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With the advances in genetic technology, the pages of the
book of human biology and related diseases are turning over
and over. Every newpage is bringing a different vision into the
life of humans not only limited to the scientific area but also
to the daily life as well. The material used in genetic methods
has found its place in this film with the discovery of a weak
acid in the nuclei of white blood cells that we call DNA today.
Unraveling the structure of DNA and chromosomes enabled
us to find out the causes of many genetic diseases by cytoge-
netic and molecular genetic techniques. In situ hybridization
with DNA probes followed these developments, and genome
technology has advanced to the point of high-throughput
sequencing nowadays. Throughout this period, the Human
Genome Project provided a rapid increase of our insight
into the field of human biology. The data obtained from this
project allowed us to understand the underlyingmechanisms
of many genetic diseases and led to great interest among the
scientific community.

On the other hand, the need for updated information
in relation to the use of genetic techniques in the clinical
practice of the clinicians increased in parallel with advances
in genome technology. The practical use of the aforemen-
tioned genetic testing methods and proper interpretation
of the generated test results have become a necessity not
only for medical geneticists but also for the other specialists.
Furthermore, physicians need to know how to order themost
appropriate genetic test in the right time for the right indica-
tion to prevent under- or overutilization of those tests. That
is why this special issue aimed to provide information about
genetic techniques and their use in different research areas

to improve knowledge, attitudes, and practices of physicians
and researchers.

In this special issue, we would like to highlight both con-
ventional and novel genetic methods, namely, classical cyto-
genetics, fluorescence in situ hybridization, PCR, RT-PCR,
methylationspecific PCR, pyrosequencing, DNA sequenc-
ing, fully automated microarray-based assay, whole genome
array CGH, MALDI-TOF mass spectrometry, and Southern
blot analysis in a number of clinical conditions such as
cancer, periodic fever syndromes, cardiomyopathy, myotonic
dystrophy, retinal dystrophies, Wolf-Hirschhorn syndrome,
and immunogenetic diseases.

Unquestionably those techniques do not comprise all of
the methods in genomic studies; however they may give
clues to understanding their potential use in clinical practice.
Because genetic tests are unique and require robust quality
assurance, quality assessment of genetic testing is undoubt-
edly necessary; therefore a study, which focused on the role
of external quality assessments, was also featured in this issue
as well.

Ozgur Cogulu
Yasemin Alanay

Gokce A. Toruner
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The expansion of the specific trinucleotide sequence, [CTG], is the molecular pathological mechanism responsible for the clinical
manifestations of DM1. Many studies have described different molecular genetic techniques to detect DM1, but as yet there is no
data on the analytical performances of techniques used so far in this disease. We therefore developed and validated a molecular
method, “Myotonic Dystrophy SB kit,” to better characterize our DM1 population. 113 patients were examined: 20 DM1-positive, 11
DM1/DM2-negative, and13 DM1-negative/DM2-positive, who had a previous molecular diagnosis, while 69 were new cases. This
assay correctly identified 113/113 patients, and all were confirmed by different homemade assays. Comparative analysis revealed
that the sensitivity and the specificity of the new kit were very high (>99%). Same results were obtained using several extraction
procedures and different concentrations of DNA.The distribution of pathologic alleles showed a prevalence of the “classical” form,
while of the 96 nonexpanded alleles 19 different allelic types were observed. Cardiac and neuromuscular parameters were used to
clinically characterize our patients and support the new genetic analysis. Our findings suggest that this assay appears to be a very
robust and reliable molecular test, showing high reproducibility and giving an unambiguous interpretation of results.

1. Introduction

In 1992, Myotonic Dystrophy type 1 (DM1) was shown to be
caused by an expanded [CTG]𝑛 repeat in the 3-untranslated
region of the DMPK gene (dystrophia myotonica-protein
kinase) in the chromosomal region 19q13.3 [1–3]. DM1 is
the most common adult form of muscular dystrophy with a
prevalence of 1 in 8000, characterized by progressive mus-
cle weakness and atrophy, myotonia, early-onset cataracts
and multiple organ involvement [4, 5]. The cardiac con-
duction system is selectively involved in DM1, and severe
cardiac arrhythmias and respiratory insufficiency are the
most frequent causes of death in these patients [6]. Currently,

there are three known forms of DM1: “Mild”, “Classic”, and
“Congenital.” The “Mild” form has its onset after 50 years,
only manifesting cataracts, myotonia, and a mild degree of
muscle weakness. “Classic” myotonic dystrophy has onset
between 10 and 60 years, presenting with myotonia, muscle
weakness, cataracts, smooth muscle and cardiac muscle
involvement, and multiple organ involvement. “Congenital”
myotonic dystrophy (CDM) is symptomatic at birth or within
the first year of life, presenting with respiratory and feeding
difficulties and severe developmental delay. This form is
almost always maternally transmitted.The number of [CTG]
repeats is highly polymorphic, in both healthy individuals
andDM1patients. According to theDNA testing guidelines of
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the EMQN (European Molecular Genetics Quality Network)
[7], healthy individuals have alleles with between 5 and
37 [CTG] repeats [8–10], whereas in patients with clinical
manifestations of DM1, the number of repeats varies from 51
to several thousands. Intermediate alleles with 38–50 triplets
are not disease causing but they are considered as “pre-
mutations”; repeats with alleles 51–100 are protomutations,
both of which show increased instability towards expansions.
Carriers of premutations or protomutations present no or
few mild symptoms, such as cataracts [11, 12]. Anticipation
is a specific event, where the number of repeats tends to
increase as the disease is passed from one generation to
the next, leading to increasing severity of symptoms and
decreasing age of onset [13, 14]. Although there are studies
demonstrating that the severity of phenotype, age of onset
of myotonia and muscle wasting, and cardiac conduction
abnormalities appear to be associated with an increase in the
number of leukocyte [CTG] repeats [15–19], the relationship
between phenotype and genotype is still controversial [20].
These conflicting results may be explained by the instability
of [CTG] repeats and tissue specificity expression so that
the expansion in leukocytes may underestimate the actual
expansion in the specific tissues studied in the correlation
analysis.

Another feature of DM1 is the incomplete penetrance,
characterized by variable clinical signs within individuals
having the same expansion sizes or within families. Symp-
toms can be overlapping with other dominant noncoding
expansion disorders, such as DM2 or spinocerebellar ataxias
(SCAs) [21], and differential diagnosis based on clinical
examination can be uncertain; therefore, genetic testing plays
an important role in making an accurate diagnosis of DM1
disease because it allows direct detection of the [CTG]
expansion. In fact, the direct DNA tests have reduced the
number of invasive (muscle biopsy) and noninvasive, but
relatively painful (electromyography) diagnostic techniques
for the diagnosis of DM1 [22, 23]. The genetic tests are
often used for symptomatic confirmatory diagnostic testing
and predictive testing, after the finding of the mutation in
an affected family member. It is also useful for prenatal
diagnosis, in both amniotic fluid cells and chorionic villus
samples (CVS) [24], for at-risk pregnancies after evidence of
fetal hypotonia and reduced fetal movements, considering
a possible maternal cell contamination. On one hand the
testing is extremely helpful in identifying individuals who
are asymptomatic or exhibit equivocal symptoms, such as
cataracts. Many studies have described different molecular
genetic techniques to detect DM1, but as yet there is no
data on the sensitivity, specificity, and reproducibility of the
techniques used so far in this disease. For this reason, in
this work we developed a new molecular diagnostic assay,
Myotonic Dystrophy SB kit, a standardized and certified
method, based on the combination of Long-Polymerase
Chain Reaction and Southern Blot Analysis (SBA), to better
characterize the DM1 mutation in a cohort of clinically well-
defined DM1 patients attending the Neuromuscular Clinic at
IRCCS Policlinico San Donato.

The principal aims of this study were to evaluate (i) the
analytical performances of the Myotonic Dystrophy SB kit

and (ii) the distribution of pathologic and normal [CTG]
repeats in a population of northern Italy.

2. Materials and Methods

Informed consent was obtained from all patients in our study.

2.1. Subjects. From May 2010 to May 2012 a cohort of
113 patients attending the Neuromuscular Clinic at IRCCS
Policlinico San Donato were subjected to the molecular
genetics analysis for determination of DM1. All subjects were
of Italian nationality and evenly distributed by sex and age:
39 female 34.5% (average age 40aa ± 19) and 74male 65.5%
(mean age 45aa ± 16). Patients were selected as follows: 20
DM1-positive (17.7%), 11 DM1/DM2-negative (9.7%), and 13
DM1-negative/DM2-positive (11.5%) from a previous molec-
ular diagnosis with different “homemade” tests, including:
Gold Standard Assay, TP-PCR, and Extra-Long-PCR with
Southern Blot Analysis. The inclusion of patients with DM2
has allowed a better evaluation of the specificity of the new
commercial kit. Sixty-nine subjects (61.1%) were new cases
with unknown genotype but enrolled because they presented
one or more of the following diagnostic criteria: positive
family history, cataracts, myotonia, and proximal or distal
weakness.

2.2. Muscle Strength Assessments. Muscle strength was eval-
uated using the modified Medical Research Council (MRC).
15 muscles on the left and right were included, adding up to a
total of 150 for normal muscle strength.

2.3. Cardiac Evaluation. All patients were subjected to
standard ECG, 24-hour ECG-Holter monitoring, and 2D
echocardiograms.

2.4. DNA Isolation. The extraction of genomic DNA from
peripheral blood in EDTA is that we performed with the
commercial kit “High Pure PCR preparation kit Template”
Roche. The quality and quantity of the extracted DNAs were
determined by a spectrophotometer (NanoDrop).

2.5. Components of the “Myotonic Dystrophy SB Kit”
(Experteam s.r.l, Venezia, Italy). Inside the kit there are a
ready-to-use Master Mix (DM Master MIX), an Extra-Long
Polymerase (DM DNA Polymerase), digoxigenin-labeled
probe, DNA Molecular Weight Markers VII and VIII, DIG
labeled (Roche Diagnostics), and step-by-step instructions
and suggestions for optimization the analysis.

2.6. Long-PCR and MethaPhore Analysis. one𝜇g of genomic
DNA of each patient was amplified in a reaction volume of
100 𝜇L, containing 55 𝜇L of “DM Master MIX” and 4 𝜇L of
“DM DNA Polymerase.” Forward primer was labeled at the
5 end with fluorescent tag 6-FAM. PCR conditions were
one cycle of 1min at 94∘C; 28 cycles of 20 sec at 94∘C and
7min at 62∘C; and finally 10min at 72∘C. The amplifications
were performed byMyCycler instrument (BioRad). After the
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amplification 20𝜇L of each PCR product was run on 3.5%
MethaPhore agarose gel at 100V and stained with ethidium
bromide. Alleles with less than 100 repeats were analyzed by
capillary electrophoresis on 3500 Genetic Analyzer (Applied
Biosystems) using LIZ600 as size standard. The analysis
of results was performed using GeneMapper v4.1 (Applied
Biosystems). For alleles with more than 100 repeats Southern
Blot hybridization was performed using the DIG-labeled
probe as described in the next section.

2.7. Southern Blot Analysis. Thirty-five microliters of
PCR products were separated by electrophoresis on 1%
agarose gels, transferred to Nylon Membranes (Roche
Diagnostics) and hybridized overnight with a nonradioactive
Digoxigenin-based probe, 5DIG-labeled [CTG]

10
. After

being washed, the blots were incubated with antidigoxigenin
alkaline phosphatase conjugate (AP) (Roche Diagnostics),
and this one was detected by the addition of ready-to-use
CDP Star (Roche Diagnostics). The chemiluminescence
signal was visualized on the ChemiDoc Instrument (BioRad)
after several exposures. finally we compared the bands
obtained with two DNA molecular weight markers, DIG
labeled.

2.8. Molecular Diagnosis. The genetic diagnosis was based
on the guidelines of the EMQN; the technical validation of
each analytical run was subjected to internal quality controls
evaluation. Positive (high and low) andnegative controlswere
patientswith a previousmolecular diagnosis. In addition after
the genetic test, each patient was retrospectively reviewed for
the distribution of pathologic and normal alleles, containing
[CTG] repeats. The [CTG] repeats size in each allele was
determined by capillary electrophoresis or by Southern Blot
Analysis.

2.9. TP-PCR. TP-PCRwas performed as discussed elsewhere
[25, 26], using 500 ng of genomic DNA, after the amplicons
were analyzed by capillary electrophoresis.

2.10. Statistical Analysis. The [CTG] expansion of each group
was expressed as mean ± standard deviation and range. Sta-
tistical analyses were evaluated by Student’s t-test. Probability
values 𝑃 < 0.05 were considered statistically significant.

3. Results

3.1. Assay Performance Characteristics. 113 patients (74 males
and 39 females) were subjected to molecular analysis using
the new commercial assay Myotonic Dystrophy SB kit, for
detection of DM1 disease, including those in whom genetic
test results were previously known from other laboratories
using previous nonstandardized techniques. Out of 113 indi-
viduals, sixty-five patients (57.5%) were diagnosed genetically
as DM1 patients and forty-eight (42.5%) as DM1-negative
patients.The assay confirmed the diagnosis in the 20 patients
in whom previous testing had shown [CTG] expansions
consistent with DM1 and it also confirmed normal [CTG]
expansions in the 11 patients in whom DM1 or DM2 had

been previously ruled out. All patients with the genetic
diagnosis of DM1 fulfilled clinical and laboratory criteria for
the disease. None of the 13 patients with DM2, who had
been included in this study to increase the specificity, had
[CTG] expansion size consistent with DM1. Sixty-nine new
cases, with unknown genotype, were correctly identified by
new molecular assay and divided as follows: forty-five were
DM1-positive and twenty-four were DM1-negative. Results of
the new molecular assay were compared with “homemade
assays” on 113 DNA samples (Table 1). Comparative analysis
revealed that the sensitivity, the specificity, and the accuracy
of Myotonic Dystrophy SB kit were very high (>99%). No
false-negative results or failed amplifications were observed.
Furthermore, we obtained the same results using several pro-
cedures for extraction of genomic DNA, from fresh or frozen
blood samples, with different concentrations of the same
(300–1000 ng of genomic DNA). In addition, we checked
interrater reliability by checking results from three different
lab technicians, and we found that diagnostic performances
of different operators with different degrees of experience
were similar. Another feature of thismolecular diagnostic test
was the best resolution of larger expansions, which appear as
single and well-defined bands especially if we consider that
expanded alleles often appear as a smeared signal due to the
somatic instability of the mutation (Figure 1).

3.2. Pathologic [CTG] Distribution. We investigated the dis-
tribution of [CTG] repeats in all 113 individuals. In our cohort
of 65 of 113 affected patients, the expanded alleles ranged
from 70 to 2500 [CTG] repeats (mean ± SD size of the
[CTG] repeat expansion; 385 ± 396 repeats, range 70–2500).
According to EMQN 2008 classification for DM1 (Table 2),
DM1 is classified into premutation (range 38–50 [CTG]),
“Mild” form (range 51–149 [CTG]), “Classic” form (range
150–2000 [CTG]), and “Congenital” form (range > 2001
[CTG]). Because the range of [CTG] repeats in the “Classic”
form is very large and may include patients with borderline
expansions in the mild range and patients with expansions
close to those in the “congenital” range, in this work we
separated this range in two specific classes: E2a class ranging
from 150 to 450 [CTG] and E2b class ranging from 451 to
2000 [CTG]. The majority of pathologic alleles, about 83.1%
(54/65), were in the range of “Classic” phenotype. In particu-
lar 42/65 patients (64.6%) showed E2a -genotype and 12/65
patients (18.5%) presented E2b -genotype. The remaining
13.9% (9/65) had the “Mild” form, between 51 and 149 repeats.
Only two cases were found with the [CTG] expansions over
2000 repeats (3.1%).The verification of the expanded size was
obtained by automated capillary electrophoresis, because the
amplicons were labeled. There was no significant difference
(𝑃 > 0.05) between males (mean ± SD, 381 ± 385 repeats,
range 70–2500) and females (mean ± SD, 326 ± 141 repeats,
range 105–570).

3.3. Normal [CTG] Distribution. Instead, the histogram
presented in Figure 2 describes the distribution of nonex-
panded normal [CTG] repeats length in 96 alleles from 48
normal subjects. The preponderance of normal individuals
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Table 1: Analytical performances of Myotonic Dystrophy SB kit compared to different “homemade” assays.

Total 𝑛 = 113
∗Myotonic Dystrophy SB kit “Homemade” assays
DM1+ DM1− DM1+ DM1−

DM1-positive (𝑛 = 65) 65 0 65 0
DM1/DM2-negative (𝑛 = 32) 0 48 0 48
DM1-negative/DM2-positive (𝑛 = 13) 0 13 0 13
∗Sensitivity = >99%, specificity = >99%.

Southern analysis
M M P P P P P P

1 2 3 4 5 6 7 8

492

1164

1953

Figure 1: Expansion detection by Southern Blot Analysis. Lanes
1 and 2 are DNA molecular weight marker, (VII and VIII, resp.;
Roche Diagnostics). Results for DM1 affected individuals are shown
in lanes 3 to 8.

Table 2: Distribution of [CTG] expansions in 65DM1 patients.

Molecular
diagnosis

Clinical
phenotype [CTG] repeats Number of

patients
Premutation 38–50 0

DM1

“Mild” 51–149 9

“Classic” E2a 150–450 42
E2b 451–2000 12

“Congenital” >2000 2
Total DM1 patients 65

was heterozygous; only five patients presented homozygosity
with five [CTG] repeats. After capillary electrophoresis, we
observed nineteen different types of alleles and the size
of [CTG] repeats ranged from 5 to 32. The allele most
frequently observed presented 12 [CTG] expansions (24/96;
25%), followed by 13 (14/96; 14.6%), and finally by 14 (19/96;
19.8%) repeats. Thirteen patients presented the large normal
alleles between 30–32 repeats (13/96; 13.5%), and none of
the subjects had numbers of repeats near cut-off area (38 <
[CTG] < 50).

3.4. Pitfalls of Molecular Analysis. Our experience demon-
strates that, although conventional Long-PCR associated to
Southern Blot Analysis proves to be accurate enough to detect
large DM1 expansions, it is unsuitable for the identification
of premutated or protomutated alleles and alleles with small
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Figure 2: Distribution of [CTG] expansions in 96 normal alleles.

[CTG] size. Figure 3 shows three of the five homozygous-
normal alleles (lines n∘ 4, 7, and 9) that our assay detects
with a single band, while usually the heterozygous-normal
alleles occur in two distinct bands (lines n∘ 6 and 11). As
suggested by the guidelines, we went further with the analysis
and confirmed these homozygous normal patients by TP-
PCR: all homozygous patients analyzed were healthy.

3.5. Cardiac and Neuromuscular Assessments. To see whether
[CTG] size correlated to muscle and cardiac impairment
muscle strength, myotonia and ECG abnormalities were
correlated to expansion size. Myotonia was themost frequent
symptom at onset (about 70%), followed by distal muscle
weakness (56%).There was no correlation between symptom
at onset and [CTG] size. One quarter of our patients had
abnormal ECGs (PR intervals > 200msec; QRS duration
> 120msec) but had no symptoms suggestive of cardiac
involvement. [CTG] expansion size did not correlate to the
presence or absence of ECG abnormalities or degree of
muscle weakness as assessed by MRC values.

4. Discussion

Myotonic Dystrophy type 1 belongs to a group of repeat
disorders where an aberrant expansion of normally short
tandem repeats in specific genes, known as “dynamic muta-
tions,” causes the disease. Molecular analysis represents, in
these types of diseases, an essential tool to confirm the
symptomatic manifestations, but it is also a predictive test.
Currently, Southern Blotting of genomic DNA, digested
with an appropriate restriction enzyme, has been the gold
standard for the detection of DMPK alleles, with the use
of several different probes for hybridization [27]. However,
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Figure 3: Expansion detection by Southern Blot Analysis. Lanes
1 and 2 are DNA Molecular Weight Marker, (VII and VIII, resp.,
Roche Diagnostics). Results for DM1 affected individuals are shown
in lanes 3, 5, 8, and 10. Results for DM1 unaffected individuals are
shown in lanes 4, 6, 7, 9, and 11, but three of these are homozygous
normal (lanes 4, 7, and 9), confirmed by TP-PCR.

this procedure has a small false-negative rate because of the
reduced sensitivity in cases of extreme somatic heterogeneity.
For this reason, a Long-PCR associated with Southern Blot
Analysis is still widely used and recommended for this type of
disease. In this study, we developed and validated amolecular
diagnostic method Myotonic Dystrophy SB kit, based on
this type of methodology. The strong point of this assay is
that all reagents are pre-packaged and ready to use. The
analytical results, evaluated on a total of 113 DNA samples,
in terms of sensitivity, specificity and accuracy were very
high (>99%), and both prospective and retrospective analysis
gave no false positives or false negatives. The opportunity,
for molecular biology laboratories, to have CE-IVD marked
product available, greatly reduces the probability of failures
during PCR amplification or Southern Blot Analysis. This
may reach 10% in some cases. On the other hand, the limi-
tations related to the identification of premutated alleles and
alleles with small [CTG] size can be overcome by checking
the homozygous normal patients by TP-PCR. TP-PCR, for
DM1detection, represents a robust and reliable PCR method
that can rapidly identify the presence of expanded alleles
for any disorder caused by repeat expansions. Although it
can distinguish between healthy homozygous and affected
heterozygous samples with no length restriction, it is not
able to determine the exact size of the repeats over a certain
threshold, that is, it is very important to allow correlation
studies.The association of twomolecular methods as a Long-
PCR and Southern transfer, together with Triplet-repeat
Primed (TP)-PCR [28, 29], is strongly recommended because
they should be able to detect a wide range of mutations.

The analysis of distribution of large normal alleles can
help to study the prevalence ofDM1 in northern Italy.The dif-
ferent frequency of alleles with more than 20 [CTG] repeats
also depends on ethnic groups [30] belonging and are not a
pathologic cause in the individual but have been considered
as a danger in the successive generation. In our study, the
retrospective analysis showed that the most frequent normal
allele presented 12 [CTG] repeats, and no individual carried a
premutation allele.While the predominant pathologic [CTG]

expansion size, in our population, was in the “E2a” range.
The fact that no correlation was found between expansion
size and muscle strength and ECG abnormalities should not
be considered a limitation of molecular analysis and thus
of the method, but it should be interpreted in the light of
the instability of the expansion size and of tissue mosaicism.
Where possible, correlations should be made between size of
[CTG] expansion of the tissue involved and symptoms related
to that tissue or system. In conclusion 20 years have passed
since the [CTG]n repeat expansion mutation was discovered
in patients with Myotonic Dystrophy type 1. Although much
has been learned within this period, an identification and
characterization of a biomolecular DM1 testing, such as that
described in this paper, could be very helpful in clinical
practice.
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Genetic variability of hepatitis C virus (HCV) determines pathogenesis of infection, including viral persistence and resistance to
treatment. The aim of the present study was to characterize HCV genetic heterogeneity within a hypervariable region 1 (HVR1) of
a chronically infected patient by ultradeep 454 sequencing strategy. Three independent sequencing error correction methods were
applied. First correctionmethod (Method I) implemented cut-off for genetic variants present in less than 1%. In the secondmethod
(Method II), a condition to call a variantwas bidirectional coverage of sequencing reads.Thirdmethod (Method III) used Short Read
Assembly into Haplotypes (ShoRAH) program. After the application of these three different algorithms, HVR1 population consisted
of 8, 40, and 186 genetic haplotypes. The most sensitive method was ShoRAH, allowing to reconstruct haplotypes constituting as
little as 0.013% of the population. The most abundant genetic variant constituted only 10.5%. Seventeen haplotypes were present
in a frequency above 1%, and there was wide dispersion of the population into very sparse haplotypes. Our results indicate that
HCVHVR1 heterogeneity and quasispecies population structure may be reconstructed by ultradeep sequencing. However, credible
analysis requires proper reconstruction methods, which would distinguish sequencing error from real variability in vivo.

1. Introduction

Genetic variability is a characteristic feature of hepatitis
C virus (HCV), due to an absence of error correction
mechanisms of the viral RNA-dependent RNA polymerase,
fast replication, and recombination events [1–3]. As a con-
sequence, HCV displays high intrahost population diversity,
forming a pool of closely related but distinct genetic variants
(quasispecies) [1]. The viral genetic variability is not evenly
distributed through the entire genome; the highest variable
regions include HVR1, HVR2, and HVR3 of the envelope E2
protein [4]. It is believed that HCV variability has significant
clinical implications, since it may result in the generation of
immune escape mutants, which may contribute to chronic
infection and treatment resistance [5].

The detailed study of the minor variants within the qua-
sispecies population is hampered by the absence of sensitive
sequencing strategies which would allow for the detection of
low-frequency genomes. The traditional method for study-
ing viral quasispecies is based on Sanger sequencing of
bacterially cloned viral sequences. However, this strategy
requires extensive cloning to achieve the desired sensitivity
forminor variants detection, a process, that is, costly and time
consuming. Another limitation of the Sanger method is its
difficulty in sequencing GC-rich regions.

Other studies employed single strand conformational
polymorphism (SSCP), an electrophoretic method shown
to detect variants constituting as little as 3% of the viral
population [6]. However, SSCP it is not informative of the
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nature of genetic changes or genetic distance between vari-
ants and therefore could not be used for some applications
such as investigation of the drug resistance. In addition, in
a mixture of heterogenous sequences, certain bands may
overlap, underrating viral complexity.

With next-generation sequencing (NGS) platforms, it
is now possible to investigate viral quasispecies at much
greater detail. Their high throughput allows for generation of
millions of reads in a single sequencing run, facilitating in-
depth sequencing.

NGS can detect variants at low frequencies, which would
go undetected by standard sequencing methods [7]. Nev-
ertheless, in order to make reliable reconstruction of the
viral quasispecies from the noisy, incomplete data obtained by
NGS, a proper data analysis is required [8, 9].

In the present study we used ultradeep pyrosequencing
(454/Roche) to characterize the complexity and heterogene-
ity of hypervariable region 1 (HVR1) in a patient persistently
infected with HCV genotype 1b. This region was chosen
as its protein product is under constant selection pressure
of the host immune responses, especially of cytotoxic T
cells and neutralizing antibodies [10, 11]. We sequenced this
short region at very high coverage, aiming at detecting a
large number of minority variants. We took into account
sequencing errors in order to have a reliable reconstruction
of the viral quasispecies on this region.

Reports taking advantage of deep sequencing to investi-
gate HCV genetic diversity for clinical and epidemiological
studies are currently available [12–15]. Likewise, there are also
works reporting and comparing bioinformatic approaches to
infer the viral population from clinical samples, mostly HIV
[9, 16–19]. Our study contributes progress in the evaluation of
reconstruction methods and extends it for HCV quasispecies
phenomenon investigation.

2. Patient and Methods

2.1. Sample. A serum sample from a 66-year-old treatment-
naive female patient with genotype 1b chronic HCV infection
was used. The serum HCV viral load was 1.54 × 106 IU/mL.
The patient provided informed consent and the study was
approved by the Institutional Bioethical Committee.

2.2. HVR1 Amplification. Viral RNA was extracted from
250𝜇L of serum by a modified guanidinium thiocyanate-
phenol/chlorophormmethod using a commercially available
Trizol reagent (Invitrogen) and suspended in 20𝜇L of water.
Five𝜇L of the solution containing RNA was subjected to
reverse transcription at 37∘C for 30minutes using AccuScript
High Fidelity Reverse Transcriptase (Stratagene). HVR1
sequences were amplified in a two-step PCR using FastStart
High Fidelity Taq DNA Polymerase (Roche) as described
previously [20]. Primers used for reverse transcription
(E2 AS) and first round HCV HVR1 amplification (E2 S)
were as follows: 5-CATTGCAGTTCAGGGCCGTGCTA-
3 and 5-GGTGCTCACTGGGGAGTCCT-3. Primers
for the second round PCR (E2 NS and E2 NAS) were as
follows: 5-CGT ATC GCC TCC CTC GCG CCA TCAG

TCC ATG GTG GGG AAC TGG GC-3 and 5-
CTA TGC GCC TTG CCA GCC CGC TCAG TGC CAA
CTG CCA TTG GTG TT-3. The latter contained tags
recognized by GS Junior Sequencing System (underlined).

2.3. SSCP Analysis of HVR1 Quasispecies. Second round
PCR product was purified using Wizard SV Genomic DNA
Purification System (Promega) and resuspended in 20𝜇L of
water. Next, 2–5𝜇L of purified PCR product was subjected
to SSCP assay as described previously [21]. Complexity of a
population was reflected by the number of distinct bands.

2.4. Ultradeep Pyrosequencing. Pyrosequencing was carried
out according to the manufacturer’s protocol for amplicons
using GS Junior System (454/Roche). In order to lower
contamination with short sequences (i.e., primer residues),
HVR1 product of the second round PCR was purified
from agarose gel by QIAquick Gel Extraction Kit (Qiagen).
The extracted product was measured fluorometrically using
Quant-iT PicoGreen dsDNA Assay Kit (Molecular Probes),
and the amount of DNA equivalent to 3 × 107 copies was
subjected to emulsion PCRusingGS Junior Titanium emPCR
Kit (Lib-A). Pyrosequencing was performed according to the
amplicon processing procedure for 100 cycles (recommended
for amplicons up to 250 bp).

2.5. Data Analysis. Reads that did not match primer
sequences or had undetermined bases (Ns) were excluded
from further analysis. Retained sequences of 179 bp were
visualized using GS Amplicon Variant Analyzer (Roche).
Subsequently, primer sequences were trimmed from the tar-
get sequence and reads of 138 bp were aligned to the reference
sequence for genotype 1b HCV (GenBank accession number
AJ406073) and translated to amino acid sequences by (Molec-
ular Evolutionary Genetics Analysis) MEGA, version 5.0
(http://www.megasoftware.net/) [22]. Phylogenetic analyses
were conducted in MEGA5 using the Maximum Likelihood
method based on the Tamura-Nei model [23] using MEGA
5.0 software. Genetic parameters such as genetic diversity and
sequence polymorphisms within sequences were 5 assessed
by DNA SP version (http://www.ub.edu/dnasp/). The pro-
gram diri sampler from the ShoRAH software was used to
correct sequencing errors and infer haplotypes. Given the
high number of reads obtained in the sequencing, the dataset
was split equally in two, and the obtained sets were analyzed
independently. Error correction included mismatches as well
as insertions and deletions.

3. Results

3.1. Amplification and Sequencing Errors. As our experiment
used RT-PCR-amplified material, we attempted to assess the
error rate in the consecutive experimental steps taking into
account error rates of employed enzymes. For reverse tran-
scription, AccuScript High Fidelity Reverse Transcriptase
(Stratagene) was used, which displays three times higher
fidelity than commonly used MMLV reverse transcriptase
[24]. The estimated AccuScript RT error rate is 2 × 10−5
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Figure 1: The SSCP image of HVR1 amplified from the serum of
HCV-infected patient.

(manufacturers data). For PCR amplification, we used Fast-
Start High Fidelity Taq DNA Polymerase (Roche), which has
estimated error rate of 2 × 10−6 (three times lower than Taq
DNApolymerase) [25]. Finally, the pyrosequencing error rate
is estimated to be 1.07%, including mismatches (0.088%),
insertions (0.541%), deletions (0.359%), and ambiguous base
calls (0.085%) [26].

Studying clonal samples, or control samples where a set of
clones aremixed in predetermined proportions are important
to evaluate the error rate of the sequencing process and the
performance of the haplotype reconstruction methods. Since
these have already been reported elsewhere [16, 26], it seems
not requisite to perform these experiments for every new
study of the viral quasispecies.

3.2. Heterogeneity of HCV HVR1 Viral Variants Assessed by
SCCP Analysis. Based on gel analysis, at least nine SSCP
bands of HVR1 were observed (Figure 1). The frequency was
not uniform across variants, as could be seen by the different
intensities of the bands.

3.2.1. Heterogeneity of HCV HVR1 Assessed by Ultra-
deep Sequencing. To check the applicability of ultradeep
pyrosequencing for HCV HVR1 heterogeneity analysis, the
amplified product was sequenced by GS Junior System
(454/Roche). Based on the data of GS Amplicon Variant
Analyzer, the total number of sequenced nucleotides was
1.37 × 10

8. The system read 76 332 individual sequences,
among them 73 236 (95.9%) (28 098 forward and 45 138
reverse) were aligned to the reference sequence AJ406073
of genotype 1b HCV. The GS Amplicon Variant Analyzer
software detected 15 917 haplotypes. Mean coverage of each
variant (expressed by the number of identical reads) was 4.6.
The most abundant haplotype coverage was 4540 reads. The
rarest haplotypes comprised single sequence reads (74,6% of
detected haplotypes). Our results are summarized in Table 1.

Table 1: HVR1 HCV characteristics obtained by pyrosequencing
using GS Junior System (454/Roche).

Number of sequenced nucleotides 1.37 × 108

Number of individual sequences that passed the quality
control∗ 76 332

Number of individual sequences aligned to reference
genome 73 236

Mean coverage per sequence 4.6
Identified haplotypes 15 917
∗No undetermined bases, 100%match with primer sequences.

3.2.2. Error Correction in Haplotype Reconstruction. In order
to reflect the HVR1 HCV population in vivo as accurately as
possible, we explored the effect of different strategies to take
the sequencing error rate into account. In a very conservative
approach (Method I), we only considered variants detected
at a frequency higher than 1%. This amounts to discard most
variants, even if, given the high coverage, they appear in
hundreds of reads. With this strategy we only retained 8
haplotypes.

A second strategy (Method II) consisted in requiring
bidirectional coverage, that is, in only retaining variants
supported by at least one forward and one reverse read. This
method identified 40HVR1 variants.

In the third approach we used the program diri sampler
from the software suite ShoRAH [16]. In this analysis, infer-
ence of the viral quasispecies is done in probabilistic manner
using a Bayesian approach. It does not rely on the input of
an error rate, rather, it estimates it from the sequencing data.
Reads are clustered together and the consensus sequence
of each cluster represents the original haplotype. Together
with the frequency of each variant, the program enables
assessments of the posterior probability of each haplotype, a
confidence value for their existence. The number of diverse
reads sequenced was higher than what the program can han-
dle on a desktop computer with 4GB of RAM. In order to face
this limitation, we split the reads equally in two subsets, and
performed haplotype reconstruction independently. Only
haplotypes with confidence value >95% were retained. As an
additional measure of reliability, only haplotypes supported
by at least 5 reads were included. Since we are dealing with
a coding sequence, frameshift inducing insertions/deletions
were resolved correcting to the most common nucleotide for
that position. As a result of two independent computations
on raw data halves, two populations (A and B), consisting of
333 and 315 haplotypes respectively, were obtained.Their fre-
quencies varied from 10.54% and 10.44% (the most abundant
variants in population A and B, resp.) down to 0.013% and
0.014% (the least abundant variants in population A and B,
resp.). 186 haplotypes were common to both populations and
their frequencies were all above 0.02%. Seventeen haplotypes
were present with a frequency >1%, constituting in total
58.6% of the entire population.

3.2.3. Characteristics of Inferred HVR1 Populations. After
application of error correction methods, such parameters as
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Table 2: The impact of haplotype reconstruction method on the variability parameters of HVR1.

Correction method I
Cut-off 1%

II
Bidirectional coverage

III
ShoRAH

Number of haplotypes 8 40 186
Number of nucleotide substitutions within HVR1 51 59 70
Percentage of mutated amino acid positions within HVR1 (%) 55.6 55.6 74.1
Genetic distance 3.874 0.065 0.110
Genetic diversity 0.923 0.998 0.984

percentage ofmutated amino acid positions, genetic distance,
genetic diversity as well as number of substitutions were cal-
culated (Table 2). The highest genetic distance characterized
population reconstructed by cut-off method (3.874) followed
by ShoRAH method (0.110) and bi-directional coverage
method (0.065), whereas genetic diversities were similar for
all populations (0.923, 0.998 and 0.984 for method I, II and
III, resp.).Thehighest number of nucleotide substitutionswas
detected in ShoRAH-reconstructed population (overall 70).
47 (67%) of themwere present in genetic variants constituting
more than 1% of the entire population.

HVR1 populations were also compared on amino acid
level (Figure 2). Within 27 amino acid stretch of HVR1, only
15 (55.5%) positions were polymorphic after application of
methods I and II, and 20 (74.1%) after ShoRAHcomputations.
Based on ShoRAHcomputation results, themost variablewas
the fourth HVR1 position, where 11 amino acid substitutions
were detected when compared to reference sequence (V/D,
V/M, V/T, V/L, V/R, V/A, V/E, V/G, V/N, V/I, V/Q).

Viral populations were also analyzed phylogenetically. As
shown in Figure 3, the general topology of three populations
was similar. However, the tree topology based on ShoRAH
computation was the most extensive.

4. Discussion

Pyrosequencing is a relatively novel technique which may
help to decipher complex viral populations in terms of their
diversity and structure. To date, it was successfully used in
human immunodeficiency virus (HIV) research to identify
minor drug resistant variants, analyze variable regions of
heavy and light chains of neutralizing antibodies against HIV,
as well as to determine HIV tropism, analyze superinfections
and assess diversity of genital microbiota in HIV-infected
women [27–31]. Ultradeep sequencing strategies also offers
a new approach in HCV research. However, application
of this method requires that several issues are taken into
account.The foremost of these is the generation of mutations
during reverse transcription and amplification reactions, due
to enzyme errors [32]. Reverse transcriptase is the most
error-prone, as it lacks a proofreading activity. For instance,
error rate of common reverse transcriptases used in vitro to
synthesize cDNA is at least 10−4 [24], and errors that occurred
during this step are propagated during the subsequent PCR
amplification. In the present study, in order to minimize
errors, high fidelity enzymes were used in amplification
reactions preceding sequencing (AccuScript High Fidelity

Reverse Transcriptase and FastStart High Fidelity Taq DNA
Polymerase). Nevertheless, the resulting hypothetical error
rate of amplification is estimated to be lower than the
sequencing error rate itself. The sequencing step introduces
various types of errors related to the pyrosequencing chem-
istry and detection technology. The major contributor to
errors is the ambiguity of homopolymer length, which results
from the difficulty to resolve intensity of luminescencewhen a
homopolymer is encountered.Moreover, insufficient flushing
may lead to single base insertions. Overall, it was estimated
that the mean error rate of pyrosequencing (defined as the
number of errors such as miscalled bases or inserted or
deleted bases divided by the total number of sequenced
bases) was 1.07% [26]. This value may be considered as the
experimentally confirmed resolution of the method. For the
above reasons, the raw data obtained from sequencing should
be additionally processed in order to remove low-quality
reads and reads containing errors.

Three different error correction methods were applied
to the raw sequencing data, which resulted in three HVR1
populations, differing in complexity and heterogeneity. The
most sensitive was ShoRAH program reconstruction, which
allowed to obtain the broadest spectrum of HVR1 sequences.
This method has already been shown to reliably detect
variants down to about 0.1% [33]. In this study we detected
variants down to 0.02%, confirmed in two independent
computations. The cut-off method, in which variants present
in less than 1% of the population were discarded, was the
least sensitive, as it allowed to detect only 8 haplotypes.
Similar cut-off was applied in analysis of pyrosequencing
reads of pol/gag of HIV population as well as PePHD E2 of
HCV [14, 34]. It was reported that this method may result
in inadequate haplotype reconstruction of low precision,
low recall, or both, depending on the cut-off value. Too
low cut-off value may result in low precision (fraction of
true haplotypes among all called haplotypes) and conversely,
high cut off may significantly lower recall (fraction of called
haplotypes among all true haplotypes). For instance, based on
the analysis of gag/pol HIV genes, it was shown that the cut-
off of 50 read observations resulted in 80% precision but only
40% recall [33]. Application of the bi-directional coverage
correction method II allowed us to determine the presence
of 40 haplotypes, but such verification is laborious and raises
concern regarding the acceptance of haplotypes characterized
by high disproportion in forward and reverse strand counts.
Among these forty sequences with bidirectional coverage,
we could identify twenty that matched exactly one of the
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Figure 2: Continued.
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Figure 2: Continued.
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Figure 2: Amino acid sequences of HVR1 populations inferred after the application of three different error correction methods. (a) Cut-
off method >1% (I), (b) bidirectional coverage (II), and (c) ShoRAH computation (III). Top sequence corresponds to reference sequence
AJ406073 for genotype 1b HCV. Dots indicate consensus positions. Dashes indicate positions not present in the sequence. Asterisks indicate
stop codons.

sequences obtained with ShoRAH. This is probably a very
precise dataset, although, for example, some sequencesmight
have a very biased forward/reverse read ratio and yet be
included in it. Undoubtedly, using the strand information
while reconstructing haplotypes is a strategy worth pursuing.
A promising approach seems to be a proper statistical
treatment of the strand bias, implemented together with the
error correction of ShoRAH (McElroy, unpublished data).

