIA, 
LOC203413, TEX15, BRDT, OR2W3, INSR and 
TAS2R38), we found significant association for three 
SNPs (rs5911500 in the LOC203413, rs3088232 in 
the BRDT and rs11204546 in the OR2W3 genes, re-
spectively) [19].
 Copy number variations (CNVs) represent an 
important source of genetic diversity with remark-
able differences between individuals. Copy number 
variations can cause spermatogenic failure by their 
increased number or specific distribution that could 
result in defective recombination, meiotic failure 
and loss of germ cells. Copy number variations 
might also affect the activity of genes important for 
spermatogenesis. The first study that investigated 
CNVs in patients with severe oligozoospermia and 
Sertoly cell only syndrome (SCOS) was published 
only recently [20]. This study provided a number 
of candidate genes, possibly causing or being risk 
factors for, spermatogenic failure. Using array 
CGH analysis we have also identified several CNVs 
(UGT2B17 gene on chr4 q13.2; STEAP2 gene on 
chr7 q21.13; TPTE gene on chr21 p11.2-11.1 and 
H2BFWT on chrX q22.2) that might be associated 
with impaired spermatogenesis and male infertility.
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 ABSTRACT

 Seminal plasma is a potential source of bio-
markers for many disorders of the male reproductive 
system including male infertility. Knowledge of the 
peptide and protein components of seminal fluid is 
accumulating especially with the appearance of high-
throughput MS-based techniques. Of special inter-
est in the field of male infertility biomarkers, is the 
identification and characterization of differentially 
expressed proteins in seminal plasma of men with 
normal and impaired spermatogenesis. However, 
the data obtained until now is still quite heteroge-
neous and with small percentage of overlap between 
independent studies. Extensive comparative analy-
sis of seminal plasma proteome is still needed in 
order to establish a potential link between seminal 
plasma proteins and male infertility.
 Keywords: Biomarkers, Male infertility, Mass 
spectrometry (MS), Matrix-assisted laser desorp-
tion/ionization time of flight (MALDI-TOF), 
Seminal plasma, Two-dimensional differential in-
gel electrophoresis (2-D DIGE), Two- dimensional 
polyacrylamide gel electrophoresis (2-D PAGE).

 INTRODUCTION

 The proteomes most likely to contain clinically 
useful disease biomarkers are those of human body 
fluids. Proteomics has raised great expectations for 
the discovery of biomarkers for improved diag-
nosis or stratification of a wide range of diseases 
[1]. Blood plasma and other body fluids, which also 
include seminal fluids, are expected to be excellent 
sources of protein biomarkers because they circulate 
through, or come in contact with a variety of tissues, 
and during this contact they are likely to pick up pro-
teins secreted or shed by tissues, a hypothesis that has 
been tested and confirmed [2].
 In addition to the general physiological impor-
tance of knowing the composition of seminal fluid, 
medical interest centers on two main areas: infertil-
ity and prostate cancer. Male infertility is a wide-
spread medical condition with large societal and 
emotional costs. Between one in six and one in 10 
couples seek medical help for the problem of sub 
fertility. In 20.0-25.0% of cases the infertility prob-
lem is due to the male partner, in 30.0-40.0% the 
problem is predominantly female; in approximately 
30.0% of cases, abnormalities are found in both 
partners, and in 15.0% no specific factor is identi-
fied [3]. Since seminal fluid has an important role in 
spermatozoa survival and overall fertilization suc-
cess, its impairment can be directly connected to 
infertility.
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INFERTILITY BIOMARKERS IN SEMINAL PLASMA

 Seminal plasma contains many distinct protein 
components that are important for the functioning 
and survival of spermatozoa. It is a mixture of se-
cretions from several male accessory glands, in-
cluding prostate, seminal vesicles, epididymis, and 
Cowper’s gland. The average protein concentration 
of human seminal plasma ranges from 35 to 55 g/L 
making it a rich, as well as an easily accessible 
source for protein identification. Seminal plasma 
has the feature common to many other body fluids, 
namely it is characterized by a high dynamic range 
of protein abundance, making low-abundance com-
ponents difficult to analyze.
 Characterization of Human Seminal Plasma 
Protein and Peptide Constituents. Research of 
seminal plasma proteome began using two-dimen-
sional polyacrylamide gel electrophoresis (2-D 
PAGE) and the electrophoretic transfer of proteins 
to nitrocellulose sheets followed by subsequent de-
tection with immunological procedures in 1981 [4]. 
By this approach, a few seminal plasma proteins 
such as prostatic acid phosphatase (PAP), some gly-
coproteins and creatinin kinases, were identified. 
Two-dimensional (2-D) gels coupled with mass 
spectrometry (MS) were applied to study the role 
of seminal plasma proteins in impaired spermato-
genesis in 2001, and about 750 spots were detected 
in the 2-D maps of seminal plasma from a fertile 
men [5]. However, only two seminal plasma con-
stituents, namely, PAP and prostatic specific antigen 
(PSA) were identified by matrix-assisted laser de-
sorption/ ionization time of flight (MALDI-TOF) in 
this study, as the two major spot clusters in the 2-D 
map of the seminal plasma proteome. By using 2-D 
PAGE with MALDI and liquid chromatography-
electrospray ionization (LC-ESI), Fung and col-
leagues [6] identified 100 different protein constitu-
ents in seminal plasma. This study established that 
there were multiple post-translational variants of the 
majority of the proteins. Overall, hormones, growth 
factors and bio-active peptides were detected and 
identified. Pilch and Mann [7] successfully cata-
logued 932 proteins in seminal plasma using Fourier 
transform MS and two consecutive stages of MS 
fragmentation. This study identified proteins known 
to be characteristic for each of the organs contrib-
uting to the formation of seminal plasma: prostate, 
seminal vesicles, epididymis, and the bulbourethral 
gland. The large proportions of the identified pro-

teins were extracellular, secreted by the male acces-
sory glands as well as extracellular matrix proteins 
that are required for the classical functions of semi-
nal fluid. The second class of the identified proteins 
was found to originate from prostasomes, while the 
third class of proteins was the result of an epithelial 
shredding. The overall numbers and proportions of 
proteins in the identified proteome indicated that the 
predominant functions are in clot formation and liq-
uefaction, in metabolic support and protection for 
the spermatozoa and in immunological reactions. 
The identification of seminal plasma protein and 
peptide constituents by using combined 2-D PAGE/
MS/MS and 2D nano high performance liquid chro-
matography (HPLC)/MS/MS is currently in prog-
ress at our institution.
 Identification of some well defined subgroup of 
human seminal plasma proteins such as heparin-bind-
ing proteins that are included in the fertilization pro-
cess were also carried out by the use of affinity chro-
matography, 2D electrophoresis and MALDI-TOF 
MS [8]. Difference in the expression of sperm mem-
brane proteins between fertile and infertile males [9], 
as well as proteins associated with human fertilization 
capability [10], have also been investigated.
 Comparative Analysis of Seminal Plasma 
Proteome With Identification of Potential 
Infertility Biomarkers. The research in the field of 
comparative proteomic analysis of male infertility-
associated seminal plasma proteins has been carried 
out for almost a decade. However, extensive com-
parative analysis of seminal plasma proteome in 
order to establish a potential link between seminal 
plasma proteins and male infertility is still lacking.
 By investigating the differential expression of 
proteins between two or more biologically different 
states of reduced male fertility or infertility, poten-
tial diagnostic or prognostic markers may be identi-
fied. The gold standard techniques for this is still 
2-D PAGE/2-D DIGE coupled to MS because this 
approach is amenable to the separation and visual-
ization of a wide range of proteins, together with 
their post translational variants.
 Identification of 61 differentially expressed pro-
teins based on 2-D PAGE and tandem MS analysis 
of seminal plasma of azoospermic and vasectomized 
patients has been reported by Sarita-Garibaldi and 
coworkers [11]. Two- dimensional DIGE combined 
with MS was also carried out to find seminal plasma 

36



BALKAN JOURNAL OF MEDICAL GENETICS
Davalieva K, Kiprijanovska S, Noveski P, Plaseski T,  

Kocevska B, Plaseska-Karanfilska D

proteins associated specifically with azoospermia 
and revealed a total of four potential markers for non 
obstructive azoospermia [12]. The identified poten-
tial biomarkers were stabilin 2 (STAB2), 135 kd 
centrosomal protein (CP135), guanine nucleotide, 
releasing protein (GNRP), and prolactin-inducible 
protein (PIP). In a recent study, we utilized the 2-D 
DIGE/MS approach to detect differential protein 
expression of seminal plasma proteins between 
four distinct groups of men with normozoospermia, 
oligozoospermia, asthenozoospermia and azoosper-
mia [13]. The results from our study demonstrated 
that normozoospermic, oligozoospermic and asthe-
nozoospermic groups have similar seminal plasma 
protein profiles, resulting in no statistically signifi-
cant differences in protein expression. However, in 
the azoospermic group there were a total of eight 
proteins with a statistically significant increase of 
expression in comparison with the rest of the stud-
ied groups. From the eight differentially expressed 
proteins, seven were successfully identified by MS 
as fibronectin (FINC), prostatic acid phosphatase 
(PAP), proteasome subunit α type-3 (PSA3), β-2-
microglobulin (B2MG), galectin-3 binding protein 
(LG3BP), prolactin inducible protein (PIP) and cy-
tosolic non specific dipeptidase (CNDP2). All of 
the reported proteins have already been reported 
as constituents of seminal plasma. Most of these 
proteins (FINC, PAP, B2MG, LG3BP, PIP) are lo-
calized in the extracellular region and have the mo-
lecular function of protein binding. From all the dif-
ferentially expressed spots found in this study, PAP 
was found to be exclusively increased in azoosper-
mic patients compared with the rest of the studied 
groups. Prostatic acid phosphatase is the most abun-
dant phosphatase in human prostate tissue and has 
been studied extensively, primarily due to its clini-
cal relevance as a biomarker of prostate carcinoma 
[14]. Several other studies have implicated PAP in 
male infertility before, with enzyme levels inversely 
correlated with sperm concentration [15-17].
 Another study, based on the comparative analy-
sis of the levels of PIP in fertile and infertile men, 
has proposed that PIP could be an immunoglobulin 
G-binding protein [18]. Prolactin inducible protein 
was shown to exist in several isoforms in seminal 
plasma by Western blot. The pattern of PIP isoform 
variability in seminal plasma from fertile and infer-
tile men is quite complex but one multimeric form 

of PIP was confirmed to be absent from the seminal 
plasma of fertile men.
 The levels of fibronectin (FINC fragments in 
seminal plasma samples were found higher in semi-
nal plasma with abnormal semen characteristics 
than in the normozoospermic group [19]. The re-
sults suggest that seminal plasma FINC fragments 
may contribute to fertilization and the analysis of 
FINC fragmentation may have a diagnostic value in 
andrological investigations.
 Proteomic analysis of seminal plasma from as-
thenozoospermia patients revealed a rich source of 
biomarker candidates for male infertility, proposing 
that functional abnormalities of the epididymis and 
prostate can contribute to asthenozoospermia [20]. 
Among the identified proteins, DJ-1, a protein that 
has been shown to be involved in the control of 
oxidative stress, was down regulated in asthenozoo-
spermia patients and was proposed as a candidate 
biomarker for this condition.
 In a conclusion, the research in the field of sem-
inal plasma proteome and the search for biomark-
ers of male infertility is still ongoing. An in-depth 
understanding of the seminal plasma proteome 
would contribute greatly to the elucidation of the 
roles of seminal plasma proteins in the regulation 
of motility and to the establishment of biomarkers 
for male infertility. There have been different sets of 
proteins proposed as biomarkers in different condi-
tions of reduced fertility and/or infertility. However, 
only small set of proteins such as PAP, PIP, FINC 
are found differentially expressed in male infertility 
by independent studies. One of the reasons for this 
very low percentage of overlap between indepen-
dent studies is that different proteomics techniques 
and their combinations were used. Therefore, the 
data from these studies is quite heterogeneous. 
However, the appearance of high-throughput MS-
based techniques allows more detailed investigation 
of the proteomes of interest, among which is human 
seminal plasma proteome, and holds promise on 
more reproducible results in the future.
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 INTRODUCTION

 Prenatal screening and diagnosis are routinely 
offered at antenatal care clinic visits, and are im-
portant in decision making about the continuation 
of pregnancies affected by genetic conditions for 
which there are no cures, and prevention through 
therapeutic abortion is a reasonable option. Prenatal 
screening is offered to all pregnant women and 
include fetal ultrasonography and maternal se-
rum biochemistry to select the pregnancies at-risk 
for chromosomal abnormalities. However, these 
methods have limited sensitivities (60.0-75.0%) 
and specificities (false positive rate of 5.0%). Even 
when used in combination and taking into account 
maternal age, the identification rate of affected fe-
tuses does not exceed 90.0% [one]. Prenatal diag-
nosis is usually preformed for detection of chromo-

somal aneuploidies or monogenic diseases in “high 
risk” pregnancies. Diagnostic testing currently 
requires a sample of fetal cells obtained either by 
chorionic villus sampling (CVS) between 10 and 14 
weeks gestation or by amniocentesis after 15 weeks 
of gestation. However, these invasive procedures 
carry a risk of miscarriage of around 1.0% [2].
 Prenatal Diagnosis of Chromosomal 
Abnormalities. Chromosomal abnormalities (nu-
merical or structural) occur in 1 of 160 live births, 
with extra copies of chromosomes 21, 18, and 13 
accounting for the majority of numerical altera-
tions that are not related to sex chromosomes. The 
prevalence of trisomies is highest in the first trimes-
ter because of subsequent miscarriage and demise 
of aneuploid conceptuses during pregnancy [3]. 
Conventional cytogenetic techniques (karyotyping) 
are usually used to detect aneuploidies and large (5-
10 Mb) rearrangements in fetal cells (amniocytes, 
trophoblasts), however, these are time-consuming 
(2-3 weeks), subjective (small rearrangements) and 
expensive. The development of molecular methods 
for the rapid, targeted detection of aneuploidies of 
chromosomes 13, 18, 21 and the sex chromosomes 
by quantitative fluorescent polymerase chain reac-
tion (QF-PCR) [4,5] using fetal DNA, do not pro-
vide a genome-wide screen for unexpected imbal-
ances, but are rapid (24-48 hours), accurate and 
inexpensive. Multiplex ligation probe amplification 
(MLPA) is a recent technique for relative quantita-
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tion of up to 40 to 45 nucleic acid targets. Several 
MLPA commercial kits are used for prenatal detec-
tion of common aneuploidies (chromosomes 13, 18, 
21, X and Y), common microdeletion syndromes 
and subtelomeric copy-number changes, identifi-
cation of marker chromosomes, and detection of 
familial copy-number changes in single genes [6-
8]. The most powerful technique for genome wide 
screening is array comparative genomic hybridiza-
tion (aCGH), which has the potential to combine the 
speed of DNA analysis with a large capacity to scan 
for subtle genomic abnormalities (approximately ad-
ditional 10.0% of karyotying) respective to the resolu-
tion of the used arrays [9-11], but is expensive, time-
consuming and requires a high degree of expertise.
 Non Invasive Prenatal Diagnosis. The discov-
ery of cell-free fetal DNA (cffDNA) in maternal 
plasma in 1997 opened up new avenues for prena-
tal diagnosis [12,13]. Fractional concentration of 
fetal DNA is ~10.0%, coexists with a background 
of maternal DNA and is present in maternal plasma 
from approximately the 6th gestational week [14]. 
Techniques, such as real-time PCR (ReTi-PCR) 
and digital PCR, provide sufficient sensitivity for 
reliable non invasive assessment of this cffDNA 
pool for paternally inherited traits such as sex and 
RHD status, offering possibilities for non invasive 
prenatal diagnosis of X-linked disorders (such as 
Duchenne/Becker muscular dystrophy, Hemophilia 
A, Hemophilia B, etc.) and RhD incompatibil-
ity, respectively [15,16]. By detecting the presence 
of fetal-specific paternally inherited mutant al-
leles in maternal plasma, diagnosis of autosomal 
dominant diseases transmitted by the father could 
be made non invasively, whereas the absence of 
such alleles could be used to exclude fetal inheri-
tance of autosomal recessive diseases [14,17-20]. 
Quantification of cffDNA, specific fetal and ma-
ternal DNA and mRNA single nucleotide polymor-
phism allelic ratios have been used to detect fetal 
aneuploidies, however, the limitations of these tech-
niques affect the accuracy of the diagnosis [21-23]. 
Improvements were made after the discovery of the 
unmethylated SEPINB5 gene that turned out to be 
the first sex- and polymorphism-independent fetal 
DNA marker found in maternal plasma [24-27]. 
The differential methylation of placenta and ma-
ternal blood provides a rich source of markers for 
non invasive prenatal diagnosis, however, further 