In our study, using two independent ShoRAH compu-
tations, 186 haplotypes were reconstructed. In contrast, in
the study of Bull et al. [13], 100 E2 variants were detected
by ShoRAH. However, patients in that study were in an
early phase of HCV infection and the study was performed
along the whole genome, at much lower coverage, and thus
HVR1 complexity could have been lower [13]. Based on
ShoRAH reconstruction, we found that the most frequent
HVR1 variants constitute a relatively small percentage of
the entire population. Thus, the most abundant variant
constituted 10.5%, and only 17 haplotypes were present in
proportions higher than 1%. These data suggest that during
the chronic phase of infection the quasispecies population is
highly dispersed into minor variants, with no predominant

sequences present. Similar haplotype frequency distribution
was observed in foot-and-mouth virus population recon-
structed by next generation genome sequencing [35]. In
the only other HCV study investigating this issue, two to
five variants were detected in frequency higher than 2.5%,
whereas we detected eight such sequences. However, as
already mentioned, viral samples in that study were drawn
in the acute phase of infection [13]. The highest number of
substitutions (70) within HVR1 was detected in population
reconstructed by ShoRAH. Importantly, 47 (67%) of these
were detected in variants constituting more than 1%. In
contrast, during the acute phase of infection, less than 50% of
substitutions were detected in variants present in more than
1% [13].This suggests that, during the acute phase of infection,
rare variants contributemore to the population diversity than
during the chronic infection.

SSCP analysis, which has the sensitivity limit of 3%,
revealed the presence of 9 bands. If the same cut-off value
were applied in ShoRAH-based reconstruction, 7 haplotypes
would have been identified. This fact suggests that the SSCP
sensitivity might be higher than expected.

However, it must be stressed that the absolute SSCP band
numbermay not reflect the haplotype number as it represents
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(a)

(c)

(b)

Figure 3: Molecular phylogenetic analysis of HVR1 populations inferred after the application of three different error correction methods. (a)
Cut-off method >1% (I), (b) bidirectional coverage method (II), and (c) ShoRAH algorithm (III). The evolutionary history was inferred by
using the Maximum Likelihood method based on the Tamura-Nei model [23]. Evolutionary analyses were conducted using MEGA 5.0 [22].
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resolved single DNA strands. Importantly, only sequencing
provides information about the nucleotide sequence.

5. Conclusions

The newly available pyrosequencing technique opens a new
approach to the analysis of complex viral genomes as it allows
for detection of raremolecular variants. Better understanding
of population genetics of complex viral populations seems
crucial for understanding quasispecies phenomenon, viral
evolution, and drug resistance.

In the evaluation presented here, we used ShoRAH to
obtain the broadest spectrum of HVR1 variants while trying
to preserve their reliability. The use of different sequencing
platforms, the optimization of library preparation, and data
analysis will further improve the reconstruction of viral
quasispecies.
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Clopidogrel is a prodrug which is converted into active metabolite by cytochrome P450 isoenzyme, CYP2C19. Numerous poly-
morphisms of CYP2C19 are reported, and a strong link exists between loss-of-function (LOF) or gain-of-function polymorphisms,
clopidogrel metabolism, and clinical outcome. Hence, a fully automated point-of-care CYP2C19 genotyping assay is more likely to
bring personalized antiplatelet therapy into real practice. We assessed the feasibility of the Verigene 2C19/CBS Nucleic Acid Test, a
fully automated microarray-based assay, compared to bidirectional sequencing, and performed VerifyNow P2Y12 assay to evaluate
the effect of CYP2C19 polymorphisms on on-treatment platelet reactivity in 57 Korean patients treated with clopidogrel after per-
cutaneous coronary intervention. The Verigene 2C19/CBS assay identified ∗2, ∗3, and ∗17 polymorphisms with 100% concordance
to bidirectional sequencing in 180 minutes with little hands-on time. Patients were classified into 4 groups: extensive (∗1/∗1; 𝑛 = 12,
21.1%), intermediate (∗1/∗2, ∗1/∗3; 𝑛 = 33, 57.9%), poor (∗2/∗2, ∗2/∗3, and ∗3/∗3; 𝑛 = 11, 19.3%), and ultrarapid metabolizers (∗1/∗17;
𝑛 = 1, 1.8%).The prevalence of the CYP2C19 ∗2, ∗3, and ∗17 alleles was 36.0%, 12.3%, and 0.9%. Platelet reactivity showed gene dose
response according to the number of CYP2C19 LOF allele. In conclusion, the Verigene 2C19/CBS assay gave accurate CYP2C19
genotype results which were in well match with the differing on-treatment platelet reactivity.

1. Introduction

Clopidogrel is a thienopyridine prodrug, whose active liver
metabolite covalently binds cysteine residues of the platelet
surface P2Y12 receptor, irreversibly blocking the receptor,
leading to inhibition of platelet aggregation in response to
ADP and also to other agents through the inhibitory effect
on released ADP.

The conversion of clopidogrel to its active metabolite
relies on the CYP2C19 enzyme, a member of the hep-
atic cytochrome P450 family. Numerous polymorphisms in
CYP2C19 have been identified and individuals can be

classified as the phenotype of extensive metabolizers (EMs),
intermediate metabolizers (IMs), poor metabolizers (PMs),
andultrarapidmetabolizers (UMs) according to the polymor-
phism of CYP2C19. Among the PM phenotypes, CYP2C19
∗2 and ∗3 polymorphisms are the most frequent and both
alleles confer loss-of-function (LOF) leading to a complete
loss of the enzyme activity. Indeed, in patients who carry the
CYP2C19 ∗2 or ∗3 allele, the conversion of clopidogrel to its
active metabolite is reduced, resulting in decreased response
of platelets to clopidogrel treatment andworse cardiovascular
outcome.
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Clopidogrel on top of aspirin has revolutionized the
treatment of patients with acute coronary syndrome and
undergoing percutaneous coronary intervention (PCI) [1, 2].
However, interindividual variation of platelet inhibition by
clopidogrel has been noted, and from 5% to 11% of patients on
clopidogrel treatment experience acute or subacute throm-
bosis after a coronary event or implantation of a coronary
stent [1]. Accordingly, a black-box warning was added to
the clopidogrel package insert indicating a significant clinical
link between CYP2C19 LOF genotypes (∗2 and ∗3) and
poor metabolism of clopidogrel [3]. Therefore, a CYP2C19
genotyping assay with a rapid sample-to-result time could be
beneficial in the appropriate dosing of clopidogrel based on
the genotype of the patient and/or permitting change to other
antiplatelet agents in a timely manner.

The aim of this study was to assess the performance
of the Verigene 2C19/CBS Nucleic Acid Test (Nanosphere,
Northbrook, IL, USA), a fully automated microarray-based
assay that identifies 12 allelic variants of CYP2C19 (∗1–∗10,
∗13, and ∗17) in a rapid turnaround time of approximately 3
hours [3], and to study the influence of the CYP2C19 allelic
variants derived from the Verigene test on on-treatment
platelet reactivity as assessed byVerifyNowP2Y12 assay (Acc-
umetrics, San Diego, CA, USA) in Korean patients treated
with clopidogrel after PCI with the use of drug-eluting stents
(DESs).

2. Materials and Methods

2.1. Patients. Peripheral blood samples were collected from
57 consecutive patients subjected to PCI. All patients were
preliminarily treated with 100mg/day of aspirin followed by
coadministration of clopidogrel (loading dose, 600mg;main-
tenance dose, 75mg/day). Exclusion criteria were platelet
count outside from 100 to 450×109/L range; hematocrit<25%
or hemoglobin <8 g/dL; and chronic renal failure requiring
dialysis. The study was conducted in accordance with the
Declaration of Helsinki ethical guidelines and was approved
by the Institutional Review Board at CatholicMedical Center.

2.2. Platelet Function Testing with VerifyNow P2Y12 Assay.
The blood was drawn from the antecubital vein at 48 h after
clopidogrel loading dose into a 3.2% sodium citrate tube
for the VerifyNow P2Y12 assay. The time interval between
blood sampling and VerifyNow P2Y12 testing did not exceed
2 hours. Platelet reactivity was assessed by the VerifyNow
P2Y12 assay, and the VerifyNow P2Y12 assay was performed
as previously described [4]. With this assay, higher P2Y12
reaction units (PRU) reflect greater ADP-mediated platelet
reactivity. Cut-off value for high on-treatment residual ADP-
inducible platelet reactivity (HRPR) was PRU > 235 for the
VerifyNow P2Y12 assay according to the published consensus
statement [5].

2.3. Genotyping with Verigene 2C19/CBS Nucleic Acid Test.
Thebloodwas drawn from the antecubital vein into an EDTA
tube for genotyping. For the Verigene 2C19/CBSNucleic Acid
Testing, the EDTA-anticoagulated whole blood (EDTA-WB)
samples could be stored at 2–8∘C for up to 10 days before

processing. Briefly, a single-use extraction tray containing
all necessary reagents to lyse, extract, and purify DNA from
WBwas loaded into theVerigene Processor SP (Nanosphere).
1.0mL of EDTA-WBwas transferred to the sample well in the
extraction tray. A single-use test cartridge containing the slide
array and hybridization reagentswas loaded into theVerigene
Processor SP, and the assay was started. On completion of the
assay, the test cartridge was removed from the processor, and
the hybridization slide was inserted into the Verigene Reader.

2.4. Direct Sequencing. To evaluate the accuracy of the geno-
type results obtained with the Verigene 2C19/CBS Nucleic
Acid Test we performed Sanger-based direct sequencing
method in parallel. Briefly, the Genomic DNA was isolated
from the peripheral leukocytes using the QIAmp DNA Mini
Kit (Qiagen,Hamburg, Germany). PCRwas carried out using
previously published primer sets for ∗2 and ∗3 [6] and a
newly designed primer set for ∗17. The PCR amplicons were
sequenced using the BigDye terminator v3.1 cycle sequencing
kit (Applied Biosystems, Foster City, CA, USA) on an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems). The
chromatograms were analyzed with the Sequencher software
version 4.9 (Gene Codes).

2.5. Statistical Analysis. PRU values of VerifyNow P2Y12
assay were compared between the metabolizer statuses by
one-way analysis of variance (ANOVA). MedCalc version
12.1.4 (Mariakerke, Belgium) was used for all statistical anal-
yses; 𝑃 < 0.05 was considered statistically significant.

3. Results

Clinical and laboratory characteristics of the total population
are presented in Table 1. The average age was 67.0 years
and about 65% of patients were men. According to the
defined cut-off value, the frequency of clopidogrel resistance
was 42.1%. Baseline demographics, clinical presentation, and
treatment were well balanced between the CYP2C19 LOF
carrier/and noncarrier groups (𝑃 > 0.05).

3.1. Verigene 2C19/CBS Nucleic Acid Test for Identifying
CYP2C19 Polymorphisms. An initial result was obtained for
53 of 57 specimens (93.0%) using the Verigene 2C19/CBS
Nucleic Acid Test. On retesting, all 4 samples gave a definitive
result. The total time-to-result was approximately 3 hours
with about 15 minutes of hands-on time. The comparison
of polymorphism results between bidirectional sequencing
and the Verigene 2C19/CBS Nucleic Acid Test revealed 100%
concordance rate for all 57 specimens that were analyzed.

3.2. Genotype Frequencies and Classification of Metabolizer
Statuses. Distributions of the CYP2C19 alleles, genotypes,
and the predicted phenotypes in our study population are
given in Table 2. The frequency of the LOF genotype was
high (77%). The prevalence of the gain-of-function variant,
CYP2C19 ∗17 allele, was low (1%), and the prevalence of the
CYP2C19 ∗2 and ∗3 alleles were 36% and 12%, respectively. Of
the 57 patients included in the study, 12 (21%) were classified
as extensive (EM), 1 (2%) as ultrarapid (UM), 33 (58%) as
intermediate (IM), and 11 (19%) as poor (PM) metabolizers.
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Table 1: Baseline characteristics of the study population.

Overall LOF No LOF
𝑃 value

𝑁 = 56 𝑁 = 44 𝑁 = 12

Age 67.0 67.0 66.0 0.7
Male gender 36 (64.3) 29 (65.9) 7 (58.3) 0.7
Smoking 10 (17.9) 7 (15.9) 3 (25.0) 0.4
Hypertension 33 (58.9) 25 (56.8) 8 (66.7) 0.7
Diabetes mellitus 15 (26.8) 11 (25.0) 4 (33.3) 0.7
Dyslipidemia 12 (21.4) 9 (20.5) 3 (25.0) 0.7
Prior MI 3 (5.4) 1 (2.3) 2 (16.7) 0.1
Prior PCI 11 (19.6) 7 (15.9) 4 (33.3) 0.2
BMI 24.8 26.1 24.3 0.2
Statin 15 (26.8) 13 (29.5) 2 (16.7) 0.5
𝛽-blocker 9 (16.1) 5 (11.4) 4 (33.3) 0.09
ACE inhibitor 4 (7.1) 3 (6.8) 1 (8.3) 1
CCBs 11 (19.6) 8 (18.2) 3 (25.0) 0.7
PPIs 2 (3.6) 1 (2.3) 1 (8.3) 0.4
Platelet count 215.5 221.0 215.5 1
C-reactive protein 0.1 0.1 0.1 0.2
The denotations are LOF: loss-of-function; MI: myocardial infarction; PCI:
percutaneous coronary intervention; BMI: body mass index; ACE: angiot-
ensin converting enzyme inhibitor; CCB: calcium channel blocker; and PPI:
proton pump inhibitor.

3.3. Influence of Metabolizer Statuses on Platelet Reactiv-
ity. Platelet reactivity measured by the VerifyNow P2Y12
assay differed significantly according to metabolizer statuses
when tested by analysis of variance (Figure 1). Higher on-
clopidogrel platelet reactivity was observed as the number of
CYP2C19 LOF allele increased (UM 4.0; EM, 177.7; IM, 201.7;
and PM 277.0). Student-Newman-Keuls test for pairwise
comparison revealed a significant difference between UM
and IM/PM using the VerifyNow P2Y12 assay.

4. Discussion

In this study, we found that the test reliability of the
Verigene 2C19/CBS Nucleic Acid Test for the identification
of CYP2C19 polymorphisms was 100% accurate as com-
pared with the bidirectional sequencing method. In addi-
tion, this Verigene test offered rapid detection time and
enabled point-of-care diagnosis without conventional DNA
extraction, PCR steps, and sequencing. Genotyping assays
for CYP2C19 can be performed with numerous molecular
methods, such as real-time PCR, allele-specific PCR, PCR-
RFLP, pyrosequencing, and bidirectional sequencing. Also
a growing number of commercial analytical platforms are
available, and these include the INFINITI (AutoGenomics,
Inc., Vista, Carlsbad, CA,USA) [7], theVerigene, eSensorXT-
8 (Genmark, Carlsbad, CA, USA) [8], Spartan RX (Spartan
Biosciences, Ottawa, ON, Canada) [9], Invader (Hologic,
Bedford, MA, USA) [10], and Luminex assays (Luminex,
Austin, TX, USA) [8]. Although the comparison of different
genotyping methods is beyond the scope of this paper, the
Verigene assay utilizes signal amplification and not target
amplification, and therefore it has a unique advantage of
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Figure 1: Result from the VerifyNow P2Y12 assay according to
CYP2C19 metabolizer statuses. Data are shown as mean. The deno-
tations are PRY: P2Y12 reaction units; UM: ultrarapid; EM: exten-
sive; IM: intermediate; and PM: poor metabolizer.

operating in a PCR-free environment. Also Verigene has
the shortest TATs among commercial platforms that are
capable of genotyping a certain number of polymorphisms
and also the least complex to operate. And therefore the assay
can be readily implemented in clinical laboratories without
extensive experience in molecular techniques. The limitation
of the Verigene assay is the no call rate of 7–10%. The rate
of no call at first attempt was 7.3% in our study; however, in
our experience, the no call errors were resolved with repeat
testing.

The inhibitory effect of clopidogrel on platelet function
shows marked interindividual variability. The prevalence
of clopidogrel nonresponsiveness has been reported to be
from 4% to 30% in patients with coronary artery disease
[11]. Several factors including underdosing, inappropriate
dosing, variable absorption of the prodrug, variable clearance
of the active metabolite, potential drug-drug interactions,
P2Y12 receptor variability, and genetic polymorphisms of
cytochrome P450 isoenzymes are possible mechanisms of
clopidogrel resistance [11]. In this respect, CYP2C19 poly-
morphisms specifically addresses the issues associated with
dosing, since in vivo transformation of the prodrug to its
active metabolite is dependent on the hepatic cytochrome
P450 isoenzymeCYP2C19. Today, at least 25 single nucleotide
polymorphisms (SNPs) in the gene coding for CYP2C19
have been described. Of these, CYP2C19 ∗2, ∗3 are the most
frequent LOF polymorphisms and thus the main genetic
determinants of clopidogrel response variability. In this study,
we also observed that CYP2C19 LOF alleles were significantly
associated with reduced antiplatelet efficacy of clopidogrel.

There exists a marked interracial difference in the fre-
quency of theCYP2C19 polymorphisms. Asians have a higher
prevalence ofCYP2C19LOFalleles andPMphenotypes (from
13% to 23% in Asians and from 1% to 6% in Caucasians)
[12, 13]. In this study, the prevalence of CYP2C19 PM, ∗2, and
∗3 alleles were 19.3%, 36.0%, and 12.3%, respectively. These
results are in agreement with the observed allele frequencies
of 28.6% and 7.4% forCYP2C19 ∗2 and ∗3 alleles in a previous
report of 200Korean individuals [14].The carriage prevalence
of the CYP2C19 LOF variant is 77.2% in this study, which is



4 BioMed Research International

Table 2: Distributions of the CYP2C19 alleles, genotypes, and the predicted phenotypes.

Allele Frequency, 𝑛 (%) Genotype Frequency, 𝑛 (%) Phenotype Metabolizer status
∗1 58 (51) ∗17/wt 1 (2) Rapid heterozygous UM
∗2 41 (36) wt/wt 12 (21) Extensive EM
∗3 14 (12) ∗2/wt 24 (42) Intermediate IM
∗17 1 (1) ∗3/wt 9 (16) Intermediate IM

∗2/∗2 6 (10) Poor PM
∗2/∗3 5 (9) Poor PM

The denotations are wt: wild type; UM: ultrarapid metabolizer; EM: extensive metabolizer; IM: intermediate metabolizer; and PM: poor metabolizer.

also in linewith the reported prevalence of 55% to 70%among
Asians [12].

Multiple tests are available for the monitoring of anti-
platelet therapy, especially aspirin and clopidogrel. Light
transmission aggregometry (LTA) is the gold standard for
assessing the platelet response to ADP [4], but this method is
laborious and weakly standardized. In the present study, the
VerifyNow P2Y12 assay, a method that shows the strongest
correlationwith the LTA amongwhole blood-basedmethods,
was used to assess clopidogrel-mediated platelet inhibition.
Platelet reactivity measured by the VerifyNow P2Y12 assay
significantly differed according to metabolizer statuses when
tested by analysis of variance in our population. Higher on-
clopidogrel platelet reactivity was observed as the number
of CYP2C19 LOF allele increased (UM 4.0; EM, 177.7; IM,
201.7; and PM 277.0), but post hoc analysis did not reach
statistical significance for linear trend, probably as a result
of the small number of patients. Interestingly, a rare but
well-recognized gain of function allelic variant CYP2C19
∗17 was identified in our study. Student-Newman-Keuls test
for pairwise comparison revealed a significant difference
between UM and both IM/PM platelets reactivity using the
VerifyNow P2Y12 assay.

The Verigene 2C19/CBS Nucleic Acid Test is a fully auto-
mated microarray test that utilizes gold nanoparticle-con-
jugated oligonucleotide probes to detect nucleic acids cap-
tured by array probes, and this method eliminates the need
for target amplification, namely, a PCR step, before array
hybridization [3, 15].Therefore the assay is less prone to errors
introduced during the conventional nucleic acid extraction
and target amplification processes and has a rapid turn-
around-time. The initial call rate of this study was 93.0%
which is similar to the reported initial call rate of 93.5% in
a previous study [3], and the assay identified heterozygous
and homozygous ∗2, ∗3, and ∗17 polymorphisms with 100%
concordance to bidirectional sequence analysis in 57 patient
samples. Most importantly, the total time to result was
approximately 3 hours with less than 15 minutes of hands-on
time.

There are a number of limitations of this study. Our
cohort consisted of only 57 patient samples and the small
sample size related to lack of statistical power. Also another
limitation of our studywas the use of PRU values asmeasured
byVerifyNowP2Y12 assay as ameasure of clinical efficacy and
did not include clinical endpoints. However, the analytical
validation ofVerigene assay aswell as clinical validation using

PRU values as surrogate endpoints to clinical efficacy serves a
crucial role in providing the link of the point-of-caremicroar-
ray CYP2C19 genotyping assay towards pharmacogenetic
dosing of clopidogrel in real clinical practice.

5. Conclusion

In conclusion, the concordance rate of the Verigene 2C19/
CBS Nucleic Acid Test with Sanger’s sequencing method was
100% in this study of Korean patients treated with clopidogrel
after coronary stenting. In addition, the genetic test results
of the CYP2C19 polymorphisms highly predicted the on-
treatment platelet reactivity as assessed by VerifyNow P2Y12
assay. The Verigene test offered several advantages for the
detection ofCYP2C19 polymorphisms such as easiness of use,
rapid detection time, and a lower test error rate and test failure
rate. We anticipate that the rapid point-of-care CYP2C19
genetic test will clarify the clinical utility of clopidogrel
pharmacogenetic tests in patients treated with clopidogrel.
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The diagnosis of acute promyelocytic leukaemia (APL) is usually confirmed by cytogenetics showing the characteristic t(15;17), but
a minority of patients have a masked PML/RARA fusion. We report ten patients with APL and no evidence of the t(15;17), in whom
the insertion of RARA into PML could not be demonstrated by initial FISH studies using a standard dual fusion probe but was
readily identified using smaller probes. Given the need for rapid diagnosis of APL, it is important to be aware of the false negative
rate for large PML/RARA FISH probes in the setting of masked rearrangements.

1. Introduction

Acute promyelocytic leukaemia (APL) is characterised by
the reciprocal 15;17 translocation involving the PML gene
on 15q24, and RARA gene on 17q21 in more than 90%
of cases. This translocation creates a PML/RARA fusion
gene on the derivative chromosome 15 [1]. Occasional cases
of complex translocations involve 15, 17 and other partner
chromosomes, or insertions of 15 into 17 and vice versa, all
resulting in a PML/RARA fusion [2]. There are also rare
variant translocations involving RARA and other partner
genes: PLZF, NPM, NuMA, STAT5b, PRKAR1A, FIP1L1, and
BCOR [3–6]. In a series of APL cases without the standard
t(15;17), most contained the PML/RARA fusion caused by an
insertion and the fusions were usually demonstrated by both
RT-PCR and fluorescence in situ hybridization (FISH) [7].

We present tenAPL cases without cytogenetic evidence of
t(15;17) in whom RT-PCR identified the PML/RARA fusion

transcript, but initial FISH with standard probes showed no
abnormality. Subsequent FISH revealed a small PML/RARA
fusion signal in all cases on an apparently normal chromo-
some 15. Thus, all cases appeared to represent insertions of
RARA into 15q24. Using the dual fusion probe from Abbott
Molecular Inc., the PML signal swamped the tiny RARA
signal. Careful examination showed a fusion signal in 3 cases,
but, even in retrospect, there was no evidence of a fusion
signal in 7 cases. Depending on which probe is used, a
negative FISH result in APL does not, therefore, exclude the
diagnosis.

2. Patients and Materials and Methods

Seven cases were identified from the records of 135 APL
patients analysed by the Victorian Cancer Cytogenetics Ser-
vice (VCCS) (cases 1, 3, 4, 5, 8, 9, and 10) over an 11-year period
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from 2002, two cases were identified from 25 APLs analysed
by the Cytogenetics Department of LabPLUS, Auckland City
Hospital (cases 2, 7) over a 5-year period from 2002 and one
casewas analysed by theCytogeneticsDepartment of Sullivan
and Nicolaides Pathology, Brisbane (case 6) in 2005.

Cytogenetic studies were performed using standard
protocols and FISH was performed according to the
manufacturers’ instructions. Five FISH probes were used:
LSI PML/RARA dual colour translocation probe (Abbott
Molecular Inc., Des Plaines, IL, USA), LSI PML/RARA
dual colour dual fusion translocation probe (Abbott),
LSI RARA dual colour break apart rearrangement probe
(Abbott), PML/RARA translocation probe (extra signal) and
PML/RARA translocation dual fusion probe (Cytocell Tech-
nologies, Cambridge, UK).

FISHwas performed on cytogenetic preparations fixed in
3 : 1 v : v methanol/glacial acetic acid, derived preferentially
from short-term (usually less than 24 hour) cultures. Slide
preparations were hybridized with the various locus-specific
probes using codenaturation and overnight hybridization.
Analysis was performed using a Zeiss Axioplan 2 Epifluo-
rescence microscope and analysed by ISIS software (Meta-
systems, Altu𝛽heim, Germany). A minimum of 200 cells
were scored for each probe by two scorers. Cut-off values for
false positive results (below which the result was regarded
as normal) were <1% for the dual fusion probes, 3% for the
RARA break apart probe, 10% for the Cytocell PML/RARA
extra signal probe, and 10% for the PML/RARA single fusion
probe. Karyotypes were described according to ISCN (2009)
[8].

For quantitative t(15;17) PML-RARA gene analysis, RNA
was purified using Trizol as per the manufacturer’s instruc-
tions (Invitrogen), 1st-strand cDNA transcribed using Super-
Script II (Invitrogen) and absolute quantitative PCR per-
formed using Taqman assay on a Fast Real-Time ABI7500
PCR instrument (Applied Biosystems) using absolute quan-
titation standards.

3. Results and Discussion

APL is usually diagnosed on the bone marrow morphology
and confirmed by the presence of the t(15;17) and detection
of the PML/RARA fusion transcript via RT-PCR [3]. The
t(15;17) is reported in 92% of APL cases, with 2% having
simple or more complex variants, another 4% with insertions
of RARA into PML or PML into RARA, and the rest with
RARA fused to partner genes other than PML or, in 1%,
with no RARA rearrangement [3]. We have identified ten
cases of APL without a t(15;17) that appear to have produced
a PML/RARA fusion gene by inserting a small segment of
RARA into the PML gene on one cytogenetically normal
chromosome 15. Seven of these cases were studied at the
VCCS between 2002 and 2012, during which time 135 new
cases of APL were diagnosed. Thus, the incidence of these
cryptic insertions was 7/135 (5%), comparable to previously
published series of cryptic abnormalities in APL [3, 9]. No
specific morphological features distinguished this group as
there were both classic hypergranular (𝑛 = 8) and variant
hypogranular cases (𝑛 = 2). The RT-PCR results showed that

there was no uniformity with regard to the PML breakpoint
(Table 1), and immunophenotyping did not show any striking
differences compared with the majority of APL cases (results
not shown).

Clinical details of all patients are summarized in Table 1.
Themedian age at diagnosis was 43 years (range 22–78 years)
and there was an equal sex distribution. Survival data is avail-
able for 9/10 patients and 7/9 remain in complete remission
2–119months after diagnosis. Two patients receivedmodified
Pethema protocols [11] and six were treated according to the
Australian Leukaemia and LymphomaGroup studiesAPML3
[10] or APML4 [12]. All but two patients developed DIC and
there were two early deaths—one of a presumed cerebral
haemorrhage prior to the commencement of therapy (case
3) and one attributed to infection at 1 month post diagnosis
(case 4).

The karyotypic, molecular, and FISH data are presented
in Table 1. Seven of the ten patients had a normal karyotype;
three contained additional abnormalities unrelated to the
PML-RARA fusion. FISH in all cases using either the LSI
PML/RARA t(15;17) dual colour dual fusion translocation
probe (Abbott) in 9/10 cases or a single fusion translocation
probe (Abbott) in one case failed to reveal a PML-RARA
fusion signal despite RT-PCR identifying a PML/RARA
transcript in all cases.

The Abbott dual fusion probe contains fluorescently
labelled DNA that covers approximately 180 kb and 335 kb
either side of the PML loci on chromosome 15 including all of
the known BCR regions of PML and approximately 700 kb of
chromosome 17 spanning all the breakpoint region of RARA
(http://www.abbottmolecular.com/products/oncology/fish/
hematology-probes.html). It was, therefore, puzzling that
these probes were unable to detect a fusion signal in
patients producing the PML/RARA transcript, whereas the
Cytocell probes clearly revealed a fusion signal in all cases
(Figure 1(a)).

Themajor difference between the probes lies in the size of
the respective probes. Both the PML and RARA segments of
the extra signal probe from Cytocell are only approximately
40 kb in size, 100x smaller than theirAbbott counterparts.The
Cytocell PML/RARA translocation dual fusion probe is larger
than the extra signal probe but the fluorescently labelled
segments that span either side of thePML locus are only 151 kb
and 174 kb and those spanning RARA are 167 kb and 164 kb in
size. In three cases, a review of the Abbott dual fusion probe
result revealed a tiny green (RARA) signal underlying one
PML signal, only visualized using the single-colour Spectrum
Green filter (Figure 1(b)). In the remaining 7 cases, despite
careful examination, the extraRARA signal could not be seen.
Apparently, the discrepancy between the size of the Abbott
PML signal and very smallRARA segment inserted into 15q24
allowed the PML signal intensity to quench the RARA signal,
whereas the less disparate intensities of the two signals using
the Cytocell probes allowed the fusion to be visualized.

Occasional cases of APL with normal cytogenetics and
normal FISH studies have been reported previously [14, 15].
Indeed, Brockman et al., when reporting on the efficacy of the
original dual fusion PML/RARA probe, noted the difficulty
in identifying masked PML/RARA fusions. In their series
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Table 1

Case
no.

FISH probes∗
Age/sex WBC

× 109/L Dx DIC Karyotype
SF
(A)

DF
(A)

BA
(A)

ES
(C)

DF
(C)

PML-
BCR#

Treatment
protocol

Survival
(months)

1 22/F 0.6 M3 No 46,XX NT − NT + + 1 ALLG APML3
protocol [10] 2+

2 25/F 6.5 M3 Yes 46,XX − −/+ NT + NT 1
Modified
Pethema

protocol [11]
103+

3 30/M 161 M3V Yes 46,XY,add(4)(q34),
add(5)(q12)[4]/46,XY[17] NT − NT + + 1 Nil 0

4 30/F 1.9 M3 Yes 46,XX,add(7)(q22)[10]/
46,XX[20] NT − − + + 1/2 ALLG APML4

protocol [12] 1

5 43/M 2.0 M3 Yes 46,XY NT −/+ − + + 3 ALLG APML3
protocol 119+

6 43/F 42 M3V Yes 46,XX NT − − + NT 3 NA NA

7 50/F 11.5 M3 Yes 46,XX − −/+ NT + NT 3
Modified
Pethema
protocol

105+

8 57/M 1.1 M3 No 46,XY,t(2;13)(p25;q22)
[18]/45,X,-Y[3]/46,XY[26] NT − − + + 1 ALLG APML4

protocol 17+

9 59/M 6 M3 Yes 46,XY NT − NT + + 1 ALLG APML4
protocol 41+

10 78/F 7.5 M3 Yes 46,XX NT − NT + + 3 ALLG APLM3
protocol 55+

∗FISH probes abbreviations: SF(A): single fusion probe—LSI PML/RARAdual colour translocation probe (AbbottMolecular Inc.); DF(A): dual fusion probe—
LSI PML/RARA dual colour dual fusion translocation probe (Abbott); BA(A): break apart probe—LSI RARA dual colour break apart rearrangement probe
(Abbott); ES(C): extra signal probe—PML/RARA translocation probe (Cytocell); DF(C): dual fusion probe—PML/RARA translocation dual colour probe
(Cytocell); NT: not tested; NA: not available; −: not visible; −/+: only visible via single band-pass filters; +: observed; #PML/RARART-PCR identification of the
variant transcripts: 1 refers to thePML bcr1 within intron 6 and 2 to thePML bcr2with variable breakpoints within exon 6 and 3 toPML bcr3within intron 3 [13].

(a) (b)

Figure 1: (a) Metaphase spread with the Cytocell PML/RARA extra signal probe showing a fusion signal on one chromosome 15 and a
diminished RARA (green) signal on one chromosome 17. (b) Interphase cells with the Vysis dual colour dual fusion probe showing two red
and two green signals in the top panel, two red signals in the middle panel, and two green signals plus a tiny third green signal (arrowed) in
the bottom panel.
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of 38 APL cases, two did not initially show a fusion signal
and it was only by observing a tiny additional RARA signal,
via the single-pass SpectrumGreen filter, located in the same
position as one PML signal that the PML/RARA fusion was
revealed [15]. This is the first report to consistently identify
these cryptic rearrangements using alternate FISH probes.

Given the importance of a rapid and reliable test to
confirm the diagnosis of APL, it is critical that the possibility
of a false negative result using standard FISH probes is
considered and that alternate probes are available for rare
cases of insertions resulting in the PML/RARA fusion.
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Myotonic dystrophy type 1 (DM1) is the most common adult onset muscular dystrophy, presenting as a multisystemic disorder
with extremely variable clinical manifestation, from asymptomatic adults to severely affected neonates. A striking anticipation
and parental-gender effect upon transmission are distinguishing genetic features in DM1 pedigrees. It is an autosomal dominant
hereditary disease associated with an unstable expansion of CTG repeats in the 3-UTR of the DMPK gene, with the number of
repeats ranging from 50 to several thousand.The number of CTG repeats broadly correlates with both the age-at-onset and overall
severity of the disease. Expanded DM1 alleles are characterized by a remarkable expansion-biased and gender-specific germline
instability, and tissue-specific, expansion-biased, age-dependent, and individual-specific somatic instability. Mutational dynamics
in male and female germline account for observed anticipation and parental-gender effect in DM1 pedigrees, while mutational
dynamics in somatic tissues contribute toward the tissue-specificity and progressive nature of the disease. Genetic test is routinely
used in diagnostic procedure for DM1 for symptomatic, asymptomatic, and prenatal testing, accompanied with appropriate genetic
counseling and, as recommended, without predictive information about the disease course. We review molecular genetics of DM1
with focus on those issues important for genetic testing and counseling.

1. Introduction

Myotonic dystrophy type 1 (DM1, MIM 160900) is the
most frequent adult-onset muscular dystrophy. It was first
clinically recognized by Steinert [1] and Batten and Gibb
[2] in 1909. The main characteristics of DM1 are myotonia,
progressive muscle weakness and wasting, and a broad
spectrum of systemic symptoms [3]. Its clinical expression is
unusual, characterized by a marked variability between and
within pedigrees [3, 4] and a striking genetic anticipation
[5] where the age-at-onset typically decreases by 25 to 35
years per generation [6]. Based on clinical ascertainment,
worldwide prevalence is estimated to be 12.5/100000 [3], but
it can be higher as many patients in older generation remain
undiagnosed.

DM1 is inherited in an autosomal dominant pattern.
and the underlying mutation is an unstable expansion of
CTG repeats in the 3 untranslated region (3UTR) of the
dystrophia myotonica protein kinase gene (DMPK, MIM∗

605377) [7–9] and in the promoter of the downstream SIX
homeobox 5 gene (SIX5, MIM∗ 600963) [10]. Based on the
nature of the causing mutation, DM1 belongs to “disorders
of unstable repeat expansion” [11, 12]. Being the first disease
described with an RNA gain-of-functionmutation effect [13],
DM1 is now the paradigm for RNA toxicity model of the
disease pathogenesis, as reviewed elsewhere [14–16].

We review the molecular genetics of DM1 with the focus
on the unstable nature of the underlyingmutation in germline
and soma, its relationship to clinical presentation of the
disease, and implications for genetic testing and counseling.

2. Clinical Characteristics of DM1

DM1 is one of the most variable inherited human disorders,
as the phenotypic expression varies from asymptomatic
adults to severely affected neonates with congenital onset of
the disease [3]. According to the age-at-onset and severity
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of symptoms, the main clinical forms of DM1 are late-
onset/mild, adult-onset/classical, childhood-onset/juvenile,
and congenital [3, 17]. Although each form presents specific
clinical features, there is not absolute distinction between
them, and they rather form a continuum.

Adult-onset form is the most prevalent with common
age-at-onset in the second or third decade of life and clinical
presentation typical for DM1 [3, 17]. Muscular symptoms
include progressive muscle degeneration leading to weakness
and wasting of facial, neck, and distal limb muscles, and
extending more proximally in later stages. Myotonia, clin-
ically presented as slowing relaxation of a normal muscle
contraction, typically affects distal parts of the limbs as well
as cranial and axial muscles. The most common systemic
complications are cataract, cardiac conduction defects and
arrhythmias, endocrine dysfunctions, gastrointestinal and
respiratory involvement, frontal balding, axonal peripheral
neuropathy, neurobehavioral manifestations, and cognitive
impairment [3, 18]. Life expectancy is greatly reduced in
adult-onset patients, particularly those with an early onset
of the symptoms, and the most frequent causes of death are
pneumonia and cardiac arrhythmias [19–21].

Congenital form is the most severe, often presenting in
utero as polyhydramnios and with reduced fetal movement
[22]. After delivery, the main features are severe generalized
muscle weakness, hypotonia, and respiratory compromise.
This severe muscle weakness is not caused by degenerative
changes, as in the adult-onset form, but by developmental
defects. Mortality in congenital form is usually caused by res-
piratory complications within the first year of life, with long-
term ventilation having a poor prognosis [23]. Childrenwith-
out complicated neonatal course survive and have develop-
mental delay [22]. Their hypotonia improves, they overcome
motor delay and start to walk, but their intellectual develop-
ment is poor and a majority of them are mentally retarded.
Clinical myotonia and muscle degeneration usually appear
late in childhood. Adults with congenital form have reduced
survival by 50% beyond their mid-thirties [24]. The biphasic
presenting of congenital form and etiology of the initial hypo-
tonia with its associated problems are still poorly understood.

Childhood-onset form presents between one and ten
years of age and is more clearly associated with cognitive and
behavioral abnormalities, such as difficulties in learning and
socialization at school [25]. In adolescence, myotonia is fre-
quently present and distal muscular weakness may develop.
In the second decade of life, individuals with childhood-onset
form show many of the symptoms seen in the adult-onset
form.

Late-onset form presents after the fifth decade of life with
only mild symptoms, and individuals are often not aware of
them [26]. Cataracts and baldness may be the sole symptoms.
A late-onset muscle weakness may develop and myotonia
may only be detectable by electromyography.

3. Genetic Studies in DM1 Pedigrees

Since 1918, it has been known thatDM1 is inherited in an auto-
somal dominant pattern, but, interestingly, with an increased
expressivity presenting as decreased age-at-onset and

increased severity in subsequent generations of DM1 pedi-
grees, a phenomenon known as genetic anticipation [5]. This
was in contrast to the fundamental principle of Mendelian
genetics that mutation was stably transmitted between
generations. The frequent observation in DM1 pedigrees is
that grandparental generation shows cataracts with minimal
or no neuromuscular involvement, the parental generation
has more severe neuromuscular symptoms, while an affected
child has early or congenital onset and is severely disabled
[27]. Beside this, the influence of gender of the transmitting
parent on disease course in child is also noticed. Children
with the severe congenital form are born almost exclusively to
affectedmothers, at higher risk beingwomenwith neuromus-
cular involvement [28, 29]. An excess of mildly affected or
asymptomatic fathers was found to transmit the disease in a
clinically recognizable form [30–32]. When both parents of a
DM1 patient are clinically normal, the odds are approximately
2 : 1 that the father is the transmitting parent [32].

4. Molecular Genetics of DM1

Understanding the puzzling genetic features in DM1 pedi-
grees and an extreme clinical variation of the disease became
possible when the underlying mutation was revealed [7–
9]. It turned out to belong, at that time, to a newly dis-
covered type of mutation, referred to as dynamic muta-
tion. Dynamic mutations are unstable changes (mostly
increases/expansions) in the copy number of simple DNA
repeats [33]. They are associated with at least 22 hereditary
neurological diseases (e.g., Huntington disease, fragile X
syndrome, spinal and bulbar muscular atrophy), known as
“disorders of unstable repeat expansion”, as reviewed else-
where [11, 12, 34].

Simple DNA repeats vary in copy number in normal indi-
viduals and are stably transmitted with an average mutation
rate of ∼10−3 per locus per gamete per generation [35]. For
the loci undergoing dynamic mutations, expansions begin
when the length of simple DNA repeats exceeds a threshold
of ∼100–150 bases. After this threshold is overcome, further
expansions become progressively more likely to occur, lead-
ing to the accumulation of dozens to thousands of repeats in
just a few generations [33, 36]. The mutation rate is related to
an initial repeat copy number and can even reach the value
of 1 per locus per gamete per generation, meaning that the
repeat copy number is changed upon every intergenerational
transmission.

A considerable number of “disorders of unstable
repeat expansion” are characterized by a specific genotype-
phenotype correlation, such that the longer repeat arrays
are associated with an earlier age-at-onset and with more
severe symptoms [37]. The progressive nature of expansion
process across generations, together with the characteristic
genotype-phenotype correlation, provides a biological basis
for a long-debated phenomenon of genetic anticipation, seen
in a majority of the “disorders of unstable repeat expansion”
[33, 37].

CTG repeat copy number in the DMPK gene is poly-
morphic in a general population, ranging from 5 to 35,
and undergoes a pronounced expansion in DM1 individuals,
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ranging from 50 to several thousand [38]. The size of the
unstable CTG repeats is roughly correlated with both the
age-at-onset and overall severity of the disease [7, 39, 40].
Commonly, asymptomatic or late-onset DM1 individuals
have from ∼50 to 80 CTG repeats and these relatively small
expansions are termed protomutations [41]. The upper limit
of expansion size in the late-onset DM1 individuals is ∼150
CTG repeats [38, 40]. Adult-onset DM1 individuals have
a broad range of CTG repeat number, roughly between
100 and 1000 (mean size ∼650 repeats), while congenital
and childhood-onset DM1 individuals have more than 1000
repeats (mean size ∼1200 repeats), [38, 40].The expansions of
more than 80 CTG repeats are known as disease-associated
(full) mutations. DMPK alleles, which are between the nor-
mal and protomutation range (from 35 up to ∼50 repeats) are
very rare.They are usually not associated with the disease and
are termed premutations [42].

Until recently the CTG array in the DMPK gene was
assumed to be a pure tract (without interruptions/variant
repeats), in contrast to a majority of other simple DNA
repeats associated with “disorders of unstable repeat expan-
sion.” However, 4-5% DM1 individuals carry interrupted
expanded alleles with interruptions being multiple CCG
triplets, CCGCTGhexamers or CTC triplets, all located at the
3 end of the CTG array [43, 44]. Variant repeats seem not to
be to present in normal DM1 alleles.

4.1. Intergenerational Change in Repeat Copy Number and
Parental-Gender Effect inDM1. InDM1pedigrees intergener-
ational change in repeat copy number is biased toward further
expansion [32, 39, 40, 45, 46], but less frequently contraction
[47, 48], and extremely rare reversion can occur [49]. The
direction and extent of intergenerational change in repeat
copy number depend on both parental expansion size and
gender of the transmitting parent. There is a wide correlation
between the size of an expanded allele in parent and the
change in the expansion size when it is transmitted to the
offspring.

Premutation and protomutation are inherited stably or
with smaller changes in repeat copy number for several gen-
erations if transmitted by female. When transmitted by men,
premutation shows increased instability toward expansion,
even reaching the full mutation in a single generation, while
protomutation almost invariably results in a large increase
in repeat copy number [32, 41, 50–52]. For example, average
intergenerational expansion in DM1 alleles with less than
100 repeats was 310 repeats in male transmission versus 105
repeats in female transmission, and the expansionswithmore
than 100 repeats occurred in 92% in paternal transmissions
compared to 44% in maternal transmissions [32]. A marked
expansion-biased instability of premutation and protomuta-
tion upon male transmission is the molecular basis for an
excess of males in the last asymptomatic generation in DM1
pedigrees [30–32].

Disease-associated DM1 alleles are almost always unsta-
bly transmitted by both genders. For alleles with repeat copy
number ranging from 200 to 600 the most frequent event
is further increased in repeat copy number [39, 40, 45],
but contraction [47, 48] and extremely rare reversion can

occur [49]. The absolute increase in repeat copy number
is greater in female transmission (mean size ∼500–600
repeats) than in male transmission (mean size ∼260–280
repeats) [39, 40]. This difference may be the result of an
expanded allele size in parent, which is, on average, larger
in mothers than in fathers, and could be due to a sampling
bias, since the families with the more severe forms, often
inherited from the mother, are more likely to be recruited
[40]. When the intergenerational increase is expressed as
a proportion of the expansion size in parent, the gender
difference is not longer seen [39]. Still, a study on the largest
cohort of DM1 individuals (∼1500) with the expansion size
in the range from 200 to 800 repeats, showed that 66% of
maternal transmissions resulted in expansions, whereas the
majority (69%) of paternal transmissions resulted in stable
transmissions or contractions [53].

The largest expansions, associated with congenital form
of disease, are almost exclusively maternally transmitted [40,
45], though a few cases of paternally transmitted congenital
form have been reported [54, 55]. Mothers of congenital
offspring have an expanded allele size significantly greater
than mothers of noncongenital offspring (mean size ∼600
repeats versus ∼250 repeats, resp.) [39, 40, 45]. However,
less than 10% of affected mothers give birth to congenitally
affected children [56]. In almost all cases affected sisters have
children affected with the same DM1 form (either adult-
onset or congenital), and the affected sibships, although
with variable expansion size, present the same form of the
disease [40]. These indicate the existence of still unknown
familiar (genetic) factors which increase the risk of having
a congenitally affected child. The extremely rare paternal
transmission of congenital form can be associated with the
observation that fathers with ∼650 repeats occasionally pass
a larger expansion to their offspring [39].

The estimated frequency of repeat contractions in DM1-
pedigrees is 4.2–6.4% [48, 53]. They are usually associated
with the change toward less severe or even asymptomatic
DM1 form, but in some parent-child pairs anticipation is still
present [48, 57]. Contractions are more frequently transmit-
ted by males, and the occurrence of contraction in a family
member increases the probability of another contraction in
that DM1 pedigree.

For alleles with similar expansion size, the parental-
gender effect is comparable across different “disorders of
unstable repeat expansion.” For example, expansions from
premutation to fullmutation inHuntington disease (HD) and
a large expansions (up to ∼100 repeat copy number) associ-
ated with a severe juvenile HD occur primarily upon male
transmission [58–60], similarly to male-biased instability of
DM1 premutations and protomutations.The large expansions
in noncoding regions, associated with fragile X syndrome
[61] and spinocerebellar ataxia type 8 [62], as well as with
congenital form of DM1, are transmitted by females.

Intergenerational changes in repeat copy number are a
cumulative result of a pronounced germline and somatic
instability of the CTG array in DMPK gene [57, 63, 64].

4.2. Germline Instability of Expanded DM1 Alleles. Germline
and somatic instability of DM1 alleles was studied by
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small-pool PCR (SP-PCR), a method for detailed quan-
tification of the degree of repeat size variation in a given
sample [65]. SP-PCR analysis of sperm samples from DM1
individuals, who had either the adult-onset form or were
asymptomatic, revealed a high level of repeat size heterogene-
ity in an individual, withmutation rate of almost 1 per gamete
and a pronounced expansion bias [57, 66]. Allele size hetero-
geneity in sperm showed normal two-tailed distribution with
a lower tail extending back down in the normal size range
[57]. The degree of variation was highly variable between
examined individuals and not obviously correlated with the
progenitor allele size-one originally inherited by zygote and
measured as the lower boundary of allele size distribution
in blood [57, 66]. Two asymptomatic DM1 individuals with
relatively stable protomutations in blood (75 and 90 repeats)
showed the highest degree of repeat size heterogeneity in
sperm (even exceeding 1000 repeats) and the most dramatic
allele size increase (on average 180 repeats in one individual
and, even, 700 in another). Four individuals with relatively
small expansions in blood (average size from 200 to 300
repeats), and progenitor allele size from 150 to 200 repeats,
had an average increase from 30 to 120 repeats in sperm.
Two other individuals with similar progenitor allele size (210
and 390 repeats), but a higher average size in blood (630
and 700) showed an average increase of about 250 repeats in
sperm. Finally, one individual with a highly variable blood
distribution (ranging from ∼190 to 700 repeats) showed a
relatively low level of variation in sperm with the average size
of 150 repeats. In all analyzed sperm samples alleles withmore
than 700–800 repeats were very rare [57, 63].

Among analyzed spermatozoa, left as unused preimplan-
tation diagnosticmaterial and taken from 10DM1 individuals
with progenitor allele size ranging from 62 to 256 repeats,
67% showed expansions with an average change of ∼60
repeats, 14% showed contractions with an average change of
∼40 repeats, whereas the repeats remained stable in ∼10% of
spermatozoa [67].

Studies on post-preimplatation diagnostic material, the
unique opportunity to study instability in female gametes,
revealed a significant increase in repeat length in immature
and mature oocytes, which was about 10 times greater than
in spermatozoa from DM1 individuals with similar allele
size: 22 DM1 individuals with progenitor allele size ranging
from 42 to 428 repeats showed an average increase of ∼
300 repeats in oocytes, while the minimal increase was ∼
100 repeats and the maximum one was 950 repeats [67]. In
contrast to spermatozoa, contractions were not observed in
oocytes.

Timing of germline instability of loci associated with
“disorders of unstable repeat expansion” is not completely
understood. In DM1 human oocyte increase in the repeat
copy number was observed before completion of meiosis,
either during premeiotic proliferation of oogonia or during
prophase I [67]. In spinocerebellar ataxia type 1 (SCA1) trans-
genic mice, instability of the repeat copy number occurred
while the oocytes were arrested in meiosis I after meiotic
DNA replication [68]. In DM1 transgenicmice carryingmore
than 300 repeats in a large human genomic segment [69],
expansions were present in spermatogonia and spermatozoa,

indicating that they occurred at the beginning of spermato-
genesis and that meiosis and postmeiotic mechanisms are
probably not involved in germline expansions [70]. Simi-
larly, expansions in the HD locus were observed in both
premeiotic and postmeiotic human male germline cells [71],
but in contrast experiments on HD transgenic mice revealed
that expansion was a postmeiotic event occurring late in
elongation of spermatids, as they become mature sperm cells
[72].

Molecular mechanism of the germline instability of
expanded alleles and, in general, of dynamic mutations are
not well understood. The tendency of the repeat tract to
expand or contract seems to be a function of its primary
sequence, which enables formation of secondary hairpin-like
structure [73, 74]. This intermediate can be formed during
processes that involve the separation of DNA strands: DNA
replication, repair, and recombination, and each of them has
been implicated in repeat instability, as reviewed elsewhere
[36, 75]. Several models support instability of expanded
repeats during DNA replication [76, 77], while others suggest
the appearance of errors in theDNA repair—mismatch repair
system [78–80] or gap repair [72].

Different dynamics of DM1 instability in male and female
germline is not influenced only by the absolute repeat size,
but may also be governed by gender-specific factors that are
included in DNA repair and/or replication and are important
for mutational pathway. It was hypothesized that some kind
of a selection operated to preclude expansionswithmore than
1000 repeats in spermatogenesis [40, 63], but it is still unclear
why DM1 premutation and protomutation stay stable upon
passage through female meioses, while full mutation in the
same background undergoes dramatic expansion.

4.3. Somatic Instability of Expanded DM1 Alleles. DM1 repeat
size heterogeneity in somatic tissues (somatic mosaicism) is
tissue specific [63, 81, 82], biased toward further expansions
and continuous throughout the life of an individual [57, 64,
83].

Somatic mosaicism has been observed among a number
of different tissues, and regarding those relevant to DM1
pathology, much larger expansions (2- to 13-fold greater)
were found in skeletal muscles [57, 81, 82, 84] and heart [63]
than in peripheral blood, while the smallest expansions were
present in frontal cortex and thalamus [63]. In DM1 human
fetuses the largest expansions occurred in heart, skin, skeletal
muscle, brain, and kidney, and the smallest one in blood
[40, 63, 82, 85, 86]. Since the repeat size heterogeneity was
observed between tissues from 16-week-old fetus [86] and
no mosaicism was detected in any of the affected embryos
obtained as post-preimplantation diagnostic material [67], it
is thought that somatic mosaicism in affected fetuses starts
during the second trimester of gestation [85]. As proposed
by Wöhrle et al. [85], this timing correlates with the period
of onset of rapid growth of the fetus and implies that during
differentiation period in the first trimester, the number of
repeats is somehow stabilized. As differences between tissues
do not appear to reflect the number of cell divisions during
development, the timing of somatic mosaicism in human
fetuses might be due to a greater fidelity of DNA repair
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mechanisms during differentiation period, which could not
be sustained during the rapid growth phase and/or by the
suppression of repeat expansion through methylation of the
DM1 repeat region [85].

Somatic mosaicism of DM1-expanded alleles within one
tissue is seen as a diffused band or smear on Southern
blot analysis, or as discrete bands heterogeneous in size on
SP-PCR analysis [57, 64]. Quantitative measurement of the
repeat size heterogeneity in blood samples by SP-PCR showed
a high level of variation, with the mutation frequency from
50% to over 90%, and an allele size distribution skewed
towards larger alleles with a lower boundary, below which
variant alleles are rare [57]. Data from population-based
mathematical modeling of DM1 expanded alleles in blood
suggest that bias towards the expansion is a cumulative
effect of many expansion and contraction events, possibly as
frequently as every other day [87]. The distribution skewed
toward expansions is in agreement with the increase of the
allele size heterogeneity and the mean allele size with the
age of patient observed in the longitudinal studies [83], and
together they indicate that somatic instability is continuous
throughout life of an individual and expansion-biased. Dif-
ferent DM1 allele size distribution between blood and male
germline implicates the distinctmutational dynamics in these
tissues.

The major factors affecting the level of somatic insta-
bility throughout life are the progenitor allele size and age-
at-sampling [83], which together account for 89% of the
observed variation [88]. Residual variation is individual spe-
cific and heritable as quantitative trait, which implicates the
role of transacting factors as modifiers of somatic instability
[88]. The most obvious candidates for transacting modifiers
are components of the DNA mismatch repair pathway, since
mismatch repair genes have been shown to be critical for
generating somatic CTG-CAG repeat expansions in mice
[79, 89, 90]. Estimation that many expansion and contraction
events could occur as frequently as every other day addition-
ally supports the role of DNA repair or transcription, rather
than DNA replication, in somatic instability [87].

4.4. Genotype-Phenotype Correlation in DM1. Significant
correlations have been reported between genotype and age-
at-onset of DM1 [39, 53, 91, 92]. Correlations with specific
DM1 symptoms (e.g., neuromuscular involvement [93, 94],
cardiac involvement [95–97], cognitive impairment [98, 99],
mortality [100], and peripheral neuropathy [101]) are often
poor or absent. However, the largest examined cohort of
DM1 patients (2650 individuals) revealed the correlation
between expansion size and overall DM1 clinical pheno-
type: (i) patients with an expansion up to 100 repeats have
almost 100% probability to stay asymptomatic with normal
or abnormal EMG (F0 phenotype) or to develop minimal
signs of myotonia with EMG abnormalities (F1 phenotype);
(ii) patients with 100–350 repeats have a ∼95% probability to
develop F1 phenotype or more severe F2 phenotype charac-
terized bymyotonia and distal weakness, ECG abnormalities,
gonadal dysfunction, mild mental retardation, glucose intol-
erance, and cataract; (iii) patients with 450–1800 repeats have
a 85–95% probability of developing F2 phenotype or themost

severe F3 phenotype marked by proximal weakness, cardiac
involvement, endocrine dysfunction, mental retardation and
cataract; (iv) patients with more than 2000 have a ∼90%
probability of developing F3 phenotype [53].

Nevertheless, genotype-phenotype correlations in DM1
are compromised due to potential inaccuracy in phenotypic
data [17] and by tissue-specific, expansion-biased somatic
instability of mutant alleles over the life of a patient [57,
64, 83]. Namely, larger mutant alleles are present in the
primarily affected skeletal muscle tissue rather than in blood
[81, 84], and there is a difficulty in eliminating the effect of the
patient age-at-sampling.Additionally, somatic expansions are
assumed to contribute to tissue-specificity and progressive
nature of the symptoms [83, 88, 102, 103]. Also, there are
technical difficulties for precise assessment of the number of
CTG repeats using Southern blot hybridization of genomic
DNA, as well as a disagreement in published data as to which
point of the diffuse smear on the blot (representing alleles of
a different size due to somatic instability) is the appropriate
allele size to be used in genotype-phenotype correlation [38–
40, 94]. This can be overcome by applying SP-PCR analysis
and using the lower boundary in the allele size distribution
in blood as progenitor allele. This is a good estimate for the
progenitor allele size, since the lower boundary is conserved
between tissues and specific for a DM1 individual, and blood
is apparently one of the most stable tissues [57, 66]. Even
with this approach in some older individuals with larger
alleles, it is possible that DM1 alleles in all cells may have
expanded beyond the progenitor allele length [83], and it is
likely that, in some younger individuals, the lower boundary
of the distribution may drop below the progenitor allele due
to contractions [87].

By definingDM1 expansion in blood by three parameters:
progenitor, average, and largest allele size and by using the
SP-PCR, there was reported a negative linear correlation of
age-at-onset and average expansion size in juvenile-adult
DM1 individuals whose progenitor allele is less than 245
repeats long [103]. This result favors the hypothesis about
the existence of a threshold beyond which an increase in
repeat length makes no additional contribution toward age-
at-onset [91]. However, recent study on a large cohort of
DM1 individuals showed that the estimated progenitor allele
length was the major modifier of age-at-onset of the disease,
accounting for 64% of the variation, without the threshold
above which repeat length did not contribute toward age-at-
onset [88]. Age-at-onset is further modified by the level of
individual-specific somatic instability: patients in whom the
number of repeats expands more rapidly have an earlier age-
at-onset [88]. Somatic instability of expanded alleles over life
has also been implied in the progression of neuromuscular
symptoms in juvenile-adult DM1 individuals [103].

Somatic instability has also compromised attempts to pre-
cisely measure intergenerational repeat dynamics. Namely,
intergenerational change of the repeat length determined by
measuring the blood allele size in parent and offspring usually
correlates quite well with the observed anticipation.However,
a relatively high proportion of cases with apparent contrac-
tion in the repeat length still show the anticipation [48, 66].
In these cases progressive age-depended somatic instability
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in blood masks the true germline expansion, and such
intergenerational change is termed “pseudocontraction” [57].

4.5. Effects of the Interruptions on Repeat Stability and Pheno-
typic Manifestation in DM1. Interruptions (CCG, CTGCCG,
or CTC repeats or even nonrepetitive DNA sequences) at the
3 end of the CTG array in DM1 alleles with more than 35
repeats may have considerable consequences on mutational
dynamics and may also affect phenotypic manifestations
[43, 44, 104]. Upon transmission, the interruptions in DM1-
expanded alleles show instability and substantial intrafamilial
variability, in both their number and location among the
relatives [43, 44]. The exception was one pedigree where
a complex interruption was stably transmitted [44]. The
interruptions may have stabilizing effect on somatic and
germline instability, as relatively small maternal intergener-
ational expansions were observed, or could even predispose
to germline contractions, since the frequency of the intergen-
erational contractions was higher than expected for DM1 and
transmitted by females [43, 44]. This can explain the absence
of congenital form in the examined families with interrupted
DM1 alleles where the disease was maternally transmitted.

DM1-expanded alleles with interruptions may be asso-
ciated with an atypical phenotype, though the family
with cosegregating DM1, Charcot-Marie-Tooth neuropathy,
encephalopathic attacks and an early hearing loss is the
unique example [44]. In families studied by Musova et al.
[43] phenotype of the patients did not differ significantly
from the typical clinical picture of DM1. However, in some
cases muscular dystrophy was absent and the later age-at-
onset than expected solely from the expanded allele size was
seen. Interestingly, two of the patients also presented with a
polyneuropathy.

Intriguingly, the interruptions were observed in the
extremely rare premutations, even in four males. The indi-
viduals with interrupted premutations should be unaffected
based on their repeat length alone, but this was the case
only in one male with 37 interrupted repeats [105]. Other
two males, with 37 and 43 interrupted repeats, had a neu-
romuscular phenotype [43]. Although premutations tend
to expand upon male transmission [50], allele with 43
interrupted repeats was stably transmitted. Analysis of a
larger set of individuals is warranted to access the frequency
of interrupted DM1 alleles and to determine their possible
causal or modifying effect on DM1 phenotype.

Identification of a tissue-specific CTG-free configuration
in expanded allele in one juvenile-adult DM1 individual
further broadens the possible unusual configuration of the
expanded DM1 alleles [104]. Described insertion led to a
complete loss of the CTG array, retaining only the first CTG
and the TG of the very last CTG repeat in cerebral cortex,
skeletal muscles, and cerebellum. However, the clinical sig-
nificance of this distinct configuration in the DM1-expanded
allele requires further analysis.

5. Genetic Testing and Counseling in DM1

Identification of the causing DM1 mutation enabled an accu-
rate and specific genetic test to be routinely used in diagnostic

procedure. However, genetic counseling in DM1 is still very
complex, due to a highly variable clinical presentation, in
both in severity and age-at-onset, anticipation, and influence
of gender of the transmitting parent.

5.1. Molecular Diagnostic Tests in DM1. Two-step molecular
diagnostic procedure is used inDM1 genetic testing (Figure 1)
[106]. The first step is to analyze whether an individual is
heterozygous for alleles within normal size range by using
PCR and fragment-length analysis. If only one normal allele
is detected, one of subsequent techniques are used to detect or
exclude possible DM1 expansions. For many years Southern
blotting of genomic DNA [107] or Southern blotting of long-
range PCR products [108] has been used. Recently, triplet-
repeat primed PCR (TP-PCR) [109] has come into routine
diagnostic procedure [110].

Southern blotting of genomic DNA is time-consuming
procedure and requires a considerable amount of high quality
DNA. On the other hand, it gives information about repeat
copy number and has no limitation to detect even the largest
expansions. Southern blotting of long-range PCR products,
optimized for amplification of a long and GC rich template,
requires less DNA, as small as 15 pg [108], even of lower
quality, and gives reliable information about repeat copy
number with using a few replicate of PCRswith 180–300 pg of
DNA [88]. However, it is also time-consuming andmay fail to
amplify the largest expansions. TP-PCR is a faster technique,
whose specificity and sensitivity is almost 100%, even with
the DNA isolated from a single cell, making it usable in
preimplantation diagnostics [111]. It is based on the use of
locus-specific PCR primers in combination with a primer
designed across the repeated sequence [109]. After PCR
and fragment analysis, products of different sizes are visible
as continuous ladder with a 3-base-pair periodicity. In the
presence of DM1 expansion, a continuous ladder exceeds the
normal size range. This method provides no size estimation
at all, but rather a simple “present”/“absent” result for an
expanded allele. If used with a primer located downstream
of the CTG repeat, it can be useful for detection of variant
repeats located at the 3 end of CTG array, when gaps could
be observed in the regular and contiguous peak pattern, but
the reaction may sometimes fail, leading to false negative
results [43, 112]. TP-PCR in opposite direction or alternative
Southern blotting methods can overcome this situation. This
is the reason why performance of TP-PCR in both directions
is suggested in order to increase its reliability and accuracy
for DM1 testing.

Used together, the aforementioned techniques provide
high sensitivity and specificity. As some samples may show
inconclusive findings with just one method, diagnostic lab-
oratories should have facility to use more than one method-
ological approach (usually TP-PCR and one of the Southern
blot methods).

5.2. Indications for DM1 Genetic Testing. Genetic test-
ing can be confirmatory/symptomatic testing, preclini-
cal/asymptomatic testing, prenatal testing, and preimplan-
tation testing. The main indications for appropriate kind
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Figure 1: Flow diagram of a genetic test on myotonic dystrophy type 1 (DM1). A two-step procedure is used in DM1 genetic testing. The
first step is PCR followed by fragment length analysis, which identifies and sizes alleles within normal range. The second step employs one
of the techniques which differentiates between individuals who are homozygous for an allele within normal range and DM1 individuals
carrying one allele within normal range and one unamplifiable expanded allele. The most widely used technique in the second step is the
triplet-repeat primed PCR (TP-PCR), which utilizes locus-specific PCR primers in combination with a primer designed across the repeated
sequence, and provides no size estimation, but rather a simple “present”/“absent” result for an expanded allele. After the fragment length
analysis step, products of different sizes are visible as a continuous ladder with a 3-base-pair periodicity. In the presence of a DM1-expanded
allele, a continuous ladder exceeds the normal size range. The lower part of the flow diagram shows optional methods used to confirm the
obtained result of the two-step diagnostic procedure for DM1, employed when some samples show inconclusive findings. Applied together,
PCR, TP-PCR, and Southern blotting methods provide high sensitivity and specificity, and diagnostic laboratories should have a facility to
use more than only one methodological approach (usually TP-PCR and one of the Southern blot methods).

of genetic testing in DM1 were given by The International
Myotonic Dystrophy Consortium (IDMC) [38] (Table 1).

Genetic testing should be accompanied with appropriate
genetic counseling.The result of symptomatic genetic testing
has direct implications for other family members (siblings
and children), and genetic counseling should be available to
tested person and to any other interested family members.
Individuals who have asymptomatic testing should always
have genetic counseling by a qualified counselor, including
pretest counseling to assure that the tested person under-
stands the risks and benefits of testing.

IDMC [38] recommendations for testing of minors are in
agreement withmany other policies regarding this issue [113].
Minors should not be tested unless there is a direct medical
benefit, and this measure is to ensure that the tested person
fully understands the risks and benefits of testing. Exceptions

might be appropriate in the case of a symptomatic minor for
whom confirmatory testing is necessary.

5.3. Reporting Guidelines. At the EMQN Best Practice Meet-
ing, held in 2008 inNijmegen (TheNetherlands), a consensus
for the optimal reporting guidelines in myotonic dystrophies
was reached (Table 2), and subsequently published as “Best
practice guidelines and recommendations on the molecular
diagnosis of myotonic dystrophy types 1 and 2” [106].

The predictive clinical use of the genetic test result inDM1
is not recommended [38] and may be misleading for several
reasons: (i) the distribution of the expanded DM1 alleles is
widely spread out, and the expansion sizes are overlapped
with each other in different DM1 clinical forms; (ii) genotype-
phenotype correlation is compromised by the age-dependent,
expansion-biased somatic mosaicism, which also influences
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Table 1: The main indications for genetic testing in DM1 given by The International Myotonic Dystrophy Consortium (IDMC) [38],
complemented with the suggested indications for preimplantation genetic diagnosis [116].

Genetic testing Indication for testing

Confirmatory or symptomatic

(i) To confirm the clinical diagnosis: the gene test will increase the physician’s confidence in
diagnosing a patient with typical symptoms.
(ii) To clarify an uncertain/differential clinical diagnosis: the gene test will be useful for
individuals in whom DM1 is part of a wider differential diagnosis.

Asymptomatic or preclinical

(i) To determine which progenitor has DM1 mutation, and this information is important in
genetic counseling and carrier testing to the relevant side of the family.
(ii) To modify a priori risk of inheriting the DM1 allele.
(iii) To test asymptomatic parent who has 50% risk for DM1 and requires prenatal testing.∗

Prenatal testing

(i) If a parent has already been diagnosed with DM1, genetic test can be used to assess fetal risk.
(ii) If a parent is at 50% risk and asymptomatic, the best approach is a two-step process by which
at-risk parent is tested first, and prenatal diagnosis is done subsequently (if still necessary).
(iii) Prenatal diagnosis should not be considered if parents would have the child regardless the test
result.

Preimplantation testing
(i) Alternative for prenatal testing.
(ii) Couples with concomitant infertility.
(iii) Couples unwilling to undergo termination of pregnancy.

∗In addition to IDMC indications.

the severity of the disease; (iii) apart from depending on the
expanded allele size and age-at-sampling, somatic instability
also depends on individual-specific factors. Therefore, it is
not appropriate to offer a prognosis based on the expansion
size after symptomatic testing nor to give information about
the age-at-onset, the kind of symptoms, their severity, nor
the rate of progression based on the repeat size after asymp-
tomatic or prenatal testing.

Estimating the risk of having congenitally affected off-
spring is complicated because of the fact that 18% of mothers
with congenital offspring have a similar expansion size as
mothers of noncongenital offspring (∼less than 300 repeats).
Moreover, there is the overlap in the range of expanded
allele size between individualswith congenital and otherDM1
forms [39, 40, 45]. However, the observations that affected
sisters have children affected in almost all cases with the
same DM1 clinical form [40] and that the affected sibships
present with the same form of the disease could be useful in
counseling.

5.4. PrenatalDiagnosis andPreimplantationGeneticDiagnosis
in DM1. In families at risk to have a child with DM1,
prenatal diagnosis (PND) can be offered. Prenatal samples
are chorionic villi, taken between the 10th and 12th week
of gestation, or amniotic fluid, taken between the 14th and
16th week of gestation. Analysis of DNA from the mother
is also required to exclude maternal contamination in the
fetal sample, especially if the chorionic villi sample is used. In
some cases, usually when fetus is homozygous for DM1 alleles
within normal range, analyses of DNA from the unaffected
parent can be required to verify the PCR results. Indications
for PND according to IDMC [38] are presented in Table 1.

Preimplantation genetic diagnosis (PGD) for DM1, an
alternative to prenatal diagnosis for individuals at risk of
transmitting DM1, was developed in 1995 [114] and is now

offered routinely in several countries [115–117]. PGD involves
the genetic testing of blastomeres from embryos obtained
in vitro, followed by the transfer of only those diagnosed as
healthy with regard to the disease under consideration [118].
So, unlike the PND which is followed by the termination of
pregnancy in the case of an affected embryo, PGD circum-
vents the problem of therapeutic abortion. From the view-
point of DNA analysis, prerequisite for a clinically applicable
PGD for DM1 has been the development of a sensitive single-
cell PCR assay. The first approach was based on the detection
of embryos heterozygous for normal DM1 alleles, exploiting
the feature that DM1 CTG repeats are highly polymorphic
in a general population [38]. The originally applied DNA
technique was a nested PCR [114] and was subsequently
replaced by 1000 timesmore sensitive fluorescent PCR, which
also reduced the rate of allelic drop out (failure to amplify
one or two alleles in a heterozygous cell) from 21% to 5.2%,
enabling a much smaller loss of embryos due to misdiagnosis
[119]. As the expanded DM1 alleles were not amplified by
aforementioned assays, the disadvantage of this approachwas
application only for informative couples—affected partner
has a wild type allele clearly different in size from the
unaffected one. The selected healthy embryos were always
heterozygous, carrying the normal allele of the affected parent
and one of the two normal alleles of the unaffected parent,
while detecting only one DM1 allele from the unaffected
parent (regardless of possible allelic drop out) indirectly
meant that embryo was DM1 positive. From 1997 onwards,
with the development of a sensitive TP-PCR for detection
of DM1 expansions, PGD could also be offered for half-
informative (couples with both partners sharing one normal
allele of the same size) or noninformative couples (couples
with three normal alleles identical in size) [111]. Further
improvement of the accuracy of PGD for DM1, in terms of
detection of contamination of the sample and allelic drop out,
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Table 2: Reporting guidelines for DM1 genetic testing according to Kamsteeg et al. [106] complemented with the influence of gender of the
transmitting parent.

Genetic test result Recommended reporting
No expansion-homozygous or
heterozygous for allele in the size range
of 5–35 repeats (normal alleles)

DM1 diagnosis is excluded; when it concerns a fetus, it is not affected.

(i) DM1 diagnosis is excluded; when it concerns a fetus, it is not affected.

A heterozygous expansion in the size
range of 36–50 repeats (premutation
alleles)

(ii) Premutations may or may not expand in next generations. Transmission by female mostly
results in stable inheritance or small changes in repeat copy number, while when transmitted
by men, they are more prone to expand, even reaching the disease-associated mutation in a
single generation, thus raising the risk of having affected child.
(iii) Relatives (including offspring) of the counselee may be at risk of developing DM1 and
should be offered counseling. An offer of repeat-length analysis to those relatives is warranted.
(i) When symptoms are evident, the diagnosis of DM1 is confirmed.
(ii) When symptoms of DM1 are not evident (asymptomatic family member or fetus), the
individual is at risk of developing DM1, although individuals with a repeat expansion of this
size may also remain symptomless.

A heterozygous expansion in the size
range of 51–150 repeats

(iii) Counselees in the reproductive age is warranted. Smaller repeat expansion of this size
range can be stably transmitted by female, while larger repeat expansion of this size range
raising the risk of having a child with even congenital form of DM1. When transmitted by male
repeat expansion of this size range almost invariably results in a large increase into the
disease-associated mutation, raising the risk of having affected offspring.
(iv) Relatives (including offspring) of the counselee may be at risk of developing DM1. Due to
anticipation in DM1, offspring may be more severely affected. Relatives should therefore be
offered counseling. An offer of repeat-length analysis to those relatives is warranted.
(i) When symptoms are evident, the diagnosis of DM1 is confirmed.
(ii) When symptoms of DM1 are not evident (asymptomatic family member), the individual is
at risk of developing DM1, although individuals with a repeat expansion of this size range may
rarely remain symptomless.

A heterozygous expansion with a size
over 150 repeats

(iii) When it concerns a fetus, it is very likely to be affected and has a high risk to be more
severely affected than the affected parent.
(iv) Counselees in the reproductive age is warranted. Women are, especially, at risk of having
children with the congenital form of DM1.
(v) Relatives (including offspring) of the counselee may be at risk of developing DM1. Due to
anticipation in DM1, the offspring may be more severely affected. Therefore, relatives should be
offered counseling. An offer of repeat-length analysis to those relatives is warranted.

was achieved by the use of multiplex PCR with combined
DM1-linked markers and detection of the repeat fragments
[116].

Report on a large cohort of DM1 patients undergoing
PGD for DM1-showed that (i) it was safe in DM1-affected
women after careful pretreatment assessment with regard to
disease-specific complications (cardiological, anaesthetical,
and obstetrical problems), (ii) delivery rate per treatment
cycle was 20%, with at least one baby after two PGD cycles
in almost half of the couples, and (iii) the children born were
generally in good health up to 2 years of age and comparable
to children born after intracytoplasmatic sperm injection for
infertility and after PGD for other genetic conditions [116]. As
pointed out by de Rademaeker et al. [116], PGD for DM1 is a
well-established procedure resulting in the birth of unaffected
and mostly healthy children and should be considered as an
alternative to PND in couples with concomitant infertility
and couples unwilling to undergo termination of pregnancy
(Table 1).

6. Conclusions

Discovering that an expansion of the CTG repeats in the
DMPK gene is underlying DM1 mutation has opened molec-
ular genetic studies and has facilitated the understanding of
underlying pathogenic mechanisms of this disease. Many of
its puzzling features, such as a striking genetic anticipation,
parental-gender effect in DM1 pedigrees, tissue-specificity,
and progressive nature of the disease have been explained
by a characteristic mutational dynamics in male and female
germline as well as in somatic tissues. Also, a highly variable
phenotypic expression, varying from asymptomatic adults
to severely affected children with congenital onset of the
disease, is broadly correlated with the repeat copy number
in mutated allele. However, diverse mutational dynamics of
different kinds of DM1-expanded alleles in male and female
germline are not completely understood. In addition, it is
clear that the repeat copy number is not the only factor
determining the phenotypic manifestation of the disease or



10 BioMed Research International

the risk of having congenitally affected offspring. A new
“next-generation” sequencing platform, single-molecule real-
time (SMRT) sequencing, suited for sequencing of long,
repetitive DNA sequence [120], is a promising approach for
studying interruptions and epigenetic marks in the expanded
DM1 alleles, as additional factors influencing germline and
somatic repeat instability and phenotypic expression of the
disease.
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[5] B. Fleischer, “Über myotonische dystrophie mit katarakt,”
Albrecht von Græfes Archiv für Ophthalmologie, vol. 96, no. 1-2,
pp. 91–133, 1918.
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Background. Idiopathic dilated cardiomyopathy (DCM) is characterized by ventricular chamber enlargement and systolic
dysfunction. The pathogenesis of DCM remains uncertain, and the TNNT2 gene is potentially associated with DCM. To assess
the role of TNNT2 in DCM, we examined 10 tagging single nucleotide polymorphisms (SNPs) in the patients. Methods. A total
of 97 DCM patients and 189 control subjects were included in the study, and all SNPs were genotyped by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Results. In the TNNT2 gene, there was a significant association between
DCM and genotype for the tagging SNPs rs3729547 (𝜒2 = 6.63, 𝑃 = 0.036, OR = 0.650, and 95% CI = 0.453–0.934) and rs3729843
(𝜒2 = 9.787, 𝑃 = 0.008, OR = 1.912, and 95% CI = 1.265–2.890) in the Chinese Han population. Linkage disequilibrium (LD)
analysis showed that the SNPs rs7521796, rs2275862, rs3729547, rs10800775, and rs1892028, which are approximately 6 kb apart,
were in high LD (𝐷 > 0.80) in the DCM patients. Conclusion. These results suggest that the TNNT2 polymorphisms might play
an important role in susceptibility to DCM in the Chinese Han population.

1. Introduction

Idiopathic dilated cardiomyopathy (DCM) is a cardiac mus-
cle disease of unknown origin that is characterized by
ventricular chamber enlargement and systolic dysfunction
with thinning of the left ventricular wall. DCM leads to
progressive heart failure and a decline in left ventricu-
lar contractile function, conduction system abnormalities,
thromboembolism, and sudden or heart failure-related death;
only 50% of DCM patients survive more than 5 years beyond
their initial diagnosis [1, 2]. Coronary artery disease, viral
myocarditis, thyroid disease, immunologic processes, and

toxins are known causes of DCM; however, the underlying
pathology is not known in most cases [3–5]. In a population-
based study, the prevalence of DCMwas estimated to be 36.5
cases per 100,000, and 20–50% of these cases are familial [6–
8]. Candidate gene analysis revealed that the cardiac actin
encoding gene ACTC1 mutations were the first sarcomeric
genemutations that causedDCM[9]. To date,mutations have
been found in at least six genes encoding sarcomeric proteins:
𝛽-myosin heavy chain, cardiac myosin binding protein C,
titin, cardiac actin, 𝛼-tropomyosin, cTnT, and cTnC [9–15].

The TNNT2 gene (OMIM number ∗191045) encodes the
protein cardiac TnT, which contains 15 exons and spans 25 kb
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on chromosome 1q32 [16]. Mutations in the TNNT2 gene can
cause three phenotypically distinct cardiomyopathies: hyper-
trophic, restrictive, and dilated [10, 17–19]. TNNT2mutations
are responsible for approximately 15% of all cases of familial
hypertrophic cardiomyopathy (HCM) [20–22]. Recent data
indicated that TNNT2 mutations are also associated with
DCM, and the overall frequency of TNNT2 mutations in
familial DCM is approximately 3–6% [23, 24].

Single nucleotide polymorphisms (SNPs) are the most
common type of genetic variation in the human genome, and
two recent large-scale SNP screens in European patients with
DCM showed that SNPs in several genes were associated with
DCM [25, 26]. Based on the above findings, we hypothesized
that some cases of DCM are associated with specific poly-
morphisms in the TNNT2 gene. To test this hypothesis and
further understand the pathogenesis ofDCM,we investigated
10 tagging SNPs in the TNNT2 gene in DCM patients
and normal control subjects from a Chinese Han popula-
tion using matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF-MS) techniques.
Our results indicated that the SNPs rs3729547 and rs3729843
in theTNNT2 genewere associated withDCM in the Chinese
population, suggesting that the TNNT2 polymorphisms may
play an important role in susceptibility to DCM in the
Chinese population.

2. Materials and Methods

2.1. Subjects and Selection of Tagging SNPs. This case-control
study enrolled 97 unrelated DCM patients from the Fuwai
Hospital. The clinical diagnosis was made in accordance
with the revised criteria [1]. A total of 189 healthy unrelated
individuals from a routine health survey were enrolled as
controls. Patients with a history of hypertension, coronary
heart disease, cardiac valve disease, diabetes, acute viral
myocarditis, systemic diseases of putative autoimmune ori-
gin, and family history of DCM were intentionally excluded.
This study was approved by the Ethics Committee of our
hospital; the subjects involved were all of Han nation in the
North of China and were informed of the study aims and
provided written informed consent prior to participating.

Genotype data on the TNNT2 gene from the Han
Chinese in Beijing (CHB) population were downloaded
from the phase 2 HapMap SNP database (available at
http://www.hapmap.org/), and tagging SNPs were selected
in the Haploview software (available at http://www
.broadinstitute.org/haploview) using aminor allele frequency
(MAF) cutoff of 0.05 and a correlation coefficient (𝑟2)
threshold of 0.8.