research is needed to render the techniques widely 
applicable. Implementing the new and robust next 
generation sequencing techniques in detection of 
the fetal aneuploidy made the detection for Down’s 
syndrome to have 98.6-100.0% sensitivity and 96.8-
97.9% specificity [28,29].
 Prenatal Diagnosis of Monogenic Diseases. 
Monogenic diseases are the second most frequent 
indication for prenatal diagnosis. The incidence of 
these diseases, depending on the population, is up 
to 2.0% newborns. Although there are some bio-
chemical tests and ultrasound findings to screen 
and identify pregnancies at-risk for specific mono-
genetic disorders, still the diagnosis is usually es-
tablished after the fetus is born in couples with no 
familial history of the disease. In families at-risk for 
monogenic disease, prenatal diagnosis is used to 
determine fetal health and to provide adequate man-
agement of the pregnancy and prenatal or perinatal 
treatment. The new developments in prenatal test-
ing using cffDNA and their translation into clinical 
practice are going to make a difference in selection 
of pregnancies at-risk for monogenic disorders that 
need invasive testing.
 Prenatal Diagnosis at the Research Centre 
for Genetic Engineering and Biotechnology 
(RCGEB)“Georgi D. Efremov,” Skopje, Republic 
of Macedonia. In the last 20 years, the researchers at 
the RCGEB “Georgi D. Efremov” have performed 
more than 80 prenatal diagnoses for different mono-
genic diseases, such as hemoglobinopathies, cystic 
fibrosis, Duchenne/Becker muscular dystrophy, spi-
nal muscular atrophy, hemophilia A, Lesch Nyhan 
syndrome, Rett syndrome, phenylketonuria, galac-
tosemia, pseudohypoaldosteronism, etc. [30,31]. 
The prenatal diagnosis was performed on fetal DNA 
by using standard molecular genetic techniques for 
direct diagnosis of the disease or by using informative 
polymorphic DNA markers for indirect diagnosis.
 In 2001, the rapid prenatal detection of the most 
common chromosomal aneuploidies (chromosomes 
13, 18, 21, X and Y) by the multiplex QF-PCR 
(mQF-PCR) method was introduced at the RCGEB 
“Georgi D. Efremov” [32,33]. We have developed 
a one-tube mQF-PCR assay for amplification of 
22 highly polymorphic short tandem repeat (STR) 
markers (at least four by analyzed chromosome) 
(Table 1). Since then, more than 2200 prenatal di-
agnoses of common aneuploidies in at-risk preg-
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nancies have been performed using the mQF-PCR 
assay as a stand-alone test [34]. It was also used in 
the prenatal cases of monogenic diseases to control 
maternal contamination of the fetal material. The 
prenatal diagnosis was performed on genomic DNA 
isolated from fetal cells collected by amniocente-
sis or CVS. Maternal blood samples were analyzed 
in all blood contaminated amniotic samples and 
in most chorionic villi samples. No discordant re-
sults were obtained when cytogenetic analysis was 
performed in addition to QF-PCR. Polymorphic 
duplications involving STR markers D13S631, 
D21S1441, D18S978 or D18S535 were detected in 
seven fetuses; in all fetuses the duplications were 
inherited from one of the parents. Using this method 
we were also able to determine the parental origin 
of the aneuploidy [35,36]. In our experience, the 
QF-PCR method is an efficient, rapid and reliable 
method for prenatal diagnosis of the most common 
chromosome aneuploidies. In addition, it can pro-
vide information about the origin of the aneuploidy 
and maternal contamination of the fetal material.
 In some “high risk” pregnancies with normal 
QF-PCR results, we have used MLPA kits to ana-
lyze subtelomeric regions and common microdele-
tion syndromes. In addition to this, aCGH has been 
employed in prenatal diagnosis of a few fetuses 
with specific abnormal ultrasound findings.
 We have also evaluated the specificity and 
sensitivity of the real-time quantitative PCR meth-
od for non invasive fetal sex determination using 
cffDNA from maternal plasma. Our initial results 
showed that this is a promising approach for fetal 
gender determination in pregnancies at-risk for a fe-
tus with an X-linked disorder [37]. Our recent study 
of non invasive determination of fetal RHD status, 

using cffDNA from maternal plasma in RhD nega-
tive pregnant women, showed 100.0% concordant 
results with those obtained on fetal DNA from am-
niocytes or CVS. This is a promising test that can be 
used in clinical practice for targeted anti-RhD pro-
phylaxis and improvement of management of RHD 
fetomaternal incompatibility. Using a multi copy 
marker on Y chromosome (DYS14), we have in-
creased the sensitivity and specificity of the non in-
vasive fetal sex determination using cffDNA. This 
method will be used in the future for non invasive 
fetal sex determination in pregnancies at-risk for 
X-linked disorders. Our further plans include trans-
lation of the non invasive tests using cffDNA for 
diagnosis of monogenic disorders and chromosomal 
aneuploidies into clinical practice.
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a Locus on chromosomes X and Y.
b Locus on chromosomes X and 3.
c Locus on chromosomes Y and 2.

Chromosome 
13

Chromosome 
18

Chromosome 
21

Chromosome X Chromosome Y

STR markers D13S631 D18S535 D21S1414 AMEL X/Ya AMEL X/Ya

D13S305 D18S391 D21S1446 DXYS218a DXYS218a

D13S258 D18S386 D21S1411 TAF9Bb MYPT2Yc

D13S1817 D18S390 D21S1435 XHPRT SRY
DXS6803 DYS448

Table 1. Short tandem repeat markers used in one-tube quantitative fluorescent polymerase chain reaction assay for detection of 
aneuploidies of chromosomes 13, 18, 21, X and Y.
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 ABSTRACT

 The combination of improving technologies 
for molecular interrogation of global molecular 
alterations in human diseases along with increases 
in computational capacity, have enabled unprec-
edented insight into disease etiology, pathogenesis 
and have enabled new possibilities for biomarker 
development. A large body of data has accumulated 
over recent years, with a most prominent increase 
in information originating from genomic, transcrip-
tomic and proteomic profiling levels. However, the 
complexity of the data made discovery of high-
order disease mechanisms involving various bio-
logical layers, difficult, and therefore required new 
approaches toward integration of such data into a 
complete representation of molecular events occur-
ring on cellular level.
 For this reason, we developed a new mode of 
integration of results coming from heterogeneous 
origins, using rank statistics of results from each 
profiling level. Due to the increased use of next-
generation sequencing technology, experimental in-
formation is becoming increasingly more associated 
to sequence information, for which reason we have 
decided to synthesize the heterogeneous results us-

ing the information of their genomic position. We 
therefore propose a novel positional integratomic 
approach toward studying ‘omic’ information in hu-
man disease.

 Keywords: Data integration, Genomics, 
Transcriptomics, High-throughput technologies

 INTRODUCTION

 The development of microarray technology in 
the last decade and the upsurge of next-generation 
sequencing in the last few years has provided an 
abundance of data originating from various bio-
logical levels, most prominently from genomic and 
transcriptomic levels [1,2]. Such novel approaches 
have contributed greatly towards our understanding 
of physiological cellular processes, as well as mo-
lecular changes that occur in human disease. The 
high-dimensional nature of data originating from 
these studies has also opened an array of new theo-
retical and statistical challenges that had to be faced 
in order to attain acceptable reproducibility and 
consistency of scientific results [3]. In particular, a 
large number of hypotheses tested in a single ex-
periment produced a substantial amount of statisti-
cal noise, causing large numbers of false-positive 
detections and undue omission of many true-posi-
tive results. Although statistical methods have been 
developed to address these issues, difficulties in in-
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creasing specificity and sensitivity of highly parallel 
approaches still exist, with the greatest notoriety in 
the field of human diseases belonging to a group of 
common, complex disorders.
 In an attempt to alleviate these drawbacks, we 
developed a method that harnesses the biological re-
lations between data originating from studies inves-
tigating human disease on various biological levels. 
An example of such an approach may be illustrated 
by the fact that genomic alterations associated with 
human disease, i.e., multiple sclerosis (MS), are 
usually investigated and interpreted separately from 
transcriptomic alterations occurring in MS. The bio-
logical relation between these two layers may thus 
be utilized to favor prioritization of genes that were 
detected on both layers, therefore reducing noisy 
results and facilitating detection of true biological 
data. We expect that with the inclusion of increasing 
the number of biological layers and increasing the 
number of studies in the database used for integra-
tion, the comprehensiveness and biological validity 
of prioritized genes would increase progressively.

 MATERIALS AND METHODS

 The pathway towards constructing the initial 
database used for subsequent integration is highly 
dependent on the disease of interest. While some 
common disorders have been investigated in sever-
al ‘omic’ studies that investigated several biological 
cellular levels, the sourcing data for other diseases 
may be more scarce. The search for data sources 
should be initiated by an overview of literature 
published to date. When the investigator is familiar 
with the studies performed, the published reports 
and their tables in supplemental materials may be 
used to extract the lists of genes or other genomic 
features with detected significant alterations.
 A crucial step in obtaining data sources of high 
quality is inspection of available databases that are 
stored in public data repositories. These tend to be 
highly specialized for the biological layer of in-
vestigation. For genomic data from genome-wide 
association studies, data may be extracted from 
dbGAP (http://www.ncbi.nlm.nih.gov/gap), for 
epigenomic, transcriptomic and methylomic data, 
Array Express (http://www.ebi.ac.uk/arrayexpress/) 
or Gene Expression Omnibus (GEO; http://www.
ncbi.nlm.nih.gov/ geo/), and for next generation se-

quencing databases European Nucleotide Archive 
(ENA, http://www.ebi.ac.uk/ ena/) and Sequence 
Read Archive (SRA; http://www.ncbi. nlm.nih.gov/
sra) [4-7].
 After all the sources have been investigated, 
a collected database of features [genes, mRNAs, 
microRNAs (miRNAs), CpG islands, proteins and 
others] with significant alterations in chosen disease 
should be prepared for each included study. We also 
advise collection of information, such as signifi-
cance values and fold change values, on which pri-
oritization of features for each biological layer will 
be performed in the later steps. If the latter informa-
tion is not available, all the significant alterations 
in a given study will have the same importance in 
integration. In the following section, significant re-
sults from various study types will be collectively 
referred to as “signals” for reasons of clarity.
 Data Integration. Before data can be integrat-
ed, they have to be reduced to a universal common 
denominator. Due to increasing heterogeneity of 
genetic information, tying biological information 
to gene-level annotation is becoming increasingly 
more difficult. Genomic variation and methylation 
patterns are two examples of information that is 
prohibitively difficult to associate with genes in any 
straightforward manner, as such alterations occur in 
genes, between genes or spread across several genes. 
For this reason, we opted for an integration based on 
the genomic position of features originating from 
various data sources. This required the signals from 
all databases to be converted to their genomic posi-
tions and projected on the genome assembly back-
bone. This step then allows for complete omission 
of difficult annotation conversion steps, required 
before final integration can be performed, greatly 
simplifying the synthesis of heterogeneous data.
 After signals are positioned on the genomic 
backbone, the complete assembly is divided into 
bins of equal size. For each study, a score is given 
to each of the bins, depending on the score of altera-
tions residing in that segment of the genome. After 
this step, the scores of all bins are prioritized and 
their rank scores calculated. The integration step 
is attained when the non parametric rank product 
for each of the bins is calculated, and on the basis 
of rank scores of bins originating from each data 
source, as we have previously described [8]. The 
lower final rank product signifies that higher ranks 
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were attained by bins on several separate biological 
layers [9]. Therefore, these bins represent genomic 
regions where accumulation of signals is detected on 
various biological levels, and thus represent regions 
of interest for further investigation. Ultimately, a 
permutational test may be employed to determine 
the significance of signal accumulation in each bin 
[8]. The detailed overview of the process may be 
observed in Figure 1.

 RESULTS AND DISCUSSION

 Results originating from the positional inte-
gratomic approach represent a prioritized list of 
genomic regions, where regions containing the 
greatest accumulation of heterogeneous biological 
alterations in an investigated disease rank highest 
and are characterized by lowest permutation test p 
values. As the integrative approach is performed for 
regions (bins) across the whole genome, the result-
ing genome-wide distribution of results from inte-
gration of data in human disease may be inspected. 
Genome-wide distribution of integration results for 

MS as an example of a complex autoimmune hu-
man disorder is represented in Figure 2. Here, the 
greatest accumulation of signals is observed on 
chromosome 6, specifically in the well-known hu-
man leukocyte antigen (HLA) region, suggesting 
that data from heterogeneous biological sources of 
‘omic’ data indicate the role of this region in MS. 
Moreover, other regions have also attained high in-
tegration scores, suggesting importance of non-HLA 
regions in MS. Specifically, a region containing an 
interleukin-7 receptor gene (IL7R) attained very 
high integrative scores, not only on the basis of de-
tections from genome-wide association studies, but 
also on the basis of evidence from expression profil-
ing studies in blood and brain tissues. Additionally, 
the same region has been ranked high due to infor-
mation obtained from various bioinformatic sources 
of data, such as KEGG (Kyoto Encyclopedia of 
Genes and Genomes) pathways and co-expression 
information [10,11]. Such a heterogeneous body of 
evidence offers information of great relevance to 
true biological disease alterations and thus provides 
plausible candidate selection for further studies.

Figure 1. Process of integration of numerous heterogeneous data sources. First, data on significant alterations on a certain biologi-
cal layer is obtained from selected studies (data from various layers is coded by letters a-n and differing colors). These alterations 
or signals are then positioned into genomic bins of fixed size and bin-scores for each of the bins is estimated. For each of the layers 
in a-n, bins are then prioritized on the basis of this score and the rank of each bin is separated. The final integration step is then 
performed by calculating rank products for each of the genomic bins, based on their rank in each of data sources.
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 The positional approach offers great flexibil-
ity and control over parameters on which the final 
prioritization of genomic regions is based. Based 
on scientific questions, a researcher may be more 
interested in a contribution of only selected bio-
logical layers to the final integration score. For this 
reason, we have implemented means to allow cus-
tom weighting of different sources of data. For ex-
ample, if one is interested in the relation between 
genomic variation and differential methylation, one 
may attribute those two sources greater weights and 
regions where signals from GWAS (genome-wide 
association studies), and global methylation studies 
aggregate will be obtained. Additional levels of con-
trol may also be obtained by customizing the size of 
genomic bins, allowing for detection of interactions 
that spread across larger genomic regions.
 There has been great interest in deciphering the 
genetic factors with medium-to-low effect sizes as 
the explanation for the phenomenon of missing her-
itability in MS and other complex disorders [12,13]. 
Here, an integrative approach may assist in promot-
ing detection of the genomic variant with its actual 

role in such complex disorder, and distinguishing 
them from spurious noise originating from statistical 
noise generated in genome-wide association stud-
ies. As large-scale studies, which attempt to detect 
low-effect susceptibility factors in human disease, 
have to be performed on large sample sizes, requir-
ing great resources and effort [14], this approach 
may be a mode of comprehensive evidence-based 
selection of molecular determinants to investigate 
in such downstream validation studies.
 With continuing development of high-through-
put technologies, it is expected that the amount of 
the resulting data in large databases will continue to 
rise. For this reason, novel approaches for interpre-
tation and understanding will also have to be pre-
pared to face these challenges. As it is difficult for a 
single researcher or research group to have a com-
prehensive overview over such a vast information 
landscape, new means of presentation and access to 
these results will have to be envisaged. A position-
based, integrative approach not only represents the 
means to quick insight into heterogeneous evidence 
from several large-scale studies, but is also a basis 

Figure 2. The genome-wide distribution of significance values, based on the permutation test of integration scores. Each region or 
genomic bin is represented by a dot whose height represent significances in the –log10P form, with regions characterized by high 
accumulation of heterogeneous data attaining higher –log10P values. The HLA region on chromosome 6 attained the highest score 
in these analyses with p values below 1·10–9. Notably, non-HLA regions score high as well, offering a landscape of new genomic 
regions for further down-stream investigations
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toward the preparation of an interactive genome 
browser-like solutions for fast and easy access to 
this body of information.
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 ABSTRACT

 The development of thoracic aortic aneurysms 
(TAAs) involves a multifactorial process resulting 
in alterations of the structure and composition of 
the extracellular matrix (ECM). Recently, modifica-
tions in microRNA (miRNA) expression were im-
plicated in the pathogenesis of TAA.
 This study presents a preliminary miRNA mi-
croarray analysis conducted on pooled ascending 
aorta RNAs obtained from non familial non syn-
dromic TAA patients (five males and five females) 
compared to matched control pools. Ninety-nine 
differentially expressed miRNAs with >1.5-fold-
up- or down-regulation in TAAs compared to con-
trols were identified, 16.0% of which were similarly 
regulated in the two sexes.
 Genes putatively targeted by differentially ex-
pressed miRNAs belonged preferentially to focal 
adhesion and adherens junction pathways. The re-
sults indicate an altered regulation of miRNA-me-
diated gene expression in the cellular interactions of 
aneurysmal aortic wall.

 Keywords: Adherens junction, Focal adhesion, 
MicroRNAs (miRNAs), Thoracic aortic aneurysms 
(TAAs)

 INTRODUCTION

 Thoracic aortic aneurysms (TAAs) are charac-
terized by a pathological enlargement of the aorta 
caused by a maladaptive remodeling of the vessel 
in response to stress and physiological stimuli. The 
physiological remodeling process within the aortic 
vascular wall operates to maintain normal aortic 
function, whereas pathological remodeling can re-
sult in excessive degradation of critical extracellular 
matrix (ECM) components, leading to the loss of 
mechanical strength and integrity, aortic dilation, 
dissection, or rupture.
 While more than 20.0% TAAs are inherited as a 
single gene disorder (e.g., fibrillin-1 gene, FBN1, in 
Marfan syndrome), the majority of cases are sporadic 
[1]. The aneurysmal process is now understood to be 
driven by an unbalanced production of extracellular 
proteases and inhibitors, but the upstream signalling 
events are still largely unknown, and especially so for 
non syndromic events [2]. As recently indicated, an 
impairment of fine tuning of gene expression in the 
arterial wall could be related to an altered microR-
NAs (miRNAs) expression pattern [3].
 MicroRNAs are a class of endogenous, small, 
non coding RNAs regulating the expression of 
protein-coding genes through pairing with sites in 
the 3’ untranslated region (3’UTR) of their mes-
senger RNA. Due to a perfect or imperfect match, 
every miRNA may regulate the expression of one 
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or more genes, and it is likely that at least 30.0% 
of the genes in a cell may be directly regulated by 
miRNAs [4]. Recent studies have demonstrated that 
miRNAs are highly expressed in the vasculature 
and act as important determinants of disease for the 
cardiovascular system [5]. In particular, two recent 
studies in humans have reported altered miRNA 
expression patterns in TAAs and in thoracic aortic 
dissection after real time-polymerase chain reaction 
(ReTi-PCR) or by microarray analysis, respectively 
[6,7]. Although not yet fully demonstrated, vascular 
gene expression is thought to be sex related [8-10].
 The aim of this study was to compare the miR-
NA profiles of ascending aortas from TAA patients 
and controls by microarray analysis. To check for 
a possible sex effect, different hybridizations were 
performed for male and female RNA pools.

 MATERIALS AND METHODS

 Patients and Biological Samples. Samples of 
aneurysmal ascending aortic wall were obtained 
from 10 patients (five males and five females) af-
fected by non familial non syndromic TAA, dur-
ing surgical repair of their ascending aneurysms. 
The syndromic nature of aortic aneurysm has been 
systematically excluded by careful evaluation of 
clinical and family history. Patients with aortic dis-
sections, ruptured aneurysms, Marfan syndrome, or 
other known connective tissue disorders, were ex-
cluded from the study. Autoimmune and/or infec-
tious inflammatory diseases, or chest trauma, were 
also excluded. Control samples of ascending aorta 
were obtained from 10 heart transplant recipients 
without aortic aneurysms (five males and five fe-
males). All the individuals had a tricuspid aortic 
valve. Mean age was 66 ± 9 years. The study con-
forms with the principles outlined in the Declaration 
of Helsinki. Aortic samples were promptly dipped 
into RNAlater solution (Ambion, Austin, TX, USA) 
in order to preserve their cellular RNA and main-
tained at room temperature for 2 hours to facilitate 
liquid permeation. The samples were then stored at 
–80°C.
 Preparation of Microarrays. Total RNA was 
extracted from the 20 aorta specimens with TRIzol 
reagent according to the manufacturer’s protocol. 
Total RNA integrity was assessed by an Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA) and RNA integrity numbers (RIN) 
were sufficient for micro RNA (miRNA) microarray 
experiments (i.e., RIN >6) [11]. Four samples were 
then prepared by pooling corresponding RNAs: 
TAA males, TAA females, control males, and con-
trol females.
 Sample labeling, PIQOR™ mirExplore micro-
array hybridization and fluorescence signal detec-
tion were performed by Miltenyi Biotec GmbH 
(MACS Service, Köln, Germany). The TAA and 
control pools were labeled with Hy5 and Hy3, re-
spectively, and competitively hybridized on the 
same microarray, separately for the two sexes. 
Fluorescence signals of the hybridized PIQOR™ 
Microarrays (Miltenyi Biotec GmbH) were de-
tected using a laser scanner from Agilent (Agilent 
Technologies).
 Image and Data Analysis. Mean signal and 
mean local background intensities were obtained 
for each spot of the microarray images using the 
ImaGene® software (Biodiscovery, Hawthorne, 
CA, USA). Low-quality spots were flagged and 
excluded from data analysis. Unflagged spots were 
analyzed with the PIQOR™ Analyzer software 
(Miltenyi Biotec GmbH) that allows automated data 
processing of the raw data text files derived from 
the ImaGene software. This includes background 
subtraction to obtain the net signal intensity, data 
normalization, and calculation of the Hy5/Hy3 ra-
tios. As an additional quality filtering step, only 
spots/genes that had a signal higher than the 50.0% 
percentile of the background signal intensities were 
taken into account for the calculation of the Hy5/
Hy3 ratio.
 Up- and Down-Regulated MicroRNA and 
Gene Pathways. Normalized mean Hy5/Hy3 ratios 
were determined for four replicas per gene. There 
was a specific detection even for closely related 
miRNA family members. MicroRNAs that were 
>1.5-fold-up or down-regulated represented puta-
tive candidate miRNAs.
 To identify molecular pathways potentially al-
tered by the expression of single or multiple miR-
NAs, Diana mir- Path Software (Athens, Greece) 
was used [12]. This web-based application performs 
an enrichment analysis of multiple miRNA target 
genes comparing each set of miRNA targets to all 
known KEGG (Kyoto Encyclopedia of Genes and 
Genomes, Kyoto, Japan) pathways [13].
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 RESULTS

 The oligonucleotide probes on the microarrays 
complemented 728 mature miRNAs. Differentially 
expressed miRNAs ranged from –2.24-fold down 
regulation to +7.20-fold up regulation, and are listed 

in Table 1. Out of 728 miRNAs detected, 87 result-
ed differentially expressed in males (11 down- and 
76 up-regulated in TAA) and 28 in females (eight 
down and 20 up-regulated in TAA), compared to 
their controls. Five and 11 of these miRNAs were 
down and up regulated in both male and female 

microRNA Males Females microRNA Males Females microRNA Males Females
MIR-940 0.48 0.45 MIR-370 1.64 MIR-193A-3P 2.25
MIR-923 0.56 HIV1-MIR-H1 1.64 MIR-768-5P 2.27
MIR-663 0.45 MIR-383 1.64 MIR-376C 2.29

MIR-133A 0.56 0.48 MIR-487B 1.67 1.70 MIR-373 2.30
MIR-133B 0.56 0.50 MIR-150 1.67 MIR-765 2.32

MIR-125A-3P 0.57 0.47 MIR-340-5P 1.67 MIR-493* 2.34
MIR-486-5P 0.57 0.57 MIR-183* 1.68 MIR-422A 2.35 1.56

MIR-145 0.61 MIR-324-3P 1.69 MIR-23B* 2.37
MIR-200B* 0.62 MIR-199A-3P 1.70 EBV-MIR-

BART13
2.51

MIR-193A-5P 0.63 MIR-29B 1.74 1.51 MIR-17* 2.64
MIR-22 0.63 MIR-222 1.75 MIR-212 2.46

MIR-665 0.63 MIR-487A 1.76 MIR-373* 2.68
MIR-638 0.63 MIR-451 1.76 MIR-520E 3.76

MIR-193B 0.65 MIR-210 1.77 MIR-15B 2.79
MIR-146A 1.51 MIR-345-5P 1.79 MIR-25 2.80 1.66
MIR-150* 1.52 MIR-886-5P 1.81 MIR-26B 2.84

SV40-MIR-S1-
5P

1.52 MIR-874 1.82 MIR-187* 2.95

MIR-23B 1.52 MIR-30.E 1.82 MIR-378 2.96
MIR-425 1.54 MIR-130B 1.88 MIR-138-2* 2.98

MIR-520A-3P 1.54 MIR-421-3P 1.95 MIR-203 3.00
MIR-24-2* 1.55 MIR-520A 1.97 MIR-302C 3.07
MIR-376A 1.56 MIR-214* 1.97 MIR-15A 3.09 1.85
MIR-557 1.56 MIR-188-5P 1.97 MIR-26A-2* 3.21
MIR-195 1.56 MIR-188-3P 1.97 MIR-138-1* 3.49 1.82

MIR-628-3P 1.56 MIR-16-2* 2.00 MIR-223 3.53
MIR-101 1.59 MIR-16 2.02 MIR-148A 3.55
MIR-675 1.59 MIR-654-3P 2.02 MIR-221* 3.76

MIR-491-3P 1.58 MIR-16-1* 2.04 MIR-146B-5P 4.00 2.75
MIR-532-5P 1.60 MIR-374B 2.04 MIR-21* 4.21 2.46
MIR-518F* 1.60 MIR-34B-3P 2.13 MIR-142-5P 4.42 2.70
MIR-140-5P 1.60 MIR-744 2.15 MIR-21 4.69 2.71

MIR-513A-5P 1.62 MIR-185 2.17 MIR-128 4.80 2.13
MIR-216A 1.62 HIV1-

MIR-N367
2.23 MIR-126-3P 7.20

Table 1. Ninety-nine differently expressed microRNAs in ascending aortic aneurysm sex-specific RNA pools. Results are indicated 
as ratios of TAA pool expression (males and females) to their corresponding control pool expression (males or females); blank 
boxes represent no differential expression. Up-regulated microRNAs have ratios of >1.5, while down-regulated microRNAs have 
ratios of <0.66 (if the relative ratio is below 1.0, divide by your ratio to get a fold decrease: 1.0/0.66 = –1.5).
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TAAs, respectively, for a total of 16 sex-insensitive 
differentially expressed miRNAs. No miRNA was 
regulated in the opposite direction in one sex com-
pared to the other.
 Table 2 shows the most interesting coordinated 
gene expression pathways resulting from Diana 
mirPath software analysis. A multiple testing cor-
rection was performed according to Bonferroni’s 
method [14], as indicated in Table 2. Focal adhesion 
was the most gene enriched pathway. It was puta-
tively targeted by the 11 sex-insensitive up-regulat-
ed miRNAs (adjusted p value 5.43E-09). Adherens 
junction-related genes were also preferentially indi-
cated, putatively targeted by the five sex-insensitive 
down-regulated miRNAs (adjusted p value 7.12E-
06) and apparently also by the up-regulated miR-
NAs (adjusted p value 2.56E-04). Another signifi-
cant pathway was the regulation of actin cytoskel-
eton (adjusted p value 3.12E-04) that resulted from 
up-regulated miRNAs analysis.
 