2.2. Isolation of DNA and Genotyping by MALDI-TOF-MS.
Blood samples were collected from patients using tubes
containing ethylenediaminetetraacetic acid. Genomic DNA
was isolated from whole blood with a QIAamp DNA Blood
Mini Kit (Qiagen, Germany). Genotyping was performed
by MALDI-TOF-MS as described previously [27]. SNP
genotyping was performed using a MassARRAY system

(Sequenom, San Diego, CA, USA) based on the MALDI-
TOF-MS method, according to the manufacturer’s instruc-
tions. Completed genotyping reactions were spotted onto
spectroCHIP (Sequenom) using a MassARRAY Nanodis-
penser (Sequenom), and the genotype was determined by
MALDI-TOF-MS. Genotype calling was performed in real
time with MassARRAY RT software version 3.1 (Sequenom)
and analyzed using MassARRAY Typer software version 4.0
(Sequenom) (Table 1).

2.3. Statistical Analyses. Differences in the distributions of
selected variables and TNNT2 genotypes between the cases
and controls were evaluated using the𝜒2 test.The correlations
between the TNNT2 genotype and the risk of DCM were
estimated by computing the odds ratios (ORs) and the 95%
confidence intervals (CIs) using logistic regression analysis.
The 𝜒2 test was used to test for the Hardy-Weinberg equilib-
rium to compare the observed and expected genotype fre-
quencies among the control subjects. All statistical analyses
were performed with SPSS 13.0. All tests were two-tailed, and
the significance was set at 𝑃 < 0.05.

3. Results

Thegender and age distributions of theDCMpatients and the
control subjects were compared with the Pearson’s chi-square
test and Student’s 𝑡-test, respectively, and no significant
differences were detected (control: 𝑛 = 189, 54.0 ± 3.6 years,
male/female = 150/39; DCM: 𝑛 = 97, 51.6 ± 12.0 years,
male/female = 75/22, 𝑃 > 0.05).

The observed and expected genotype frequencies of each
SNP were compared with the chi-squared test in DCM
patients and the control subjects separately, and no signif-
icance was detected in either group. These results indicate
that the samples fit the assumption of the Hardy-Weinberg
equilibrium. The DNA variants and the Hardy-Weinberg
equilibrium test of the 10 tagging SNPs in the DCM patients
and control subjects were shown in Table 2.

Using the chi-squared test, we compared the genotype
and allele frequencies in the TNNT2 gene between the DCM
patients and control subjects. Our results showed that the
allele frequencies of the tagging SNPs rs3729547 (𝜒2 =
5.474, 𝑃 = 0.019), rs1892028 (𝜒2 = 5.855, 𝑃 = 0.016),
rs3729843 (𝜒2 = 9.620, 𝑃 = 0.002), rs12564445 (𝜒2 =
4.351, 𝑃 = 0.037), and rs10800775 (𝜒2 = 4.252, 𝑃 = 0.039)
were significantly correlated withDCM.However, among the
genotypes, only those of the tagging SNPs rs3729547 (𝜒2 =
6.63, 𝑃 = 0.036, OR = 0.650, 95% CI = 0.453–0.934) and
rs3729843 (𝜒2 = 9.787, 𝑃 = 0.008, OR = 1.912, 95% CI
= 1.265–2.890) had a significant correlation with DCM in
the Chinese population. The allele and genotype frequencies
of the ten tagging SNPs in the DCM patients and control
subjects and the statistical analysis results were shown in
Table 3 and Figure 1.

Because the great majority of DCM patients are male [1–
5], we compared the frequencies of the genotypes of SNPs
rs3729547, rs3729843, and rs10927875 in TNNT2 between the
DCM patients and control subjects stratified by gender. In
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Table 1: Sequences of the PCR primers used to genotype SNPs in the DCM patients and control subjects.

Markers Forward primer (5-3) Reverse primer (5-3) Amplicon size (bp) Temp. (∘C) GC (%)
rs7521796 TGCCAACAGAGAGGTGCTTC CTTGAGGCTCAGCCTAATTG 93 46.5 56.3
rs2275862 AATATGAGGTGGGCCGCCAT TATTACCGGACCCAGTGAAC 99 48.4 52.9
rs3729547 GAAGGACCTGAATGAGTTGC AGAAACGAGCTCCTCCTCCT 99 50.2 60
rs10800775 AATCCCCTCCCAGGTCTTTG TCATGTCATCAGCTTCTGCC 98 50.7 47.4
rs1892028 AGAGGGGACCATTGTCCAG TCTAGGAGCTTCATGTGTGG 100 48 62.5
rs3729843 TCAAGGTCCTTGTTCTGAGC TCTTGGCTAGGGCTTATCTG 99 47.1 44.4
rs3729842 TCAACGTTTGTTGATTGGGC AGAACAGGCTTTCCCATGTG 99 46.7 31.8
rs12563114 TGGAAGGGCAGAGTAGGAGA AATTCTCAGAGGAACCGTGC 100 45.2 44.4
rs12564445 AACTCGGAGACTGTTTCTAC CTCTCTGACTTCAGTTAACC 95 47.7 47.1
rs4915232 CAATCTCGCTATTCTCTGCC AGAAGAGTTTGAGGACTGGG 95 48.6 62.5

Table 2: Identified DNA variants and the Hardy-Weinberg equilibrium of 10 SNPs in the TNNT2 gene in the DCM patients and control
subjects.

Markers Location of nucleotide change Amino acid change Note Obs HET Expt HET HWE (P) MAF
rs7521796 Intron 201330019 A>G Noncoding Novel noncoding SNP 0.115 0.115 1 0.061
rs2275862 Intron 201330366 C>G Non-coding Novel non-coding SNP 0.329 0.319 0.7683 0.199
rs3729547 201334382 T>C Synonymous Ile [I] Reported synonymous 0.504 0.484 1 0.41
rs10800775 Intron 201336386 C>T Non-coding Novel non-coding SNP 0.474 0.448 0.771 0.339
rs1892028 Intron 201336641 A>G Non-coding Novel non-coding SNP 0.489 0.498 0.7396 0.47
rs3729843 Intron 201336984 G>A Non-coding Reported non-coding SNP 0.285 0.331 0.5949 0.21
rs3729842 Intron 201337170 C>T Non-coding Reported non-coding SNP 0.225 0.241 0.3594 0.14
rs12563114 Intron 201344908 C>T Non-coding Novel non-coding SNP 0.081 0.084 0.5638 0.044
rs12564445 Intron 201345487 G>A Non-coding Novel non-coding SNP 0.435 0.427 0.7891 0.309
rs4915232 5 near gene 201347946 A>G Non-coding Novel non-coding SNP 0.535 0.499 0.7407 0.482
Note: Obs HET: observed heterozygosity, Expt HET: expected heterozygosity, HWE (P): P value from the Hardy-Weinberg equilibrium test, and MAF: minor
allele frequency.

males, the distributions of the SNP rs3729547 genotypes were
not significantly different between the DCM patients and
control subjects, but the distributions of the SNP rs3729843
genotypewere significantly different in theDCMpatients and
control subjects (𝜒2 = 8.102, 𝑃 = 0.017). In females, the
distributions of the genotypes of rs3729843 and rs3729547
were not significantly different in the DCM patients and
control subjects.

The nonrandom associations between polymorphic vari-
ants at different loci on the TNNT2 gene were then measured
by the degree of linkage disequilibrium (LD). LD analy-
sis showed that the SNPs rs7521796, rs2275862, rs3729547,
rs10800775, and rs1892028 in the TNNT2 gene, which are
approximately 6 kb apart (block 3, Figure 2), were in high LD
in the DCM patients (Figure 2, 𝐷 > 0.80). The haplotype
analysis showed that ACTCA (𝜒2 = 6.66, 𝑃 = 0.0099)
and AGCTG (𝜒2 = 4.003, 𝑃 = 0.0454) in block 3 and
AG (𝜒2 = 3.988, 𝑃 = 0.0458) in block 4 (rs12564445 and
rs4915232) of the TNNT2 gene correlated significantly with
DCM (Figure 2, Table 4).

4. Discussion

Toour knowledge, this is the first study to show an association
between DCM and SNPs in the TNNT2 gene in the Chinese
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Figure 1: Mapping of the significance of each tagging SNP in the
TNNT2 gene. The 𝑥-axis shows the genomic position, and the 𝑦-
axis shows the negative logarithm of the 𝑃 value for each allele or
genotype of each SNP.

population. DCM is regarded as a heterogeneous disease.The
present study shows that, in at least a subgroup of DCM
patients, the SNPs in the TNNT2 (rs3729547 and rs3729843)
gene may be involved in the pathogenesis of DCM.
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Table 3: Genotype and allele frequencies of the SNPs from the TNNT2 gene in the DCM patients and control subjects.

Marker Genotype 𝜒
2, P value Allele 𝜒

2, P value OR (95% CI)
rs7521796 A/A A/G G/G A G 1.303 (0.613–2.772)
Patients 87 (0.897) 10 (0.103) 0 (0) 𝜒

2
= 0.747 184 (0.948) 10 (0.052) 𝜒

2
= 0.4751

Controls 165 (0.873) 23 (0.122) 1 (0.005) 𝑃 = 0.688 353 (0.934) 25 (0.066) 𝑃 = 0.4906

rs2275862 C/C C/G G/G C G 1.562 (0.987–2.471)
Patients 69 (0.711) 26 (0.268) 2 (0.021) 𝜒

2
= 3.802 164 (0.845) 30 (0.155) 𝜒

2
= 3.669

Controls 113 (0.598) 68 (0.360) 8 (0.042) 𝑃 = 0.149 294 (0.778) 84 (0.222) 𝑃 = 0.055

rs3729547 C/C T/C T/T C T 0.650 (0.453–0.934)
Patients 8 (0.084) 49 (0.516) 38 (0.4) 𝜒

2
= 6.63 65 (0.342) 125 (0.658) 𝜒

2
= 5.474

Controls 37 (0.196) 94 (0.497) 58 (0.307) P = 0.036 168 (0.444) 210 (0.556) P = 0.019
rs10800775 C/C C/T T/T C T 1.486 (1.019–2.169)
Patients 47 (0.49) 44 (0.458) 5 (0.052) 𝜒

2
= 5.024 138 (0.719) 54 (0.281) 𝜒

2
= 4.252

Controls 74 (0.392) 91 (0.481) 24 (0.127) 𝑃 = 0.081 239 (0.632) 139 (0.368) P = 0.039
rs1892028 A/A A/G G/G A G 1.578 (1.090–2.291)
Patients 30 (0.357) 42 (0.5) 12 (0.143) 𝜒

2
= 5.947 102 (0.607) 66 (0.393) 𝜒

2
= 5.855

Controls 46 (0.253) 88 (0.484) 48 (0.264) 𝑃 = 0.051 180 (0.495) 184 (0.505) P = 0.016
rs3729843 A/A A/G G/G A G 1.912 (1.265–2.890)
Patients 12 (0.126) 30 (0.316) 53 (0.558) 𝜒2 = 9.787 54 (0.284) 136 (0.716) 𝜒

2
= 9.620

Controls 7 (0.037) 51 (0.270) 131 (0.693) P = 0.008 65 (0.172) 313 (0.828) P = 0.002
rs3729842 C/C C/T T/T C T 1.158 (0.697–1.925)
Patients 74 (0.763) 21 (0.216) 2 (0.021) 𝜒

2
= 0.381 169 (0.871) 25 (0.129) 𝜒

2
= 0.322

Controls 139 (0.739) 43 (0.229) 6 (0.032) 𝑃 = 0.827 321 (0.854) 55 (0.146) 𝑃 = 0.571

rs12563114 C/C C/T T/T C T 0.899 (0.390–2.07)
Patients 87 (0.906) 9 (0.094) 0 (0) 𝜒

2
= 0.828 183 (0.953) 9 (0.047) 𝜒

2
= 0.063

Controls 174 (0.921) 14 (0.074) 1 (0.005) 𝑃 = 0.661 362 (0.958) 16 (0.042) 𝑃 = 0.8022

rs12564445 A/A A/G G/G A G 0.663 (0.450–0.977)
Patients 6 (0.062) 37 (0.381) 54 (0.557) 𝜒2 = 4.503 49 (0.253) 145 (0.747) 𝜒

2
= 4.351

Controls 20 (0.106) 87 (0.463) 81 (0.431) 𝑃 = 0.105 127 (0.338) 249 (0.662) P = 0.037
rs4915232 A/A A/G G/G A G 1.155 (0.816–1.635)
Patients 25 (0.258) 55 (0.567) 17 (0.175) 𝜒

2
= 1.385 105 (0.541) 89 (0.459) 𝜒

2
= 0.6590

Controls 46 (0.246) 97 (0.519) 44 (0.235) 𝑃 = 0.500 189 (0.505) 185 (0.495) 𝑃 = 0.4170

Table 4: Haplotype analysis of SNPs in TNNT2 gene between the DCM patients and control subjects.

Haplotype Frequency (DCM patients) Frequency (control subjects) 𝜒
2 P value

Block 1

ACTCA 0.604 0.489 6.66 0.0099
AGCTG 0.145 0.215 4.003 0.0454
ACCTG 0.136 0.150 0.208 0.6485
ACCCG 0.058 0.070 0.312 0.5762
GCTCG 0.052 0.066 0.436 0.5089

Block 2
GA 0.541 0.498 0.937 0.333
AG 0.252 0.333 3.988 0.0458
GG 0.207 0.163 1.699 0.1925

DCM represents the third most frequent cause of heart
failure and the most frequent cause of heart transplantation.
Among patients with the so-called idiopathic DCM, 20–
50% of cases are of genetic origin [6, 7]. Over the past
decade, de novo mutations have been found in more than
30 genes encoding essential sarcomeric, cytoskeletal, and
nuclear proteins in DCM patients [28], and mutations in the

TNNT2 gene have been found to be associated with familial
HCM and DCM [10, 17–19, 23, 24].

Recent studies have suggested that cardiac TnT is essential
not only for the structural integrity of the troponin complex
but also for sarcomere assembly and cardiac contractility
[22]. The troponin complex is a calcium sensor that regulates
the contraction of striated muscle, and TnT is important in
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Figure 2: Pairwise linkage disequilibrium (LD) values calculated
between tagging SNPs in the TNNT2 gene. The value within each
diamond represents the pairwise correlation between tagging SNPs
(measured as𝐷), defined by the upper left and the upper right sides
of the diamond. The diamond without a number corresponds to
𝐷

= 1. Shading represents the magnitude and significance of the

pairwise LD with darker red reflecting higher LD values and white
indicating lower LD values.

mediating the interaction between tropomyosin and actin
and the rest of the troponin complex, which appears to
modulate the activation of actomyosin ATPase activity and
force [29]. Countless studies in reconstituted systems have
provided valuable information on the functional effects of
disease-associated mutations in TnT. The most extensively
studied DCM-associated TnT mutation to date is ΔK210;
functional studies of the ΔK210 mutation showed that the
mutated protein reduced the Ca2+ sensitivity of actomyosin
ATPase activity, which resulted in a decreased maximum
speed of muscle contraction [30, 31]. Thus, DCM mutations
in the troponin complex may induce a profound reduction
in force generation, leading to impaired systolic function and
cardiac dilation.

In this study, we assessed whether polymorphism within
the TNNT2 genemight affect DCM susceptibility by compar-
ing ten tagging SNP loci in DCMpatients and normal control
subjects. The representative SNP in a region of the genome
with high linkage disequilibrium is called a tagging SNP.
Among the ten tagging SNPs in the TNNT2 gene, we found
a significant association between the genotypes of rs3729547
(synonymous variant) and rs3729843 (noncoding SNP) and
DCM. Although the allele frequencies of five tagging SNPs
(rs3729547, rs3729843, rs1892028, rs1256445, and rs10800775)
were significantly associated with DCM, the genotypes of
rs1892028, rs1256445, and rs10800775 were not significantly
associatedwithDCM, possibly because of the limited number
of patients enrolled in the present study. LD analysis of the
polymorphic SNPs observed in our study revealed a group
of five SNPs, rs7521796, rs2275862, rs3729547, rs10800775,

and rs1892028, located 6 kb apart; these alleles were in
high LD and associated with DCM risk. As the majority
of SNPs are likely to be allelic variants that do not affect
expression or function of a protein, such SNPs are commonly
used as genetic markers to localize nearby disease-causing
variations in linkage and association analyses. SNPs that
directly influence phenotypemay be located within coding or
regulatory regions of genes. SNPs within regulatory regions
tend to havemore quantitative effects, for example, by altering
the expression level of a receptor or signaling protein, and
result in a more subtle variation in the associated phenotype
[32]. Recently, study showed that polymorphism in intron
3 of TNNT2 significantly affected the mRNA expression
pattern by skipping exon 4 during splicing in cardiomyopathy
patients [33]. Missing exon 4 in cardiac troponin T is corre-
sponding to isoforms cTnT2 and cTnT4, and the two isoforms
increase might be related to hemodynamic stress [34]. These
results in our study suggest that TNNT2 gene polymorphism,
as like genetic markers to localize nearby disease-causing
variations in linkage and association analyses, may play
an important role in DCM susceptibility in the Chinese
Han population. However, further functional analyses are
needed to confirm the role of these polymorphisms in the
pathogenesis of DCM.

In the present study, we have provided the evidence that
shows that SNPs in the TNNT2 gene may be implicated in
the pathogenesis of DCM in a Chinese population. However,
because the frequencies of genetic polymorphisms vary
greatly among ethnic populations, further studies in other
populations are needed to exclude a population-oriented
association. In addition, the outcomes of the present study
may be influenced by the limited sample size; larger studies
are therefore required to investigate the potential associations
between the SNPs in the TNNT2 gene and the DCM suscep-
tibility.
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Mismatch repair (MMR) and germline E-cadherin (CDH1) mutations are two of the major pathways of carcinogenesis in familial
gastric cancer (GC). A total of 260 sporadic and 66 familial GC patients were enrolled and molecular and survival differences were
compared. Familial GC patients had earlier onset andwere diagnosed at an earlier stage and had both a better 5-year overall survival
rate and 3-year disease-free survival rate compared with sporadic GC patients. Only in diffuse type GC, the MSI-H phenotype and
abnormal MMR protein expression were significantly higher in familial GC than in sporadic GC. In MSI-H GC, MLH1 promoter
methylation was slightly higher in sporadic GC than familial GC (50% versus 23.1%), while the frequency of MMR gene mutation
was slightly higher in familial GC than in sporadic GC (15.4% versus 3.1%). All of the patients withMMR genemutation had diffuse
typeGC.Among familial GC patients with CDH1mutation,most patients (72.3%) had diffuse typeGC. In summary, for familial GC
patients, we recommend screening of MSI status and CDH1 mutation especially for diffuse type GC. Because of the low incidence,
mutation analysis of MMR gene might be considered in MSI-H familial GC with diffuse type only.

1. Introduction

Despite the decreasing incidence worldwide, gastric cancer
(GC) is still one of the leading causes of cancer deaths
[1]. Two major genomic instability pathways were involved
in the pathogenesis of GC: (i) the chromosomal instability
(CIN) pathway, which is characterized by gross copy number
changes and alterations in chromosomal regions, occurs in
at least 60% of cases [2], and (ii) the microsatellite instability

(MSI) pathway, which is characterized by alterations in the
length of repetitive microsatellite sequences, accounts for
10%–20% of cases [3–5].

In the MSI pathway of gastric carcinogenesis, muta-
tions of hMLH1 were reported in approximately 0%–7.3%
of MSI-H GC [6, 7]. However, hMLH1 silencing due to
promoter methylation has been reported to be associated
with the development of more than 50% of MSI-H GC
[8–12].
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The incidence of hereditary diffuse gastric cancer
(HDGC) in the general population has not yet been clearly
defined, but HDGC most likely accounts for only 1%–3%
of GCs. Direct evidence shows that hereditary GC with
germline E-cadherin (CDH1) mutations is an autosomal
dominant inheritance [13]. However, CDH1 mutations
account for only 1%–3% of all GCs. Only one-third to
one-half of families with a strong history of diffuse GC
are associated with CDH1 mutations. The definition of
HDGC in 1999 by the International GC Linkage Consortium
(IGCLC) was as follows: (i) in the first- or second-degree
relatives, two or more cases of DGC diagnosed before 50
years old or (ii) at any age, three or more cases diagnosed
as DGC [14, 15]. Nearly 30%–46% of the patients fulfilling
the previous criteria carry the CDH1 mutations. The
IGCLC criteria have been modified, and patients who were
diagnosed with signet-ring carcinoma of the colon or lobular
breast cancer were included [16]. However, only 11% of
the patients fulfilling the modified criteria carry the CDH1
mutations.

A family history was reported in only 10% of GC cases
[17]. Familial GC was reported to be associated with a worse
prognosis than sporadic GC [8, 18]. The definition of familial
GC includes familial diffuseGC (the so-calledHDGC) aswell
as familial intestinal GC (FIGC) [14]. In countries with high
incidence of GC, such as Japan and Portugal, the diagnostic
criteria of FIGCwere as follows: (i) at least three relatives have
intestinal GC and one of them is a first-degree relative of the
other two; (ii) at least two generations have GC; or (iii) in one
of the relatives, GC should be diagnosed before 50 years old.
In countries with low incidence of FIGC, such as USA and
UK, the definition was as follows: (i) at least two first/second-
degree relatives have intestinal GC, one diagnosed before 50
years old, or (ii) three or more relatives with intestinal GC at
any age.

To our knowledge, only a few studies have investigated
the MSI status and MLH1 methylation in GC patients with
a family history [5, 7, 19–24]. Leite et al. [7] reported that
the MSI status and MLH1 methylation were similar between
sporadic and familial GCs; however, noMMR gene mutation
could be identified in their studies. In Taiwan, there has been
no report regarding genetic mutations (including MMR and
CDH1 mutations) in GC patients with a family history. The
aimof this study is to compare the clinicopathological charac-
teristics,MSI phenotype, immunohistochemical (IHC) stains
of MMR proteins, MLH1 promoter methylation, and genetic
mutations between familial and sporadic GCs.

2. Materials and Methods

A total of 326 GC patients who received surgery between
May 1988 and December 2004 were collected from Taipei
Veterans General Hospital and included in this study. The
information of family history of GC was obtained from the
records of the patients and their families. The study was
approved by the Institutional Review Board at the Taipei
VeteransGeneralHospital.Thewritten informed consentwas
obtained from all patients enrolled. The exclusion criteria

include (i) patients with a history of gastric surgery or a
pathological diagnosis other than adenocarcinoma and (ii)
patients belonging to families of hereditary nonpolyposis
colorectal cancer (HNPCC).

Patients enrolled in this studywere classified and grouped
as having either sporadic GC or familial GC.The definition of
familial GC in the present study was (i) two or more cases
of GC in the first- or second-degree relatives, including at
least one patient of GC diagnosed before 50 years old or (ii)
three or more cases of GC in first- or second-degree relatives
diagnosed at any age. The definition of sporadic GC was
patients without a family history of GC.

The pathological staging of cancer was according to the
7th AJCC/UICC TNM classification [25]. The data were
collected prospectively and recorded using a computer. The
patients were regularly followed up, and the database was
updated regularly.

Microsatellite instability analysis and IHC stains for
MMR protein were performed for all the 326 patients
enrolled. Patients with MSI-H tumors (32 sporadic GC and
13 familial GC) were analyzed for MLH1 methylation and
genetic mutations of MLH1 and MSH2. CDH1 mutations
were performed for 66 familial GC patients (Figure 1).

2.1. Microsatellite Instability Analysis. The DNA of normal
and tumor tissues was extracted from the formalin-fixed,
paraffin-embedded (FFPE) tissues or from fresh frozen tis-
sues stored at −80∘C or liquid nitrogen. After the DNA
was purified by the QIAamp Tissue Kit (QIAGEN GmbH,
Germany), the quantitative DNA analysis was performed by
measuring the optical density (OD) at wavelengths of 260 nm
and 280 nm. The DNA quality was confirmed by the ratio of
OD260/280.

The purified DNA was amplified by using a fluorescent
polymerase chain reaction (PCR). Five reference microsatel-
lite markers, including D5S345, D2S123, D17S250, BAT25,
and BAT26, were used for the determination of MSI [26].
PCR products were denatured and analyzed by electrophore-
sis on 5% denatured polyacrylamide gels. The results were
analyzed by an ABI 3730 automated sequencer (Applied
Biosystems, Foster City, CA, USA). As reported in a previous
study [27], the presence of novel alleles observed among the
PCR products from tumor DNA that were not seen among
the PCR products from the corresponding normal DNA was
scored as MSI at that particular locus. Samples with ≥2 loci
of instability with 5 markers were defined as MSI-H. Samples
with one MSI or without MSI were defined as MSI-L/S.

2.2. Immunohistochemical Stains. IHC stains for MLH1,
MSH2, MSH6, and PMS2 were performed for paraffin-
embedded tissue. Paraffin-embedded tissue sections (4mm
thick) were stained with antibodies for MLH1 (1 : 10 dilution;
Pharmingen, San Diego, CA, USA), MSH2 (1 : 200; Onco-
gene Research Products, La Jolla, CA, USA), MSH6 (1 : 300;
Transduction Laboratories, San Diego, CA, USA), and PMS2
(C20; 1 : 400; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Negative control slides weremadewithout the primary
antibody.
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Figure 1: The flowchart of this study.

2.3. Methylation Analysis of MLH1. Methylation of the
hMLH1 promoter was analyzed from GC tumor tissues by
using amethylation-specific PCRmethod.ThegenomicDNA
was modified by sodium bisulfite [28], and the sequences
were amplified with different methylated and unmethylated
primers [29].

2.4. Detection of Mutations for MLH1 and MSH2. Analysis
of mutations of MLH1 and MSH2 genes was performed for
MSI-H GC. The DNA was extracted from the normal tissue
and amplified by PCR and sequenced with primers that have
already been applied in the previous studies [30, 31]. For
each round of PCR amplification, a negative control template
containing no DNA was included. The PCR products were
analyzed by the automated sequencer (ABI Prism 3100
GeneticAnalyzer). Each samplewas sequenced on both of the
sense and antisense strands. A second sequencing procedure
with new PCR products confirms each mutation.

Nonsense, missense, and frameshiftmutations were iden-
tified by comparing the obtained sequence with the known

sequence. Nonsense and frameshift mutations were consid-
ered as pathogenic. Missense mutations in the MMR genes
that did not result in abnormal expression of MMR proteins
were considered to be polymorphisms [32, 33].

2.5. Detection of Mutations for BRAF and KRAS. Mutation
analysis for BRAF (V599E) and KRAS was performed for
MSI-H GC (Figure 1). PCR reactions took place in a volume
of 25 𝜇L containing 20 ng genomic DNA template, 0.2𝜇M of
each PCR primer, 0.2mM dNTPs, PCR buffer, and 1U Taq
DNA polymerase. Thirty-five cycles of 30 s at 95∘C, 30 s at a
primer pair annealing temperature of 55∘C, and 60 s at 72∘C
were performed in programmable thermocyclers (GeneAmp
PCR System 2700, ABI). A 3 𝜇L aliquot of each PCR reaction
was carried out on a 2% agarose gel. The remaining 17𝜇L of
the PCR product was submitted to purification using a Favor-
Prep GEL/PCR Purification Mini Kit (FAVORGEN), and the
products were eluted in 30 𝜇L Elution Buffer. Sequencing was
performed using the BigDye Terminator V3.0 (ABI), data
collection mode on an ABI 3730 capillary sequencer.
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2.6. Detection of Mutations for CDH1. The DNA was
extracted from the normal tissue of the familial GC tissue
and further amplified by PCR reactions. The sequences
of all the primers used in this study and their annealing
temperatures are listed in Supplementary Table 1 available
online at http://dx.doi.org/10.1155/2013/396272PCR reactions
was took placed in a volume of 25 𝜇L containing 20 ng of
genomic DNA template, 0.2𝜇Mof each PCR primer, 0.2mM
dNTPs, PCR buffer, and 1U Taq DNA polymerase. Thirty-
five cycles of 30 s at 94∘C, 30 s at a primer pair specific
annealing temperature of 50–55∘C, and 30 s–90 s at 72∘Cwere
performed in programmable thermocyclers (GeneAmp PCR
System 2700, ABI). A 3 𝜇L aliquot of each PCR reaction
was carried out on a 2% agarose gel, and the size, purity,
and quantity of each PCR product were confirmed. The
remaining 17 𝜇L of the PCR products was submitted to
purification using FavorPrep GEL/PCR Purification Mini
Kit (FAVORGEN), and the products were eluted in 30 𝜇L
Elution Buffer. Sequencing was performed using the BigDye
Terminator V3.0 (ABI), data collectionmode on an ABI 3730
capillary sequencer.

2.7. Statistical Analysis. The results in the tables are shown as
themean values± standard deviation. A chi-squared test with
Yates’ correction was used to analyze categorical variables.
Student’s 𝑡-test was used to compare quantitative variables
between groups. SPSS version 16.0 (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis.

The overall survival was measured from the operation
date to the date of death or the final followup. The disease-
free survival was defined as the length of time after surgery for
gastric cancer during which a patient survives without tumor
recurrence. The distributions of overall survival and disease-
free survival were estimated usingKaplan-Meiermethod.The
differences between the curves were tested using a two-tailed
log-rank test. Cox-proportional hazards models were used
to explore the association of clinical parameters with overall
survival. A 𝑃 value of <0.05 was considered to be statistically
significant.

3. Results

3.1. Clinicopathological Characteristics. Because the biologi-
cal behaviors are different between diffuse type and intestinal
type in GC, we separate diffuse type and intestinal type for
analyzing the difference between sporadic and familial GCs.

As shown in Table 1, for diffuse type GC, familial GC was
associatedwith younger age, lessmale predominance, smaller
tumor size, more well-defined gross appearance, an earlier
tumor stage, and a significantly higher frequency of MSI-H
tumors as compared to sporadic GC (28% versus 6.5%).

In Table 2, for intestinal type GC, familial GC was
associatedwith younger age, lessmale predominance, smaller
tumor size, more medullary stromal reaction types and
an earlier tumor stage as compared to sporadic GC. The
frequency of MSI-H tumors was similar between sporadic
and familial GCs (16.3% versus 14.6%).

Table 1: Comparison of clinicopathological characteristics between
diffuse type GC cases of sporadic and familial GCs.

Sporadic GC Familial GC
(𝑛 = 107) (𝑛 = 25) 𝑃 value
𝑛 (%) 𝑛 (%)

Age (years) 65.4 ± 12.8 54.1 ± 15.0 <0.001
Gender (M/F) 77/30 12/13 0.032
Tumor maximal size (cm) 7.9 ± 3.1 5.8 ± 2.4 <0.001
Gross appearance

Well-defined 16 (15) 12 (48)
Ill-defined 91 (85) 13 (52) 0.001

Lymphovascular invasion
Absent/present 10/97 11/14 <0.001

Stromal reaction type
Medullary 18 (16.8) 7 (28)
Intermediate 36 (33.6) 7 (28)
Scirrhous 53 (49.5) 11 (44) 0.435

Pathological T category
T1/T2/T3/T4 4/6/26/71 9/2/1/13 <0.001

Pathological N category
N0/N1/N2/N3 15/15/17/60 9/2/4/10 0.074

Pathological TNM stage
Stage I 5 (4.7) 9 (36)
Stage II 11 (10.3) 2 (8)
Stage III 46 (43) 7 (28)
Stage IV 45 (42) 7 (28) <0.001

MSI status
MSI-L/S 100 (93.5) 18 (72)
MSI-H 7 (6.5) 7 (28) 0.005

IHC stain for MMR protein
Normal 105 (98.1) 22 (88)
Abnormal 2 (1.9) 3 (12) 0.047

The overall survival rate was analyzed for GC patients
after curative resection. Familial GC patients had a better 5-
year overall survival rate than sporadic GC patients (65.3%
versus 45.4%, 𝑃 = 0.001, Figure 2(a)). Furthermore, familial
GC patients also had a better 3-year disease-free survival rate
than sporadic GC patients (71.1% versus 52.9%, 𝑃 = 0.002,
Figure 2(b)).

Univariate analysis showed that age, gender, tumor
size, lymphovascular invasion, stromal reaction type, family
history, MSI status, pathological T category, N category,
and TNM stage were associated with survival. Multivariate
Cox proportional-hazards model using the forward logistics
regression stepwise procedure for the analysis of overall
survival showed that gender, pathological TNM stage, and
MSI status were independent prognostic factors (Table 3).

3.2. Analysis of MSI Status. Of the total 326 patients, 45
patients (13.8%) had MSI-H GC. MSI-H GC was associated
withmore tumors located over the distal third of the stomach
comparedwithMSI-L/SGC (68.9% versus 50.2%,𝑃 = 0.019).
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Table 2: Comparison of clinicopathological characteristics between
intestinal type GC cases of sporadic and familial GCs.

Sporadic GC Familial GC
(𝑛 = 153) (𝑛 = 41) 𝑃 value
𝑛 (%) 𝑛 (%)

Age (years) 70.8 ± 9.8 60.2 ± 13.4 <0.001
Gender (M/F) 124/29 24/17 0.006
Tumor maximal size (cm) 6.3 ± 2.3 4.9 ± 3.3 <0.001
Gross appearance

Well-defined 64 (41.8) 21 (51.2)
Ill-defined 89 (58.2) 20 (48.8) 0.293

Lymphovascular invasion
Absent/present 23/130 19/22 <0.001

Stromal reaction type
Medullary 16 (10.5) 14 (34.2)
Intermediate 104 (68) 19 (46.3)
Scirrhous 33 (21.5) 8 (19.5) 0.001

Pathological T category
T1/T2/T3/T4 15/22/36/80 16/2/7/16 <0.001

Pathological N category
N0/N1/N2/N3 39/25/29/60 19/5/3/14 0.047

Pathological TNM stage
Stage I 24 (15.7) 16 (39)
Stage II 33 (21.6) 7 (17.1)
Stage III 46 (30.1) 8 (19.5)
Stage IV 50 (32.7) 10 (24.4) 0.012

MSI status
MSI-L/S 128 (83.7) 35 (85.4)
MSI-H 25 (16.3) 6 (14.6) 1.000

IHC stain for MMR protein
Normal 143 (93.5) 38 (92.7)
Abnormal 10 (6.5) 3 (7.3) 1.000

The 5-year overall survival rate of theMSI-H patients was
better than that of theMSI-L/S patients after curative surgery
(68% versus 47.6%, 𝑃 = 0.032).

3.3. Immunohistochemical Stains for MMR Proteins. IHC
stains for MLH1, MSH2, MLH6, and PMS2 proteins were
performed for all the 326 patients enrolled (Figure 1). None
of the MSI-L/S tumors had abnormal IHC stains for MMR
proteins.

As shown in Figure 1, among the 260 sporadic GC
patients, 12 (4.6%) patients had abnormalities on IHC anal-
ysis of the MMR protein. Among them, seven patients had
abnormal MLH1 stains only; two patients had combined
abnormal stains of MLH1 and MSH2; three patients had
combined abnormal stains of MSH2, and MSH6.

Among the 66 familial GC patients, six patients (9.1%)
had abnormalities on IHC analysis for the MMR protein.
Among them, 2 patients had abnormal stains of MLH1 only;
one patient had combined abnormal stains of MLH1 and
MSH2; one patient had combined abnormal stains of MSH2
and MSH6; one patient had combined MLH1 and MSH6;
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Figure 2: (a) Familial GCwas associated with a better 5-year overall
survival rate than sporadic GC (65.3% versus 45.4%, 𝑃 = 0.001). (b)
Familial GCwas associated with a better 3-year disease-free survival
rate than sporadic GC (71.1% versus 52.9%, 𝑃 = 0.002).

one patient had combined abnormal stains of MLH1, MSH2,
MSH6 and PMS2.

As shown in Table 1, for diffuse type GC patients,
abnormal IHC stains for MMR protein were significantly
higher in familial GC than in sporadic GC (12% versus 1.9%,
𝑃 = 0.047). In Table 2, for intestinal typeGC, the frequency of
abnormal IHC stains for MMR protein was similar between
familial GC and sporadic GC (7.3% versus 6.5%, 𝑃 = 1.000).

3.4. Methylation of the MLH1 Promoter. Methylation of the
MLH1 promoter was performed for the 45 MSI-H GC
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Table 3: Univariate analysis and multivariate analysis of factors affecting overall survival of GC patients after curative surgery.

Univariate analysis Multivariate analysis
OR (CI) P value OR (CI) P value

Age (<65, ≥65 years) 1.52 (1.04–2.23) 0.031
Gender (male, female) 0.62 (0.42–0.93) 0.020 0.66 (0.44–0.98) 0.038
Tumor size (<5 cm, ≥5 cm) 2.15 (1.47–3.13) <0.001
Lauren’s classification (intestinal/diffuse) 0.85 (0.60–1.20) 0.347
Lymphovascular invasion (−, +) 3.21 (1.99–5.17) <0.001
Stromal reaction type (medullary, intermediate, and scirrhous) 1.47 (1.15–1.87) 0.002
Family history (−, +) 0.43 (0.27–0.71) 0.001
MSI status (MSI-L/S, MSI-H) 0.52 (0.28–0.96) 0.035 0.50 (0.27–0.93) 0.029
TNM stage (I, II, III) 2.43 (1.89–3.13) <0.001 2.44 (1.89–3.14) <0.001
OR: odds ratio, CI: confidence interval.

patients, including 32 MSI-H sporadic GC and 13 MSI-H
familial GC. Among the 45 MSI-H GC, methylation of the
MLH1 promoter was identified in 50% (16/32) of sporadic GC
and 23.1% (3/13) of familial GC (𝑃 = 0.182).

3.5. Mutation Analyses for MLH1 and MSH2. Mutation anal-
yses for MLH1 and MSH2 were performed for the 45 MSI-H
GC patients. A total of 3 patients were identified as having
MMR gene mutations, including one familial GC patient
with both MLH1 and MSH2 mutations, one familial GC
patient with anMSH2mutation, and one sporadic GCpatient
with an MSH2 mutation. All the three patients with MMR
gene mutation had diffuse type GC. None of the patients
with MLH1 methylation had mutations of MLH1 or MSH2.
Among the 45 MSI-H GC patients, the frequency of MMR
gene mutations was higher in familial GC (2/13, 15.4%) than
sporadic GC (1/32, 3.1%).

3.6. The Correlation between MLH1 Expression, Promoter
Methylation, and Mutation. As shown in Table 4, abnormal
expression of IHC stain forMLH1was observed in 12 patients,
including 3 sporadic GC and 9 familial GC. Among the 3 spo-
radic GC patients, all had MLH1 methylation and none had
MLH1mutation. Among the 9 familial GCpatients, 5 patients
had MLH1 methylation and one had MLH1 mutation. The
only one familial GC patient with MLH1 mutation did not
have MLH1 methylation. MLH1 promoter methylation and
MLH1mutation play a different role in the cause of abnormal
MLH1 expression.

3.7. Mutation Analyses for BRAF and KRAS. Mutation anal-
yses for BRAF and KRAS were performed for the 28 MSI-
H GC patients. However, no BRAF or KRAS mutation was
identified.

3.8. Analysis of CDH1 Mutations for Familial GC Patients.
Analysis of CDH1 mutations was performed for the 66
familial GC patients. Among them, 18 (27.3%) had CDH1
germline sequence alterations, including 9 patients with
rs1801552 (2076T>C, exon 13) alterations, 3 patients with
rs33964119 (2253C>T, exon 14) alterations, 1 patient with an

Table 4: The frequency of MLH1 promoter methylation and MLH1
mutation in GC patients with abnormal MLH1 expression.

Sporadic GC Familial GC
(𝑛 = 3) (𝑛 = 9)
𝑛 (%) 𝑛 (%)

MLH1 promoter
Methylation 3 (100) 5 (55.6)
Unmethylation 0 4 (44.4)

MLH1 mutation
Yes 0 1 (11.1)
No 3 (100) 8 (88.9)

Table 5:The frequency ofMSI status andCDH1mutation in familial
GC patients.

MSI-H MSI-L/S
(𝑛 = 13) (𝑛 = 53) P value
𝑛 (%) 𝑛 (%)

CDH1 mutation
Present 4 (30.8) 14 (26.4)
Absent 9 (69.2) 39 (73.6) 0.739

exon 3 mutation, and 5 patients with both rs1801552 (exon
13) and rs33964119 (exon 14) alterations. Of the 18 patients
with CDH1 germline sequence alterations, only one patient
(5.6%)with an exon 3mutation in codon 90 (268C>T) had an
amino acidmutation (Thr toMet, Figure 3); single nucleotide
polymorphism was observed in the other 17 patients. Among
the 18 patients with CDH1 germline sequence alterations, 13
(72.3%) had diffuse type GC.