 DISCUSSION

 In this study, RNA pools obtained from as-
cending thoracic aortic wall fragments of patients 
affected by TAA were competitively hybridized 
with control pools on microarrays spotted with oli-
gonucleotides putatively recognizing 728 miRNAs. 
Ninety-nine miRNAs were differentially expressed. 
The miRNA sequences listed were matched to gene 
sequences and linked to annotated pathways of gene 
expression. The most enriched pathways, which in-

cluded a high number of putative target genes of dif-
ferentially expressed miRNAs, were focal adhesion 
and adherens junction.
 The most interesting result concerned the 11 up-
regulated miRNAs, both in male and female TAAs, 
which putatively matched 61 genes related to the 
adhesion processes. This indicates a significant 
modulation, i.e., repression, of the focal adhesion 
pathway. The adherens junction pathway, on the ba-
sis of the putative targeting by miRNAs, resulted 
as repressed and stimulated in 26 and 15 genes, re-
spectively. These opposite signals could be a mani-
festation of the cellular cohesion impairment and of 
the attempt to reconstitute the integrity of the aortic 
wall during the development of TAA.
 No sex differences were observed in the pres-
ent study, as miRNAs differentially expressed in 
males versus females targeted genes belonging to 
the same general pathways. Some of the differen-
tially expressed miRNAs  identified in this study are 
in agreement with the literature, as reported below.
 Down-Regulated microRNAs. Phenotypic ab-
normalities of vascular smooth muscle cells (VSMCs) 
and cardiomyocytes have been observed in MIR-133 
knockout mice [15]. MIR-145 is decreased in aortas 
from patients with an aneurysm and was suggested as 
a potential biomarker for vascular diseases [16].
 Up-Regulated microRNAs. MIR-126, the 
most up-regulated miRNA in this study, has been 
implicated in the maintenance of vascular integrity 
[17] and in vascular cell adhesion molecule expres-
sion [18]. MIR-29B-mediated down-regulation of 

Table 2. Enrichment analysis results of differentially expressed microRNAs (both in male and female TAAs), obtained by Diana 
mirPath software.

Common 
MicroRNAs

KEGG Pathwaysa Number of
Genesb

p Valuec Adjusted
p Valued

Down-
regulated (5)

adherens junction
transforming growth factor b signaling

focal adhesion

15
13
21

5.20E-08
4.35E-04
1.00E-03

7.12E-06
n.s.
n.s.

Up-
regulated (11)

focal adhesion
adherens junction

regulation of actin cytoskeleton

61
26
55

3.31E-11
1.56E-06
1.90E-06

5.43E-09
2.56E-04
3.12E-04

a Pathways with higher enrichment in genes putatively targeted by the miRNAs indicated.
b Number of genes belonging to the pathway and putatively targeted by all the miRNAs indicated.
c p Values calculated by input dataset enrichment analysis performed by a Pearson’s chi-squared test as indicated by Diana mir-
Path algorithm [12].
d p Values Bonferroni-corrected for multiple testing.
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ECM proteins predisposes the aorta to the forma-
tion of aneurysms [19]. MIR-21 has been investi-
gated extensively in various tissues and it has been 
found to promote vascular smooth muscle cell 
(VSMC) proliferation [16]. Knockdown of MIR-
221 and MIR-222 by antisense oligonucleotide 
miRNA depletion has been foun to reduce VSMCs 
proliferation in response to vascular injury, and both 
miRNAs are strongly elevated in vivo in VSMCs 
following vessel injury [16]. MIR-146, MIR-24 and 
MIR-26 have been implicated in VSMCs prolifera-
tion and contraction [16]. MIR-15A, MIR-16, MIR-
16-1, MIR-16-2, and MIR-195 belong to a family of 
miRNAs (the miR-15 family) consistently found to 
be up-regulated in cardiovascular diseases [5].
 In conclusion, and in concordance with oth-
er investigators [20], our study indicates that the 
weakness of the ascending aortic tissue in TAA is 
linked with a perturbation of cell adhesion and cell 
interaction gene expression pathways. MicroRNAs 
probably act as regulators, possibly driving, or at 
least influencing, the development of the disease.
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 ABSTRACT

 Hearing impairment is the most common senso-
ry deficit in humans affecting 1 in 1000 newborns. 
When present in an infant, deafness may have dra-
matic effects on language acquisition, seriously 
compromising the quality of their life. Deafness is 
influenced by both genetic and environmental fac-
tors, with inherited causes as the most prominent 
etiological factor in deafness in developed coun-
tries. The genetic basis of hearing loss is complex 
with numerous loci and genes underlying hereditary 
sensoryneural non syndromic hearing loss (NSHL) 
in humans. Despite the wide functional heteroge-
neity of the genes, mutations in the GJB2 gene are 
found to be the most common cause of sporadic 
and recessive NSHL in many populations world-
wide. Molecular characterization of deafness in 
the Republic of Macedonia was performed in 130 
NSHL profoundly deaf children from different eth-
nic origins. Molecular studies included direct se-
quencing of the GJB2 gene and specific polymerase 
chain reaction (PCR) analyses for the del(GJB6-
D13S1830) mutation. Five common mitochondrial 
DNA (mtDNA) mutations [A1555G, 961delT+ C(n), 

T1095C, C1494T and A827G] were also analyzed 
using the SNaPShot method. In preliminary stud-
ies, GJB2 gene mutations were found in 36.4% of 
analyzed patients, with predominance of 35delG 
in Macedonian and Albanian patients and W24X 
in Gypsy patients, respectively. No del(GJB6-
D13S1830) mutation was found. None of the ana-
lyzed deafness-associated mutations in mtDNA 
were identified in the studied patients.

 Keywords: DFNB1 locus, GJB2 gene muta-
tions, Non syndromic hearing loss (NSHL).

 INTRODUCTION

 Hearing impairment is the most common sensory 
deficit in humans. Approximately 1 in 1000 newborns 
is affected by severe to profound deafness at birth, and 
additionally 1 in 1000 children progressively develops 
hearing loss during childhood. With the age, hearing 
loss progressively increases, so that over 50.0% of in-
dividuals above 80 years of age are affected [1]. The 
World Health Organization (WHO) has estimated that 
in 2005, 278 million people worldwide have moder-
ate to profound hearing loss (WHO; http://www.who.
int/mediacentre/factsheets/fs300/ en/index.html ). In 
the Republic of Macedonia, there are 9000 deaf in-
dividuals. When present in an infant, deafness may 
have dramatic effect on language acquisition, seri-
ously compromising the quality of their life.
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GENETICS OF DEAFNESS

 Deafness is influenced by both genetic and en-
vironmental factors, with inherited causes defined 
as the most prominent etiological factor in deaf-
ness in developed countries. When associated with 
other symptoms it is referred to as syndromyc hear-
ing loss (SHL), while when it occurs as an isolated 
symptom, it is referred to as non syndromic hearing 
loss (NSHL). Non syndromic hearing loss accounts 
for about 70.0% of genetic deafness and is almost 
exclusively monogenic and highly heterogeneous 
[2,3]. Non syndromic hearing loss can be trans-
mitted as autosomal recessive (80.0%), autosomal 
dominant (20.0%), X-linked deafness and in mito-
chondrial mode (2.0%). The autosomal recessive 
forms of deafness are generally the most severe and 
are almost exclusively caused by cochlear defects 
of hair cells (sensoryneural deafness). Autosomal 
dominant forms of deafness are usually post-lingual 
and progressive.
 The genetic basis of hearing loss is complex. 
At least 1.0% of human protein-coding genes are 
involved in sound perception. There are approxi-
mately 113 mapped loci and 51 different genes that 
have been shown to underlie hereditary sensoryneu-
ral NSHL in humans (http:webhost.ua.ac. be/hhh/). 
They encode a wide variety of protein classes such 
as transcription factors, cytoskeletal and extracellu-
lar matrix components, and ion channels. Mutations 
in different genes can lead to the same clinical man-
ifestation of deafness. Alternatively, different muta-
tions in the same gene may result in syndromic, non 
syndromic, recessive or dominant deafness; finally, 
the same mutation can be associated with quite vari-
able phenotypes [4].
 Despite the wide functional heterogeneity 
of the genes involved in the perception of sound, 
mutations in the DFNB1 locus on chromosome 13 
(13q12) are responsible for more than half of all 
cases of NSHL. The locus contains three genes, 
GJB2, GJB6 and GJA1, encoding for the transmem-
brane gap junction proteins connexin 26, connexin 
30 and connexin 31, respectively, involved in ion 
transfer and homeostasis in the inner ear [5,6].
 Mutations in the GJB2 gene are the most com-
mon cause of sporadic and recessive NSHL, in many 
populations worldwide [5]. More than 100 differ-
ent mutations in this gene have been described with 
specific prevalence in different ethnic groups and 
geographic regions. In Caucasians, the most com-

mon mutation is 35delG [7], 167delT in Ashkenazi 
Jews [8], 235delC in Japanese [9], while W24X is 
frequent in India and in Gypsies. Due to the high in-
cidence of GJB2 gene mutations, molecular testing 
for GJB2 gene mutations has rapidly become the 
standard of care for the diagnosis and counseling of 
patients with non syndromic hearing impairment of 
unknown cause.
 Molecular Characterization of Deafness in 
the Republic of Macedonia. Molecular character-
ization of deafness in the Republic of Macedonia 
started in 2006, as a project of the Macedonian 
Academy of Sciences and Arts (MASA) in col-
laboration with the Audiology Centre at the Clinic 
of Othorinolaryngology, Medical Faculty, Skopje. 
Until now, 130 unrelated cases of different ethnic 
origins [Macedonians (78), Albanians (19), Gypsies 
(30) and Turks (3)], all with profound NSHL, were 
ascertained through the Audiology Centre, where 
audiological examinations and detailed family his-
tory analyses were performed.
 GJB2 Gene Mutation Analysis. All patients 
and members of their families were screened for the 
presence of the GJB2 gene mutations using single 
strand conformation polymorphism analysis, re-
striction enzyme digestion or direct sequencing of 
the coding exon 2. Multiplex ligation-dependent 
probe amplification (MLPA) analysis using SALSA 
MLPA kit P163-C1 Hearing loss probemix (MRC 
Holland, Amsterdam, The Netherlands) was per-
formed in order to determine the presence of dele-
tions/duplications in the 13q region, as well as the 
specific point mutations in the GJB2 gene (splice 
site mutation IVS1+1G>A, 35delG, 101T>C, 
167delT, 235delC and 313del14).
 Preliminary studies on mutations in the GJB2 
gene in 33 persons with pre lingual non syndromic 
deafness in the Republic of Macedonia determined 
a prevalence of 36.4%, with 35delG as the most fre-
quent variation found in 68.2% of mutated chromo-
somes, followed by W24X (18.2%), predominantly 
in Gypsy families, V37I (9.1%) and R127H (4.5%) 
[10]. Additionally two other mutations were found 
in the analyzed patients, Cd120delGAG and T175I, 
each with a frequency of 0.8%. None of the analyzed 
patients carry the IVS-I-1 (G>A) mutation. These 
findings indicate that as in other Caucasian popu-
lations, the 35delG mutation is the most frequent 
cause of deafness in the Republic of Macedonia and 
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should be tested in each routine diagnostic approach 
in the Macedonian population, while the W24X mu-
tation is the first mutation that should be tested in 
the deaf Macedonian Gypsy population.
 Another member of the connexin family, con-
nexin 30, is encoded by the GJB6 gene located 350 
kb upstream of GJB2 within the same DFNB1 lo-
cus. One large deletion, del(GJB6-D13S1830), has 
been reported as a common cause of non syndromic 
deafness, truncating the GJB6 gene and also abolish-
ing GJB2 expression, possibly by deleting a cur-
rently unidentified GJB2 regulatory element [11]. 
This deletion, either in the homozygous state or in 
combination with a GJB2 gene mutation, has been 
described as the cause of non syndromic deafness 
at 5.0-9.0% of all DFNB1 alleles in Europe [12]. 
Screening for the presence of del(GJB6-D13S1830) 
in the GJB6 gene revealed no mutation in our group 
of analyzed patients.
 Mitochondrial DNA Mutations Analysis. 
Mutations in mitochondrial DNA (mtDNA) are 
found to contribute to sensoryneural deafness, in-
cluding both syndromic and non syndromic forms, 
with a variable frequency in different populations 
of deaf persons [13]. Hot-spot regions for deafness 
mutations are the MT-RNR1 gene, encoding the 
12S ribosomal RNA (rRNA) and the MT-TS1 gene, 
encoding the mitochondrial transfer RNA (tRNA) 
serine 1. One hundred and thirty Macedonian pa-
tients with NSHL were screened for the five mi-
tochondrial mutations associated with deafness 
(A827G, 961delT+Cn, T1095C, C1494T and 
A1555G) by a single nucleotide primer exten-
sion assay utilizing the ABI PRISM™ SNaPshot 
Multiplex Kit (Life Technologies, Carlsbad, CA, 
USA) following the manufacturer’s instructions 
[14]. None of the analyzed deafness-associated 
mutations were identified in the studied patients.  
 These findings suggest that mtDNA mutations 
do not represent risk factor for sensoryneural deaf-
ness in the Macedonian population.
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 ABSTRACT

 A high-quality hemoglobinopathy diagnosis is 
based on the results of a number of tests including 
assays for molecular identification of causative 
mutations. We describe the current diagnostic 
strategy for the identification of b-thalassemias 
and hemoglobin (Hb) variants at the International 
Reference Laboratory for Haemoglobinopathies, 
Research Centre for Genetic Engineering and 
Biotechnology (RCGEB) “Georgi D. Efremov,” 
Skopje, Republic of Macedonia. Our overall 
approach and most of the methods we use for 
detection of mutations are designed for the specific 
target population. We discuss new technical 
improvements that have allowed us to substantially 
reduce the average time necessary for reaching a 
conclusive diagnosis.

 Keywords: Hb Lepore; Hemoglobinopathy; 
Molecular diagnostics; Thalassemia.

 INTRODUCTION

 Hemoglobinopathies are caused by genetic de-
fects affecting the globin genes encoding for the a 
and b chains of the hemoglobin (Hb) molecule. In 
the Mediterranean region in particular, there is a 
high incidence of mutations disturbing the function 
of the HBB gene [1]. Some of the mutations reduce 
or eliminate the expression of the HBB gene lead-
ing to net Hb deficiency and b-thalassemia (b-thal) 
[2]. Other mutations give rise to abnormal Hb vari-
ants such as Hb S [b6(A3)Glu®Val, GAG>GTG] 
and Hb Lepore-Boston-Washington (Hb LBW; d87-
bIVS-II-8) [2-4]. The severity of the clinical symp-
toms depends on the molecular consequences of the 
genetic abnormality or combination thereof and is 
modulated by other genetic and environmental fac-
tors [2,5,6].
 The best practice in hemoglobinopathy diag-
nostics involves molecular identification of the 
causative mutations. Molecular diagnostics of 
b-thal has been a major focal point of the activi-
ties at the International Reference Laboratory for 
Haemoglobinopathies, Research Centre for Genetic 
Engineering and Biotechnology (RCGEB) “Georgi 
D. Efremov”, Skopje, Republic of Macedonia at 
Skopje, Republic of Macedonia. Thousands of 
cases have been tested for the presence of muta-
tions throughout the years. This study has helped 
determine the frequencies of the most common 
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mutations in Macedonia and several neighboring 
countries [7-10]. Until recently, the primary method 
for the detection of b-thal mutations in our labora-
tory was allele-specific oligonucleotide hybridiza-
tion, whereby consecutive rounds of hybridiza-
tion with several mutation-specific probes were 
performed. We were looking to reduce the time 
necessary for reaching a definitive diagnosis by 
introducing a semi-automated technique allowing 
simultaneous detection of the most commonly oc-
curring b-thal mutations. Unfortunately, published 
techniques, such as primer extension and melting 
curve analysis were suboptimal in terms of preci-
sion and multiplexing [11-13]. We therefore set 
out to develop a new assay for the identification 
of common Mediterranean mutations that occur 
at high frequencies in the Republic of Macedonia, 
namely HBB:c.93-21G>A, HBB:c.92+1G>A, 
HBB:c.92+6T>C, HBB:c.118C>T, HBB:c.316-
106C>G, HBB:c.17_18 del CT, HBB:c.20delA, 
HBB:c.25_26delAA and HBB:c.20 A>T [14,15]. 
Our protocol utilizes single-nucleotide primer ex-
tension to interrogate the whole panel of mutations 
in a single, internally controlled reaction. We also 
designed a complementary duplex polymerase 
chain reaction (PCR) assay for detection of the Hb 
LBW deletion NG_000007.3:g.63632_71046 del, 
the most common Hb variant in our geographic area 
[9]. Both assays have been thoroughly validated and 
evaluated as described elsewhere (Atanasovska et 
al., in preparation). Here we report the overall diag-
nostic strategy for the identification of b-thal muta-
tions and Hb variants that includes the new assays.

 MATERIALS AND METHODS

 The human subjects that participated in this 
study were referred to the RCGEB for laboratory 
investigations for suspected haemoglobinopathies. 
Informed consent was obtained in accordance 
with the Declaration of Helsinki. Peripheral blood 
samples were obtained by standard venipuncture. 
Standard blood test results were obtained for each 
patient. Levels of Hb A, Hb A2, Hb F and Hb vari-
ants were measured by cation exchange high perfor-
mance liquid chromatography (HPLC) [16]; red cell 
osmotic fragility was assessed by the osmotic fra-
gility test as described before [17]. Genomic DNA 
was isolated following a standard phenol extrac-

tion/ethanol precipitation protocol. DNA was dis-
solved in TE buffer, pH 8.0 and stored at 4°C. The 
multiplex single-nucleotide primer extension assay 
for detection of Mediterranean b-thal mutations 
and the duplex PCR assay for detection of the Hb 
LBW deletion were performed as described else-
where (Atanasovska et al., in preparation). A sub-
set of samples were analyzed by sequencing of the 
PCR-amplified HBB gene using the ABI PRISM™ 
Big Dye Terminator v.1.1 Kit (Life Technologies, 
Carlsbad, CA, USA). The sequences of the prim-
ers used for PCR amplification and sequencing are 
available upon request.

 RESULTS AND DISCUSSION

 The vast majority of subjects referred to the lab-
oratory were heterozygous carriers of hemoglobin-
opathy mutations and non carriers referred by their 
medical specialist or general practitioner to exclude 
a hemoglobinopathy. Our diagnostic algorithm is 
presented in Figure 1. When a case is referred to 
the laboratory for hemoglobinopathy examination, 
we initially review the patient data including stan-
dard blood test results and family history and run 
a second tier of hematology tests, namely HPLC 
quantification of normal and abnormal Hb variants 
and assessment of red cell osmotic fragility. If a 
Hb variant, e.g., the relatively common Hb LBW, 
is present in a sample it is identified on the HPLC 
profile at this stage by virtue of its specific retention 
time, proportion of total Hb and peak characteris-
tics. Samples identified as Hb LBW heterozygotes 
or homozygotes by HPLC are tested by the Lepore 
PCR assay to confirm the presence of the Hb LBW 
chromosome. This approach warrants unequivocal 
identification of Hb LBW cases at an early stage 
of the procedure. These samples are then excluded 
from further analysis unless a severe clinical picture 
suggests compound heterozygosity (see below).
 Thalassemia is diagnosed based on red blood 
cell indices combined with the results of the osmot-
ic fragility test and the HPLC analysis. The main di-
agnostic parameters pointing to probable b-thal trait 
are: elevated Hb A2, low total Hb level, low mean 
corpuscular volume (MCV), low mean corpuscular 
Hb (MCH), elevated Hb F, decreased osmotic fra-
gility. b-Thalassemia symptoms can vary between 
carriers, e.g., an individual could feature most if 
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not all of these indicators to almost none or border-
line values. Using several independent parameters 
minimizes the risk of missing b-thal carriers in the 
initial screen. The clinical picture for homozygotes 
and compound heterozygotes is largely clearer and 
there is a much lower risk of misdiagnosing these 
cases.
 Based on the results of these analyses. we as-
sign cases for molecular detection of b-thal trait. 
These samples are first tested for the presence of the 
eight most common b-thal mutations by the mul-
tiplex single-nucleotide primer extension assay. In 
the past, our protocol for molecular characterization 
of the HBB gene was prohibitively time-consuming, 

forcing us to apply relatively stringent inclusion cri-
teria. The introduction of the new multiplex assay 
allows us to test the majority of the subjects referred 
to the laboratory. In particular, children are tested 
for the most common mutations by default even if 
their blood test results are compatible with a normal 
genotype. Parents are also invited to provide blood 
samples so that the diagnosis is cross-checked inde-
pendently. It has to be pointed out that the presence 
of high levels of Hb F in children younger than 1 
year of age can mask the manifestation of b-thal. It 
is therefore important to apply definitive DNA tests 
to eliminate false negative results. Collectively, 
the most common b-thal mutations detected by the 
multiplex assay account for approximately 90.0% 
of all hemoglobinopathy cases in the Republic of 
Macedonia [7,8]. In case the multiplex assay yields 
a normal genotype while the hematology data points 
to the presence of a b-thal mutation, the sample is 
assigned for sequencing of the HBB gene in order to 
reveal genetic variations not tested in the multiplex 
assay.
 Since we incorporated the multiplex assay and 
the Lepore PCR assay into the routine hemoglo-
binopathy work-up in our laboratory, we have pro-
cessed a total of 186 patient samples. For 83 cases, 
the data from the various hematological tests were 
concordant and compatible with a normal genotype 
and further testing was not necessary. Nevertheless, 
these samples were assayed by the multiplex assay 
partly to corroborate the absence of common mu-
tations, partly to assess the assay reproducibility. 
Hemoglobinopathies were thus excluded in these 
cases. For the remaining 103 cases, there were in-
dications for genetic abnormalities affecting the 
HBB gene. Three of these patients were confirmed 
to be Hb LBW heterozygotes (Table 1) and were not 
tested further. We applied the multiplex thalassemia 
assay to the remaining 100 samples and identified 
95 b-thal heterozygotes, each carrying one of the 
b-thal mutations included in the assay (Table 1). 
The multiplex assay failed to identify any mutations 
in five samples. These were subjected to direct se-
quencing of the HBB gene and were found to carry 
other b-thal mutations (Table 1) in unison with the 
hematology data. Thus, a conclusive diagnosis was 
reached for every case. Importantly, the newly de-
veloped procedures have significantly reduced the 
time and cost necessary to complete the analyses.

Figure 1. Flow chart of the diagnostic algorithm for identifica-
tion of patients carrying HBB mutations.
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 ABSTRACT

 Hepatitis C virus (HCV) is a major public health 
problem. It is a leading cause of chronic liver disease 
and the most common indication for liver transplan-
tation. The therapy for eradication of HCV infection 
is successful in only 50.0-80.0% of patients and is 
highly dependent on the HCV genotype.
 Molecular detection and characterization of 
HCV in the Republic of Macedonia started in 
1990. Since then, more than 4000 samples have 
been analyzed at the Research Centre for Genetic 
Engineering and Biotechnology (RCGEB) “Georgi 
D. Efremov,” Skopje, Republic of Macedonia. The 
prevalence of HCV infections in the healthy popu-
lation of the Republic of Macedonia was found to 
be 0.4%, while it varies between 23.0 and 43.0% in 
different at-risk groups of patients.
 The prevalence of HCV genotypes, according 
to associated risk factors in HCV infected patients 
from the Republic of Macedonia, was analyzed. We 
found genotype 1 to be predominant in a group of 
hemodialysis patients, while genotype 3 was pre-
dominant in intravenous (IV) drug users.

 Association of six polymorphisms in the 
Oligoadenylate synthetase (OASL)-like interferon-
stimulated gene with a sustained virological re-
sponse was also analyzed. Our preliminary results 
suggest that non ancestral alleles in four of the six 
studies polymorphisms in OASL gene are associated 
with sustained virological response among HCV in-
fected patients in R. Macedonia.

 Keywords: Hepatitis C virus (HCV) 
Genotyping, Intravenous (IV) drug users, HCV 
therapy, Oligoadenylate synthetase (OASL) like in-
terferon stimulated gene

 INTRODUCTION

 Hepatitis C virus (HCV) is a major health prob-
lem affecting 170 million people worldwide. The 
prevalence rate is about 1.0% in western countries 
and North America, 3.0-4.0% in some Mediterranean 
and Asian countries and up to 10.0-20.0% in parts 
of central Africa [1]. The HCV infection is the lead-
ing cause of chronic hepatitis worldwide, progress-
ing to liver cirrhosis, and hepatocellular carcinoma 
in approximately 20.0% of patients [2-5].
	 Hepatitis	C	virus	was	the	first	virus	discovered	
by molecular cloning [6]. Hepatitis C virus is an 
enveloped, positive-sense RNA virus, belonging 
to the Hepacivirus genus of the Flaviviridae fam-
ily [6]. The genome is approximately 9.6 kb in size 

   STUDY OF THE HEPATITIS C VIRUS
   IN THE REPUBLIC OF MACEDONIA
   Kiprijanovska S1, Sukarova-Stefanovska E1, Noveski P1,
   Chalovska V2, Polenakovic M1,	Plaseska-Karanfilska	D1,*

*Corresponding Author:	 Professor	 Dr.	 Dijana	 Plaseska-Karanfilska,	 Research	 Centre	 for	 Genetic	
Engineering and Biotechnology “Georgi D. Efremov”, Macedonian Academy of Sciences and Arts, Krste 
Misirkov 2, Skopje 1000, Republic of Macedonia; Tel: +389(0)2 3235410; Fax: +389 (0)2 3115434; E-mail: 
dijana@manu.edu.mk

1  Research Centre for Genetic Engineering and 
Biotechnology “Georgi D. Efremov,” Macedonian 
Academy of Sciences and Arts, Skopje, Republic of 
Macedonia

2  Clinic of Gastroenterohepatology, Medical Faculty, 
Skopje, Republic of Macedonia

67



HCV IN THE REPUBLIC OF MACEDONIA

and contains an open reading frame (ORF) encod-
ing a large protein precursor [7]. This precursor is 
cleaved by host and viral proteases into various 
structural and non structural proteins. The structur-
al proteins are at the 5’ end and include the capsid 
or core protein (c), two envelope proteins (E1 and 
E2) and a small protein of unknown function (P7). 
The structural proteins are followed by at least six 
non structural (NS) proteins denoted as NS2, NS3, 
NS4A, NS4B, NS5A and NS5B [8].
 On the basis of phylogenetic analysis of nucleo-
tide sequences, HCV can be divided into six geno-
types and several subtypes. The six genotypes dif-
fer between each other in 30.0-35.0% of sequence, 
while the subtypes differ in 20.0-25.0% over the 
complete genome. Different HCV genotypes ex-
hibit different epidemiological and clinical impli-
cations. The HCV genotypes 1, 2, and 3 appear to 
have a worldwide distribution. The HCV genotypes 
1 and 3 are the most common genotypes in the 
United States [9] and in Europe [10,11]. Genotype 
3, which is endemic in Southeast Asia, has been en-
countered in Europe and the USA, with relatively 
high frequency in intravenous (IV) drug users [12]. 
The HCV genotype 4 appears to be prevalent in 
North Africa and the Middle East [13,14], and gen-
otype 5 predominates in South Africa. Genotype 6, 
according to different authors, is divided into ad-
ditional genotypes 7-11 and is mainly found in the 
HCV populations of Vietnam and Hong Kong [15-
19]. Hepatitis C virus genotypes have proved to be 
important epidemiologic marker that can be used to 
predict success of therapy. The HCV genotype 1 is 
a more aggressive strain and one that is less likely 
to respond to interferon treatment than HCV geno-
types	2	or	3.	All	this	information	has	great	signifi-
cance when planning future strategies for eradica-
tion and therapeutic management of HCV.
 Molecular detection and characterization of the 
HCV infections in the Republic of Macedonia start-
ed in 1990. Since then, more than 4000 samples have 
been analyzed at the Research Centre for Genetic 
Engineering and Biotechnology (RCGEB) “Georgi 
D. Efremov,” Skopje, Republic of Macedonia. Blood 
samples were collected by the Clinic of Infection 
Diseases, Clinic of Gastroenterology and several 
dialysis centers from the Republic of Macedonia. 
Amplicor	Specimen	Preparation	and	Amplification	
kit (Roche Diagnostics, Indianapolis, IN, USA) 

were	used	for	RNA	isolation	and	amplification	ac-
cording to the manufacturer’s recommendations. 
The prevalence of HCV infections in the healthy 
population of the Republic of Macedonia was found 
to be 0.4%, while in different at-risk groups of pa-
tients such as IV drug users, hemodialysis patients, 
patients under a blood transfusion regimen and 
those with unknown factors, the prevalence of HCV 
varies between 23.0 and 43.0% [20].
 Genotyping analyses were performed on 1346 
patients with a positive HCV-RNA analysis result. 
The HCV/RNA genotyping was performed with an 
in-house	allele-specific	oligonucleotide	(ASO)	hy-
bridization	 method	 using	 specific	 oligonucleotide	
probes for different HCV genotypes [genotype 1 
(5’-CGC TCA ATG CCT GGA GAT-3’); HCV2a 
(5’-CAC TCT ATG CCC GGC CAT-3’), HCV2b 
(5’-CAC TCT ATA CCC GGC CAT-3’), HCV3 (5’-
CGC TCA ATA CCC AGA AAT-3’) and HCV4a 
(5’-CAC TCT ATG CCC GGC C-3)].
 Genotypes 1 and 3 are predominant in patients 
from the Republic of Macedonia. Genotype 1 was 
found in 55.4% of genotyped patients (n = 714), 
while genotype 3 was found in 44.6% of genotyped 
patients (n = 632) [20]. There was statistically sig-
nificant	difference	between	the	risk	factors	analyzed	
and the acquisition of HCV infection.
 Hepatitis C virus is a highly prevalent infection 
in chronic dialysis patients (37.7%) and represents 
one of the major problems of hemodialysis units 
in our country [21]. Genotype 1 is predominant in 
this group of patients (90.7%). A combined infec-
tion (4.6%) of genotypes 2 and 3 was found in two 
patients (4.6%), and a combined infection of geno-
types 1 and 3 was also found in another two patients 
(4.6%) [22].
 We found predominance of HCV genotype 
3 in HCV-positive IV drug users (93.35%). High 
prevalence of genotype 3 in an analyzed group of 
IV drug users is similar to the pattern of genotypes 
in IV drug users in both Europe and the USA [12]. 
The HCV genotype distribution in our patients over 
the years, shows a shift between the prevalence of 
genotypes 1 and 3. The increase of patients with 
genotype 3 is due to the increasing number of IV 
drug users analyzed at our center.
 Evidence from several studies indicate that in-
terferon signaling pathway genes (IPGs) and inter-
feron stimulated genes (ISGs) are associated with 
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the host response to HCV infection. In order to in-
vestigate the possible association of six polymor-
phisms in the OASL-like interferon stimulated gene 
with a sustained virological response, we studied six 
single nucleotide polymorphisms in the OASL gene 
in two groups of patients with an HCV infection: 
patients who were non responders to the therapy, 
and those who had sustained a virological response 
to the therapy. Our preliminary results suggest that 
non ancestral alleles in four of the six studied poly-
morphisms in the OASL gene are associated with 
sustained virological response to pegylated inter-
feron a-2a (Peg-IFN-a) plus ribavirin therapy [23].
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 ABSTRACT