3.9. The Correlation between CDH1 Mutation and MSI Status
in Familial GC. As shown in Table 5, among the 13 MSI-H
familial GC patients, 4 (30.8%) patients had CDH1 mutation,
while 14 (26.4%) out of the 53 MSI-L/S familial GC patients
had CDH1 mutation. There was no significant difference
between the frequency ofCDH1mutation inMSI-HandMSI-
L/S familial GC patients (𝑃 = 0.739).
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Figure 3: Chromatograms of one patient with pathogenic exon 3
mutation. An arrow indicates the position of the mutation.

4. Discussion

Our data showed that familial GC patients were diagnosed
earlier and associated with a better 5-year overall survival
rate (65.3% versus 45.4%, 𝑃 = 0.001) and a better 3-year
disease-free survival rate (71.1% versus 49.1%, 𝑃 = 0.002)
compared with sporadic GC patients. Only in diffuse type
GC, the MSI-H phenotype and abnormal MMR protein
expression were significantly higher in familial GC than in
sporadic GC. MSI status was one of the independent risk
factors affecting survival. For MSI-H GC, MLH1 promoter
methylation was slightly higher in sporadic GC than familial
GC (50% versus 23.1%). Because this is a retrospective study,
selection bias might happen and affect the results. To our
knowledge, this study is the first investigating the MSI status,
mutation analysis of the MMR gene, and the CDH1 gene in
familial GC in Taiwan.

MLH1 promoter methylation was reported to be respon-
sible for more than 50% of MSI-H GC [4, 7, 23]. Leite
et al. [7] reported that the frequency of MLH1 promoter
methylation is similar between familial and sporadic GCs
with MSI-H (71.4% versus 79.3%). Although not statistically
significant, our results showed higher frequency of MLH1
promoter methylation in sporadic GC than in familial GC
with MSI (50% versus 23.1%). It seems that MLH1 promoter
methylation plays a less important role in the cause of MSI-H
in our familial GC compared to the sporadic GC. However,
it seems that the frequency of MLH1 methylation was lower
in our series than the results in the study of Leite et al. [7].
Racial and environmental factors might have an impact on
the frequency of MLH1 promoter methylation. Furthermore,
we also analyzed the correlation between MLH1 expression,
methylation, and mutation (Table 4). We found that the
abnormal expression of MLH1 in the three sporadic GC
patients was all related toMLH1methylation. In contrast, the
cause of abnormal expression of MLH1 was 55% by MLH1
methylation and 11.1% by MLH1 mutation in familial GC.
Consequently, the mechanism of inactivation of MLH1 was

mainly epigenetic in both sporadic and familial GCs. A larger
sample size may be needed to compare the difference in
MLH1 promoter methylation between familial and sporadic
GCs.

Our results showed that the frequency ofMLH1 orMSH2
gene mutation was slightly higher in familial GC than in
sporadic GC (15.4% versus 3.1%) in MSI-H GC. All the three
patients with MMR gene mutation had diffuse type GC. In
the series of Leite et al. [7], analysis of MMR gene mutation
was performed for two patients with simultaneous loss of
MLH1 and PMS2 protein in IHC stain; however, no alteration
of MLH1 or MSH2 gene was detected. Moreover, Leite et
al. [7] also reported no significant difference of MSI status
between familial and sporadic GC. In diffuse type GC, the
frequency of MSI-H was zero in familial GC and 13.4% in
sporadic GC. However, Pedrazzani et al. [5] and Kanemitsu
et al. [22] reported significantly higher frequency of MSI-
H in familial GC than in sporadic GC. Compared to other
series, the novel findings of our results were significantly
more MSI-H tumors in familial GC than sporadic GC only
in diffuse type GC. Although MSI-H tumors were reported
to be more frequent in intestinal type GC, our results showed
that MMR gene mutation among the MSI-H tumors mainly
occurred in the diffuse type GC. These results are interesting
andmight be a clue for future investigation of the MMR gene
mutation in familial GC. Because the mutation rate of MMR
gene is relatively low and the cost for mutation analysis is
high, focusing on the diffuse type GC might be more cost-
effective thanmass screening for all MSI-HGC. According to
our results, we recommend screening of MSI status in diffuse
type familial GC. Because of the low incidence, analysis of
MMR genemutationmight be considered forMSI-H familial
GC with diffuse type only.

Ye et al. [8] matched their sporadic GC patients with
their familial GC patients for age and TNM stage, and they
concluded that familial GC was associated with a worse
prognosis than sporadic GC. However, early onset and early
diagnosis of familial cancer were ignored simultaneously,
which might also cause selection bias. Our data showed that
familial GC patients were diagnosed at an earlier tumor
stage and had a younger age, which might be the reason
why our familial GC patients had a better prognosis. It
seems that GC patients with a family history tend to pay
attention to the symptoms and seek medical help earlier
than those without a family history, which was also observed
in colorectal cancer [34]. Our results showed that family
history is associatedwith a better prognosis only by univariate
analysis. The possible reason might be that patients with a
family history are usually diagnosed in the early stage, and
the importance of family history in the prognosis might
be replaced by the TNM stage in the multivariate analysis.
Furthermore, as shown in Table 1, about 25.8% of our familial
GC patients were diagnosed at stage IV, for whom curative
surgery was impossible; consequently, this group of patients
had a worse prognosis. We should make effort to strengthen
the health education and perform extensive screening for
the relatives of GC patients, especially for the first- and
second-degree relatives, in order to detect GC earlier for
them.
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Our results demonstrated that MSI status was an inde-
pendent risk factor of GC after curative surgery, which was
also mentioned in our previous study [35] and similar to the
results of some series [36, 37]. However, other authors [19, 38]
reported that MSI was not associated with survival. Because
the frequency of MSI was as low as 8%–25% in these series
and a relative small number of patients with MSI tumor were
analyzed, a larger sample size is needed to clarify the role of
MSI in survival.

Some authors reported that theMSI status was associated
with a family history of GC [5, 19, 22], but others reported the
opposite [20, 21, 24]. Our data showed a higher percentage
of MSI-H tumors in familial GC than in sporadic GC, which
was only observed in diffuse type GC. In diffuse type GC, our
data showed that familial GC was associated with a better 5-
year overall survival rate than sporadic GC (44% versus 28%,
𝑃 = 0.028). The reason might be due to a higher percentage
of MSI-H tumors in our familial GC with diffuse type, and
MSI-H tumors were associated with a better prognosis than
MSI-L/S tumors.This divergence between each study is most
likely due to the different criteria used for the definition of
family history and the small size of patients with a family
history. Furthermore, some studies included both intestinal
and diffuse type GCs in their analysis, which might cause
different results. Further meta-analysis of a larger number of
patients and separating the diffuse and intestinal type GC for
analyzing the association between the family history andMSI
status might provide more reliable results.

BRAF and KRAS mutations were reported in only 2%
of GC patients and, specifically, only in advanced GC [39].
BRAF mutation in GC could exclude germline mutations of
MMR. Screening for BRAF in MSI-H GC could decrease
the waste for an expensive mutation analysis. As a result, we
also analyzed the BRAF and KRASmutations in our patients.
However, we detected neither BRAF nor KRAS mutations in
our patients. BRAF and KRAS mutations may not play an
important role in our GC patients.

Our data showed that themajority (94.4%, 17/18) ofCDH1
gene alterations were silent mutations, or the so-called syn-
onymous SNPs, including rs1801552 and rs33964119, which
have been reported in some series [9, 10]. A silent, single
nucleotide polymorphism (SNP) in a gene is one that creates
a codon that is synonymous to thewild-type codon.However,
this synonymous codon substitution may lead to different
kinetics of mRNA translation, thus yielding a protein with
different final structure and function [40]. In silico analysis
suggests that these sequence alterations may affect splicing
and protein conformations [41]. Moreover, we identified one
patientwith an exon 3mutation at codon 90 (268C>T), which
had never been reported in the literature. Further study of
this newly found mutation in the CDH1 gene is required.
Our results showed that among our familial GC patients with
CDH1 mutation, 72.3% patients had diffuse type GC. As a
result, routine screening of CDH1 mutation is recommended
in diffuse type familial GC.

The twomajor genetic instability pathways of the carcino-
genesis of gastric cancer were CIN and MSI. CDH1 mutation
was reported to be involved in the pathogenesis in familial
GC. In this study, we also analyzed the correlation between

MSI status and CDH1 mutation in familial GC. However,
there was no difference in the frequency of CDH1 mutation
between MSI-H and MSI-L/S GC. It seems that there is no
relationship between CDH1 mutation and MSI in familial
GC.The result is reasonable becauseCDH1mutation andMSI
are involved in different pathways for carcinogenesis of GC.

As shown in Figure 1, we identified the MLH1 promoter
methylation, MMR gene mutation, and CDH1 mutation in
sporadic and familial GCs. However, these mutations can
only explain the carcinogenesis of some of our patients,
especially in familial GC. There are still unknown genes
involved in the pathogenesis of GC, and additional studies
are necessary to identify and characterize these genes. As a
matter of course, there is still a lot of space for us to explore
GC in the future.

5. Conclusion

In conclusion, familial GC was associated with an early
stage at diagnosis and a better prognosis compared with
sporadic GCs. Our results display the molecular and survival
differences between sporadic and familial GC. Because of
the relatively higher accumulation of GC in patients with
a family history, annual upper gastrointestinal endoscopic
examinations are recommended in the relatives of familial
GC patients. For GC patients with mutations of CDH1 or
MMR genes, genetic screening of their relatives is recom-
mended, especially for the first- and second-degree relatives.
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Array Comparative GenomicHybridization analysis is replacing postnatal chromosomal analysis in cases of intellectual disabilities,
and it has been postulated that it might also become the first-tier test in prenatal diagnosis. In this study, array CGHwas applied in
64 prenatal samples with whole genome oligonucleotide arrays (BlueGnome, Ltd.) on DNA extracted from chorionic villi, amniotic
fluid, foetal blood, and skin samples. Results were confirmedwith Fluorescence In SituHybridization or Real-Time PCR. Fifty-three
cases had normal karyotype and abnormal ultrasound findings, and seven samples had balanced rearrangements, five of which also
had ultrasound findings. The value of array CGH in the characterization of previously known aberrations in five samples is also
presented. Seventeen out of 64 samples carried copy number alterations giving a detection rate of 26.5%. Ten of these represent
benign or variables of unknown significance, giving a diagnostic capacity of the method to be 10.9%. If karyotype is performed the
additional diagnostic capacity of the method is 5.1% (3/59). This study indicates the ability of array CGH to identify chromosomal
abnormalities which cannot be detected during routine prenatal cytogenetic analysis, therefore increasing the overall detection rate.
In addition a thorough review of the literature is presented.

1. Introduction

Since the 1970s that chromosomal analysis became available
in prenatal diagnosis; it has proven to be a robust technique
in detecting the majority of chromosomal abnormalities.
With the use of amniocytes, starting in the second trimester
of pregnancy [1], as well as cells isolated from chorionic
villus samples in the first trimester of pregnancy [2], it
was demonstrated that foetal material could be cultured to
obtain sufficient metaphase cells to determine the karyotype
of the foetus. These methods have been used extensively
until today with many improvements over the years. A
full karyotype analysed from either cultured amniocytes or

chorionic villus samples can be obtained within 10 to 21 days.
Furthermore chromosomal analysis can detect aneuploidy,
structural rearrangements, and deletions/duplications of at
least 3–10Mb. Rapid aneuploidy tests being offered today
like MLPA (Multiplex Ligation-Dependent Probe Amplifica-
tion), QF PCR (Quantitative Fluorescent Polymerase Chain
Reaction) are high throughput and provide rapid aneuploidy
detection for certain chromosomes. They cannot, however,
replace chromosomal analysis in all cases requiring invasive
prenatal diagnosis, as there is a residual risk of 0.9% for a
clinically significant chromosomal abnormality for all indi-
cations of invasive prenatal diagnosis [3]. As in the majority
of cases with ultrasound abnormalities the karyotype in the
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foetus is normal, thus demonstrating the need for additional
diagnostic tests with higher diagnostic capacity [4].

Array CGH is a high throughput method which can be
applied and detect copy number changes to a resolution of
even as low as 1 Kb. Genome-wide arrays are rapidly replacing
conventional karyotyping in postnatal diagnostics, as they
are increasingly performed for the evaluation of individuals
with birth defects, dysmorphic features, and mental retar-
dation. ISCA (International Standard Cytogenomic Array)
Consortium [5] supports the use of array CGH as a first-line
test and suggests reserving chromosomal G-banding analysis
for specific cases like patients with obvious chromosomal
syndromes such as Down syndrome and family history of
chromosomal rearrangements.

Its introduction, however, in prenatal diagnosis is still
limited but will definitely increase in the near future. Many
groups have demonstrated that by applying array CGH in
prenatal diagnosis in conjunction with chromosomal analy-
sis, there was an additional detection of clinically significant
genomic imbalances [5–9], proving its usefulness, as well as
its limitations, in using this technique in prenatal diagnosis.
The question remains though as to whether it can be fully
integrated in prenatal diagnosis, solely or in conjunction with
other assays, and replace conventional cytogenetics.

There are, however, several issues that need to be
addressed before implementing array CGH in prenatal diag-
nosis such as (1) for which pregnancies array CGH should be
carried out, whether for all pregnancies or for pregnancies
with ultrasound abnormalities, (2) which array platform to
use, (3) the need to set the appropriate calling criteria, (4)
which confirmatory methods to use for the array CGH
findings, and (5) pretest counselling.

Pretest counselling is especially important in the prenatal
setting, and it should be carried out to inform parents of
the possibility of the fortuitous discovery of a copy number
variation (CNV) unrelated to the phenotype during array
CGH analysis. It should be explained to the parents that there
may be asymptomatic/presymptomatic results with array
CGH analysis, and they should be allowed to decide whether
they wish to be informed of these findings or not [10].

In the current study, we present our experience of using
whole genome oligonucleotide array CGH during prenatal
diagnosis in cases with a normal karyotype with abnormal
ultrasound findings or an apparently balanced structural
aberration and provide a summary of our results; in addition
we present the value of array CGH in the characterization
of previously known aberrations. The role of whole genome
oligonucleotide array CGH in prenatal diagnosis will be
further evaluated in an attempt to gain more insight on its
use in the prenatal setting.

2. Materials and Methods

2.1. Patients and Samples. Samples included in this study
were received between May 2010, and October 2012 for
prenatal diagnosis using G-banded karyotype and whole
genome array CGH methodology. Among the 1414 prena-
tal samples received within the above period in 65 cases
both chromosomal and array CGH analyses were carried

out. Included in this cohort of patients were 42 amniotic
fluid samples, 20 chorionic villus samples, 2 foetal blood
samples, and 1 skin sample. Gestational age varied from
12.2 to 33 weeks. Ultrasound screening was carried out
during the first trimester of pregnancies, and the findings
include increased nuchal translucency, hypoplastic nasal
bone, talipes, intrauterine growth retardation, hydronephro-
sis, choroid plexus cyst, tetralogy of fallot, hydrops, car-
diac anomalies, ventriculomegaly, micrognathia, and skeletal
abnormalities of the extremities.

These samples were further subcategorized into 5 cate-
gories (A–E) according to the chromosomal analysis results
and the presence or absence of ultrasound findings (Table 1).

2.2. Conventional Cytogenetics and FISH Analyses. Conven-
tional cytogenetic G-Banding analysis was carried out on all
samples included in this study (CV, amniotic fluid, foetal
blood, and skin) using standard cytogenetic methodologies
[11]. Fluorescence In Situ Hybridization (FISH) was per-
formed, where needed, using commercially available probes
according to the manufacturer’s protocol (VYSIS Co., Down-
ers Grove, IL, and Cytocell, Co., UK).

2.3. Microarray Comparative Genomic Hybridization (Array
CGH). DNA was extracted from CV/AF/Skin uncultured
cells and from uncultured foetal blood using the QiagenMini
and Midi Kits, respectively, according to the manufacturer’s
protocol (Qiagen, Valencia, CA), and concentration and
purity of the extracted DNA were measured with the Nan-
oDrop spectrophotometer (NanoDrop Technologies, Inc.).
Following DNA extraction, the test and reference DNA of
the same gender were cohybridized to the array of choice,
as previously described [12]. Briefly, 500 ng of patient and
reference DNA were labelled by random priming using Bio
Prime labelling kit (Invitrogen, Carlsbad, CA, USA) with
Cyanine 3 and Cyanine 5 (Amersham Biosciences, UK)
fluorescent dyes, respectively. Pooled genomic DNA from
peripheral blood leukocytes of phenotypically normal males
or females from Promega (Promega, Madison,WI, USA) was
used as reference. DNA was then hybridized on the arrays
(CytoChip, BlueGnome Ltd, UK) using an automated slide
processor (HS 4800, Tecan Inc., Mannedorf, Switzerland).
Array images were then acquired using an Agilent laser
scanner G2565B, and image files were quantified using Agi-
lent’s feature extraction software (V9.5.3.1) and analysed with
the BlueFuse for microarrays software package (BlueGnome,
Ltd., UK). In the current study two different oligonucleotide
arrayswere usedwith 105,000 or 180,000 probes (BlueGnome,
Ltd., UK). These arrays can detect copy number changes
>50 kb in 138 targeted regions (microdeletion/duplication
loci) and >150 kb in the remainder of the genome. CytoChip
ISCA arrays report the gene content of over 500 recognized
disease regions, while they have genome-wide coverage,
including subtelomeres andpericentromeres, and support the
detection of imbalances as small as 60Kb.

2.4. Array Data and Confirmatory Analysis. Array data was
analysed using BlueFuse software analysis (BlueGnome Ltd.,
UK), and the reporting threshold was set at 200 kb. Called
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Table 1: Subcategories of samples based on the reason for referral.

Category Karyotype Ultrasound
findings

Number of
samples

A Normal YES 53
B Balanced rearrangement YES 5
C Balanced rearrangement No 2
D Abnormal YES 1
E Abnormal No 4

imbalances were further aligned with the in-house database
as well as to known aberrations listed in publically available
databases, such as the DECIPHER (Database of Chromoso-
mal Imbalance and Phenotype in Humans using Ensembl
Resources http://decipher.sanger.ac.uk) and the Database of
Genomic Variants (DGV, http://projects.tcag.ca/variation/)
using NCBI136/hg18 UCSC or GRCh37/hg19 assemblies.
Parental samples were analysed by array CGH only when
needed. All copy number variations found were confirmed
by FISH or Real-Time Polymerase Chain Reaction (RT-PCR)
which were performed using previously described standard
procedures [13, 14].

For a copy number change (CNC) to be considered as
clinically significant/pathogenic the following criteria were
applied:

(1) the aberration had to be de novo or inherited from an
affected parent;

(2) the region contained genes and/or overlapped with a
known syndrome or with a DECIPHER entry;

(3) the region was not listed as polymorphic in DGV;
(4) it was not previously found in the in-house database.

If an aberration met criteria 2 and 3 but was found in a
normal parent and was not previously reported as a recurrent
syndrome with variable phenotype due to incomplete pene-
trance, it was classified as a CNV of unclear significance.

All prospective parents were offered genetic counselling
by the referring clinician and consented prior to the testing.

3. Results and Discussion
3.1. Findings. A total of 65 samples/cases were included in
this study out of which 40 and 25 were investigated using
105K and 180K oligonucleotide arrays, respectively. Out of
the 65, one sample gave inconclusive results (failure rate 1/65,
1.53%). Consequently a total of 64 cases will be presented in
this study.

A total of seventeen cases (17/64, 26.5%) with CNVs
were determined by array CGH analysis, and the findings
are listed in Table 2. Four out of the seventeen cases with
CNVs detected in array CGH were abnormalities previously
detected by other methods (G-banding andMLPA).Thirteen
out of the seventeen CNVs detected were from pregnancies
with a normal karyotype and ultrasound abnormalities out
of which three (Cases 12, 34, and 38, 3/64, 4.7%) were
pathogenic, while the remaining ten (10/64, 15.6%) were
initially categorized as variables of unknown significance

(VOUS). Following parental analysis seven out of the ten
VOUS were determined to represent familial CNVs which
were unrelated to the reason for referral. For three out of ten
of those VOUS (Cases 52, 61, and 63) parental investigation
is still on going. The diagnostic capacity of array CGH in the
current cohort of prenatal cases is 10.93% (7/64) for clinically
significant changes. From a total of five cases with abnormal
findings previously identified by other methods (Groups D
and E in Table 1), the aberration was confirmed and further
characterized by array CGH in four cases (Cases 5, 9, 29,
and 31). In one case, Case 7, in which chromosomal analysis
determined an abnormal mosaic female karyotype with a
supernumerary marker chromosome, array CGH, failed to
determine the origin of the marker chromosome, suggesting
that it most probably did not contain any euchromatic
material.

3.2. Selected Case Presentations

3.2.1. Pathogenic De Novo CNVs. Case 12 was a CVS sample
from an 18-week pregnancy which was referred, initially, for
chromosomal analysis, due to increased nuchal translucency.
QF PCR analysis was carried out and revealed normal results.
The sample was also treated as usually to establish cultures for
chromosomal analysis, but after 14 days in culture there were
no signs of growth. After obtaining consent from the patient
and the physician, array CGH was carried out using 105K
oligonucleotide array on both the foetus and the parents.
Array CGH revealed a duplication of 2.1Mb in size on the
short arm of chromosome 5, inherited from the healthy
father, and a de novo deletion of 2.4Mb in size on the long
arm of chromosome 15 (Figure 1). The duplication on chro-
mosome 5 was classified as likely benign, as it was inherited
from the normal father, consequently stressing the necessity
of confirming the presence/absence of CNVs in the parents
to further categorize them. The deletion on chromosome 15
was reported as likely pathogenic, as it was relatively large
in size, and it was de novo; the deleted region contained
many genes and was not listed as polymorphic in the publicly
available databases. Such single segmental imbalance even
though it was determined by array CGH to be de novo, it
could be the consequence of the unbalanced transmission of
a derivative chromosome involved in an insertional balanced
translocation (IT) in the parents [15]. Nowakowska et al.
demonstrated that ITs underlie ∼2.1% of apparently de novo
interstitial CNVs. Such information may not be important
to further evaluate the risk for the current foetus, but it
is important for the accurate estimation of the recurrence
risk to family members.Therefore chromosome visualization
after microarray analysis is essential for delineating the
rearrangement and assessing for further potential imbalance
(in the immediate or even in the extended family). In the
current case chromosomal analysis carried out in the parents
did not detect an insertional translocation.

The deletion, however, was rather small in size for chro-
mosomal analysis to detect (2.5Mb); therefore FISH analysis
would have been necessary to visualize exactly the nature of
the imbalance. If FISH analysis cannot be performed in time
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Figure 1: Case 12 showing a copy number gain on the short arm of chromosome 5 inherited from the healthy father and a de novo copy
number loss on the long arm of chromosome 15. Representation of the chromosomal and genomic location region on chromosome 15 that
has the copy number change in the Database of Genomic Variants. A loss of 2.4Mb in size, which encompasses several RefSeq genes (shown
in brackets); the region is not covered by any CNVs determining that it is not polymorphic.

for the prenatal case, a disclaimer should be written on the
report regarding this point.

It is important to point out that in the current case,
had chromosomal analysis been carried, out this aberration
would have been missed.

3.2.2. Pathogenic Familial CNVs. Case 34, a 12-week preg-
nancy, was referred for chromosomal analysis and array

CGH due to increased nuchal translucency (7.1mm). Chro-
mosomal analysis was normal (46,XY), but array CGH
revealed double segmental imbalance which is usually an
indication for the presence of an unbalanced translocation.
Array CGH carried out with 105K oligonucleotide array
showed a terminal deletion on the long arm of chromosome
9, approximately 1.35Mb in size, and a terminal duplication
on the short arm of chromosome 17, approximately 1.95Mb
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Figure 2: Case 34 showing a copy number loss on the long arm terminal of chromosome 9. Representation of the chromosomal and genomic
location region on chromosome 9 that has the copy number change in the Database of Genomic Variants. A loss of 1.35Mb in size which
encompasses several OMIM genes (shown in brackets) and overlaps with a DECIPHER syndrome (the 9q microdeletion syndrome- shown
by the red arrow). The area is not covered by a significant number of CNVs determining that it is not polymorphic.

in size (Figures 2 and 3). FISH analysis, using subtelom-
eric specific probes for chromosomes 9 and 17, was then
performed which confirmed the array CGH results and
determined the presence of an unbalanced translocation
(Figure 4). As expected, retrospective analysis of the foetus’s
karyotype could not detect any of the abnormalities, since the
imbalances (1.35Mb and 1.95Mb)were beyond the resolution
of the karyotype. Chromosomal and FISH analyses carried
out in the parents revealed the presence of a submicroscopic
apparently balanced translocation in the mother between the
long-arm terminus of chromosome 9 and the short-arm ter-
minus of chromosome 17. The subtelomeric 9 deletion found

in the foetus includesmany genes, several ofwhich areOMIM
genes. In addition, the duplicated region on chromosome
17 contained many genes including two OMIM genes and
partially overlappedwith theMiller-Dieker syndrome region.
The couple went through counselling for further explanation
of the implications of the findings for the current pregnancy,
as well as for future pregnancies; the couple was elected to
terminate the pregnancy.

The usefulness of the additional information array CGH
provided in the diagnosis in this case is obvious; without it
the copy number change would have remained undetected.
Furthermore, the information acquired from this case will
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Figure 3: Case 34 showing a copy number gain on the short arm of chromosome 17. Representation of the chromosomal and genomic
location region on chromosome 17 that has the copy number change in the Database of Genomic Variants. A gain of 1.95Mb in size which
encompasses some OMIM genes and overlaps with a DECIPHER syndrome (the Miller-Dieker syndrome—shown by the red arrow). The
area is not covered by a significant number of CNVs determining that it is not polymorphic.

be used from the family for the better management of their
pregnancies in the future. After careful evaluation of this
couple’s reproductive andmedical history, it was revealed that
they had a previous pregnancy (Case 38) which was termi-
nated due to multiple severe ultrasound findings (tetralogy
of Fallot, talipes, and other). In addition the couple also had
an affected child. Both the previous pregnancy, and the child
were previously karyotyped by our laboratory, and the results
were normal. As expected, retrospective G-banding analysis
of both the child and the previous pregnancy did not detect
the abnormalities, and the parents consented to perform

array CGH on stored genetic material from their previous
pregnancy and their affected child. Array CGH analysis
revealed related findings to the current case and contributed
to the diagnosis for their affected child who had the same
unbalanced karyotype as the analysed foetus.The importance
of having the pedigree of a family being investigated is
paramount as shown in this case. Had the parents informed
the clinicians during the previous pregnancy that they already
had an affected child; the management of the first pregnancy
might have been different. The first pregnancy was inves-
tigated by chromosomal analysis on amniotic fluid sample
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(a) (b)

Figure 4: FISH analysis showing the confirmation of the unbalanced translocation in Case 34, using subtelomeric probes for chromosomes
9 and 17. Chromosome 8p and q probes (b) are also included in the probe mixture used (VYSIS, ToTelVysion probes). (a) Probes used:
subtelomeric 9p and 17q, the top red arrow points at the derivative chromosome 9 (showing the deletion of 9q) and the green arrows point at
chromosome 17. (b) Probes used: subtelomeric 17p, 8p and 8q, the red arrow points at the derivative chromosome 9 (showing the duplication
of 17p) the green arrows point at chromosome17p.

on the 16th week and revealed normal karyotype. It was
terminated based on the ultrasound findings despite the fact
that the karyotype was apparently normal. Had the parents
known at the time that their born child had a chromosomal
abnormality which was inherited from the mother; they
would have opted for an earlier prenatal diagnosis on their
first pregnancy perhaps by chorionic villus sampling. This
would have lessened their anxiety.

3.2.3. Likely Benign CNVs/VOUS. The importance of carry-
ing out confirmatory tests to the parents aswell as the foetuses
can also be seen in two other prenatal cases; CNVs found in
the foetuses were classified as benign, after parental testing, as
they were also present in healthy parents. Case 36, a 12-week
pregnancy, was referred for chromosomal and array CGH
analyses because of increased nuchal translucency. Array
CGH analysis revealed a duplication of 0.5Mb in size on the
long arm of chromosome 7 which was classified to be benign,
as it was also present in the healthy mother. Case 42, a 25-
week pregnancy was referred for chromosomal analysis due
to ultrasound findings (artrogryposis). Array CGH analysis
revealed a duplication of 0.38Mb in size on the short arm of
chromosome 10 and a deletion of 0.32Mb in size on the long
arm of chromosome 15. Array CGH analyses carried out in
the parents determined that the duplication was of paternal
origin and the deletion was of maternal origin, determining
that both CNVs were likely benign as each one was present
in each one of the healthy parents. In Cases 52, 61, and
63 the CNVs found are considered variable of unknown
significance (VOUS) as the abnormality still needs to be
investigated through parental testing in order to determine
if they represent clinically significant or benign CNVs.

It has to be pointed out that in the previous two cases array
CGH analyses were carried out in the parents after extensive

review of the publicly available databases (DGV,DECIPHER)
as well as our own dataset. These databases did not show the
CNVs found in these two cases to be common variants and
that is why parental array CGH was subsequently carried out
and showed that those CNVs were specific to that family.

3.3. Characterization of Previously KnownAberrations. Array
CGH was able to characterize previously known abnormali-
ties in four out of five cases. In three cases with marker chro-
mosomes it confirmed the presence of additional genomic
material and determined its size (Cases 5 and 29), but failed
to confirm copy number gain in one case. Furthermore, array
CGH delineated a deletion on the long arm of chromosome
7, in Case 9, which was identified by chromosomal analysis.
The deletion was clinically significant, and it was determined
to be approximately 6.3Mb in size.

3.4. Array CGH Detection Rate in Prenatal Diagnosis. Many
groups (Table 3) have demonstrated that by applying array
CGH there was an additional detection of clinically signif-
icant genomic imbalances of approximately 3.6% (average
from all studies) when the karyotype was normal, regardless
of the indication of the referral for chromosomal analysis.
This detection rate increased to 5.2% when the pregnancy
had a structural malformation on ultrasound [5, 7, 16–
20, 23, 24]. In these studies the overall detection of array
CGH over chromosomal analysis was 12%. When benign
CNVs were removed and considered as normal results the
detection rate dropped to 3.6% [24]; this percentage included
the pathogenic CNVs as well as the variants of unknown
significance (VOUS) with a potential of being pathogenic.
The presence of VOUS was found in 1.1% of cases [24].

The ultrasound findings included cardiac abnormali-
ties, increased nuchal translucencies, cystic hygromata or
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hydrops, or central nervous system abnormalities. Most of
these studies used targeted BAC arrays [5, 16–20, 23], and
some used both targeted and whole genome arrays [5, 16, 18].
The resolution for the arrays varied from 287 to 4685 BAC
probes and from 44,000 to 946,000 oligonucleotide probes.

Tyreman et al. conducted a retrospective analysis of
106 karyotypically normal referrals with ultrasound findings
using the GeneChip 6.0 SNP array from Affymetrix. This
platform provides uniquely high resolution coverage of the
genome with over 1.8 million probes, using oligonucleotide
targets that provide copy number information only and single
nucleotide polymorphisms (SNPs) oligonucleotide targets
which provide genotyping as well as copy number informa-
tion. In this study a total of 35 rare CNVs were identified,
10 (9%) of which were considered to be pathogenic, 12 were
likely to be benign (11%), and 13 were VOUS (12%). The
percentage of VOUS is slightly higher than the other studies
because parental testing was not used in this study for their
clarification. In addition in this study a case with a cryptic
mosaic trisomy for chromosome 10 was identified as well as
a case with loss of heterozygosity (LOH). The same platform
can detect triploidy as well which is a major advantage; one
of the limitations of array CGH is its inability to detect
triploidies [7]. Table 3 shows the comparison between these
studies.

In another study completed by Fiorentino et al. [21]
pregnant women were referred for chromosomal and array
CGH analyses. Both methods were carried out concurrently
in order to compare results. A total of 1037 prenatal samples
were studied, and the reason for referral of these sam-
ples included advanced maternal age, ultrasound findings,
parental anxiety, and family history of a genetic condition or
chromosome abnormality. Array CGH was carried out using
whole genome BAC array with a resolution of 1Mb across the
genome and ∼100 kb resolution in 139 regions associated with
constitutional disorders. From the analysis it was determined
that 13% of the samples had likely benign and of no clin-
ical significance CNVs. Furthermore, array CGH revealed
clinically significant chromosome alterations in 3.3% of
the samples. In 0.9% of the samples array CGH provided
diagnosis of clinically significant chromosomal abnormality
which was not detected by chromosomal analysis and would
have otherwise gone undetected. Clinically significant results
were also identified by conventional cytogenetics as well in
73.5% of the total abnormalities also detected by array CGH
(25/34) and in 2.4% of the total number of samples.

Finally, in the largest prenatal study published to date by
Wapner et al. which includes over 4000 cases, microarray
analysis provided additional clinically relevant information
in 1.7% of pregnancies with standard indications for prenatal
diagnosis and in 6.0% of pregnancies with an anomaly on
ultrasonography. In addition, uncertain findings (VOUS)
occurred in 1.5% of all karyotypically normal cases. In total
out of the 3822 normal karyotypes, 1234 common benign
CNVs were identified (32.3%), 35 pathogenic CNVs (0.9%),
and 130VOUS (3.4%). Out of the 130VOUS the 69were likely
to be benign, and the 61were likely to be pathogenic. If we add
the likely to be benign VOUS to the common CNVs, then the
total of benign CNVs raises to 1303 (34.1%). If the likely to be

pathogenic VOUS are added to the known pathogenic CNVs,
then a total of 96 (2.5%) is reached.The authors do comment,
however, that the number of VOUS is expected to fall, as
additional experience is acquired. They also point out that
for the interpretation of uncertain results, close collaboration
between laboratory directors, clinical geneticists, counsellors
and practitioners is necessary. This study also suggests that
SNP arrays are used in prenatal testing to reliably identify
triploidy which is missed with the use of standard arrays [22].

3.5. Can Array CGH Analysis Fully Replace Karyotyping?
Arrays CGH analysis is being introduced in prenatal diag-
nosis in conjunction to chromosomal analysis, but it cannot
yet fully replace karyotyping for the following reasons: (a)
it cannot detect balanced rearrangements such as transloca-
tions, balanced insertions, and inversions. This is especially
important in Robertsonian translocations, as carriers of such
are at high risk for uniparental disomy (UPD) [25] and
the risks UPD imply. Even in the case were SNP arrays
are used which can detect isodisomy [26], they cannot
detect heterodisomy which is the most common form of
UPD. In addition to Robertsonian translocations, balanced
rearrangements especially de novo reciprocal translocations
or insertions are important to be detected, as they can some-
times lead to abnormal phenotypes. Furthermore knowing
the presence of a balanced rearrangement can provide the
couple future risk assessments for an unbalanced offspring
and information useful for reproductive planning, (b) it
cannot detect low level mosaicism, a finding that we often
see in prenatal diagnosis. Mosaicism is detected in 1-2% of
CVS samples and in 0.2% of amniotic fluid samples [27].
Even though in about 84% of mosaic cases in CVS, the
mosaicism is confined to the placenta [28], the remaining
cases would have remained undetected if array CGH was
the only method applied, and (c) it cannot always detect
the presence of marker chromosomes, as was the case in
one of our samples (Case 7), even in the nonmosaic state.
Marker chromosomes are encountered in about 0.1% of
prenatal diagnoses [27] and very often in the mosaic form.
Depending on which chromosome they were derived from,
their size, their inheritance mode and whether they are
euchromatic or heterochromatic the phenotypic risk can be
determined. In a study of 55 cases with marker chromosome
it was demonstrated that out of the 26 nonmosaic markers
only 14 were detected leaving 46% of array results normal.
Even if this percentage reflects that the markers are mainly
heterochromatic, the lack of detection does not completely
exclude a possible phenotypic effect [29], and finally (d) it
cannot visualize the type of rearrangement in the event where
deletion or duplication detected by array CGH is proven to be
de novo after parental testing [15].

3.6. Genetic Counselling. As genome-wide analysis is being
introduced into prenatal diagnosis pretest counselling is of
paramount importance due to the nature of the test and the
findings emerging from the analysis. Information should be
offered by counsellors, and everything should be explained
clearly and in a nondirective way, so that prospective parents
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can make their own decision having their future child’s best
interest in mind.

It is imperative that the following information is given by
the prospective parents:

(i) medical history of both parents;
(ii) medical history of the pregnancy which should

include any ultrasound findings;
(iii) family pedigree of both parents up to three genera-

tions.

Counsellors should be aware of the state of mind parents-
to-be are in, right after an ultrasound abnormality has been
detected. Parents may not be able to absorb any information
given to them at the time, so it is good practice to have
everythingwritten down aswell, so that it is available for them
to read later on. Following this, parental consent should be
obtained. Prospective parents should be informed of the test,
and its limitations should be further explained. They should
know that the array technique cannot detect every single
disease or well-known syndrome. In a study of 141 foetuses
with ultrasound abnormalities andnormal array results, there
was a diagnosis in 15% of them when they were reviewed
postnatally [30].

If, in the course of testing the foetus, whole genome
array analysis is needed to be carried out for the parents,
they should be counselled appropriately including informed
consent on what information they want to receive.

The parents should be aware of all the possible outcomes
of the array testing which could either be normal or abnor-
mal. It should be explained to them that if CNVs are detected
they could (a) explain the foetal ultrasound abnormalities,
(b) be de novo and of unknown clinical significance, (c) be
inherited and of unknown clinical significance, and (d) be an
unsolicited finding unrelated to the ultrasound findings.

Variables of unknown significance and incidental find-
ings are the most challenging for counsellors. This is why it
is of prime importance to inform parents of such possible
findings; an example is a late-onset inherited disease either
de novo or inherited in the family. Its implications should
be explained, and a distinction should be made between
treatable (hereditary cancer) and nontreatable (Huntington’s
disease) late-on-set diseases. There is no straight forward
guideline on how this should be carried out, but, for example,
in Europe the current tendency is to ask parents whether they
want to be informed about treatable late-onset diseases. Some
laboratories even have a policy of not reporting unsolicited
CNVs to nontreatable diseases [30]. There are many ethical
questions arising from all these, one of them being the extent
to which pregnant women and their partners should be
allowed to determine the range of possible outcomes that will
or will not be reported back to them [31]. National guidelines
in the use of array CGH in prenatal diagnosis remain to be
established.

4. Conclusions

Karyotyping has been the golden standardmethod for prena-
tal diagnosis for decades, being able to sufficiently diagnose

numerical and large structural abnormalities (<3–10Mb).
With the introduction of array CGH analysis in postnatal
analysis and its use as a first-tier test in cases of intellec-
tual disabilities, it has been postulated that this method
might someday actually replace conventional cytogenetics
in prenatal diagnosis as well. Array CGH in a postnatal
setting has been demonstrated to be a high throughput,
comprehensive, and fast to detect copy number changes that
can go undetected by light microscopy.

The current study has demonstrated that the usefulness
of array CGH in prenatal diagnosis depends on the selection
of the appropriate platform. More importantly, it has clearly
shown that array CGH is a valuable tool in prenatal diag-
nosis, both in cases with foetal malformations and normal
karyotype as well as in cases where an abnormality was
detected with another method and further investigated with
array CGH. Array CGH provided valuable information for
phenotype-genotype correlation and providedmore accurate
information regarding the clinical significance and the risk
in the current and future pregnancy of the respective patient.
Another critical factor for accurate CNV classification is
parental testing to determine between familial and de novo
CNVs. Appropriate pre- and posttest genetic counsellings
offer the prospective parents tools to decide on the man-
agement of their pregnancy. However, one of the problems
posing dilemmas to genetic counsellors and something that
array CGH has to overcome is the fact that it can detect
coincidental findings, variants of unknown significance and
variants with variable expressivity.