 Breast cancer is the most frequent and the most 
deadly cancer in women in Western countries. 
Different classifications of disease (anatomoclini-
cal, pathological, prognostic, genetic) are used for 
guiding the management of patients. Unfortunately, 
they fail to reflect the whole clinical heterogeneity 
of the disease. Consequently, molecularly distinct 
diseases are grouped in similar clinical classes, 
likely explaining the different clinical outcome 
between patients in a given class, and the fact that 
selection of the most appropriate diagnostic or 
therapeutic strategy for each patient is not done ac-
curately. Today, treatment is efficient in only 70.0-
75.0% of cases overall. Our repertoire of efficient 
drugs is limited but is being expanded with the 
discovery of new molecular targets for new drugs, 
based on the identification of candidate oncogenes 
and tumor suppressor genes (TSG) functionally rel-
evant in disease. Development of new drugs makes 

therapeutical decisions even more demanding of 
reliable classifiers and prognostic/predictive tests. 
Breast cancer is a complex, heterogeneous disease 
at the molecular level. The combinatorial molecular 
origin and the heterogeneity of malignant cells, and 
the variability of the host background, create dis-
tinct subgroups of tumors endowed with different 
phenotypic features such as response to therapy and 
clinical outcome. Cellular and molecular analyses 
can identify new classes biologically and clinically 
relevant, as well as provide new clinically relevant 
markers and targets.
 The various stages of mammary tumorigenesis 
are not clearly defined and the genetic and epige-
netic events critical to the development and aggres-
siveness of breast cancer are not precisely known. 
Because the phenotype of tumors is dependent on 
many genes, a large-scale and integrated molecular 
characterization of the genetic and epigenetic alter-
ations and gene expression deregulation should al-
low the identification of new molecular classes clin-
ically relevant, as well as among the altered genes 
and/or pathways, the identification of more accurate 
molecular diagnostic, prognostic/predictive factors, 
and for some of them, after functional validation, 
the identification of new therapeutic targets.

 Keywords: Breast cancers, Genome, Transcrip-
tome, Epigenome, Oncogenes, Tumor suppressor 
genes
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 INTRODUCTION

 High-Throughput Molecular Analyses in 
Breast Cancer and Translational Research. 
Unprecedented molecular characterization is possi-
ble using high-throughput molecular analyses, avail-
able at the DNA level with comparative genomic 
hybridization on microarrays (aCGH) [1-4], and at 
the RNA level, for expression profiling with DNA 
microarrays [5]. When these techniques emerged, 
expected applications were multiple in oncology, in 
both basic and translational research.
 A number of studies have already shown the 
promising role of DNA microarray-based expres-
sion profiling in breast cancer translational re-
search by identifying new clinically and biologi-
cally relevant intrinsic molecular subtypes (luminal 
A, luminal B, ERBB2+, basal, and normal-like) 
[6-7] and new prognostic and/or predictive gene 
signatures, whose predictive impact is superior to 
conventional histoclinical factors (for review, see 
[8]). Currently, three prognostic gene signatures 
are already commercially available: Oncotype 
DX (Genomic Health, Inc., Redwood City, CA, 
USA), MammaPrint (Agendia BV, Amsterdam, 
The Netherlands), and the HOXB13/ IL17BR (H/I) 
ratio (Theros H/ISM; bioTheranostics, San Diego, 
CA, USA). Others under development include the 
Intrinsic Gene Set, the Rotterdam Signature, the 
Wound Response Indicator, and the Invasive Gene 
Signature. Similarly, signatures predictive for re-
sponse to specific therapies have been reported 
[9-12]. These prognostic or predictive signatures, 
once prospectively validated, will provide the op-
portunity to refine our therapeutic approach by in-
dividualizing treatment to patients’individual tumor 
profiles, likely contributing to significantly improve 
the clinical outcome (for review, see [13]).
 The aCGH technology has been applied more 
recently to breast cancer. To date, some studies, in-
cluding ours, have suggested a prognostic role of 
genomic data [14-16]. The integrative analysis of 
whole-genome expression and genomic data has 
revealed promising results for identifying candidate 
genes (identified as deregulated at the DNA and RNA 
levels simultaneously) associated with breast cancer 
or with specific features of disease [14,16-24].
 For years, our laboratory has identified a large 
number of molecular alterations in recurrent breast 

cancer associated with: i) structural aberrations such 
as breakages [25-29], and ii) evaluated the clinical 
impact of the amplification [14,30,31]. We were 
among the first to demonstrate that the integrative 
analysis of whole-genome expression and genomic 
high resolution data are useful to identify new onco-
genes and TSG specific to a clinical entity or a mo-
lecular subtype. Therefore, our comparative analy-
ses of integrated profiles of breast cancers have been 
reported in basal and luminal tumors, two molecular 
subtypes of very different clinical courses [19], but 
also in particularly aggressive cancer: inflammatory 
breast cancer [32], breast cancers in young women 
(Raynaud et al., in preparation), and ERBB2 ampli-
fied breast cancers [33]. This laboratory was also 
one of the first to identify specific genomic markers 
of luminal B: L3MBTL4 (18p11) [34] and ZNF703 
(8p12) [35] as potential TSG and oncogene, respec-
tively.
 Candidate Genes May Also be Transcription-
nally Deregulated Because of Epigenetic Alterat-
ions. The widespread deregulation of basic epige-
netic profiles has emerged as a common phenotypic 
trait of cancer cells [36-38]. The epigenetic modifi-
cations include covalent tags added to nucleosome 
histone components [e.g., acetylation of histone H3 
and/or H4 (H3/4Ac) and/or various levels of meth-
ylation on lysine residues of histone H3 (H3K4/
K9me1/ 2/3), a non exhaustive list defined as the 
histone code], as well as methylation of CpG di-
nucleotides [39,40]. This applies particularly to 
CpG methylation profiles, whose modification has 
direct implication on many aspects of cell biology, 
namely cell division, survival, development and, 
consequently, oncogenesis. DNA methylation at 
regulatory regions of a gene, including promoter, 
generally leads to transcriptional silencing. CpG 
methylation-dependent silencing is now considered 
as an important mechanism of TSG inactivation in 
cancer cells, in addition to somatic genetic lesions 
[41]. DNA methylation changes in human cancers 
are complex and vary between different tumor 
types. Promoter methylation effectively represses 
transcription and occurs in many genes involved 
in human breast cancer development [42]. Among 
these, genes associated with cell cycle regulation 
(APC, RASSF1, RB, TFAP2A), or coding for ster-
oid receptors (ESR1, PGR, RARa), suppressors 
(BRCA1, CDKN2A, CST6), and genes associated 
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with metastasis (CDH1, CEACAM6, PCDHGB6) 
and other genes such as NRG1. The majority of 
these affected genes are potential or known TSG 
[43]. Interestingly, there is also increasing evi-
dence that methylation of regulatory regions of 
cancer-related genes can be one of the most preva-
lent molecular markers for human cancer diseases 
[44]. The potential clinical applications of DNA-
methylation biomarkers may include diagnosis 
of neoplasm, tumor classification, prediction of 
response to treatment, or prognosis. DNA meth-
ylation status has thus been extensively studied 
in various molecular or clinical entities in breast 
cancers in order to better characterize them or im-
prove their molecular classification [45-49].
 In the continuity of our strategy, the high res-
olution DNA promoter methylation status will 
be analyzed on human promoter array (Agilent 
Technologies, Massy, France) and integrated to the 
genomic and gene expression data previously col-
lected in the same set of 300 breast tumors. High-
throughput molecular analyses of breast cancer 
have already revealed some part of their potential. 
Such integrated approaches could contribute to bet-
ter understand the various levels of the dynamic 
molecular changes in the mammary oncogenesis 
and identify new markers.
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 ABSTRACT

 Over the last few years, evidence has been 
accumulated that several susceptibility genes 
exist that differentially impact on the lifetime risk 
for breast or ovarian cancer. High-to-moderate 
penetrance alleles have been identified in genes 
involved in DNA double-strand break signaling 
and repair, and many low-penetrance susceptibility 
loci have been identified through genome-wide 
association studies. In this review, we briefly 
summarize present knowledge about breast and 
ovarian cancer susceptibility genes and discuss their 
implications for risk prediction and therapy.

 Keywords: Breast carcinoma, Ovarian carcinoma, 
Germ-line mutations, Chromosomal instability

 REVIEW

 Epidemiological and genetic linkage studies 
of mul-tiple-case families have guided the 
identification of BRCA1 and BRCA2 as the first genes 
in which mutations strongly predispose to breast 
and ovarian cancer. However, hereditary breast and 
ovarian cancer (HBOC) syndrome only represents 

the extreme end of a wide spectrum of genetically 
influenced breast or ovarian carcinomas. During 
the last few years, evidence has been accumulated 
that several susceptibility genes exist [1-3]. Their 
mutations have differential impact according to 
the minor allele frequencies and the magnitude 
of the allelic effect. We briefly summarize our 
present knowledge about breast and ovarian cancer 
susceptibility genes and discuss their implications 
for risk prediction and therapy.
 Rare Mutations With a High-to-Moderate 
Penetrance. BRCA1 and BRCA2: The prototypic 
BRCA1 and BRCA2 mutations confer a very 
high lifetime risk for breast cancer in the range 
of 55.0-85.0% for BRCA1 and 35.0-60.0% for 
BRCA2, compared with an about 10.0% general 
population risk. Mutations are usually truncating, 
although pathogenic missense mutations have also 
been described. Lifetime risk for ovarian cancer 
is also high and may be up to 40.0% for BRCA1 
mutation carriers. There seems to be allele-specific 
expressivity as some of the mutations appear to 
confer higher risks for ovarian cancer than others 
[4-6]. Both the risks for breast and ovarian cancer 
can also be modified by additional gene loci such as 
single nucleotide polymorphisms (SNPs) in RAD51 
or BNC2 [7,8] (see below).
 The PALB2 Mutation. Subsequently, PALB2 
has been identified as a breast cancer susceptibility 
gene [9, 10]. The PALB2 protein bridges BRCA1 
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and BRCA2 and synergizes in their function in 
recombinational DNA repair. Mutations in PALB2 
predispose to breast cancer and gastric cancer, and 
the penetrance for breast cancer in Finnish multiple-
case families has been found to be as high as for 
BRCA2 mutations [11]. There is less evidence that 
PALB2 mutations may also constitute ovarian cancer 
susceptibility alleles. Although PALB2 founder 
mutations have been identified in ovarian cancer 
patients from Poland and Russia, they are still rare 
in these populations [12,13].
 The RAD51 Paralogs. Downstream of BRCA1, 
BRCA2 and PALB2, the RAD51 protein is a key 
mediator of homologous recombination, and a 
regulatory variant c.–98G>C (also known as135G>C) 
in RAD51 acts as a genetic modifier of BRCA2 
mutations [7]. Mutation analyses in further genes 
of RAD51 paralogs have subsequently uncovered 
RAD51C and RAD51D as susceptibility genes 
for breast and ovarian cancer [14-16]. The initial 
data indicate that these mutations are specifically 
associated with a family history of ovarian cancer. 
However, mutations in RAD51C and RAD51D are 
collectively very rare and their penetrance and tumor 
spectrum remains to be fully explored.
 Additional Fanconi Anemia Genes. Since 
some breast and ovarian cancer susceptibility alleles, 
e.g., in BRCA2, PALB2 or RAD51C, cause Fanconi 
anemia (FA) in the homozygous state, it seemed 
reasonable to assess further FA genes for their role 
in breast and ovarian cancer. So far, mutations of the 
BRIP1 gene have been associated with breast cancer 
[17], although their precise risk estimates await 
further studies. There is no evidence implicating the 
FA core proteins in breast cancer, suggesting that 
proteins at the heart of the downstream homologous 
recombination machinery are the major factors for 
breast and ovarian cancer susceptibility.
 Familial Lobular Breast Cancer. Familial 
lobular breast cancer has been associated with 
rare germ-line mutations in CDH1, the gene for 
E-cadherin [18,19]. While mutations in CDH1 are 
also causative for diffuse gastric cancer, there is no 
evidence to implicate CDH1 in ovarian cancer yet.
 Rare Syndromes Including Breast Cancer. 
Some rare syndromes include the occurrence of 
breast cancer as part of the disease spectrum. These 
include Li-Fraumeni (TP53), Muir-Torre Syndrome 
(MSH2), Cowden’s Disease (PTEN), Peutz-Jeghers 