Currently the ideal setting to advance prenatal diagnosis
and increase its resolution would be to apply array CGH
in high risk pregnancies in conjunction with chromosomal
analysis with a microarray designed especially for prenatal
diagnosis. As we have seen, this increases the detection rate
for likely pathogenic CNVs up to 5%. To avoid interpretation
problems (previously discussed) these arrays should cover
all known pathogenic CNVs and have a low-resolution
backbone for the detection of relatively large CNVs thus
keeping the detection of CNVs of unclear significance to
the minimum. A shared database specifically dedicated to
prenatal diagnosis coupled with the growing amount of data
regarding CNVs and dosage sensitive genes could make it
easier to interpret genomic arrays.
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Extragenital chlamydial complications may be associated with systemic spread of infection, but haematogenous route for C.
trachomatis dissemination has not been clearly demonstrated. Here we report that serum specimens obtained from patients with
chlamydiosis contain elementary bodies of C. trachomatis shown by culture and immunogold electron microscopy. We have found
that 31 of the 52 patients had serumprecipitates whichwere infective toMcCoy cells. Immunostaining revealed very small inclusions
resembling those reported during persistent C. trachomatis infection in vitro. DNA specimens from 49 (out of 52) patients with
chlamydiosis gave positive PCR readings. The viability of the pathogen present in the sera was confirmed by chlamydial RNA
detection in the cell monolayer inoculated by the serum precipitates. By using DNA isolation protocol from 1mL of serum and
quantitative TaqMan PCR, it was estimated that bacterial load in patients’ sera was 2 × 102-103 GE/mL. These findings for the
first time demonstrated that C. trachomatis can be disseminated directly by the plasma, independently from blood cell, which may
represent a new possible pathway of the chronic infection development. Therefore, new methodological approaches for detection
of C. trachomatis in the serum of patients with complicated and chronic chlamydiosis could be important in the diagnosis of the
infection regardless of its anatomical localization.

1. Introduction

Chlamydia trachomatis is an obligate gram-negative intracel-
lular bacteriawhich belongs to genusChlamydia.Threemajor
biovars of C. trachomatis are believed to induce different dis-
eases in humans trachoma (serovarsA, B, Ba, orC), urethritis,
epididymitis, cervicitis, salpingitis and pelvic inflammatory
disease (serovars D–K), and lymphogranuloma venereum
(LGV, serovars L1, L2, and L3) [1]. Cellular paradigm of
chlamydial infection emerges from the fact that epitheliocytes
are the main primary target of C. trachomatis in the human
body [2]. Chemokines released from epithelial cells can
recruit neutrophils and a modest number of monocytes
which in turn can infiltrate submucosal zone within 24–
48 hours after initiation of the infection [3]. Epitheliocytes

provide perfect support for full developmental cycle of C.
trachomatis which concludes in cells lysis and exposure of
adjacent epithelial cells to the de novo infectious progeny
[4]. Horizontal spread of the pathogen within epithelium and
further cytokine release from migrated innate immune cells
culminate in the appearance of lymphocytes in the site of
infection [5]. Viable forms of C. trachomatis can be found
within monocytes, neutrophils, lymphocytes in epithelial
lesions, and as far as in regional lymph nodes [6, 7].
Phagocytosis, pinocytosis, and receptor-mediated uptake are
responsible for chlamydial entry into innate immunity cells
[8]. According to their ability to spread, C. trachomatis ser-
ovars are divided into invasive and noninvasive. Serotypes
L1, L2, and L3 cause invasive infections, whereas types D, E,
F, G, and K restrict their propagation to the site of primary



2 BioMed Research International

chlamydial insult [9]. Nevertheless, in many cases of C.
trachomatis infection the pathogen and clinicalmanifestation
of the disease spread far beyond originally infected area.
Canicular spread of the pathogen is traditionally believed
to be a major way of C. trachomatis generalization [2, 3]
though this mechanism is not relevant when pathogen is
detected in tissues with no anatomical connectivity to uro-
genital system. Extragenital complications of C. trachomatis
infection include sexually acquired arthritis (SARA), peri-
hepatitis, and conjunctivitis [10]. Isolation and/or detection
of C. trachomatis has been reported from synovial exudate
[11], ascitic fluid [12, 13], liver biopsy material [14, 15], and
respiratory secretion fluids [16]. However, the mechanism of
systemic generalisation of chlamydial disease remains yet to
be understood. Lymphogenic dissemination is likely to be
implicated since C. trachomatis propagates in lymphocytes
and can be isolated from regional lymph nodes [7, 17].

Recently, we showed that C. pneumoniae and C. tracho-
matis can be detected in serum specimens obtained from
patients [18, 19]. Here we report new data on isolation and
identification of C. trachomatis viable infectious forms from
serum of patients with urogenital chlamydial infection.

2. Material and Methods

2.1. Patients. Thestudywas conducted in the outpatient clinic
NearMedic at Gamaleya Institute of Epidemiology and Mic-
robiology RAMN (Moscow, Russia). The study protocol was
approved by the local ethical committee. All patients were
informed about the purpose of the study and have given
a written consent regarding participation in the study. The
major group of the study included 52 patients with newly
diagnosed symptomatic chlamydial infection having com-
plaints of abnormal vaginal discharge, genital ulcer, lower
abdominal pain (women), or urethral discharge (men).
Patients with pelvic inflammatory diseases or epididymitis
and other infections (N. gonorrhoeae, tuberculosis, HIV,
Hepatitis B or C, and syphilis) or patients admitting antibiotic
use within 4 weeks before enrollment were excluded from the
study. Thirty women (range 19–38 years) and 22 men (range
24–45 years) with diagnosis of urogenital symptomatic C.
trachomatis infection confirmed by cell culture and PCRwere
eligible for the study. Control group included 20 age-matched
healthy volunteers (9 males range 19–30 years, 11 females
23–40 years) with no history or current evidence of STD
and with negative PCR results of swab specimens. Groups
of 36 patients with chronic pelvic inflammatory diseases
(range 28–41 years), 33 patients with Reiter’s disease (range
31–46 years), and 20 control subjects (range 26–50 years)
were examined for chlamydial DNA presence in serum and
urogenital swabs.The studyneither interferedwith diagnostic
and therapeutic options nor had impact on treatment options
chosen by physicians for each consented individual.

2.2. Specimen Handling

2.2.1. Serum. Blood was collected in the morning hours
(8–11 AM) under sterile conditions from fasted patients by

venipuncture. After clotting the blood for 1 hour at room
temperature, the tubes were centrifuged at 1600 g for 15min
at 4∘C. Serum was separated immediately and 3mL was
subjected to the centrifugation on Beckman centrifuge AN
(Beckman Coulter, Inc., USA) at 16000 g for 60min at 4∘C.
Obtained sediments were gently resuspended with micro-
pipette in 0.5mL of SPG and stored at –80∘C. Vials were
opened only in the laminar air flow safety cabinet for culture
test and PCR analysis after confirmation of diagnosis of
chlamydial infection.

2.2.2. Urogenital Swabs. Urethral and cervical swabs for bac-
teriological culture and DNA amplification were collected
by qualified professionals using commercial swabs (Aptaca,
China). Swabs were placed in the tubes containing RPMI-
1640 medium with 5% FCS, amphotericin B (5𝜇g/mL),
and gentamycin (4 𝜇g/mL) and were frozen at −80∘C until
cultivation.

2.3. Reagents and Bacteria. All reagents were purchased from
Sigma-Aldrich unless specifically mentioned otherwise. C.
trachomatis strain L2/Bu434 kindly provided by Dr. P. Saikku
(University of Oulu, Finland) was used as reference culture.
The pathogen was propagated in Mycoplasma-free McCoy
cells grown in RPMI-1640medium supplemented with 2mM
L-glutamine (Invitrogen), 5% fetal bovine serum, 50𝜇g/mL
gentamycin sulfate, and 1mg cycloheximide/mL. Infectious
elementary bodies were isolated from McCoy cells by son-
ication, washed in phosphate-buffered saline, purified by
Renografin gradient centrifugation, and kept frozen at −80∘C
in SPG buffer (pH 7.2; 250mM sucrose, 10mM sodium
phosphate, 5mM L-glutamic acid).

2.4. Cell Culture Test

2.4.1. Urogenital Swabs. Thawed swabs were vortexed vigor-
ously and centrifuged at 300 g for 3min. Resulting super-
natant was added to 24 well plates with subconfluent McCoy
cells. The plates were centrifuged at 1600 g for 1 hour at 30∘C
and incubated for 2 h at 37∘C in 5% CO

2
. The medium was

removed and replaced with fresh RPMI-1640 and plates were
cultivated for 48 hours at 37∘C in 5% CO

2
. Infected cells were

visualized by direct immunofluorescence with FITC-labeled
antibodies against C. trachomatis MOMP (NearMedic Plus,
Russia). The identity of propagating bacteria was confirmed
by TaqMan—PCR conducted with DNA extracted from
infected McCoy cells monolayers.

2.4.2. Serum. Tubes containing 0.5mL of frozen serum sedi-
ments in SPG were thawed on ice, then 2.5mL of RPMI-1640
supplemented with FCS, amphotericin B and, gentamycin
was added to each tube. Resulting suspension was transferred
to 3 wells of subconfluent monolayers of McCoy cells grown
in 24 well plates. Plates were incubated and processed as
described above for urogenital swabs. Remaining serum was
used for DNA extraction and further PCR analysis.
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C. trachomatis-specific IgG antibodies were evaluated by
using Chlamydia trachomatis-IgG-ELISA plus medac com-
mercial kit (Medac, Hamburg, Germany).

2.5. Immunofluorescence Staining. Infected McCoy cell
monolayers were grown on coverslips in 24 well plates. After
fixating with methanol and permeabilization with Triton
X-100, cells were stained by direct immunofluorescence with
FITC—conjugated monoclonal antibody against C. tracho-
matis MOMP (NearMedic Plus, Russia). Inclusion-contain-
ing cells were examined and photographed under Nikon
Eclipse 50i fluorescent microscope at 1350x magnification.

2.6. Electron Microscopy. Thawed serum samples (10mL)
were spun at 16000 g for 60min. Resulting pellets were ana-
lyzed by TaqMan PCR for C. trachomatis 16S rRNA. Positive
specimens were fixed for 4 hours in phosphate buffer (pH
7.8) containing 5% glutaraldehyde, postfixed in 1% osmium
tetroxide for 1 hour, dehydrated in ethanol, and embedded
in LR White resin (EMS, USA). Stained ultrathin sections
(200–300 Å) were evaluated by electron microscopy using
JEM-100B microscope (Japan Electron Optics Laboratory
Co., Tokyo, Japan). Purified EBs of C. trachomatis reference
strain were used as positive control for electron microscopy
studies. PCR-negative sediments of serum obtained from
healthy volunteers served as negative control.

2.7. DNA Isolation. Extraction of total nucleic acids was
conducted with IVD-labeled automated system NucliSENS
easyMAG (BioMérieux Inc.,TheNetherlands). DNAwas iso-
lated from urogenital swaps, serum specimens, and McCoy
cells’ infected serum aliquots. Up to 24 samples were analyzed
in one BioMérieux automated system run. All specimens
with the adjusted volume of 1.0mL were treated with 1mL of
BioMérieux lysis buffer. Loadings of samples, reagents, and
disposables were the only manual steps during DNA extrac-
tion procedure using NucliSENS easyMAG platform. DNA
was eluted from the cartridges with 50𝜇L of BioMérieux
elution buffer.

2.8. Quantitative TaqMan PCR. For quantification purpose,
real-time PCR for 16S rRNA and cryptic plasmid of C.
trachomatis was conducted. PCR primers and TaqMan probe
for 16S rRNA of C. trachomatis (GenBank accession number
AM884176) and cryptic plasmid of C. trachomatis (GenBank
accession number X06707.3) were designed using Primer
Express Software (Applied Biosystems, Foster City, CA,
USA). Designed primers and TaqMan probe were as follows:
for 16S rRNA ofC. trachomatis forward primer, 5-GGCGTA
TTT GGG CAT CCG AGT AAC G-3; reverse primer, 5-
TCA AAT CCA GCG GGT ATT AAC CGC CT-3; and
TaqMan probe R6G-TGG CGG CCA ATC TCT CAA TCC
GCCTAGA-BHQ2, and for cryptic plasmid ofC. trachomatis
forward primer, 5-GGG ATT CCT GTA ACA ACA AGT
CAG G-3; reverse primer, 5-CCT CTT CCC CAG AAC
AAT AAG AAC AC-3; and TaqMan probe ROX-CTC CCA
GAG TAC TTC GTG CAA GCG CTT TGA-BHQ2. An
additional BLAST search analysis was conducted to unsure

specificity of the primers and probe. Real-time PCR was
performed with the iCycler IQ system (Bio-Rad, USA). All
samples were analyzed in triplicates.

Bacterial load in serum specimens and urogenital swabs
is shown below in genome equivalents of per mL of serum or
in genome equivalents of the pathogens referred to 105 copies
of eukaryotic 𝛽-actin (swabs). Calibrator standards were pre-
pared using amplified fragments of 16S rRNA and pLGV440
ofC. trachomatis, or eukaryotic𝛽-actin and cloning them into
the pGEM-T plasmid vector (pVU56) using the TA cloning
kit (Invitrogen, San Diego, CA, USA) similarly to Broccolo’s
protocol patients [20].

2.9. RNA Isolation. RNA was isolated from infected McCoy
cells using Trizol protocol (Invitrogen, USA). RNA prepa-
rations were treated with RNase-free DNase RQ1 (Promega
Corporation, USA) and resuspended in DEPC-treated water.
RNA samples were confirmed to be DNA free by performing
a PCR for selectedC. trachomatis genes.The concentration of
isolated RNA in samples was established by spectrophotom-
etry.

2.10. Reverse Transcription and PCR. cDNA was synthesized
using “Reverse Transcription System” (Promega Corpora-
tion, USA) with random primer. PCR has been performed
using sets of primers for 4 C. trachomatis genes as follows:

groEL-forward 5-TCTGCGAACGAAGGATATGA-
3 and reverse 5-ATAGTCCATTCCTGCGCCAGG-
3;
omp1-forward 5-CGTTCGTTGCAGACTTACCA-
3 and reverse 5-GTTCCTCGCATACCGAATGT-3;
pmpD-forward 5-GTTAGACCAAATTCGAGATC-
3 and reverse 5-AAGATTCTCCGTCACGAGGA-
3;
omcB-forward 5-CTGCAACAGTATGCGCTTGT-
3 and reverse 5-CACGCTGTCCAGAAGAATGA-
3.

PCR products were separated on 1.5% agarose gels using
ethidium bromide staining. C. trachomatis L2/434/Bu was
used as positive control.

3. Results and Discussion

As can be seen from Figure 1(a), 48-hour inclusions of C.
trachomatis reference strain had irregular shape with gran-
ular or punctuate IF signal. Some inclusions were stained
heterogeneously and contained distinct “empty” pockets that
appeared to be deficient in immune-reactive substance.There
were many small extracellular particles spread around indi-
vidual cells which may be indicative of chlamydial inclusion
burst.

Inoculation of urogenital swabs obtained from the
patients with confirmed chlamydiosis intoMcCoy cell mono-
layers led to appearance of inclusions with very variable mor-
phology. Besides typical inclusions, there were many inclu-
sions with irregular borders and reduced intensity of IF
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(a)

(b)

(c)

Figure 1: Chlamydial inclusion bodies in McCoy cells infected
with reference strain (a), urogenital (b), and serum (c) isolates of
C. trachomatis. 48 hpi. Bar marker 5mkm.

signal. In some cells, inclusions retained granular and punc-
tuate IF prototype even at 48 h of postinfection period
(Figure 1(b)). Despite variable inclusion morphology, all
urogenital swabs from 52 patients with chlamydiosis were
culture positive. No specific IF staining has been seen with
swab specimens collected in control group except some
background signals originated apparently by contaminating
blood constituents.

Next, we determined if serum sediments obtained from
the same patientswith confirmed chlamydiosismight contain
infectious forms ofC. trachomatis.We have found that thirty-
one of the 52 patients had serum sediments infective to
McCoy cells under conditions used. Immunostaining seen

in 48 h of postinoculation had remarkably distinctive pattern
(Figure 1(b)). Chlamydial inclusions were fewer in number,
smaller, rounder, and more uniformly stained if compared to
those seen in McCoy cells infected with reference strain or
urogenital swabs (Figure 1). IF signal was commonly weaker
and was best seen at 72 h of postinoculation. Most of the
inclusionswere intact with no extracellular particles extruded
suggesting that infectious cycle was not lytic. Overall appear-
ance of IF staining resembled that reported during persistent
C. trachomatis infection in vitro [21].

Ten primary serum isolates sustained at least three serial
passages in cell culture. In 9 cases, inclusion morphology
remained principally unchanged indicating that these serum
isolates had a stable phenotype. Only one serum isolate
reversed morphological appearance by showing multiple
punctuate pattern of inclusions with extracellular particles on
the third passage.

The identity of infectants propagating in McCoy cells
was also examined with nucleic acid amplification protocol.
Genetic markers of C. trachomatis were detected in all 52
DNA specimens from McCoy cells infected with urogenital
swabs of patients with chlamydiosis. However, when match-
ing serum sediments were inoculated to McCoy cells, only
49 DNA specimens (out of 52) gave positive PCR read-
ings. Therefore, nucleic acid amplification protocol showed
higher detection rate (94.2%) of C. trachomatis in McCoy
cell infected with serum sediments when compared to IF
culture test (59.6%). Simultaneous detection of the pathogen
in serum sediments by two methods took place in 30
patients only. Noteworthy that 1 serum specimen inoculated
to McCoy cells gave positive IF signal whilst it was negative
in PCR. On the other hand, 19 serum sediments which
were negative by culture test had PCR-detectable chlamydial
markers in the cell monolayers. Positive PCR findings were
reproducible for any particular DNA specimen. No positive
results were obtained in the control group. Amplicons from
two PCR positive samples were sequenced. Full homology
was established for chosen region of 16S rRNA gene among
two isolates and two reference strains of C. trachomatis
(L2/434/Bu and A/HAR-13).

The identity of serum isolates from urogenital patients
was further evaluated with immunogold electronmicroscopy
using C. trachomatis specific antibody. Duplicates of two
serum specimens tested positively in culture test and PCR
were chosen randomly for retrospectivemicroscopic analysis.
Both serum specimens from the patients with urogenital C.
trachomatis infection contained typical elementary bodies
with attached immunogold particles disclosing the identity
of the pathogen (Figure 2).

Next, we decided to assess the viability of C. trachomatis
primary serum isolates by direct comparison of bacterial
DNA in inoculums and infected host cells after 48 hours
of cultivation of the same volume. Five serum specimens
yielding positive identification in culture test and PCR were
selected for this purpose. As can be seen from Table 1, there
is a significant difference in values of bacterial load measured
in inoculums and McCoy cells in 48 hours of postinfection
period suggesting effective pathogen propagation in the host
cells.
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(a)

(b)

(c)

Figure 2: Electron-microscopic images of C. trachomatis elementary bodies obtained from serum centrifugates ((a) and (b)). Bar marker
0.5mkm. Immunogold labeling of C. trachomatis elementary bodies after preincubation with monoclonal antibody against chlamydial
MOMP (c). Bar marker 0.1mkm.

Table 1: Comparison of amounts of C. trachomatis genome equiv-
alents (GEs), detected by direct isolation from the serum and after
cultivation in cell culture using PCR.

Patient C. trachomatis GEs
in 1mL of serum

C. trachomatis GEs isolated
from cells after cultivation of
1mL serum inoculum for 48 h

2 2.54 ∗ 10
2

1.36 ∗ 10
4

6 8.21 ∗ 10
2

2.54 ∗ 10
4

9 4.21 ∗ 10
2

4.41 ∗ 10
4

15 2.78 ∗ 10
2

3.27 ∗ 10
4

19 3.05 ∗ 10
2

9.21 ∗ 10
4

In order to reconfirm the viability of pathogen present
in serum specimens, we also have been trying to identify
chlamydial RNA transcripts in cell monolayer inoculated
with serum sediments of the patients with urogenital infec-
tions and cultivated for 48 hours. Quantification attempts of
C. trachomatis RNAs in these specimens were unsuccessful
due to extremely high 𝐶

𝑡
values in TaqMan PCR which is

attributable to low bacterial load. We examined the presence
of 4 chlamydial transcripts by conventional PCR. Genetic
markers of the early (groEL), middle (omp1 and pmpD), and
late (omcB) developmental cycle were chosen. RNA tran-
scripts for groEL, omp1, and pmpD were detectable in total
RNA obtained from McCoy cells after inoculation with
serum sediments (Figure 3). However, RNA for omcB was
undetectable in cultured serum isolates suggesting prolonged
developmental cycle of serum-derived pathogen.

Next, we determined the possibility of direct detection
of chlamydial DNA in patients serum. Using DNA isolation
protocol from 1mL of serum and quantitative TaqMan PCR,

it has been shown that bacterial load in patients sera was
2 × 10

2-103 GE/mL.
We used the developed protocol for DNA detection in

serum to examine the prevalence of C. trachomatis infection
in patients with chronic urogenital and extragenital compli-
cations.Thirty-six patients with chronic pelvic inflammatory
diseases, 33 patients with Reiter’s disease, and 20 control
subjects were examined by simultaneous detection of C.
trachomatis DNA in urogenital swab and sera. In patients
with chronic pelvic inflammatory diseases and a history of
chlamydial infection, C. trachomatis DNA was detected in
the serum of 61% of cases, while in the swabs pathogen was
detected in only 17%. In patients with Reiter’s disease, C.
trachomatisDNA was detected in the serum of 64% and 30%
in the swabs. In control group chlamydial DNA was found in
7% serum and in 3% swabs (Figure 4).

C. trachomatis is an obligate intracellular human patho-
gen accounting for most of the cases of STDs and preventable
blindness in the world.Mucosal surfaces of urogenital system
and conjunctivae are the primary target of the pathogen in
the human body [2]. However, there is a growing body of
evidence that chlamydial infection can spread far beyond
mucosal membranes affecting some abdominal organs and
joints [10]. Pathophysiological mechanisms of C. trachomatis
infection generalisation remain obscure [3, 10]. In this paper,
we report that viable elementary bodies of C. trachomatis can
be detected in serum of the patients with newly diagnosed
cases of urogenital chlamydial disease.

Firstly, immunogold electronmicroscopy and cell culture
analysis revealed that 14000 g pellet fraction of serum speci-
mens obtained from the patients contains elementary bodies
of C. trachomatis.

Secondly, 59.6% of serum specimens were tested pos-
itively in IF culture test suggesting viability of bacteria.
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212 bp
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Figure 3: C. trachomatis-specific amplicons recovered in RT-PCR
reactions with RNA isolated from serum isolates of the patients with
urogenital chlamydiosis. RNA was isolated from infected McCoy
and RT-PCR reaction performed as described in Section 2. A per-
centage of 1.2% agarose gel contains the following lanes: 1: size
marker; 2 and 3: amplification products obtained in PCR with RNA
isolated from serum of patient no. 1 and patient no. 2; 4: ampli-
fication product using RNA from reference strain L2/434/Bu; 5:
RNA extraction control; 6: positive control; 7: negative control.

Inclusions originated inMcCoy cells by inoculation of serum
specimens were remarkably atypical. Inclusions were fewer
in number, smaller, round-shaped and had reduced intensity
of IF staining when compared side by side with reference
strain of C. trachomatis propagating in host cells. However,
culture test alone seems to underestimate the bacteraemia
rate in urogenital patients. When PCR for 16S rRNA and
cryptic plasmid of C. trachomatis was applied for culture
test, estimated detection rate of the pathogen in serum was
94.2%. This finding itself reveals presence of viable pathogen
in serum since extrinsic chlamydial DNA is unstable. Coinci-
dent detection of C. trachomatis in serum specimens by both
methods (culturing with further PCR) took place in 57.7%
of the patients with urogenital chlamydiosis. No specific IF
staining or valid PCR readings with 𝐶

𝑡
< 40 were seen in

serum specimens from control patients. Amplicon sequenc-
ing confirmed the identity of the pathogen propagating in
McCoy cells after inoculation of serum sediments.

Thirdly, C. trachomatis serum isolates display reasonable
replicative capacities.There was net increase of bacterial copy
number in infectedMcCoy cells over incubation periodwhen
postincubation bacterial load values were compared to PCR
readings in the inoculums. It is clear that de novo formed
chlamydial particles rather than the carryover from the
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Figure 4: Patients with PID and Reiter’s disease and control subjects
were examined for presence of C. trachomatis DNA in serum and
urogenital swab, and C. trachomatis-specific IgG antibodies as des-
cribed in Section 2.

inoculum are responsible for such an increase. Convincing
evidence comes from RNA analysis. Genetic markers of
chlamydial developmental cycle (groEL, omp1, and pmpD)
were expressed in the cultured cells after inoculation of serum
specimens.

Direct analytical quantification of C. trachomatis genetic
markers in serum specimens by nucleic acid amplification
reactions needs to be addressed in further studies. Although
there are detectable chlamydial target sequences in DNA
specimens from plasma of the patients with urogenital chla-
mydiosis, high 𝐶

𝑡
readings undermine analytical value of

the assay. In search for another target sequence, multiplexed
format with two calibrators might be useful.

Therefore our data above suggests that serum specimens
of the patients with urogenital chlamydiosis may contain
viable forms of C. trachomatis. Although diagnostic evalu-
ation of this finding needs to be assessed in further larger
trials, our data already indicates a high level of prevalence
of the detection of this bacteria in patients with chlamydial
diseases. Moreover, we have recently published that another
chlamydial species, C. pneumonia, can be detected in serum
specimens of the patients with acute coronary syndrome
[18]. It seems that the detectability, that is, presence of chla-
mydial pathogens in the serum, and their circulation in the
blood, is quite a common feature attributable to different
chlamydial diseases, indicating similarity in mechanisms of
dissemination of these two pathogens. Epitheliotropism as
well as ability to infect mononuclear cells and lymphocytes is
another common feature shared by both pathogens in terms
of pathogenesis of chlamydial disease.

Our study did not reveal precisely whether pathogen
present in serum has originated from mononuclear cells or
plasma. However, it becomes clear from our work that even
early stages of chlamydial urogenital disease are accompanied
by presence of culturally retrievable C. trachomatis in blood
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predisposing to systemic dissemination of the pathogen in the
human body.

4. Conclusions

It was demonstrated for the first time that C. trachomatis can,
independently from blood cells, be disseminated by circula-
tion which may lead to the development of chronic infection.
Taken together, our data suggest that serum specimens of the
patients with urogenital chlamydiosis contain viable forms,
elementary bodies of C. trachomatis, capable of initiation of
new infectious cycle in the host cells.Thenewmethodological
approach of detection of C. trachomatis in the serum of
patients with complicated chlamydiosis could be important
in the direct diagnosis of the infection regardless of its local-
ization and for evaluation of the effectiveness of treatment
based on quantitative estimation of bacterial load.
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The use of conventional cytogenetic techniques in combination with fluorescent in situ hybridization (FISH) and single-nucleotide
polymorphism (SNP) microarrays is necessary for the identification of cryptic rearrangements in the diagnosis of chromosomal
syndromes. We report two siblings, a boy of 9 years and 9 months of age and his 7-years- and 5-month-old sister, with the
classicWolf-Hirschhorn syndrome (WHS) phenotype. Using high-resolution GTG- and NOR-banding karyotypes, as well as FISH
analysis, we characterized a pure 4p deletion in both sibs and a balanced rearrangement in their father, consisting in an insertion of
4pmaterial within a nucleolar organizing region of chromosome 15. Copy number variant (CNV) analysis using SNP arrays showed
that both siblings have a similar size of 4p deletion (∼6.5 Mb). Our results strongly support the need for conventional cytogenetic
and FISH analysis, as well as high-density microarray mapping for the optimal characterization of the genetic imbalance in patients
withWHS; parents must always be studied for recognizing cryptic balanced chromosomal rearrangements for an adequate genetic
counseling.

1. Introduction

Current diagnosis of chromosomal syndromes should in-
clude a combination of conventional cytogenetic techniques
with molecular cytogenetic methods, particularly fluorescent
in situ hybridization (FISH), as well as modern genomic
applications such as copy number variations (CNVs) analysis
by single-nucleotide polymorphism (SNP) or comparative
genomic hybridization (aCGH) microarray techniques. The
laboratory methods employed to achieve an adequate diag-
nosis of a familial case ofWolf-Hirschhorn syndrome (WHS,
OMIM194190) exemplifies how the conventional, molecular
and genomic techniques are complementary and useful to
provide an appropriate genetic counseling in chromosomal
syndromes.

Wolf-Hirschhorn syndrome affects at least 1/50,000 new-
borns and presents a broad range of clinical manifestations.
WHS is characterized by a typical craniofacial appearance,
growth delay, mental retardation, hypotonia, and seizures
[1]. In the majority of cases (50–60%), WHS is caused by
“pure” de novo terminal or interstitial deletions in 4p16;
unbalanced translocations (45%), either de novo or inherited
from a balanced rearrangement (∼15%), and other complex
cytogenetic findings (>1%) such as a chromosome 4 ring,
del(4p) mosaicism, or a duplication/deletion rearrangement
derived from a chromosome 4 inversion [2, 3] have been
observed as well. In a high proportion of the WHS patients
(25–30%), the chromosomal abnormality is cryptic and not
detectable by conventional cytogenetic techniques. In cases of
clinical suspicion ofWHS in a patient with normal karyotype,
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Table 1: Phenotype traits of our patients with a 4p deletion of ∼6.5Mb compared with the frequencies of the main clinical features associated
with 4p deletions of an average size between 5 and 18Mb, from Zollino et al. [5].

II-2 II-4 %
Sex Male Female
Age at examination (years. Months) 9.9 7.5
Preterm delivery (<38 weeks) + +
Hypotonia + + 91
Mild/moderate mental retardation − − 24
Severe mental retardation + + 80
Seizures + + 80
Prenatal growth delay + + 84
Postnatal growth delay + + 91
Microcephaly + + 95
Typical facial dysmorphisms + + 100

Cranial asymmetry + +
Round-broad face + +
High-diffuse frontal hair line + +
High forehead + +
Prominent glabella + +
Sparse eyebrows + +
Long eyelashes + +
Downslanting palpebral fissures + −

Ptosis +L
−

Exophthalmos +R +
Ocular coloboma − − 30

Strabismus + +
Hypertelorism + +
Broad nasal bridge + +
Beaked nose + +
Short nasal wings + +
Short philtrum + +
Prominent philtrum columns + +
Downturned corners of mouth + +

Cleft lip/palate +a +a 25
Oligodontia + +
Micrognathia + +
Prominent ears + +
Low set and malformed ears + +

Others
Brain anomalies +b +b

Hearing loss + +
Congenital heart defects +c +d 52
Renal abnormalities − +e 37
Hypospadias − NA 41
Skeletal anomalies +f +f 37

Sacral dimple + +
Clinical findings: +: present; −: absent; R: right; L: left; NA: not applicable.
aCleft palate.
bCortical/subcortical atrophy, enlargement of lateral ventricles, and septum pellucidum agenesis.
cVentricular septal defect and pulmonary stenosis.
dAtrial septal defect.
eMalrotation of left kidney.
fHip dislocation.
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additional FISH studies of the sub-telomeres and the WHS
critical region (WHSCR) must be performed [4].

The high degree of variation in the clinical presentation
of WHS has been attributed to differences in the size of
the 4p deletion, the presence of a partial trisomy from the
segregation of a chromosomal translocation or inversion,
allelic differences or multifactorial inheritance [2–5]. The
majority of familial cases have been associated with parental
chromosomal balanced translocations, particularly t(4p; 8p),
which represents a distinct genetic entity [2, 5, 6]. Chromo-
somes 7p, 11p, 12p, and Dp/Gp, have also frequently been
implicated in 4p inherited or de novo rearrangements [2, 5, 7–
10]. We describe two sibs with a classic WHS phenotype and
4p16.1-p16.3 deletions (∼6.5Mb) due to the segregation of a
paternal balanced rearrangement, characterized by karyotyp-
ing, FISH, and microarray copy-number analysis.

2. Materials and Methods

2.1. Clinical Report. The family pedigree is shown in Figure 1.
The parents were a healthy, young, non-consanguineous
couple. II:1 is a healthy 11-year old girl. The propositus (II:2)
is a 9 years and 9 months of age boy, born at 37.5 gestation
weeks by cesarean section due to fetal distress; birth weight:
2,125 g, height 43 cm (both <3rd centile). Hypotonia was
noted at birth. At 7 months of age, the patient developed
generalized tonic-clonic seizures. Clinical examination at 9
years and 9 months of age revealed psychomotor retardation;
height 124 cm, weight 15 kg, and OFC 45.3 (all <3rd centile).
He displayed facial features typical of WHS (Figure 1(a)).
Psychological examination by WISC-R revealed a global IQ
of 25. II:4 is a 7-years and 5-month old girl, born at 37.2 weeks
by cesarean section, birth weight 2,100 g and height 42 cm
(both <3rd centile). She showed clinical findings similar
to those of her brother (Figure 1(b)), and renal ultrasound
reported left kidney malrotation. Her global IQ was 30. The
clinical features of both patients are described in Table 1.
Initial conventional cytogenetic analysis by GTG banding
(400–700 bands) revealed a 4p16 deletion in both sibs,
suggesting a parental chromosomal balanced rearrangement.

2.2. Cytogenetic and FISH Analysis. Chromosome analyses
on lymphocytes by GTG (400–700 bands) and NOR banding
were performed according to standard protocols. FISH was
performed using LSI WHSCR1 Spectrum Orange and CEP 4
Spectrum Green probes and ToTelVysion Mixtures number
4 (4p Spectrum Green, 4q Spectrum Orange, 21q Spectrum
Green/Orange, and LSI AML1 Spectrum Aqua) and number
10 (10p Spectrum Green, 10q Spectrum Red, 15q Spectrum
Green/Orange and LSI PML Spectrum Aqua) from Vysis
Abbot, Inc. (Abbot Park, IL, USA), according to the proce-
dures described by the manufacturer.

2.3. Microarray Analysis. High purity genomic DNA was
extracted from 3mL whole blood using the Versagene DNA
Purification kit (Gentra Systems Inc., Minneapolis, MN,
USA). Genomic mapping was performed on the affected
sibs and parents using the Genome-wide human SNP array

1

1

(a) (b)

2

2 3 4

I

II

Figure 1: Family pedigree and patient profiles: (a) II.2 at the age of 9
years 9 months; (b) II.4 at the age of 7 years 5 months. Both patients
exhibited typical WHS phenotypes.

5.0 set (Affymetrix Inc., Santa Clara, CA, USA), accord-
ing to the protocol supplied by the manufacturer. Geno-
typing Console 4.1 (Affymetrix Inc.) was used for quality
assessment and genotyping of the data. The QC call rate
by the BRLMM-P algorithm was over 93%. CNV analysis
was performed using SNP & Variation Suite 7.5.6 software
(Golden Helix Inc., Bozeman, MT, USA). Patients’ data
were normalized against a reference set generated in our
laboratory, consisting of 71 healthy subjects including the
patients’ parents.The copy number analysismethod (CNAM)
was used to identify the CNV segments with a moving
window of 10,000 markers in a univariate basis. Mapping
was carried out based on the human genome assembly Feb
2009 (GRCh 37/hg19) (NCBI Reference Sequence (RefSeq)
http://www.ncbi.nlm.nih.gov/RefSeq/).

3. Results

3.1. Cytogenetic and FISH Analysis. High-resolution GTG
banding on the affected children revealed a 4p16.1 dele-
tion (Figures 2(a) and 2(b)). FISH using WHSCR1 and 4p
subtelomeric probes confirmed the loss of both sequences
(Figures 2(g) and 2(h)). The mother’s karyotype was normal,
while the phenotypically normal father carries a deriva-
tive chromosome 4 and an apparent heteromorphism in
both chromosomes 15 (Figure 2(c)). FISH using ToTelVy-
sion Mixtures 4 and 10 showed that 4p subtelomeric sig-
nal was located on the short arm of one chromosome 15
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Figure 2: Partial karyotypes from the family. (a) II:2, (b) II:4, and (c) I:1: chromosomes 4 and 15 with GTG banding. (d) and (e) Partial
metaphases from the father showing chromosome 15 and der(15) associated with acrocentric chromosomes. (f) Group D metaphase
chromosomes from the father demonstrating active Ag-NOR in all chromosomes, including der(15). (g) II:2 and (h) II:4 FISH with LSI
WHSCR1 (orange), subtelomeric 4p (green) probes and controls CEP 4 (green), 4q subtelomeric (orange), 21q (orange/green) and LSI AML1
(aqua), showing the absence of both 4p signals on one chromosome 4. (i) I:2 (father) FISH with ToTelVysion mixtures 4 and 10, showing a
green 4p subtelomeric signal on 15p.

(Figure 2(i)). Ag-NOR banding was negative on 4p, and
no association of der(4) with acrocentric chromosomes
was observed; der(15) was positive for Ag-NOR and acro-
centric association (Figures 2(d), 2(e) and 2(f)) confirm-
ing an insertion from 4p to 15p. The other chromosome
15 showed an increased stalk on its short arms (Fig-
ures 2(e) and 2(f)). Both affected children inherited this
chromosome 15pstk+ (Figures 2(a) and 2(b)). The father’s
final karyotype was 46,XY,ins(15;4)(p12;p16.1p16.3).ish ins(15;
4) (D4S3359+,PML+,D15S936+; D4S3359-,D4S2930+). II: 1
inherited the same balanced rearrangement from her father
(data not shown).

3.2. Microarray Analysis. CNV analysis confirmed a similar
4p deletion in both siblings, 6.48Mb in the propositus, and
6.50 Mb in his affected sister. The minimal deletion positions
were from nt.69,535 to 6,546,304 and from nt.58,388 to
6,560,313, respectively (Figure 3(a)). These include WHSCR
and WHSCR2. The telomeric break points affected the
ZNF718 and ZNF595 genes in both sibs; however an 11.1 Kb

difference was observed between these (Figure 3(b)). The
distal region of 4p is highly variable (database of Genomic
Variants http://projects.tcag.ca/variation/), and the children
inherited a different chromosome 4 from their mother,
as documented by the SNP genotyping analysis (data not
shown).The centromeric break point differs by 14Kb between
sibs, and in both cases the gene MAN2B2 maps outside the
deletion, at least 15.2 Kb from its start point (Figure 3(c)).
Acrocentric p arms are not represented in the 5.0 SNP array.

4. Discussion

Three clinical categories ofWHShave been defined according
to the size of the 4p deletion: (1) <3.5Mb, linked to a
mild form, (2) between 5 and 18Mb, associated with the
classical phenotype observed in our patients, and (3) >22Mb,
causing a severe form [5]. The pathogenesis of WHS is
multigenic, and genotype-phenotype correlation studies may
clarify the role of specific genes on 4p in the disease etiology
[2, 4]. CNV analysis in our patients revealed a similar 4p
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Figure 3: (a) Deletion involving chromosome bands 4p16.1-p16.3 was confirmed by microarray mapping of the propositus (), his younger
sister () and both parents (father (◼) and mother (∙)). (b) The affected patients display differential telomeric break points, which occur at a
variable region including genes ZNF718 and ZNF595. (c) The centromeric break points in both patients were located >15 kb upstream of the
MAN2B2 transcriptional start site (pos. 6576902). Gene (RefSeq) and CNV (DGV) annotation maps are shown below. CNV gain regions are
indicated in red, losses in green, and gain/losses in gray. Log2R, logarithmic value of the sample to reference ratio.

deletion of ∼6.5 Mb, with the common deleted segment
spanning from 69,535 Kb to 6,546,304 Mb, that is, 4p16.1 to
4p16.3 (Figure 3(a)). The deletion affects at least 70 genes,
including the 200 kb critical region for the typical WHS
phenotype [11], and the candidate genes LETM1, FGFRL1
andWHSC1, which have been associated with seizures, some
facial findings, distinctive facial features and growth delay,
respectively [4, 12]. The genes ATP5I, FGFR3, HTT, MSX1
and PPP2R2C are likely haploinsufficient (Decipher database
http://decipher.sanger.ac.uk), and could also be relevant to
the WHS phenotype.

Different types of chromosomal rearrangements are asso-
ciated with WHS; among these, inherited unbalanced trans-
locations are frequently maternal, while de novo unbalanced
translocations are usually paternal, with the exception of the
t(4;8) [2, 5, 13]. In our patients, we identified an isolated 4p

deletion due to a paternal balanced insertion (Figure 4). To
our knowledge, this rearrangement has not been previously
reported in WHS.

Recently, it has been suggested that chromosomal inser-
tions are more frequent (1 : 500) [14–16] than previously
reported (1 : 80000) [17]. These rearrangements involve three
chromosome breakage events that can be intra- or interchro-
mosomal.The use of FISH to confirm deletions and/or dupli-
cations detected by microarrays showed that these genomic
imbalances resulted from the segregation of a parentally
balanced insertion [14, 15]. Interestingly, the short arms of
acrocentric chromosomes are frequently involved in these
rearrangements, especially the NOR of chromosomes 15 and
22, and they are often cryptic when present in an unbalanced
form [14]. Genomic studies have demonstrated that different
gene families and certain satellite repeats, like the olfactory
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Figure 4: Chromosomes 4 and 15 ideograms showing the paternal insertion and itsmeiotic segregation.The affected siblings were the product
of an adjacent I segregation.

receptor gene family and the terminal 4p repeats, constitute
nucleolus-associated chromatin domains that interact with
the satellite repeats and rDNA of acrocentric chromosomes
[18, 19]. This could explain the high frequency of acrocen-
tric chromosomal rearrangements with different partners.
Recently some WHS rearrangements have been recognized
to involve a translocation between the NOR of an acrocentric
chromosome and chromosome 4, producing a satellited 4p
chromosome. Some of these cases are sporadic and other
familial [2, 7, 10, 20]. Our patients are the product of an
adjacent I segregation from the paternal insertion, and the
nonaffected girl received both derivative chromosomes by
alternate segregation (Figure 4). Wu et al. [10] reported a
family with coexisting sibs, which are the products of both

types of gametes from an adjacent I segregation: one with a
4p deletion of 5 Mb and classical WHS and the other with a
pure duplication of the same region of 4p.

Only few cases of familiar recurrence of WHS have been
described and they are usually associated with a balanced
chromosomal translocation in one parent. Nevertheless,
the WHS phenotype is modified by the trisomy of other
chromosomal region [5, 13, 21, 22]. One instance of a familial
recurrence of a 4p pure deletion was due to a meiotic
amplification of a maternal 1.5 Mb deletion. The mother had
mild WHS, while her two affected sons displayed a typical
phenotype. One of the sons was studied and revealed a 2.8
Mb deletion [23]. Another case of two sibs showing a mild
form of WHS were reported to have a pure 4p deletion of 2.8



BioMed Research International 7

Mb, from amother with a karyotype 46,XX,t(4;14)(p16.3;p12)
[20]. Our patients also have a pure 4p terminal deletion of 6.5
Mb associated with classical WHS phenotype due to a father
ins(15;4)(p12;p16.1p16.3); however, only minor phenotype
differences were observed between sibs in both families. The
differences in the severity of the phenotypes in these two
familiar cases could be result of the size of the chromosomal
deleted region as has been suggested [5].

The small difference in the size of the deleted material,
25 Kb, among our propositus and his affected sister could be
attributed to amaternal polymorphism, recombination aneu-
somy, or microarray data normalization. The most striking
clinical differences between sibs were the type of cardiac
defect, the presence of downslanting palpebral fissures and
ptosis only in the boy, and kidneymalrotation present only in
the girl. Comparing the clinical data of our patients with the
data reported by Zollino et al. [5] in patients with classical
WHSphenotype and deletions between 5 and 18Mb (Table 1),
the only major differences were the absence of ocular
coloboma andhypospadias. Until now, fewWHSpatients had
been studied by genomic high-resolution methods [1, 2, 4,
10, 14, 20]. As the number of these studies increases, a better
determination of the exact size of deletions will be achieved,
improving the definition of the regions and genes implicated
in each phenotypic trait associated with the classical WHS.

5. Conclusions

The clinical variability in our classical WHS patients could
be explained by polymorphisms in the 4p alleles present plus
multifactorial inheritance patterns.

Our results reinforce the importance of thorough clinical
diagnosis, as well as conventional andmolecular karyotyping
of patients and their parents for proper genetic diagnosis and
counseling. Particularly, the use of high-density SNP arrays
for CNV analysis in the patients enables the determination
of the size of the deletion with higher precision and can
detect cryptic partial trisomies. In order to give an adequate
genetic counseling, the parents of a child with a 4p deletion
should always be studied by FISH with subtelomeric 4p
and WHSCR1 specific probes, to corroborate if they are
carriers of a cryptic balanced rearrangement. In conclusion,
we identified a novel type of chromosome rearrangement
involved in sibs recurrent classical WHS, and its mecha-
nism is apparently more frequent than previously thought.
This case demonstrates the importance of the combined
application of classical and molecular techniques to clarify
chromosomal structural rearrangements.
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2 E. O. Ospedali Galliera, S.C. Laboratorio di Genetica, 16128 Genova, Italy
3 Dipartimento di Scienze Biomediche e Biotecnologie, Università di Cagliari, 09121 Cagliari, Italy
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Since 2001 the Istituto Superiore di Sanità established a quality assurance programme for molecular genetic testing that covers
four pathologies: Cystic Fibrosis (CF), Beta Thalassemia (BT), Fragile X Syndrome (FX), and Familial Adenomatous Polyposis
Coli (APC). Since 2009 this activity is an institutional activity and participation is open to both public and private laboratories.
Seven rounds have been performed until now and the eighth is in progress. Laboratories receive 4 DNA samples with mock clinical
indications. They analyze the samples using their routine procedures. A panel of assessors review the raw data and the reports; all
data aremanaged through aweb utility. In 2010 the number of participants was 43, 17, 15, 5 for CF, BT, FX, APC schemes respectively.
Genotyping results were correct in 96%, 98.5%, 100%, and 100% of CF, BT, FX, and APC samples, respectively. Interpretation was
correct in 74%, 91%, 88%, and 60% of CF, BT, FX, and APC reports, respectively; however in most of them it was not complete but a
referral to genetic counseling was given. Reports were satisfactory in more than 60% of samples in all schemes. This work presents
the 2010 results in detail comparing our data with those from other European schemes.

1. Introduction

Since the human genome sequencing was completed, the
number of diseases for which genetic tests are available has
grown rapidly (2500 diseases for which genetic tests were
available in 2011—http://www.ncbi.nlm.nih.gov/projects/
GeneTests/static/whatsnew/labdirgrowth.shtml).

Genetic tests are unique in their kind; they are performed
only once in the life of a patient because their outcome never

changes. Therefore an error may have harmful consequen-
ces on the choice of clinical/therapeutic planning and can
significantly affect the life choices of the patients and their
family.

Laboratories that perform genetic tests are required to
work to very high quality standards; monitoring such labo-
ratories is an obligation for the National Health System as
part of its mandate to protect the health and quality of life
of citizens.
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The role of External Quality Assessments (EQA) in ensur-
ing good laboratory practice is recognized at national and
international level [1–5]. EQA schemes are the main tools for
measuring the quality of laboratory results, for maintaining
confidence in molecular genetic tests, and for implementing
the standards of quality assurance [6–9]. A number of
initiatives were taken internationally to improve quality in
genetic testing services, for example, Cystic Fibrosis Quality
Network and EMQN in Europe, and CAP in the USA [10, 11].

In 2001 the Italian National Centre for Rare Diseases of
the Istituto Superiore di Sanità (ISS, Rome) established EQA
schemes for bothmolecular genetic testing and classical cyto-
genetic. In particular, for molecular genetic testing, it offers
specific EQA schemes for 4 diseases: Cystic Fibrosis (CFTR
gene) (CF), Beta Thalassemia (HBB gene) (BT), Fragile X-
Syndrome (FMR1 gene) (FX), and Familial Adenomatous
Polyposis Coli (APC gene) (APC) [12].

The Italian EQA (IEQA) has primarily an educational role
and it aims to improve the quality of genetic tests used in
clinical practice [12].

Until now seven rounds have been completed and overall
91 different laboratories have been monitored in the context
of the (IEQA). National experts have assessed laboratory
performance on genotyping, interpretation, and reporting of
test results for a total number of 3158 samples.

A web utility was developed in 2008 to support this
activity; it represents a computer interface, among the ISS,
the laboratories, and the assessors, that facilitates communi-
cation, simplifies data archiving, and minimizes paper usage.

In 2009 (VII round, 2010) the activity was published in
the Official Bulletin of the Italian Republic [13]. Participation
to IEQA is voluntary and open to both public and private
laboratories; laboratories pay a fee to participate.

During the first six rounds the assessment focused in
particular on genotyping results and on completeness of
reports to evaluate technical ability and harmonize reports
among Italian laboratories. Results show that genotyping is
in general of good quality whereas reporting presents much
larger variations between laboratories and generally a lack of
information [14–17]. In the seventh round assessors focused
their attention on the ability of laboratories to accurately
detect mutations and, in particular, on the ability to interpret
the results.

In this work we describe the results of the seventh round
of IEQA.

2. Materials and Methods

2.1. Organization of the IEQA. IEQA is organized and coordi-
nated by the National Centre of Rare Diseases of the ISS [12].
Participation is open to both public and private laboratories.
Since 2008 the activity is supported by the web utility.

Schemes are strictly anonymous and the identity of labo-
ratories is known only to the ISS.The IEQA scheme organizer
and national experts provide advice on the scientific context
of the scheme and take decisions and educational actions for
the development of the program.

In every scheme ISS provides 4 validated samples of
genomic DNA for each round; all samples are distributed

with mock data identifications, mock clinical information,
and technical data.

Laboratories are asked to test samples using their routine
protocols and to provide results of genotyping (raw data) and
a full interpretative report in their normal laboratory style by
a given deadline: 60 days for CF, BT, and FX; 90 days for APC.

Laboratory results are evaluated by assessors according to
established criteria and results are available to laboratories in
the reserved area on the web utility.

2.2. Sample Collection and Validation. The genomic DNA
samples were obtained from peripheral blood and lym-
phoblastoid cell lines collected, respectively, by a clinical hos-
pital (PresidioOspedalieroMicrocitemico, Cagliari) (only for
the BT scheme) and by biobanks (Galliera Genetic Bank,
Genova, and Coriell Cell Repository, Camden, NJ). Two
independent working units in the ISS were responsible for
DNA samples processing and validation [12].

Mutations carried by samples are validated in the ISS
by routine methods: (1) direct sequencing for APC [17]; (2)
PCR and Southern Blot for FX [15]; (3) PCR, sequencing and
Reverse Dot Blot (RDB) for BT [16]; (4) PCR and RDB Kit
according to manufacturing protocols (INNO-LiPA CFTR19
and INNO-LiPACFTR17+Tn, Innogenetics, Belgium) for CF.
Each laboratory received four aliquots of 7𝜇g, 7𝜇g, 20𝜇g,
and 40 𝜇g of validated DNA for the CF, BT, APC, and FX
scheme, respectively. Table 1 lists samples with mock clinical
data and mutations submitted during the VII round.

2.3. Web Utility. The web utility was developed in 2008 and
was designed to simplify communications and data sharing
among ISS, laboratories, and assessors.

Laboratories receive an identification code (ID) and
password (PW) to access the personal area (http://www.iss.it/
site/cnmr/privato/cqtg/entry.asp) and the scheme area where
they find samples data and instructions to participate in the
EQA.

Upon completing the analysis of the samples, the labora-
tories upload the raw data (jpg format) and the reports (pdf
format).

At deadline the data are made available to the assessors
who access their reserved area; they assess the results of the
laboratories and write their observations in a schedule that is
forwarded to the ISS via the web utility.

Final results are uploaded in the reserved area of each lab-
oratory which, however, is informed by e-mail. A report with
a summary of all anonymous results is also included in the
reserved area and published on thewebsite (http://www.iss.it/
cnmr/tege/qual/cont.php?id=90&lang=1&tipo=4).

2.4. Assessment. National experts evaluated the laboratory
results twice: first online and then in a meeting at the ISS.
Assessment took into account technical performance (raw
data), genotyping, interpretation, and reports. All data were
treated anonymously and the identity of each laboratory is
unknown to the assessors.

Following the assessment, participating laboratories
received a feedback with an evaluation of the results. Since
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Table 1: List of proposed mutations and mock clinical information.

Scheme Identification data Gender Clinical information Proposed mutations

Irene Pettorbi
12/01/1989 F

Female of Pakistani origin affected by Cystic
Fibrosis; she manifests moderate respiratory
symptomatology, pancreatic sufficiency, and
normal values of sweat chloride

c.3717+12191C>T/c.3717+12191C>T
(3849+10KbC>T/3849+10KbC>T)

CF
Manuela Statenti

13/01/1998 F
Female with positive sweat test, mild breathing
symptoms. She asks for molecular
characterization for Cystic Fibrosis.

c.579+1G>T/c.489+1G>T
(711+1G>T/621+1G>T)

Sara Ulmilefa
12/04/1966 F Female clinically healthy with child affected by

Cystic Fibrosis
c.3846G>A heterozygous
(W1282X heterozygous)

Anna Ellicine
05/05/1995 F

Female with positive sweat test; her brother is
affected by Cystic Fibrosis.
She asks for molecular characterization

c.1521 1523delCTT/c.1657C>T
(F508del/R553X)

BT

Mario Tappenti
05/09/1982 M Affected by Beta Thalassemia major c.20delA/c.118C>T

(Bcd6(-A)/Bcd39C>T)
Antonio Aberuste

22/01/1988 M Affected by Beta Thalassemia major c.118C>T/c.118C>T
(Bcd39C>T/Bcd39C>T)

Giovanni Pormitou
17/07/1987 M Affected by Beta Thalassemia intermediate c.20delA/c.93-21G>A

(Bcd6(-A)/IVS1-110G>A)
Elio Smantico
01/06/1976 M Carrier of Beta Thalassemia c.93-21G>A heterozygous

(IVS1-110G>A heterozygous)

FX

Dompinti Anna
20/02/1983 F

Female, with normal phenotype, has two
children and a brother affected by Fragile X
Syndrome

23/200 repeats (Premutation)

Ornicapo Irene
12/03/1983 F Female, with normal phenotype, has a nephew

and an uncle affected by Fragile X Syndrome 29/90 repeats (Premutation)

Quezzamo Nicola
13/03/1958 M

Male, with normal phenotype, has brother and
nephew with Fragile X Syndrome; suspect
carrier

100 repeats (Premutation)

Ubbronti Mario
30/12/1970 M Male with suspect on Fragile X Syndrome 30 repeats (Wild)

APC

Anuttifo Ennio
05/02/1969 M No clinical indication c.4012C>T heterozygous∗

c.4597A>C heterozygous#

Piclilma Gianni
14/02/1957 M No clinical indication c.1629 1630delT heterozygous

Ordectio Mario
17/03/1995 M No clinical indication c.1621C>T heterozygous

Simpieti Aldo
11/03/1977 M No clinical indication c.3149delC heterozygous∗

c.7417C>T heterozygous#

CF: Cystic Fibrosis; BT: Beta Thalassemia; FX: Fragile X Syndrome; APC: Familial Polyposis Adenomatous Coli. ∗Pathogenic mutation; #additional gene
variant.

2009 a marking system has been introduced and laboratories
receive a mark for genotyping, interpretation, and reporting
of results for each sample including comments or suggestions,
if necessary. Until now poor performance has neither been
assigned nor penalized.

2.5. Evaluation Criteria. Evaluation criteria have been estab-
lished by the ISS and a panel of national experts taking into
account the EMQN criteria, national and international best
practice guidelines and publications [18–20].

For each scheme, three assessment topics are identified; a
maximum score of 5 points is assigned to each topic for geno-
typing performance, and of 4 points for interpretation and for
reporting. In accordance with the evaluation criteria, points
are subtracted for errors and for lack of important informa-
tion. The presence of raw data and reports and the correct

identification of the genotype are necessary preconditions for
making the assessment. If the genotyping result is not correct,
assessors do not mark the interpretation and the report, but
write a comment as feedback to help the laboratories to
improve their performance.

Themain common elements of the evaluation criteria for
all schemes are listed in Table 2; specific topics were discussed
by the assessors from time to time within the framework of
each scheme.

3. Results

Fifty-six different laboratories participated in the VII round
of the IEQA: 41 laboratories affiliated with the public health
system and 15 private laboratories. In particular, 43 laborato-
ries participated for CF, 17 for BT, 15 for FX, and 5 for APC.
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Table 2: General evaluation criteria: items common to all schemes
taken into account for assessment.

Genotyping
Quality of raw data
Lack of data legend
Lack of DNA variants detection
Correctness of the nomenclature
Completeness of technical information
Correctness/lack of detection rate
Problems with counting of triplets (X-Fra)
Lack of indication for advanced investigations when
appropriate

Interpretation
Lack and/or inaccuracy of important information on the
pathogenic role of mutation and/or reproductive risk
(not for APC), and/or other important information.
Lack of information about test validity
Lack of genetic counseling indication if necessary

Reporting
General inadequacy of the report
Inadequate language
Lack of laboratory heading
Lack of identification of the patient
Clerical error in identification of the patient
Lack of gender indication
Lack of geographical origin of the patient where necessary
Lack of identification number of sample
Lack of report title
Lack of reason for testing
Lack of sample source
Lack of primary sample type
Lack of signature of the person releasing the report
Lack of date primary sample collection and release of the
report
Lack of indication of certification/accreditation of laboratory
Lack of page numbering

22 laboratories participated inmore than one scheme.During
this round 320 samples were analyzed and results were
examined by the assessors to evaluate their performance.

3.1. Genotyping Results

3.1.1. Cystic Fibrosis. Overall, 172 samples were sent to the
laboratories by the ISS. Genotypes were correctly detected
in 165/172 (96%) samples. Genotyping errors occurred in 4%
of samples (Table 3). Four laboratories gave no information
about the methods used to analyze 14 samples.

3.1.2. Beta Thalassemia. Overall, 68 samples were sent to the
laboratories by the ISS. Genotypes were correctly detected in
67/68 (98.5%) of samples. Genotyping errors occurred in 1/68
(1.5%) samples (Table 3).

3.1.3. Fragile X Syndrome. Overall, 60 samples were sent to
the laboratories by the ISS. Genotypeswere correctly detected
in 60/60 samples (100%), but errors occurred in (CGG)

𝑛

repeat quantification (Table 3). Moreover in one sample the
methylation test was not reported.

3.1.4. Familial Adenomatous Polyposis of the Colon (Gene
APC). Overall, 20 samples were sent to the laboratories by
the ISS. All samples were correctly genotyped for pathogenic
mutations. However one laboratory did not identify an
additional gene variant present in one sample (Table 3).

Raw data of 3 samples analyzed by the same laboratory
did not have good quality.

3.2. Interpretation Results. Figure 1 shows detailed results on
the assessment of genotype interpretation and includes also
samples that were not assessed for incorrect genotype; Table 4
shows the information that is most commonly missing for all
schemes.

3.2.1. Cystic Fibrosis, Beta Thalassemia, and Fragile X Syn-
drome. Correct interpretation was reported in 71%, 91%, and
88% of CF, BT, and FX cases, respectively, even though a lack
of information was found in the majority of them (i.e., 86%,
64%, and 77% of CF, BT, and XF reports, resp.). It has to be
underlined that a referral to genetic counseling was present
in most reports not complete (i.e., 87%, 72%, and 80% of CF,
BT, and XF reports, resp.).

There was not any interpretation of genotyping results
in 25%, 6%, and 3% of CF, BT, and FX reports, respectively;
however most CF and FX reports refer to genetic counseling
(i.e., 27/43 CF and 2/2 FX reports).

3.2.2. Familial Adenomatous Polyposis of the Colon (Gene
APC). Interpretation was correct in 12/20 (60%) of reports,
even though it was not complete in the majority of them,
that is, 8/12 (67%). It has to be underlined that, when the
interpretation was lacking information, a referral to genetic
counseling was indicated in most reports, that is, 4/8 (50%).

3.3. Report Results. Table 5 shows information most com-
monly missing in the reports for all schemes.

3.3.1. Cystic Fibrosis. 70% of reports assessed were correct
and complete; 50 reports were not evaluated for lack of inter-
pretation or for genotyping error. Few laboratories presented
incomplete reports for lack of information such as clinical
indication, and ethnic or geographic origin of the patient.
Only one laboratory (4 samples) sent inadequate reports for
lack or unclear reporting of important information.

3.3.2. Beta Thalassemia. 65% of reports assessed were cor-
rect and complete; 1 report was not assessed for incorrect
genotype. Few laboratories presented incomplete reports for
lack of information such as clinical indication and title of
the report; only one laboratory sent inadequate reports on
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Table 3: Errors performed by laboratories in genotyping detection and reporting.

CEQ scheme 𝑁 of laboratories
performing errors 𝑁 of samples Type of error Error

percentage/scheme

CF
2/43 6/172 Genotyping error: samples swap

4%
1/43 1/172

Genotyping error: mutation correctly
detected but not correctly reported
(c.3484C>T instead of c.3846G>A)

BT 1/17 1/68

Genotyping error: mutation correctly
detected but not correctly reported
(c.118C>T was reported in heterozygous
instead of homozygous status)

1,5%

FX 5/15 17/60
Information about genotype not
adequate: number of triplets absent or not
clearly reported

28%

APC 1/5 1/20 Information about genotype not
adequate: gene variant not reported 5%

CF: Cystic Fibrosis; BT: Beta Thalassemia; FX: Fragile X Syndrome; APC: Familial Polyposis Adenomatous Coli.

Table 4: Information most commonly missing in interpretation of results.

Incomplete interpretation
Not mentioned information CF (105) BT (39) FX (41) APC (8)
Analytical sensitivity and specificity of procedures 88% 89% 20% 100%
Detection rate absent or incorrect 60% 69% 93% 0%
Indication for genetic counseling 13% 28% 20% 50%
Reproductive risk or request to test the partner 52% 28% 0% —
Request to test parents to confirm homozygous nature of
mutation 0% 18% — —

CF: Cystic Fibrosis; BT: Beta Thalassemia; FX: Fragile X Syndrome; APC: Familial Polyposis Adenomatous Coli. The numbers of samples that were reported
with incomplete interpretations are indicated in brackets.

all their samples for lack or unclear reporting of important
information.

3.3.3. Fragile X Syndrome. Only 60% of reports were found
to be correct and complete. Few laboratories presented
incomplete reports for lack of information such as voice of
clinical indication or indication of gender.

3.3.4. Familial Adenomatous Polyposis of the Colon (Gene
APC). 60% of reports were found to be correct and complete.
One laboratory (4 samples) did not report clinical indica-
tions; one laboratory (4 samples) did not indicate the title of
the report.

4. Discussion

The EQA program focuses in particular on standardizing
laboratory procedures. Participation in EQA schemes pro-
vides a measure of technical, analytical, and interpretative
performance. It has an educational role for laboratories and
gives the opportunity to review their internal standards and
policies, and also to provide advice on the updating of
best practice guidelines [1, 4, 21]. Moreover participation in
EQA program is essential for laboratory accreditation with
the international ISO 15189 standard [7, 21]. To date, EQA
programs have been also used by laboratories as a tool for
improving sample processing quality, hence the assessment

takes into account not only genotyping and reporting, but it
also looks at other aspects such as the interpretation of results
[1, 21].

The Italian molecular EQA program was established in
2001; the VII round (2010) was reviewed versus previous
rounds.

Fifty-six laboratories participated in the VII round and
320 samples were analyzed.

Genotyping was found to be quite satisfactory in general;
only 4/56 laboratories in all schemes failed to correctly
genotype samples: 3 for CF (4% of cases) and 1 for BT (1,5% of
cases). In comparison, the error percentage for theCF scheme
was higher in this round than themedian error rate registered
in previous rounds (0.2%) [14]. In the framework of the BT
scheme, only the analysis of 1/68 samples was wrong (1.5%)
and the error percentage was higher than the median error
rate reported in previous rounds (0.33%) [16]. The analysis
of these errors shows that techniques were generally well
performed and raw data had good quality. In spite of previous
rounds, where errors were mainly due to technical errors,
during the VII round all errors were caused by suboptimal
management of samples [14, 16].

No genotyping errors were performed by laboratories
participating in the APC and FX schemes; this is a good
result which reflects the outcome of the other rounds for the
APC scheme and it represents an improvement in quality for
the FX scheme [15, 17]. However, in the FX scheme, some
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No interpretation of the genotype resultsNot complete interpretation without referral to genetic counseling

Figure 1: Interpretation of genotyping results.

genotypes were not completely defined because the number
of triplets were not accurately reported in 28% of laboratory
reports, and a variant, in one sample in APC scheme, was not
detected by one laboratory.

Although laboratories returned acceptable analytical
results in 97.5% of samples in all schemes, in the majority of
reports, with variants within each schemes, the interpretation
was correct but not complete. This data can be explained by
the fact that during routine analysis, laboratories write out
a technical report and leave it up to the genetic consultant
to provide an accurate interpretation of genotype results in
a separate report. In fact about 82% of laboratories who
were penalized for lack of interpretation, or lack of necessary
information, suggest and/or offer genetic counseling.

A comparison between our results and other published
data shows a similar scenario during the first year of the
interpretation survey [5, 22].

Like genotyping results, also report results were satis-
factory for completeness of the information; during the VII
round, in fact, 66% of reports on samples were good.

The focus on IEQA for the VII round shows satis-
factory quality in genotyping and reports in comparison
with previous published data, but we still observe room for
improvement. A closer examination of the entire process of
data reporting has highlighted the need to focus attention

on the interpretation of results; this aspect was neglected
in previous rounds because more attention was attached to
the technical approach to sample analysis in order to ensure
sound genotyping results.

All data collected within the framework of the IEQA and
the European EQAs highlighted the need and the importance
to carry on this activity in order to ensure adequate quality
standards for the genetic tests performed in all laboratories.

At the present time the VIII round of the IEQA is
under way; there has been an increase in the number of
participating laboratories, andwe expect some improvements
in the laboratories that participated in the VII round.

Moreover in this round we are introducing a “poor
performance” score for laboratories that make critical errors
in genotype and/or interpretation and/or reports, that may
significantly affect patient management. In this context our
role is to contribute to improving laboratory quality through
specific educational actions, improving the dialoguewith lab-
oratories and, if necessary, involving assessors and national
experts in the process.
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Table 5: Details of lack of information/inadequacy in reporting results.

Reporting FC (122) BT (67) XF (60) APC (20)
General inadequacy of the report 3,30% 6% 6,60%
Inadequate language 13,40% 6,60%
Lack of laboratory heading
Lack of identification of the patient 3,30% 6,60%
Clerical error in identification of the patient 4,40%
Lack of gender indication 40%
Lack of geographical origin of the patient where necessary 53,20%
Lack of identification number of sample 4,40%
Lack of report title 11,40% 10,40% 20%
Lack of reason for testing 14,70% 10,40% 22% 20%
Lack of sample source 1,60% 6,60% 40%
Lack of primary sample type 6% 6,60%
Lack of signature of the person releasing the report
Lack of date primary sample collection and release of the report 6,60%
Lack of indication of certification/accreditation of laboratory 36% 6% 40%
Lack of page numbering 36%
CF: Cystic Fibrosis; BT: Beta Thalassemia; FX: Fragile X Syndrome; APC: Familial Polyposis Adenomatous Coli. The numbers of evaluated reports for
pathologies are indicated in brackets.
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We compared the immunogenetic data from 2666 patients affected by HLA-related autoimmune diseases with those from 4389
ethnically matched controls (3157 cord blood donors CBD, 1232 adult bone marrow donors BMD), to verify the appropriateness of
HLA typing requests received in the past decade.e frequency of HLA-B∗27 phenotype was 10.50% in 724 ankylosing spondylitis,
16.80% in 125 uveitis (3.41% BMD, 4.24% CBD, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃); HLA-B∗51 allele was 15.57% in 212 Behçet’s disease (12.91% BMD,
9.88% CBD, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃); the HLA-DRB1-rheumatoid arthritis (RA) shared epitope was 13.72% in 554 RA (10.85% BMD, 13.48%
CBD, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃); the carriers of almost one of HLA-DQB1 susceptibility alleles were 84.91% in 795 celiac disease (CD) and 59.37%
in 256 insulin-dependent diabetes mellitus (IDDM) (46.06% in 875 CBD, 42.75% in 662 BMD 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃). Overall, our results
show that the HLA marker frequencies were higher in patients than controls, but lower than expected from the literature data
(excluding CD and IDDM) and demonstrate that, in complex immunogenetic conditions, a substantial number of genetic analyses
are redundant and inappropriate, burdening to the public health costs. For this reason, we suggest the Italian Scienti�c Society of
Immunogenetics to establish guidelines to improve the appropriateness of typing requests.

1. Introduction

An autoimmune disease arises when the immune system
looses the ability to distinguish body’s own cells from foreign
cells (nonself), thus eliciting the attack of self-tissues [1].
From a genetic point of view, an autoimmune condition
is the result of a tight interaction between environmental
factors and speci�c predisposing genes.e �rst autoimmune

disease found to be associated with an HLA-B marker
was ankylosing spondylitis (AS), a chronic and progressive
in�ammation of the spine articulations, and less frequently
the peripheral joints, leading to a forward-stooped posture
which causes rigidity and severe pain [2, 3]. Aer almost four
decades, AS is still tightly associated with HLA-B∗27 with a
phenotype frequency of 90% [4].



2 BioMed Research International

From then onwards, the susceptibility to develop autoim-
mune diseases has been found to be conditioned by several
HLA molecules (Table 1). In ocular autoimmune conditions,
diseases of the uvea show the strongest correlation with HLA
markers. �veitis is an in�ammation of the uvea that destroys
eye tissues, causes light sensitivity, and decreases visual acuity
[5, 6]. Acute anterior uveitis is described as strictly associated
to HLA-B∗27 (phenotypic frequency 50%) [7]. Behçet’s dis-
ease (BD) is a chronic vasculitis characterized by aphthosis,
uveitis, and skin lesions, and sometimes affecting also the
musculoskeletal, nervous, and gastrointestinal systems [8]. In
Southern Europe, theHLA-B∗51 allele accounts for a 30–50%
of the genetic risk for BD development and is carried by
one- to two-thirds of patients all over the world (Caucasian
phenotypic frequency 60–70%) [9]. Rheumatoid arthritis
(RA) is a chronic and systemic in�ammatory disease affecting
the joints, and gradually leading to their destruction [10–12].
Since the Seventies, the RA risk has been associated to speci�c
HLA-DRB1 molecules (HLA-DRB1∗01, ∗04, ∗10) and, more
recently, to few variants sharing an amino acid sequence
(position 70–74) in the third hypervariable region of HLA-
DR 𝛽𝛽 chain known as Shared Epitope (SE) (Table 1) [13].
Celiac disease (CD) is a chronic enteropathy caused by gluten
intake in people carrying theHLA predisposing variants cod-
ing for the DQ2 (HLA-DQB1∗02:01 and HLA-DQB1∗02:02)
and DQ8 (HLA-DQB1∗03:02) molecules [14–16]. e phe-
notype frequency of DQ2/8 is 20% in healthy people and
more than 90% in CD patients [17]. Insulin-dependent dia-
betes mellitus (IDDM) is a chronic autoimmune disorder in
which the immune system attacks and destroys the beta-cells
of pancreas, leading to insulin dependence [18]. e HLA
markers of IDDM are HLA-DQB1∗02:01 (part of the DR3
haplotype: DRB1∗03-DQB1∗02:01) and HLA-DQB1∗03:02
(part of the DR4 haplotype: DRB1∗04-DQB1∗03:02) [19].
About 40–60% of patients with IDDM carry the DR3/4-
DQ2/8 genotypes [20].

Since 1989, the Immunogenetics Laboratory of the
IRCCS Policlinico San Matteo of Pavia (Italy) is involved
in the HLA molecular typing of hematopoietic stem cell
donors and patients affected by autoimmune diseases. In
particular, the HLA typing requests for autoimmune diseases
come from both medical specialists (inside and outside the
IRCCS Policlinico San Matteo) and general practitioners, to
support their clinical diagnosis. e collaboration between
the physicians and the immunogenetists is fundamental to
reach the most appropriate typing request. In fact, thanks
to the tight correlation between speci�c HLA markers and
the predisposition to certain autoimmune diseases, the HLA
analysis has become a sensitive genetic tool to identify those
individuals at high risk to develop these conditions [21].

A recent survey, performed by the Italian Society of
Immunogenetics (AIBT), has shown that the HLA analyses,
requested for disease association studies, are plethoric and
oen inappropriate (unpublished data). Moreover, HLA typ-
ing technologies adopted in the immunogenetics laboratories
throughout Italy are heterogeneous. Trying to overcome
the waste of economic resources for useless investigations,
in 2010 the AIBT has proposed a long-distance course
addressed to Italian operators in the immunogenetics �eld.

Taking into account these premises, we have retrospec-
tively analyzed the HLA typing data of 2666 patients referred
to our hospital for different autoimmune pathologies, and
addressed to our Immunogenetics Laboratory in the last
decade (2002–2011), to verify the appropriateness of the
typing requests, comparing the frequency of HLA variants
with those of 4389 ethnically matched controls typed in the
same period with the same molecular techniques.

2. Materials andMethods

2.1. Patients. e Immunogenetics Laboratory of the IRCCS
Policlinico San Matteo (Pavia) is accredited by the EFI
(European Federation of Immunogenetics) since 1998 for
stem cell transplantation andHLAdisease association studies
and daily receives HLA typing requests from physicians to
support the suspected diagnosis. e well-recognized HLA
susceptibility markers of ankylosing spondylitis, rheumatoid
arthritis, uveitis, Behçet’s disease, celiac disease, and insulin-
dependent diabetes mellitus are listed in Table 1.

HLA typing requests also come from the other hospitals
of Pavia and Province as well as from general practitioners.
us, we could not verify the compliance of the classi�cation
criteria conventionally recognized for the diagnosis of the
six autoimmune pathologies considered in the study (Table
1) [22–27]. In detail, Table 2 shows the percentage of HLA
typing requests coming from medical specialists (inside and
outside the Policlinico San Matteo of Pavia) and general
practitioners.

We considered 724 HLA typing data for patients affected
by ankylosing spondylitis (mean age 44.3 years, female/male
rate 1.5), 554 with rheumatoid arthritis (mean age 52.2 years,
female/male rate 2.8), 125 with uveitis (mean age 41.9 years,
female/male rate 0.9), 212 with Behçet’s disease (mean age
41.7 years, female/male rate 2.1), 795 affected by celiac disease
(mean age 20.5 years, female/male rate 1.5), and 256with type
I diabetes (mean age 10.3 years, female/male rate 1.0). All
these immunogenetic data were collected from 2002 to 2011.

2.2. Control Subjects. Two control groups were considered:
3157 cord blood (CB) donors belonging to the Pavia CB Bank
(IRCCS Foundation Policlinico San Matteo, Pavia, Italy)
and 1232 adult hematopoietic stem cell donors belonging to
the PV01 Registry (Italian Bone Marrow Registry, IBMDR,
Genoa, Italy). All the individuals were of Caucasian ancestry.
emothers of each CB donor signed an informed consent to
participate in the CB banking program for unrelated stem cell
transplantation. Following the international protocols, the
physicians obtained a complete medical history of the new-
born’s family (mother, father, siblings, and grandparents).
An exhaustive obstetric history (i.e., of previous pregnancies)
was also obtained, so that we could exclude women with
recurrent spontaneous abortions from donation. Further-
more, during each pregnancy, the health of both mother
and fetus was carefully monitored, in order to exclude from
donation any CB unit derived from pathological pregnancies,
including preterm ones (<37 gestational weeks). All the adult
hematopoietic stem cell donors signed an informed consent
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to be enrolled in the Italian Bone Marrow Registry. e
IBMDR criteria exclude from donation individuals affected
by genetic, cardiovascular, hematologic, autoimmune and
psychiatric conditions, malignancies, and infectious diseases.

2.3. HLA Classes I and II Genomic Typing. e entire
data set of patients and controls is composed by molec-
ular typing for both HLA class I and II genes. e PCR
sequence-speci�c primer method (Olerup, Sweden) and�or
the reverse PCR sequence speci�c oligonucleotide hybridiza-
tion method (Innogenetics, Murex Biotech Limited, Bel-
gium) were employed, as described elsewhere [28]. Ambigu-
ous typing results were resolved by direct sequencing.

Patients affected by ankylosing spondylitis were typed
for the presence of the HLA-B∗27 allele, those affected by
rheumatoid arthritis and uveitis for the HLA-B and HLA-
DRB1 loci, and patients affected by Behçet’s disease for
the HLA-B locus. e polymorphisms at the HLA-DQA1
and HLA-DQB1 loci were de�ned at high resolution in
individuals affected by celiac disease and type I diabetes.

According to the international policy of FACT-Netcord
and ItalianCBBanks, theCBunits were typed forHLA-A and
HLA-B polymorphisms at low-resolution level and for HLA-
DRB1 at high-resolution level before banking. According
to the policy of IBMDR, the adult hematopoietic stem
cell donors were typed for HLA-A and HLA-B and, more
recently, for HLA-C polymorphisms at low-resolution level
and for HLA-DRB1 at high resolution. We analysed the
HLA-B polymorphisms at low-resolution level and the HLA-
DRB1 polymorphisms at high-resolution level for 3157 CB
donors and 1232 adult hematopoietic stem cell donors. We
analysed the HLA-DQA1 and HLA-DQB1 polymorphisms
at high-resolution level for 875 CB donors and 662 adult
hematopoietic stem cell donors.

2.4. Statistical Analysis. Differences between the groups were
evaluated with Chi-squared statistics or Fisher’s exact test, as
appropriate. 𝑃𝑃 values reported were two tailed; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 was
considered statistically signi�cant.

We employed the Principal Coordinates Analysis (PCoA)
statistical method to explore and visualize similarities or
dissimilarities between patients and controls. PCoA starts
with a similarity matrix (correlation) or dissimilarity matrix
(distance matrix) and assigns for each population a location
in a low-dimensional space, for example, as a 2D or a 3D
graphics. PCoA involves projecting the points onto a space
de�ned by a small number of principal axes (uncorrelated
linear combinations of the variables that contain most of the
variance), accounting for the greatest variability.e �rst axis
accounts for the highest variance and the second axis for the
lowest one. e samples are represented by points, and the
proximity among them shows their similarity or dissimilarity
[29].

3. Results and Discussion

In the past decade, our Immunogenetics Laboratory received
a growing number of typing requests (500 in 2011) for
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spondylitis (AS) patients, adult bone marrow donors (BMD), and
cord blood donors (CBD).

patients in the setting of HLA-related autoimmune diseases.
Aiming at verifying the appropriateness of all these genetic
analyses in helping physicians to de�ne the clinical diagnoses,
we retrospectively analyzed the HLA typing data of 2666
autoimmune patients that we collected from 2002 to 2011,
comparing the frequency of HLA markers with those of 4389
ethnically matched controls (3157 cord blood donors CBD
and 1232 adult bone marrow donors BMD).

HLA-B∗27 is the molecular marker of both ankylosing
spondylitis (AS) and acute anterior uveitis (AAU) (Table 1).
We received 724 HLA-B∗27 typing requests to support the
suspected diagnosis of AS based on clinical symptoms or
for familial counseling. e literature reports that about 90%
of truly diagnosed Caucasian AS patients carry the HLA-
B∗27 marker [24]. Comparing the phenotype frequency of
HLA-B∗27 between the patients and the two control groups,
we found that 10.5% of suspected AS (sAS) patients were
actually positive for HLA-B∗27, whereas only 3.41% of BMD
and 4.24% of CBD carried the HLA-B∗27 marker (AS versus
BMD 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃, AS versus CBD 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃; see Figure 1).

We also considered 125 HLA-B∗27 typing requests for
Uveitis (U) patients, �nding a higher HLA-B∗27 allele fre-
quency with respect to controls (8.40% uveitis versus 1.70%
BMD and 2.15% CBD, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃) (Table 3), corresponding
to 16.80% uveitis versus 3.41% BMD and 4.24% CBD phe-
notype frequencies. According to several association studies,
the phenotypic frequency of the HLA-B∗27 marker in classic
acute anterior uveitis patients is about 50% [7] whilst in
our sample is only 16.80%. is result may be due to the
heterogeneity of patients referring to our laboratory with a
generic de�nition of uveitis, but probably affected by anterior,
intermediate, posterior uveitis, and panuveitis.

We considered 212 requests of HLA-B low-resolution
typing for Behçet’s disease (BD) patients. e allelic fre-
quency of HLA-B∗51 was 15.57% slightly higher than in
BMD (12.91%) and signi�cantly increased with respect to
CBD (9.88%, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃) (Table 3). Once more, in our
patients with a suspect of BD, we found an HLA-B∗51 allele
frequency lower than the expected, suggesting an extreme
caution of our physicians in giving a fast and de�nite
diagnosis of such a complex syndrome.
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In order to visualize in a single graphic the genetic dis-
tances among groups (patients and controls), we performed
the statistical test of the Principal Coordinates Analysis
(PCoA): the closer the points, the more similar the samples.
According to HLA-B typing, the BD patients were nearer the
healthy controls than U patients (Figure 2), and this may be
explained by the type of pathology, as uveitis is restricted to a
single organ (the eye), whereas BD is a multiorgan syndrome
affecting the nervous and gastrointestinal systems, the joints,
the eye, and the skin. Interestingly, the phenotype frequency
of HLA-B∗51 carriers was 57.14% in the group of patients
treated in neurological clinics, 28.77% in rheumatologic
clinics, and 29.03% referring to general practitioners. us,
the BD with a neurological component seems to be more
clearly HLA targeted than the other clinical subtypes.