Syndrome (LKB1), and Ataxia-telangiectasia (ATM, 
see below). Although these syndromes are generally 
rare, they need to be kept in mind if a breast cancer 
patient presents with a more complex disorder or 
family history.
 Ataxia-Telangiectasia. Twenty-five years ago, 
it was shown that blood relatives of patients with the 
neurode-generative disorder ataxia-telangiectasia 
(A-T) face an increased breast cancer risk [20]. 
The gene mutated in ataxia-telangiectasia, ATM, 
encodes a master protein kinase that orchestrates the 
cellular response to DNA double-strand breaks and 
controls, via phosphorylation, hundreds of proteins 
involved in cell cycle control, repair and apoptosis, 
among them BRCA1, BRCA2, TP53, CHEK2 and 
many other tumor suppressors [21]. Truncating 
mutations in ATM appear to confer an about 3-fold 
increased breast cancer risk to heterozygous carriers 
[22-24]. While the homozygous condition of A-T is 
rare, heterozygotes may account for 0.5-1.0% of the 
population.
 MRE11A/RAD50/NBN. Chromosome breaks 
are sensed and the ATM protein is activated via the 
MRN complex consisting of the proteins MRE11A, 
RAD50, and NBN. The NBN gene underlies 
Nijmegen Breakage Syndrome (NBS), which is 
most prevalent in Eastern Europe due to a Slavic 
founder mutation. While biallelic mutations cause 
NBS, heterozygous carriers face an about 3-5 fold 
increased breast cancer risk [25-27]. Similarly, 
biallelic mutations in RAD50 give rise to a NBS-
like disorder, whereas heterozygotes for a Finnish 
founder mutation are predisposed towards breast 
cancer [28]. MRE11A also is a gene for an A-T-
like disorder, although there has been only one 
study to associate MRE11A mutations with breast 
cancer so far [29]. None of the three genes have 
been extensively investigated in ovarian cancer, but 
germ-line mutations in any of them were identified 
in a recent large sequencing study [30].
 CHEK2. Checkpoint kinase 2 is a major target 
of ATM and itself phosphorylates further tumor 
suppressor proteins, including p53 and BRCA1, in 
response to DNA damage [31]. CHEK2 had initially 
been found mutated in Li-Fraumeni patients and 
one of these mutations, 1100 delC, has subsequently 
been associated with familial breast cancer [32,33]. 
Heterozygous carriers for 1100delC have been 
reported with a 2- to 3-fold increase in breast cancer 
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risk [34], with rare homozygotes being found at 
much higher risk [35]. In Eastern Europe, two 
further truncating mutations IVS-II-1 (G>A) and 
CHEK2dele9,10 (5 kb) have been associated with at 
least similarly high breast cancer risks, whereas the 
missense mutation p.I157T has a lower penetrance 
[25,36,37]. There has not been conclusive evidence 
for a strong association of CHEK2 mutations with 
ovarian cancer, but their association with additional 
malignancies suggests a more general role in cancer 
predisposition [38].
 Polymorphic Variants With Low Penetrance. 
Several polymorphic loci are known today that 
influence the risk of breast and/or ovarian cancer. 
This has been achieved through genome-wide 
association studies (GWAS) of SNPs by large 
consortia during the past 5 years. The published 
GWAS efforts have so far uncovered over 20 
genomic loci for breast cancer [39-45] and six 
loci for serous epithelial ovarian cancer [46-48] at 
a genome-wide significance level. All these loci 
harbor low-penetrance alleles with allelic odds ratios 
of less than 1.5. As these loci still explain only a 
small part of the heritable fraction and further large-
scale studies are presently underway, it is likely that 
these numbers will increase very rapidly. Most of 
the hitherto identified loci appear to be specific for 
either breast or ovarian carcinomas. For example, the 
gene for fibroblast growth factor receptor 2, FGFR2 
[39], harbors variants associated with breast but 
not ovarian cancer, and the gene for basonuclin-2, 
BNC2 [46], harbors variants associated with ovarian 
but not breast cancer. Nevertheless, there is a minor 
group of shared loci that appear to influence both 
breast and ovarian cancer risk. Such genes include 
BABAM1 (encoding a BRCA1 binding partner 
also known as MERIT40), TERT (encoding a 
component of telomerase), and the protooncogene 
MYC on chromosome 8q24. Interestingly, a closer 
inspection of the 8q24 locus indicated that the 
associations with either breast or ovarian cancer 
were caused by independent variants at the same 
locus which may be explained by tissue-specific 
regulation of gene expression [49]. As a caveat, a 
GWAS roughly localizes but does not identify the 
causal variant, and in several cases, there is more 
than one candidate gene in the region spanned by 
the associated linkage disequilibrium block or 
under putative regulatory control of the identified 

locus. Fine-mapping approaches in different 
ethnic populations and gene expression studies are 
presently being used to further trace down the true 
predisposing gene variants. Copy number variants 
have also been investigated in a GWAS but this 
did not detect a significant association for breast 
cancer [50].
 Implications for Risk Prediction and Therapy. 
The identification of mutations in individuals from 
families with HBOC makes it possible to predict 
the age-dependent risk for different cancers, 
including recurrence risks in the already affected, 
and to appropriately counsel the patient and her 
blood relatives. This may lead to an increased 
surveillance or targeted prevention including 
medication (such as tamoxifen) or preventive 
surgery (such as prophylactic oophorectomy). In 
many countries, this is available to patients with an 
over 35.0% lifetime risk such as BRCA1 or BRCA2, 
and possibly PALB2 mutation carriers, whereas a 
more restrained position is taken for patients with 
moderate-penetrance mutations conferring an about 
3-fold increase in breast cancer risk such as ATM 
or CHEK2. Although it might also be suggested 
that for these mutations, the female carriers should 
benefit from increased surveillance, large studies 
on the efficacy of such measures are still lacking. 
No further consequences are considered for patients 
carrying common risk alleles at polymorphic loci, as 
these risks are too small individually to be clinically 
meaningful. With the identification of many more 
low-risk loci, however, it may become possible to 
calculate combinatorial risks that could be useful 
in a stratified approach for cancer prevention in the 
future [51,52].
 Identifying the genetic basis of breast or 
ovarian cancer in the individual patient might have 
further prognostic and therapeutic implications. For 
a long time, breast cancer therapy has been guided 
by the presence or absence of gene products such 
as hormone receptors or HER2/neu. Such gene 
expression profiles are partly determined by germ-
line mutations such as BRCA1 mutations which are 
frequently associated with triple-negative breast 
cancers [53], but breast cancer pathology also 
seems to be influenced by low-penetrance variants 
such as in FGFR2, which is strongly associated with 
estrogen-receptor positive disease [54]. Studies are 
presently underway to investigate whether SNP 

77



BREAST AND OVARIAN CANCER GENES

profiling could thus be of prognostic value, and 
there are new drugs being developed that target 
additional breast cancer pathways such as those 
mediated by fibroblast growth factor receptors [55]. 
Recent reports further indicate that the outcome of 
ovarian cancer therapy is significantly influenced 
by the BRCA1/BRCA2 mutational status. In these 
multi-center studies, mutation carriers showed an 
improved survival, probably due to a higher benefit 
from the usually applied platinum-based therapy 
that activates a DNA repair pathway defective in 
BRCA1 or BRCA2 deficient tumors [56]. Another 
recent approach to improve targeted therapy is 
based on the concept of “synthetic lethality” 
as exemplified by the introduction of PARP1 
inhibitors into breast and ovarian cancer treatment 
of patients with BRCA1 or BRCA2 mutations, and 
probably beyond [57]. Here, the idea is to inhibit 
a repair pathway that can still be compensated 
by backup pathways in normal but not tumor 
cells. The apparent success of this concept has 
stimulated the targeting of other repair pathways 
in parallel to those known to be defective in breast 
or ovarian carcinomas. For example, inhibition of 
ATR, which is a backup kinase of ATM, has been 
reported to be particularly effective in tumors with 
TP53 or ATM mutations [58]. Though promising, 
such substances still need further development 
until they can be tested in clinical practice. It is 
the hope that with many more genes identified, a 
deeper understanding of breast and ovarian cancer 
development and progression, together with the 
ability of gene-based stratification, will ultimately 
lead to an improved and individually tailored 
therapy for the benefit of each patient.
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 ABSTRACT

	 The	most	significant	and	well	characterized	ge-
netic risk factors for breast and/or ovarian cancer 
are germline mutations in the BRCA1 and BRCA2 
genes. The BRCA1 and BRCA2 gene mutations 
strikingly increase breast cancer risk, suggesting 
that polymorphisms in these genes are logical can-
didates	 in	 seeking	 to	 identify	 low	penetrance	 sus-
ceptibility	alleles.	The	aim	of	this	study	was	to	initi-
ate a screen for BRCA1/2 gene mutations in order 
to identify the genetic variants in the Republic of 
Macedonia, and to evaluate the association of sev-
eral single nucleotide polymorphisms (SNPs) in 
these	 genes	with	 breast	 cancer	 risk.	 In	 this	 study,	
we	included	100	patients	with	invasive	breast	can-
cer	from	the	Republic	of	Macedonia,	classified	ac-
cording to their family history and 100 controls. The 
methodology included direct sequencing, single nu-
cleotide primer extension method and multiplex li-
gation	probe	amplification	(MLPA)	analysis,	all	fol-
lowed	by	capillary	electrophoresis	(CE)	on	an	ABI	
PRISM™	3130	Genetic	Analyzer.	We	 identified	a	

total of seven carriers of mutations in the BRCA1/2 
genes.	None	of	 the	 tested	polymorphisms	was	 as-
sociated	with	sporadic	breast	cancer	risk,	however,	
polymorphism rs8176267 in BRCA1	and	N372H	in	
BRCA2	 showed	 an	 association	with	 breast	 cancer	
risk	 in	 patients	 with	 at	 least	 one	 family	 member	
with	breast	cancer.

 Keywords: BRCA1 and BRCA2	genes,	Breast	
cancer, Macedonian patients, Polymorphisms.

 INTRODUCTION

	 The	most	significant	and	well	characterized	ge-
netic risk factors for breast and/or ovarian cancer 
are germline mutations in the BRCA1 (17q chro-
mosome) [1] and BRCA2	 (13q	 chromosome)	 [2]	
genes. Other relevant genes, such as CHEK2, NBS1, 
PALB2, BRIP1, etc., also contribute to hereditary 
breast cancer, although their impact appears to be 
more	population-specific	[3].	It	has	been	estimated	
that 5.0-10.0% of all breast cancer and 10.0-15.0% 
of ovarian cancer patients carry mutations on one of 
the BRCA genes [4]. The prevalence of the BRCA1/2 
gene mutation carriers in the general population is 
approximately	0.2%	(1/500),	however,	 it	 can	vary	
significantly	in	different	countries	and	ethnic	groups	
due to founder effects [5]. The mutations in these 
high-penetrance genes confer a high lifetime risk of 
breast	and	ovarian	cancer.	Women	with	an	inherited	
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BRCA1 gene mutation have a 65.0-80.0% risk of de-
veloping	breast	cancer	and	37.0-62.0%	of	developing	
ovarian	cancer	over	their	lifetime,	while	BRCA2 gene 
mutation carriers have a 45.0-85.0% risk for breast 
cancer	 and	 11.0-23.0%	 for	 ovarian	 cancer	 [6].	 The	
identification	 of	BRCA1 and BRCA2 gene mutation 
carriers	is	therefore	a	critical	step	in	individualized	risk	
assessment	[7].	Once	a	mutation	is	identified	in	a	given	
family, a very informative predictive (or presymptom-
atic) oncogenetic test can be offered to all adult family 
members. Moreover, oncogenetic testing is becoming 
the	powerful	 therapeutic	predictive	 tool,	 as	new	 tar-
geted therapeutic opportunities, such as poly(ADP-
ribose) (PARP) inhibitors emerge [8] and chemosensi-
tivity to platinum-based therapy is constantly reported 
[9].	It	is	now	evident	that	in	the	near	future	the	demand	
for rapid BRCA1/2	gene	mutation	testing	will	increase.	
However,	a	 full	BRCA1 and BRCA2 gene screening 
still remains a labor- and time-consuming challenge 
due	to	the	large	size	of	the	genes	and	the	high	diversity	
of	mutations	and	variants	of	unknown	significance.	On	
the	other	hand,	the	distribution	of	known	BRCA1 and 
BRCA2	 gene	 mutations	 is	 well	 documented	 world-
wide.	 Several	 recent	 reviews	 have	 summarized	 the	
evidence that the BRCA1/2 gene mutation spectrum in 
given countries and ethnic communities is limited to a 
few	founder	mutations	[4,5,10].	To	date,	no	systematic	
study has assessed the distribution of BRCA1/2 gene 
mutations	 in	 the	Macedonian	 population.	We	 aimed	
to initiate screening for BRCA1/2 gene mutations in 
order to identify the genetic variants common in the 
Republic of Macedonia.
 The fact that BRCA1 and BRCA2 gene muta-
tions drastically increase breast cancer risk suggests 
that polymorphisms in these genes could represent 
low	penetrance	susceptibility	alleles	[11].	Whether	
common polymorphisms contribute to disease risk 
has not yet been thoroughly evaluated. The impor-
tance	of	 these	common	variants	 is	 still	 conflicting	
and more data on large cohorts are needed to bet-
ter	 understand	 their	 significance.	We	 present	 data	
on several single nucleotide polymorphisms (SNPs) 
including	 allele	 frequencies	 and	 association	 with	
breast cancer risk.

 MATERIALS AND METHODS

	 We	 included	100	patients	with	 invasive	breast	
cancer from the Republic of Macedonia in this 

study.	 The	 patients	 were	 referred	 to	 us	 from	 the	
Clinic for Oncology, Skopje and the Re-Medika 
General	Hospital,	Skopje,	Republic	of	Macedonia.	
Patients	were	classified	into	three	main	groups,	ac-
cording to their family history: group 1) patients 
with	two	or	more	close	relatives	with	breast	cancer	
(n = 19); group 2)	patients	with	only	one	affected	
relative	with	breast	cancer	(n	=	31);	and	group 3) 
patients	with	no	family	history	(sporadic	cases)	(n = 
50).	The	control	group	consisted	of	healthy	women	
from the general population (n = 100).
	 The	DNA	was	 isolated	 from	peripheral	EDTA	
blood samples using standard proteinase K/SDS 
digestion	 followed	 by	 phenol	 chloroform	 extrac-
tion.	All	 patients	were	 screened	 for	 six	mutations	
in the BRCA1	 gene	 (185delAG,	 C61G,	 E368X,	
4154delA,	4184del4	and	5382insC)	and	four	in	the	
BRCA2	gene	 (D2723G,	3034del4,	5950delCT	and	
9326insA)	 by	 a	 single	 nucleotide	 primer	 exten-
sion	 assay	 utilizing	 the	ABI	 PRISM™	 SNaPshot	
Multiplex	 Kit	 (Life	 Technologies,	 Carlsbad,	 CA,	
USA)	 following	 the	 manufacturer’s	 instructions	
(manuscript	 in	preparation).	Patients	from	the	first	
group and patients younger than 40 years from the 
second group (n	=	30)	were	screened	for	mutations	
in all coding sequences of the BRCA1 and BRCA2 
genes	by	direct	sequencing	using	the	ABI	PRISM™	
Big	Dye	Terminator	v.1.1	Kit	(Life	Technologies).	
Multiplex	ligation	probe	amplification	(MLPA)	was	
used for the detection of large rearrangements in 
these genes using commercially available kits from 
MRC	Holland,	Amsterdam,	The	Netherlands.	 For	
the case-control association study of seven common 
variants in BRCA1 [rs1799949 (S694S), rs799917 
(P871L),	 rs16941	 (E1038G),	 rs16942	 (E1138G),	
rs8176267,	 rs8176166	 and	 rs3737559)	 and	 one	 in	
BRCA2 (rs144848 (H372N)]	with	breast	cancer	risk,	
we	also	used	single	nucleotide	primer	extension.

 RESULTS AND DISCUSSION

 Point mutations in the BRCA genes are the most 
common deleterious mutations in familial breast 
cancer patients. Complete sequencing remains the 
gold	 standard	 for	 initial	 mutation	 identification.	
However,	large	rearrangements	in	these	genes	have	
been	described	in	a	significant	proportion	of	breast	
cancer families and are responsible for up to one-
third	of	 the	 identifiable	BRCA	mutations	 in	a	cer-
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tain	population	[12].	In	our	group	of	familial	breast	
cancer	patients	(group	1	as	defined	in	Materials	and	
Methods),	we	identified	a	total	of	seven	carriers	of	
mutations:	four	point	mutations	and	two	large	dele-
tions in the BRCA1 gene and a point mutation in 
the BRCA2 gene (Table 1). Mutations appear to 
be evenly distributed across the coding sequence 
of	 the	 genes.	 Bearing	 in	 mind	 that	 certain	 muta-
tions	have	been	observed	to	be	common	to	specific	
populations,	we	designed	an	assay	for	detection	of	
the most common mutations in the Slavic popula-
tions.	Our	aim	was	 to	expand	 the	mutation	screen	
to breast cancer patients regardless of their family 
history.	To	 this	end,	we	developed	a	 single	nucle-
otide primer extension as a rapid and economical 
one-tube test for genetic testing of hereditary breast 
cancer	that	can	be	applied	to	a	wider	population	set-
ting	 (Figure	1,	Table	2).	We	screened	all	 sporadic	
patients and did not identify any mutations until 
now.	More	analyses	including	direct	sequencing	are	

needed in order to assess the 
distribution of mutations in 
the Macedonian population. 
This is important because it 
will	 allow	 the	 development	
of effective mutation-specif-
ic tests for the common mu-
tations	 in	 the	 future.	 In	 pa-
tients	with	a	strong	familial	
history of breast cancer (n = 
6),	we	performed	mutational	
screening in all coding ex-
ons of the PALB2 gene using 
the high resolution melting 
(HRM)	method.	These	anal-
yses	were	 performed	 at	 the	
Gynecology	Unit,	Hannover	

Figure 1. Single nucleotide primer extension assay. Analysis of 
a	patient	carrying	the	5382insC	mutation	in	the	BRCA1 gene: 
the	fluorescent	peaks	formed	by	specific	primer	extension	prod-
ucts	are	labeled	below	the	electropherogram;	labels	correspond	
to mutation names (see Table 2).

Table 1. Mutations in the BRCA1 and BRCA2 genes detected by sequencing analysis.

Gene BICa 
MutationName

HGVS
Nomenclature

Exon Amino Acid
Change

Location in Gene Gender

BRCA1 C61G c.181T>G 5 Cys®Gly RING	domain F

BRCA1 E368X c.1102G>T 11 Glu®Stop RING	domain F

BRCA1 del ex5-8 5-8 ex5,6-RING	domain F

BRCA1 5382insC c.5266dupC 20 Glu®Stop BRCT	domain F

BRCA1 del ex23 23 BRCT	domain F

BRCA2 D2723G c.8167G>C 18 Asp®His DNA binding domain M

a	BIC:	Breast	Cancer	Information	Core.

Table 2.	Specific	primer	extension	products	data	for	most	common	 
mutations in the BRCA genes.

No. Mutation Nucleotide
Change

SNaPshot
Result (N/M)

SNaPshot
Fragment Size 

N (bp)

SNaPshot
Fragment Size

M (bp)

1 5382insC A/C A/C 25 24

2 4184del4 T/G T/G 29 n.d.

3 4154delA A/G A/G 32 n.d.

4 C61G T/G T/G 33.5 32

5 D2723G A/G A/G 38 37

6 5950delC C/A C/A 39 n.d.

7 185delAG A/T A/T 43 n.d.

8 9326insA C/A C/A 44.5 n.d.

9 E368X G/T G/T 47 48

10 3034del4 A/G A/G 54 n.d.
n.d.: not done.
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Medical	 School,	 Hannover,	 Germany.	 We	 found	
three already published polymorphisms and one po-
tentially damaging variant.
 Many studies are focused on rare, highly pen-
etrant germline mutations in BRCA genes that 
strongly	 predispose	 women	 to	 a	 familial	 form	 of	
breast	 cancer.	However,	 there	 is	 a	 possibility	 that	
common germline variation in coding and non cod-
ing regions may also contribute to predisposition to 
breast	cancer.	In	the	present	study,	we	tested	seven	
common variations in the BRCA genes (Figure 2, 
Table	 3)	 in	 all	 our	 patients	 in	 comparison	 to	 the	
controls.	Our	results	showed	that	none	of	the	poly-
morphisms	 tested	were	associated	with	 the	risk	of	
sporadic	breast	cancer	(group	3)	suggesting	that	the	
variations per se	do	not	play	a	significant	role	in	the	
development	 of	 sporadic	 breast	 cancer.	 However,	

 Table 3.	Specific	primer	extension	products	data	for	most	analyzed	SNPs	in	the	BRCA genes.

No. Mutation Nucleotide
Change

SNaPshot
Result (N/M)

SNaPshot
Fragment Size

N (bp)

SNaPshot
Fragment Size

M (bp)

1 rs16942 A/G T/C 27 25

2 rs8176267 A/G A/G 30 28

3 rs16941 A/G T/C 31 28

4 rs3737559 A/G A/G 31 33

5 rs799917 C/T C/T 34 35.5

6 rs8176166 A/G T/C 39 38

7 rs1799949 C/T C/T 44 45

8 rs144848 T/G A/C 50 49

Figure 2. Single nucleotide primer extension assay for detection of 
selected SNPs in the BRCA	genes:	the	fluorescent	peaks	formed	by	
specific	primer	extension	products	are	labeled	below	the	electro-
pherogram;	labels	correspond	to	SNP	names	(see	Table	3).

polymorphism rs8176267 in the BRCA1 gene 
showed	an	association	with	breast	cancer	risk	when	
we	analyzed	the	results	for	patients	with	at	least	one	
family	member	with	breast	cancer	(groups	1	and	2	
combined) vs. controls [p = 0.0151; OR (odds ratio) 
(95%	CI)	 (95%	confidence	 interval)	=	2.31	 (1.16-
4.61)].	These	results	are	in	concordance	with	pub-
lished	data	[13].	Recent	meta-analysis	suggests	that	
the BRCA2	N372H	allele	may	be	 a	 low-penetrant	
risk	factor	for	developing	breast	cancer	[14],	how-
ever,	there	is	conflicting	evidence	regarding	the	role	
of	 this	variant	 as	 a	modifier	of	breast	 cancer	 risk.	
We	observed	that	N372H	is	associated	with	slight-
ly	increased	risk	in	patients	with	a	family	member	
with	breast	cancer	[p	=	0.0081;	OR	(95%CI)	=2.37	
(1.24-4.56)] [14].
 Further analyses on larger cohorts of patients 
and controls are needed in order to build a high-
quality database of genetic BRCA1/2 gene variants 
in the Macedonian population, and to obtain accu-
rate estimates as to the association of various poly-
morphisms	with	breast	cancer	risk.
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 ABSTRACT

 MicroRNAs (miRNAs) are small [~21 nucleo-
tide (nt)] non coding RNAs (ncRNAs) that regu-
late gene expression posttranscriptionally. About 
3.0% of human genes encode for miRNAs, and up 
to 30.0% of human protein coding genes may be 
regulated by miRNAs. Currently, more than 2000 
unique human mature microRNAs are known. 
MicroRNAs play a key role in diverse biological 
processes including development, cell prolifera-
tion, differentiation and apoptosis. These processes 
are commonly dysregulated in cancer, implicating 
miRNAs in carcinogenesis, where they act as tumor 
supressors or oncogenes. Several miRNAs are as-
sociated with breast cancer. Here we present our ini-
tial results of miRNA analyses of breast cancer tis-
sues using quantitative real time-polymerase chain 
reaction (ReTi-PCR) (qPCR) involving stem-loop 
reverse transcriptase (RT) primers combined with 
TaqMan® PCR and miRNA microarray analysis.

 Keywords: Breast cancer, microRNA (miRNA), 
Microarray, Real time-polymerase chain reaction (ReTi-
PCR), Stem-loop reverse transcriptase (RT) primers.

 INTRODUCTION

 MicroRNAs (miRNAs) are small [~21-nucleo-
tide (nt)] non coding RNAs (ncRNAs) that mediate 
posttranscriptional gene regulation by pairing with 
the 3’ untranslated region (3’UTR) of messenger 
RNAs (mRNAs), acting as translational repressors, 
and regulating gene expression posttranscription-
ally. After the discovery of the first mi-RNA in the 
roundworm Caenorhabditis elegans, these short 
regulatory RNAs have been found to be an abundant 
class of RNAs in plants, animals and DNA viruses. 
About 3.0% of human genes encode for miRNAs, 
and up to 30.0% of human protein coding genes may 
be regulated by miRNAs [1]. Currently more than 
2000 unique human mature microRNAs are known 
[2]. MicroRNAs play a key role in diverse biologi-
cal processes including development, cell prolif-
eration, differentiation and apoptosis [1]. Thus, po-
tentially all cellular pathways may be governed by 
miRNAs, which may contribute to the fine tuning of 
gene expression on a global level. The importance 
of miRNAs in gene regulation will be better appre-
ciated when their function or deregulation, or that of 
the cellular machinery mediating their biosynthesis 
and function, will be identified among the underly-
ing causes of several genetic disorders. Indeed, it is 
easy to conceive that protein over expression result-
ing from defective miRNA-based mRNA regulation 
may compromise normal cell function and cause 
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genetic diseases [3]. Accordingly, altered miRNA 
expression is likely to contribute to human disease, 
including cancer [1]. In cancer, miRNAs function as 
regulatory molecules, acting as oncogenes or tumor 
suppressors [4]. Amplification or over expression of 
miRNAs can down regulate tumor suppressors or 
other genes involved in cell differentiation, thereby 
contributing to tumor formation by stimulating pro-
liferation, angiogenesis and invasion, i.e., they act 
as oncogenes. Similarly, miRNAs can down regu-
late different proteins with oncogenic activity, i.e., 
they act as tumor suppressors [5,6].
 Several miRNA are associated with breast can-
cer. It has been shown that there are differences not 
just between normal and breast cancer tissue, but also 
between different breast cancer subtypes [7-12].
 Several methods for global miRNA profiling are 
currently in common use. These include quantitative 
real time-polymerase chain reaction (ReTi-PCR) 
(qPCR) involving stem-loop reverse transcriptase 
(RT) primers combined with TaqMan® PCR (Life 
Technologies, Carlsbad, CA, USA) analysis, qPCR 
with locked nucleic acid primers (Exiqon, Vedback, 
Denmark), qPCR using poly(A) tailing (Qiagen, 
Hilden, Germany; Stratagene, La Jolla, CA, USA), 
high-throughput sequencing of small RNA libraries 
and microarray analysis. We have recently initiated 
a study of microRNAs in breast cancer tissues with 
a main aim to search for breast cancer diagnostic 
and prognostic markers.

 MATERIALS AND METHODS

 Fresh frozen tissues (normal and malignant) 
from patients with breast cancer were obtained 
from the Institute of Pathology, Medical Faculty, 
Skopje, Republic of Macedonia. Histopathological 
data were obtained from all patients. The protocol 
used for miRNA quantification in tissue samples 
included three separate procedures: extraction of 
total RNA, RT- and ReTi-PCR assays. RNA extrac-
tion was performed using an RNeasy Kit (Qiagen). 
Quality and quantity of total RNAs were checked on 
1.0% agarose gels and a nanodrop spectrophotom-
eter. RNA samples were dissolved in RNase-free 
water and stored at –80°C. MicroRNA quantita-
tion was performed by stem-loop RT-PCR followed 
by Taq-Man® PCR analysis [13] using TaqMan® 
MicroRNA Reverse Transcription Kit, TaqMan® 

Universal PCR Master Mix and five TaqMan® 
MicroRNA Assays (miR-155, miR21, miR-125b 
and miR-145 and RNU6b as a control gene) (Life 
Technologies). The RT-PCR mix was made on ice in 
a final volume of 15 mL, following the manufactur-
er’s protocol. Thermal cycling conditions were: 30 
min. at 16°C, 30 min. at 42°C and 5 min. at 85°C. 
The ReTi-PCR assay was performed in duplicates in 
a total volume of 20 mL consisting of 7.7 mL ddH2O, 
1.0 mL 20 ´ TaqMan® Small RNA Assay, 10.0 mL 2 ´ 
TaqMan® Universal PCR Master Mix and 1.3 mL 
RT reaction product (Life Technologies). Thermal 
cycling conditions were: enzyme activation and 
initial denaturation at 95°C for 10 min., followed 
by 40 cycles of 15 seconds at 95°C and 60 seconds 
at 60°C. The expression of each miRNA relative to 
RNU6b was determined using the DDCt method. 
MicroRNA microarray analysis was done using a 
complete labeling and hybridization kit (Agilent 
Technologies, Santa Clara, CA, USA) following the 
manufacturer’s protocol [14].

 RESULTS AND DISCUSSION

 Here we present our initial results of miRNA 
analysis of breast cancer and normal tissues that in-
cluded quantitative ReTi-PCR (qPCR) involving stem-
loop RT primers combined with TaqMan® PCR (Life 
Technologies) and miRNA microarray analyses. A 
total of 35 patients with breast cancer were analyzed 
using ReTi-PCR of four miRNAs (miR-155, miR-21, 
miR-125b and miR-145). Our initial results showed 
that miR-155 and miR-21 are up regulated and miR-
125b and miR-145 are down regulated in breast cancer. 
Our results are in agreement with other published stud-
ies for miRNA expression profiling in breast cancer 
[7,8,11,12,15,16]. MicroRNA microarray analysis was 
performed in several patients and the data were ana-
lyzed by R and MeV statistical programs. Nine miR-
NAs were differentialy expressed, of which seven were 
up regulated (miR-155, miR-146a, miR-150, miR-210, 
miR-21, miR-106b and miR-142-3p) and two were 
down regulated (miR-139-5p and miR-320c). These 
up regulated miRNAs were also shown to be differ-
entially expressed in breast cancer by other authors [7-
9,15]. Nevertheless, additional testing and analyses are 
needed to establish accurate and precise miRNA mark-
ers that will contribute to the improvement of diagnosis 
and prognosis in breast cancer patients.
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