We reviewed 554 HLA-DRB1 typing requests asked to
support the suspected diagnosis of rheumatoid arthritis (RA)
based on early clinical manifestations. e cumulative fre-
quency of the shared epitope (SE) alleles was 13.72%, whereas
in BMD it was 10.85% (RA versus BMD 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) and
in CBD 13.48% (Table 3). In particular, HLA-DRB1∗01:01
represented the most frequent variant in RA patients (7.45%)
compared to BMD (4.91%, RA versus BMD 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) and
CBD (6.51%). In addition, HLA-DRB1∗03:01 was found to
be signi�cantly more frequent in RA patients (10.05%) than
in both BMD (7.47%, RA versus BMD 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) and CBD
(7.71%, RA versus CBD 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃). is last result is in line
with the literature data, as HLA-DRB1∗03:01 allele is part of
the HLA-A1,B8,DR3 ancestral haplotype (AH8.1), which is
the most cited haplotype in the literature for its correlation to
a plethora of autoimmune diseases.

In the PCoA for the HLA-DRB1 alleles, U patients were
far from both controls, while RA patients were close (Figure
3). e distance between U patients and controls highlighted
the involvement of speci�c HLA-DRB1 markers. However,
in 72 U patients we did not found a higher frequency of
the well-known panuveitis markers [25], but a signi�cant
increase of HLA-DRB1∗16 (12.50%U versus 7.23% BMD,
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F 3: Principal component analysis of HLA-DRB1 in uveitis,
rheumatoid arthritis (RA), adult bone marrow donors (BMD), and
cord blood donors (CBD).

𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃; versus 6.74% CBD, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃). At our knowledge,
this association has never been reported so far, thus it should
be con�rmed in a larger sample. e proximity between RA
patients and healthy controlsmay be explained by two causes:
�rst, the majority of our RA patients belong to a group of
“early” RA with few disease symptoms which unambiguously
characterize the overt RA; second, as RA is associated to a
group of HLA-DRB1 alleles encoding the same epitope in
the binding cle, this subdivides the susceptibility frequency
among different variants instead of just one. Moreover, the
immunogenetic proximity of RA to CBD, rather than to
BMD, might be the expression of the lifespan selection. is
selective force has acted more on BMD than on CBD, as the
formers were enrolled in adulthood, whereas the latters at
birth. As a result of this selection, CBD group shows a higher
frequency of disease-correlated HLA markers and a higher
genetic variability compared to BMD, and this characteristic
makes the choice of a CB unit more likely than adult donors
in transplantation setting [26].

Finally, we revised the HLA-DQB1 typing requested for
795 celiac disease (CD) patients and 256 insulin-dependent
diabetes mellitus (IDDM) patients. e frequencies of the
HLA-DQB1 susceptibility alleles for CD and IDDM are listed
in Table 3 for patients and controls. In CD patients the
frequencies of HLA-DQB1∗02:01, HLA-DQB1∗02:02 sus-
ceptibility alleles were signi�cantly higher than both control
groups (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃), whereas the frequency of HLA-
DQB1∗03:02 allele was signi�cantly higher only versus the
BMD(𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃).e frequency ofHLA-DQB1∗02:01HLA-
DQB1∗03:02 was signi�cantly higher in IDDM patients than
both BMD and CBD (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃).

HLA-DQB1 data from CD and IDDM patients were
considered in the last PCoA (Figure 4). Both CD and IDDM
samples are very distant from the two healthy controls,
underlying a high genetic diversity between patients and
controls and highlighting the appropriateness of HLA typing
requests. Carriers of almost one of the HLA-DQB1 suscepti-
bility markers were 84.91% in our CD patients (expected 95%
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T 1: e HLA susceptibility alleles and classi�cation criteria references for ankylosing spondylitis, rheumatoid arthritis, uveitis, behçet’s
disease, celiac disease, and insulin-dependent diabetes mellitus.

Autoimmune disease HLA susceptibility alleles Classi�cation criteria according to
Ankylosing spondylitis HLA-B∗27 Sieper and Rudwaleit [22]

Uveitis HLA-B∗27
HLA-DRB1∗01:02, ∗04:05, ∗15:01 Deschenes et al. [23]

Behçet’s disease HLA-B∗51
International Team for the Revision of
the International Criteria for Behcet’s
Disease [24]

Rheumatoid arthritis HLA-DRB1∗01:01, ∗01:02, ∗04:01, ∗04:04, ∗04:05,
∗04:08, ∗10:01,∗14:02 Silva-Fernández et al. [25]

Celiac disease HLA-DQB1∗02:01, ∗02:02, ∗03:02 Rostom et al. [26]
Insulin-dependent diabetes mellitus HLA-DQB1∗02:01, ∗03:02 American Diabetes Association [27]

T 2: Percentage of HLA typing requests coming from medical
specialists and general practitioners for each autoimmune pathol-
ogy.

Autoimmune disease N
HLA typing request

Medical
specialists

General
practitioners

Ankylosing
spondylitis 724 45.17% 54.83%

Uveitis 125 73.60% 26.40%
Behçet’s disease 212 58.49% 41.51%
Rheumatoid arthritis 554 93.86% 6.14%
Celiac disease 795 78.24% 21.76%
Insulin-dependent
diabetes mellitus 256 98.44% 1.56%

BMD CBD

CD

IDDM

II
 p

.a
. (

8.
8%

)

0.5

0

− 0.5

I p.a. (88.1%)

0.485 0.49 0.495 0.5 0.505 0.51

Locus HLA-DQB1∗

F 4: Principal component analysis of HLA-DQB1 in celiac
disease (CD), insulin-dependent diabetes mellitus (IDDM), adult
bone marrow donors (BMD), and cord blood donors (CBD).

reported in the literature) and 59.37% in IDDM (expected
60%). In both CD and IDDM, the frequency of susceptibility
HLA-DQB1 alleles was in line with the literature data, and
we think that the good results obtained in the analyses of
HLA-DQB1-associated autoimmune pathologies may be a

consequence of the correct knowledge of the marker-disease
correlation for the CD and IDDM conditions.

4. Conclusions

Our study aims at giving a critical appraisal on the usefulness
and appropriateness of the HLA typing requests in the diag-
nosis of HLA-associated diseases, aer ten years of molecular
assays typing in a single Laboratory (Immunogenetics Lab-
oratory of the IRCCS Policlinico San Matteo of Pavia, Italy).
Nevertheless, this is not an HLA-disease association study.

In this retrospective study we found that, except for HLA-
DQB1 mediated pathologies (CD and IDDM), the typing
requests gave an immunogenetic result less congruent than
expected by the literature data. It is evident that the policy for
proper typing requests needs to be improved.

To our knowledge, this is the �rst survey conducted with
the aim to infer the proper management of the �nancial
resources of public health for immunogenetic testing. is is
not a weird point of view if we consider two fundamental
characteristics of our Hospital. First, our Immunogenetics
Laboratory receives a lot of typing requests from many
sources outside the Policlinico San Matteo, such as general
practitioners; thus it is difficult to verify the classi�cation
criteria considered by these physicians and also their actual
expertise. Secondly, our Foundation is a research hospital
where patients affected by spurious syndromes or unusual
cases refer to our physicians who have to deal with atypical
signs and difficult diagnosis; therefore we think that the
exclusion of these cases from the survey would introduce a
bias in considering the total health costs for genetic testing.

In synthesis, this is an unmanipulated survey with the
mere exploratory aim to improve the management of health-
care �nancial resources. erefore, taking into account our
data, we suggest to invest in training courses to enhance
the expertise of all physicians, in particular general practi-
tioners. To this, it is imperative to ask the Italian Society
of Immunogenetics (AIBT) to set up a series of learning
courses, with continuous medical education credits, to give
the clinicians a precise tool to increase the appropriateness
of typing requests. We believe that the interplay between
clinicians and immunogenetists must be strengthened to
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T 3: Allele frequencies of HLA genes correlated to autoimmune pathologies in adult bone marrow donors (BMD), cord blood donors
(CBD), Behçet’s disease (BD), rheumatoid arthritis (RA), celiac disease (CD), insulin-dependent diabetes mellitus (IDDM), and shared
epitope (SE).

HLA susceptibility alleles BMD CBD Uveitis BD RA CD IDDM
HLA-B∗27 1.7% 2.15% 8.40%
HLA-B∗51 12.91% 9.88% 15.57%
SE alleles
(HLA-DRB1∗01:01, ∗01:02, ∗04:01,
∗04:04, ∗04:05, ∗04:08, ∗10:01, ∗14:02)

10.85% 13.48% 13.72%

HLA-DQB1∗02:01 9.37% 7.92% 21.76% 17.19%
HLA-DQB1∗02:02 8.99% 9.98% 17.61%
HLA-DQB1∗03:02 4.38% 5.93% 6.10% 14.45%

reach a better de�nition of the role of HLA markers in the
management of those autoimmunediseaseswithwell-de�ned
HLA associations.
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Periodic fever syndromes (PFSs) are a wide group of autoin�ammatory diseases. Due to some clinical overlap between different
PFSs, differential diagnosis can be a difficult challenge. Nowadays, there are no universally agreed recommendations for most
PFSs, and near half of patients may remain without a genetic diagnosis even aer performing multiple-gene analyses. Molecular
analysis of periodic fevers’ causative genes can improve patient quality of life by providing early and accurate diagnosis and allowing
the administration of appropriate treatment. In this paper we focus our discussion on effective usefulness of genetic diagnosis
of PFSs. e aim of this paper is to establish how much can the diagnostic system improve, in order to increase the success of
PFS diagnosis. e mayor expectation in the near future will be addressed to the so-called next generation sequencing approach.
Although the application of bioinformatics to high-throughput genetic analysis could allow the identi�cation of complex genotypes,
the complexity of this de�nition will hardly result in a clear contribution for the physician. In our opinion, however, to obtain the
best from this new development a rule should always be kept well in mind: use genetics only to answer speci�c clinical questions.

1. Introduction

Periodic fever syndromes (PFSs) represent a wide group
of diseases characterized by recurrent attacks of apparently
unprovoked in�ammation and are thus considered among
the so-called autoin�ammatory diseases.

For the clinician, the question whether a patient suffers
from a PFS usually arises aer the evaluation and exclusion
ofmore common clinical problems associatedwith fevers and
in�ammation, such as chronic infections, systemic autoim-
mune diseases, and paraneoplastic in�ammatory conditions
[1]. However, the pattern of associated clinical manifesta-
tions, the age at disease onset and, above all, the stereotypic
recurrence of attacks can induce the suspicion of a PFS. A
key to diagnose PFSs appears to simply be the consideration
of its evenience [2, 3]: this can diminish the delay in
time to diagnosis, avoiding in some cases repeated invasive
and unsuccessful investigations performed to exclude more
common multifactorial disorders.

A de�nite diagnosis is made easier today thanks to
improved feasibility of genetic analysis for most PFSs: Famil-
ial Mediterranean Fever (FMF), Mevalonate Kinase De�-
ciency (MKD), Tumor Necrosis Factor Receptor-Associated
Periodic Syndrome (TRAPS), and Familial Cold Auto-
in�ammatory Syndromes (FCAS). Indeed, each of these
diseases can be identi�ed and diagnosed by the detection
of mutations in speci�c genes (MEFV, MVK, TFRSF1A, and
NLRP3/NLRP12, resp.) [4] (Table 1).

A genetic cause is not yet known for another PFS, called
PFAPA (Periodic Fever, Aphthous stomatitis, Pharyngitis,
and cervical Adenitis). is is a common and benign con-
dition that can be easily diagnosed from clinical data, not
requiring specialized laboratory investigations [5].

All these autoin�ammatory diseases are characterized by
recurrent �ares of systemic in�ammation, presenting sudden
fever episodes associated with elevation of acute phase
reactants and with a number of clinical manifestations that
might include in�ammation of serosal surfaces and �oints,
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skin rashes of unknown origin, lymphadenopathy, arthritis,
as well as the involvement of other organs such asmuscles and
the central nervous system [6]. Rheumatic manifestations are
extremely common and highly variable in their presentation
and course in PFSs. In most cases, however, the typical recur-
rence of attacks with symptoms-free intervals can help in
differentiating the disorder from a chronic rheumatic disease.
Furthermore, the pattern ofmusculoskeletal involvement and
concomitant manifestations can help to formulate the correct
diagnosis, which can be con�rmed by genetic testing [1]. A
family history of similar problems, when present, enforces the
idea of a genetic origin of the disease.

Due to some clinical overlap between different PFSs,
differential diagnosis can be a difficult challenge that
can require sequential or simultaneous analysis of
different genes. In fact, there are no universally agreed
recommendations for most PFSs. Various attempts have
been made in order to develop clinical criteria or guidelines
to identify which of these patients should be considered
for genetic testing [7, 8]. Databases such as INFEVERS
(http://fmf.igh.cnrs.fr/ISSAID/infevers/) and the Eurofever
Project (http://www.printo.it/eurofever/autoin�ammatory�
diseases.asp) have been developed to collect clinical
and genetic information on patients with all monogenic
autoin�ammatory syndromes, including HPFs. is has led
to improved recognition of the spectrum of clinical problems
associated with these conditions as well as development of
targeted treatment strategies [9].

In this paper, we focus our discussion on the effective
usefulness of genetic diagnosis. Even if a molecular diagnosis
is not always fundamental for the choice of an effective
treatment, it is of great utility in the followup of patients,
avoiding inadequate diagnostic procedures and focusing on
the risk of speci�c complications, such as amyloidosis. e
aim of this paper is to establish how much can the diagnostic
system improve, in order to increase the success of PFS
diagnosis.

2. Clinical Considerations and Treatment

Hereditary PFSs encompass a rare group of diseases that share
lifelong recurrent episodes of in�ammatory symptoms and an
acute phase response. Periodic fevers are typically present in
the pediatric population, but a disease onset in adult age is
not a rare occurrence for some conditions [10].

is paper will focus on four hereditary PFSs, which
include two autosomal recessive conditions, FMF and MKD,
and a group of autosomal dominant diseases, including
TRAPS and FCAS [11]. Moreover, in pediatrics, these
pathologies have been distinguished from the more common
and usually self-limiting PFAPA [11]. �ther autoin�am-
matory syndromes, associated with fever, show a contin-
uous in�ammatory phenotype but not necessarily with a
periodic feature. is category includes diseases such as
MWS (Muckle-Wells Syndrome), CINCA (Chronic Infan-
tile Neurologic Cutaneous and Arthritis) syndrome, PAPA
(Pyogenic Arthritis, Pyoderma gangrenosum, and Acne),
Behçet’s disease, adult Still’s disease, and SoJIA (Systemic-
onset Juvenile Idiopathic Arthritis) syndrome.

Not all inherited PFSs are rare diseases and for most of
them the prevalence can vary depending on the ethnology [8,
12]. As an example, FMFhas a high prevalence, from1 : 500 to
1 : 256 in different ethnic groups of non-Ashkenazi Jews [13],
while MKD is a rare disease, and it is found predominantly
in north-western Europe, with a carriage rate of MVK V377I
of 1 : 350 [14]. Among the autosomal dominant PFSs, TRAPS
is thought to be the most common form of dominant PFS in
Europe [14].

e onset of symptoms occurs generally in childhood,
usually in the �rst year of life for MKD and with more
variability for other PFSs. Besides, the diagnosis of PFSs
can be formulated later due to mild or unclear symptoms
that overlap among different diseases and sometimes remain
for long time misinterpreted or ignored [15]. In fact, the
current approach for the diagnosis of PFSs in children may
not be adequate for adults, in which the diseases are oen
underdiagnosed, and there is the need for speci�c diagnostic
algorithms [16, 17].

e diagnosis of most periodic fevers in children is
based on clinical history and physical examination. e
management of the acute attacks is nonspeci�c and poorly
standardized in PFSs. Similarly, long treatments are specif-
ically designed to reduce the number and severity of the
in�ammatory attacks, as well as to prevent the development
of amyloidosis.

2.1. Familial Mediterranean Fever (FMF). e FMF (MIM
249100) is the most frequent hereditary recessive PFS [18].
It predominantly affects populations from Mediterranean
descent in which the frequency of carriers is high [19, 20]. In
the vastmajority of patients FMF becomes clinically apparent
before the age of 20. Signs of painful serositis accompanying
fever are the hallmark of the disease [21].

Acute attacks are characterized by a high-grade fever and
in�ammation of one ormore serousmembranes (peritoneum
in 90% of cases, pleura, synovial membrane, tunica vaginalis,
and pericardium). Fever usually lasts less than three days
and in most cases a single pick is observed. ere are
usually no symptoms between acute attacks, although the
joint involvement and myalgia may persist for several weeks.

Colchicine is the �rst-choice treatment for FMF, but
a small percentage (5–10%) of patients does not show a
complete response [22, 23] to this drug and needs additional
treatments such as interleukin-1beta (IL-1𝛽𝛽) inhibitors [24].

2.2. Meval�nate �ina�e �e��ien�� (M��). MKD (MIM
260920) is a PFS identi�ed in 1984 [25]. e �rst clinical
episode usually begins before the end of the �rst year of life.
Attacks start with chills, followed by a sharp rise in body
temperature accompanied by cervical lymphadenopathy and
abdominal pain. Hepatomegaly, splenomegaly, arthralgia,
skin rash, diarrhea, and vomiting are common symptoms
[26]. Mean attack duration is 5–7 days. Intervals between
attacks usually range from 4 to 8 weeks and tend to increase
with age aer adolescence.

Suspect ofMKD is usually con�rmed by elevated concen-
trations of mevalonic acid in urines during the �ares and/or
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by a decreased enzymatic activity of mevalonate kinase
during asymptomatic intervals.ediagnosis is consequently
de�ned by genetic testing of the MVK gene. A marked
elevation of polyclonal immunoglobulin D is found in the
serum, so that the disease is also called Hyper-IgD Syndrome
(HIDS), but this is neither speci�c, as it can also be found
in some patients with other PFSs, nor sensitive, as younger
patients may have normal IgD values.

In MKD, steroids are administered during febrile attacks,
but for some patients with long-lasting �ares, the treat-
ment becomes continuative. Other treatments (colchicine,
cyclosporine, thalidomide, and statins) are of little bene�ts
and biological drugs (anakinra and etanercept) have been
used with some success as steroid-sparing agents [24]. e
heterogeneous results obtained by novel biologic treatments
[27, 28] remain unclear since the molecular events leading
to in�ammatory phenotype are still unknown, and a role
of cell apoptosis has been recently proposed in the MKD
pathogenesis [29, 30].

2.3. Tumor-Necrosis-Factor- (TNF-) Receptor-Associated Peri-
odic Syndrome (TRAPS). �RAPS was �rst described in 1982
in a family of Irish and Scottish descent and was initially
called “familial Hibernian fever” [31]. Since then, cases have
been identi�ed in other populations [32]. Mean age at onset
is approximately 10 years. Each attack lasts few days to
few weeks. Sometimes, in addition to fever, the attacks are
characterized by severe abdominal pain, which may mimic
a surgical emergency. Cutaneous manifestations are present
in 87% of patients during attacks [33]. Most patients exhibit
localized painful erythematousmacules and patches that tend
to migrate to the distal parts of the extremities.

High-dosage corticosteroids are administered during
febrile attacks. Colchicine and immunosuppressant are inef-
fective. Etanercept, to prevent febrile attacks and to avoid
long-term renal complications, is effective in a subgroup of
patients, while IL-1𝛽𝛽 inhibitors are effective in most. On
the contrary anti-�NF monoclonal antibodies (in�iximab or
adalimumab) have been shown to worsen the in�ammatory
condition [16].

2.4. NOD-Like-Receptor-Protein (NLRP-) Related Diseases.
NLRP-related disease comprises phenotypically distinct
autosomal dominant syndromes, such as NLRP3-associated
Familial Cold Autoin�ammatory Syndrome (also named
FCAS1) and NLRP12 associated periodic fever (also named
FCAS2).

2.4.1. Familial Cold Autoin�ammatory Syndromes-1 (FCAS1).
FCAS1, formerly known as familial cold urticaria, was �rst
reported in 1940 [34], and, since then, only 20 families have
been described worldwide. It is a rare autosomal dominant
syndrome caused by a mutation in the NLRP3 gene, located
on chromosome 1p44 that encodes a pyrin-like protein,
known as cryopyrin [6]. ere are three distinct clinical
disorders related to NLRP3 mutations (FCAS1, MWS, and
CINCA) that can now be seen as a single disorder with
variable phenotypic expression [35–37].

FCAS1 is characterized by attacks of fever, urticarial skin
rash, arthralgia, and conjunctivitis brought on by exposure to
cold. An episode starts 2-3 hours aer exposure and generally
subsides within 24 hours. Attacks are accompanied by an
intense acute phase response, as evidenced by high leukocyte
counts in peripheral blood [38, 39].

In patients with FCAS1, treatment with IL-1𝛽𝛽 antagonists
(i.e., anakinra) allows a complete response for almost all
patients, but it has limited effects on hearing loss, bone
dysplasia, and mental retardation [24].

2.4.2. Familial Cold Autoin�ammatory Syndrome-2 (FCAS2).
FCAS2 is a more recently characterized condition, �rstly
described in two families from Guadeloupe [37]. e disease
is secondary to mutations in the NLRP12 gene with an
autosomal dominant inheritance. It was the �rst example of
an NLRP capable of negatively regulating NF-𝜅𝜅B activation
[40], and it could be classi�ed as a NF-𝜅𝜅B activation disorder
[41]. e phenotype is characterized by recurrent episodes
of fever, secondary to cold exposure, associated with other
signs, as skin rash, lymphadenopathy, aphthous ulcers, and
abdominal pain [42]. A few patients, so far, have been
presenting a good response to anti-in�ammatory drugs, given
at occurrence, while treatmentwith anakinra induced only an
initial good response, that decreased over time [24].

2.5. Periodic Fever, Aphthous Stomatitis, Pharyngitis, and
Cervical Adenitis (PFAPA). PFAPA syndrome was �rstly
described in 1987 by Marshall et al. [43] and is characterized
by episodes of fever, generally higher than 39∘C, lasting for
3–6 days with recurrences every 3–8 weeks. Fever attack is
associated with at least one of three main signs: aphthous
stomatitis, cervical adenitis, and pharyngitis. e onset of
the disease usually occurs before the age of 5 years and
generally resolves by adolescence. Diagnosis is established
on the basis of clinical criteria by which cardinal signs
and symptoms must be carefully observed for a differential
diagnosis [44, 45]. Periodic fever with tonsillitis can be
part of the clinical phenotype also in some of the previous
mentioned monogenic PFSs, even if these diagnoses should
be considered only in the presence of atypical signs, such
as clinical relapse aer tonsillectomy, complaint of severe
symptoms not referred to ear-nose and throat, and absent
response to glucocorticoids [5].

Corticosteroids (prednisone, betamethasone) are suc-
cessfully used in PFAPA syndrome during the febrile �ares,
as they can dramatically switch off fever in few hours. Other
accompanying symptoms, however, take longer to resolve,
and corticosteroid therapy sometimes can lead to shorten
the interval between attacks. Colchicine, used as prevention
of febrile attacks, can induce an increased interval between
fever attacks but not a complete remission. Cimetidine, a
histamine type 2 receptor blocker with immunomodulating
properties, was shown to be effective in only one-third of
patients [45]. Although the role of tonsillectomy is still
controversial, it remains the most effective intervention for
long-term resolution of PFAPA syndrome symptoms [44, 46].
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3. Molecular Pathophysiology of PFSs

Recently, Masters et al. [41] proposed a classi�cation scheme
for the autoin�ammatory disorder based onmolecularmech-
anisms rather than on clinical classi�cation. According to this
scheme, PFSs were classi�ed into six categories� (1) IL-1𝛽𝛽
activation disorders (in�ammasomopathies), (2) nuclear fac-
tor (NF)-kappaB (NF-𝜅𝜅B) activation syndromes, (3) protein
misfolding disorders, (4) complement regulatory diseases, (5)
disturbances of cytokine signaling, (6)macrophage activation
syndromes. e PFSs share the dysregulation of NLR and
TLR family genes in the development of the diseases.

e in�ammasomopathies include intrinsic in�ammaso-
mopathies (such as FCAS1 [47, 48]), extrinsic in�ammaso-
mopathies (such as FMF [49, 50] and MKD [51, 52]), and
Complex/Acquired In�ammasomopathies.is categorywas
characterized by an activation of NLRP3 (originally denoted
cryopyrin or CIAS1) that processes pro-IL-1𝛽𝛽 into an active
form, mature IL-1𝛽𝛽. e difference between intrinsic and
extrinsic forms depends on whether the mutation is on
NLRP3 constituents complex or on proteins that regulate the
production of IL-1𝛽𝛽, respectively.

e NF-𝜅𝜅B activation syndromes are mediated predom-
inantly by improper regulation of NF-𝜅𝜅B within the innate
immune system (i.e., FCAS2). In NF-𝜅𝜅B/FCAS2, although
clinically similar to FCAS1, the mutational screening in
NLRP3 andother knownperiodic fever genes is negative [37].
A subsequent examination of NLRP12 (NALP12, PYPAF7,
and MONARCH-1), chosen because of its similarity to
NLRP3 and because of its expression in myelomonocytic
cells, revealed dominantly inherited nonsense and splice-site
mutations in the two families. Moreover, NLRP12 was the
�rst example of an NLR protein capable of negatively regulat-
ing NF-𝜅𝜅B activation [40]. It is not known whether NLRP12
can participate in an in�ammasome complex regulating IL-
1𝛽𝛽 production.

e TRAPS syndrome instead is an example of a protein
misfolding disorder. is kind of disorder is caused by
multiple mechanisms leading to several problems, that can
vary from misfolding of proteins to production of pro-
in�ammatory cytokines by innate immune cells [53].

Finally, there are a number of disorders that appear clearly
to be autoin�ammatory, but for which there are insufficient
data to place them into one of the six categories. An example
is the PFAPA, which is not inherited as a mendelian trait,
but does exhibit some familial tendency [54, 55]. While
the exact cellular determinants and pathogenic molecular
mediators remain elusive, the clinical picture and cytokine
pro�le of PFAPA outline a very complex, heterogeneous, but
nevertheless autoin�ammatory, disease [55].

4. Genetic Testing

Molecular analysis of periodic fevers’ causative genes can
dramatically improve patient quality of life by allowing early
and accurate diagnosis and the administration of appropriate
treatments.

However, the molecular genetic analysis of these diseases
based solely on the candidate gene has low efficiency (close

to 20%) and is time consuming and expensive. Moreover,
since most of the causative mutations are located in speci�c
regions of the genes mainly involved in these disorders, only
some exons are analyzed for genetic diagnosis [56, 57] (Figure
1). e greatest difficulty is to decide which gene should be
�rst screened, based on patient’s clinical features. is is true
in particular for patients with low penetrance mutations in
whom the clinical manifestations of the disorders can show
wide overlapping. Aimed at ameliorating the efficiency of the
genetic diagnosis, a set of clinical parameters that can predict
the probability of carrying mutations in one of the genes
associated with hereditary autoin�ammatory syndromes, has
been proposed by Gattorno et al. [58]. In particular, the
study allowed to identify some clinical variables (family
history, age of onset, presence of abdominal, and chest pain,
diarrhea) that are strongly associated with the probability of
detecting relevant mutations in known PFS genes, thus also
suggesting the order in which the genes should be screened.
is diagnostic score revealed high sensitivity (87%) and
good speci�city (72%) for the identi�cation of genetically
positive and negative patients. Moreover, Federici et al. [59]
performed a similar study in a large group of adult patients
screened for three genes (MEFV,MVK, and TNFRSF1A) and
obtained results comparable with the study carried out on
children.

Unfortunately, despite the application of this validated
diagnostic system, literature data support the evidence that
PFSs are underdiagnosed or not correctly classi�ed. As
reported by Lainka et al. [60], in Germany FMF is the most
frequent PFS, but its incidence is low and, at present, genetic
testing should be considered aer an accurate clinical history
including ethnic ancestry and family history [60, 61]. Besides,
the overlap and the wide range of clinical signs shared by
different PFSs and/or other diseases may cause a delayed
or incorrect diagnosis [62]. In these cases, clinicians can be
supported in a faster and correct identi�cation by appropriate
genetic tests.

An ordinary medium-throughput genotyping method
based on a 96-well sequencing plate can also be devel-
oped to analyze the most frequently PFS causing genes by
automating several processes required for direct sequencing,
using a commercially available robotic systems and routinely
used instruments [63]. is medium-throughput genotyping
method may improve diagnostic success in patients with
overlapping phenotype but cannot completely solve all the
lacks of correct evaluation that still exist in PFS diagnostics.

High-throughput DNA sequencing (HTS) could be also
used for sequencing patients’ whole genomes or targeted
regions such as all exonic regions (i.e., the exome) [64].
e ob�ective is the identi�cation of genetic variants such as
single nucleotide polymorphisms (SNPs) that can in�uence
the clinical phenotype. e extraction of SNPs from the raw
genetic sequences involves many processing steps and the
application of a diverse set of tools, and thus its use is mainly
limited to research [65].ese second-generation sequencing
technologies, including resequencing microarray, allow for
multiple gene tests in a single experiment and thus hold
considerable promise for routine molecular diagnosis of
heterogeneous disorders [66]. Recent data con�rmed the key
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role of this technology in the diagnosis of autoin�ammatory
diseases [67].

e expectation is that, in the very near future, this
technology will enable us to identify all the variants in an
individual’s personal genome and, in particular, clinically
relevant alleles. Beyond this, whole genome sequencing is also
expected to bring a major shi in clinical practice in terms of
diagnosis and understanding of diseases, ultimately enabling
personalizedmedicine based on one’s genome [68]. However,
increasing the potential of genetics can bring to the attention
new problems linked to the right interpretation of a huge
amount of data.

5. Conclusions

PFSs are increasingly recognized in current clinical practice.
is is probably due to a diminished clinical impact of infec-
tions at present times and to awider awareness of the problem
among physicians. PFAPA is by far the most common of
PFSs and in most cases it can be easily diagnosed on the
basis of the typical clinical presentation, usually in young
children and with complaints mainly limited to pharynx,
mouth, and neck. On the contrary, atypical PFAPA and
other kinds of periodic fever can be a diagnostic challenge,
even for experienced physicians. In some cases, the clinical
picture may suggest a speci�c PFS, and the diagnosis can be
con�rmedon the basis of speci�c clinical features, response to
drugs, and ultimately molecular analyses. However, patients
may present incomplete phenotypes that can be compatible
with different PFSs, making it difficult for the choice of the
correct analysis to perform. In such cases, the analysis of
a set of different genes, thanks to the availability of new
technological platforms, can help the clinician. Near half
of patients may remain without a genetic diagnosis even
aer performing multiple-gene analysis. In few of these

cases, high-throughput genetic analysis will probably allow
to identify novel monogenic disorders, but it is reasonable to
hypothesize that a consistent percentage of patients will still
remain without a de�nite diagnosis. e application of bioin-
formatics to high throughput genetic analysis could allow the
identi�cation of complex genotypes, but the complexity of
this de�nition will hardly result in a clear contribution for
the physician.

In conclusion, great improvements have been obtained in
recent years in the �eld of PFSs thanks to the identi�cation of
a genetic cause for different disorders, and novel knowledge,
including novel doubts, will come from high-throughput
molecular analysis. In our opinion, however, to obtain the
best from these new developments, a rule should always be
kept in mind: use genetics only to answer speci�c clinical
questions.
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Development of resistance to imatinib mesylate (IM) in chronic myeloid leukemia (CML) patients has emerged as a signi�cant
clinical problem. e observation that increased epigenetic silencing of potential tumor suppressor genes correlates with disease
progression in someCMLpatients treatedwith IM suggests a relationship between epigenetic silencing and resistance development.
We hypothesize that promoter hypermethylation of HOXA4 could be an epigenetic mechanism mediating IM resistance in CML
patients. us a study was undertaken to investigate the promoter hypermethylation status of HOXA4 in CML patients on IM
treatment and to determine its role in mediating resistance to IM. Genomic DNA was extracted from peripheral blood samples
of 95 CML patients (38 good responders and 57 resistant) and 12 normal controls. All samples were bisul�te treated and analysed
by methylation-speci�c high-resolution melt analysis. Compared to the good responders, the HOXA4 hypermethylation level was
signi�cantly higher (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) in IM-resistant CML patients. On comparing the risk, HOXA4 hypermethylation was associated
with a higher risk for IM resistance (OR 4.658; 95% CI, 1.673–12.971; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃). us, it is reasonable to suggest that promoter
hypermethylation of HOXA4 gene could be an epigenetic mechanism mediating IM resistance in CML patients.

1. Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative
disorder that comprises 14% of all leukemias. e molec-
ular pathogenesis of CML involves the clonal expansion
of pluripotent haematopoietic stem cells containing the
BCR-ABL fusion oncogene. BCR-ABL gene results from
a reciprocal translocation between chromosome 9 and 22
to form the Philadelphia chromosome [1]. is BCR-ABL
fusion gene codes for a p210 kD protein with increased

tyrosine kinase activity. Imatinib mesylate (IM) or Glivec
(NOVARTIS Pharma) is a selectivemolecular inhibitor of the
BCR-ABL oncogene protein and permits long term disease
control in about two thirds of chronic phase CML patients
[2]. IM has dramatically improved the treatment of CML and
is generally considered as frontline therapy for CML patients.
Despite its striking efficacy, development of resistance in
signi�cant proportion of CML patients on IM therapy has
emerged as a major clinical problem affecting both patients
and treating physicians.
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Various mechanisms of resistance and suboptimal
response to IM have been described, involving BCR-
ABL1-dependent and BCR-ABL1-independent pathways
[3, 4]. BCR-ABL1-dependent mechanism usually involves
point mutations in the tyrosine kinase domain (TKD) and
ampli�cation of BCR-ABL gene, with mutations in the
BCR-ABL tyrosine kinase domain being better characterized
[5]. Our previous study on BCR-ABL TKD mutation
analysis showed that BCR-ABL mutations accounted for
IM resistance in only 21.7% of Malaysian CML patients
on IM therapy (communicated separately; in Press). is
indicated that BCR-ABLmutations are not the only cause for
relapse and resistance. It is presumed that the mechanisms
of IM resistance in CML patients who do not have TKD
mutationmight bemediated throughBCR-ABL-independent
pathways. However, the exact mechanism in BCR-ABL-
independent pathway still remains unclear, despite several
genetic and epigenetic mechanisms postulated to be involved
in the BCR-ABL-independent pathway.

It is largely known that DNA in cancer cells is very
unstable. Epigenetic silencing is a phenomenonwhereby gene
transcript maybe suppressed through DNA methylation.
Gene expression can be stronglymodi�ed through epigenetic
alteration such as DNA hypo or hypermethylation. DNA
methylation at cytosine residues in gene promoter CpG
sequences is known to inhibit gene transcription, resulting
in decreased protein expression. Genomic instability and
DNA modi�cations certainly confer to the cancer cells,
a higher capability of becoming resistant [6]. e human
Homeobox (HOX) gene network encodes master regulators
in haematopoiesis andDNAmethylation has been implicated
to have an important role in aberrant control of HOX gene
expression [7]. Inappropriate expression of HOX gene has
been implicated in development of hematopoietic malignan-
cies. Methylation of a HOX gene, HOXA4 has been strongly
associated with progression to blast crisis and poor response
to treatment in other types of leukemia patients [7].

InCML, increased epigenetic silencing of potential tumor
suppressor genes has been found to be correlated with disease
progression in a small proportion of patients treated with
Imatinib [8]. is suggests the possibility of a relationship
between epigenetic silencing and development of IM resis-
tance. Few studies have suggested that hypermethylation
might play a role in disease progression in CML. It could be
plausible that changes in gene silencing by DNA methylation
might play a role in developing alternative routes for cells to
circumvent the effects of IM. We hypothesized that promoter
hypermethylation of HOXA4 could be an epigenetic mecha-
nism which mediate resistance to IM in CML patients. is
study was designed to test this hypothesis.

2. Methodology

2.1. Patient Samples and Control. e study was undertaken
at Hospital Universiti Sains Malaysia, aer getting approval
from the Research and Ethics Committee of University Sains
Malaysia and Ministry of Health (MOH), Malaysia (NMRR-
10-1206-7127). A total of 95 Malaysian CML patients during
their treatment with IM were enrolled. e patients selected

were Philadelphia chromosome positive CML patients in
chronic, accelerated, or blast phase, treated for at least 12
months, with IM (400mg and 600mg, resp.) on frontline
treatment. ese CML patients were categorized into IM
resistant and IM good responders based on their molecu-
lar and/or cytogenetic response. IM-resistant patients were
de�ned as those CML patients showing less than complete
cytogenetic response by 12 months and/or lack of attainment
of major molecular response by 18 months aer initiation
of therapy. Secondary resistance was de�ned as loss of com-
plete cytogenetic response and/or loss of major molecular
response.

ree millilitres of peripheral blood from each patient
was collected in EDTA tube. Additionally, blood sam-
ples from 12 normal healthy controls were also collected
and included for analysis. Universal methylated DNA and
unmethylated DNA (ZYMO research, USA) were used as
100% and 0% methylation DNA control, respectively. Both
types of the DNA were modi�ed with bisul�te treatment
and was subsequently mixed according to the ratio of 10%,
25%, 50%, and 75%. is serial methylation percentage was
included in each experimental run.

2.2. �enomi�D�A��tra�tion and Sodi�mBis�l�te �reatment.
e genomic DNA of all patients and controls was isolated
using the GENTRA PUREGENE Blood Kit (Qiagen, Ger-
many) according to the supplier’s recommendation. DNA
quantity was identi�ed spectrophotometrically by using
NanoQuant In�niteM200 (Tecan, Switzerland) and the qual-
ity of the DNA was con�rmed by agarose gel electrophoresis
using 1% agarose gel.

Aer extraction of genomic DNA, 500 ng of the DNA
was subjected to bisul�te treatment utilizing the EZ DNA
Methylation-Gold Kit (ZYMO Research, USA) following
manufacturer’s recommendation. Besides the patient sam-
ples, universal methylated DNA and unmethylated DNA
were also treated with bisul�te using the same kit. Before
mixing the methylated and unmethylated controls into 10%,
25%, 50%, and 75% percentages, the concentration of bisul�te
treated DNA control samples were carefully measured at
a value of 40 𝜇𝜇g/mL for Ab260 = 1.0 (the wavelength used
corresponds to RNA wavelength as the recovered bisul�te-
treated DNA was single stranded with limited non-speci�c
base-pairing at room temperature) (ZYMO research, USA).
e concentration of the eluted bisul�te treatedDNA samples
of all patients was also measured and the �nal concentration
used was 20 ng for MS-HRM analysis.

2.3. Primer Design. Primers were designed based on criteria
stated by Wojdacz et al. [9] with some additional mod-
i�cations using the Methyl Primer Express v1.0 Soware
(Applied Biosystem, USA). While designing the primers,
the following points were considered. e primers should
amplify 100 to 150 bp PCR product with only one CpG
dinucleotides each, as more CpG dinucleotide in the primer
sequence was found to promote bias ampli�cation towards
the methylated template. e primers also should amplify
both methylated and unmethylated sequence simultaneously
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F 1: Derivative Melt peak of the serial percentage of methy-
lation control produced two speci�c peaks which represent the
unmethylated (approximately 77∘C) andmethylated (approximately
80∘C) PCR product. Fully unmethylated sample produced only
unmethylated peak, 100%methylated sample produced onlymethy-
lated peak and samples with mixture of unmethylated, and methy-
lated displayed both peaks.

(Figure 1). e CpG in the primers should not be at 3′-
end, and preferably, it should be placed as close as possible
to the 5′-end of the primer. However, CpG situated in the
middle (at least 5th nucleotide from the 3′-end) could also
be acceptable provided it could produce good melt curve
differentiation [10�. To ensure that the bisul�te converted
DNA speci�c ampli�cation and to prevent ampli�cation of
unconverted DNA template, the 3′-end of primers should
contain one ormore Ts derived from the non-CpG aer bisul-
�te treatment. Accordingly the primers sequences designed
for our study was 5′-TTTTGAAGGATA𝐶𝐶GAAGTTTGA-3′

(forward primer) and 5′-TCCTCTC𝐺𝐺AAAACCCTCTAC-3′

(reverse primer) for HOXA4 promoter.

2.4. Validation of Designed Primer. Subsequent to primer
design, the forward and reverse primer sequences were
tested for their possible secondary structure, self dimer and
hetero dimer formation using OligoAnalyzer 3.1 Soware
(http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/
Default.aspx). As Δ𝐺𝐺 less than −7 may form a very stable
primer dimer, primer sequence with Δ𝐺𝐺 higher than −7 was
chosen. e higher the Δ𝐺𝐺 (more than −3.5) the better it
seemed, as it could subordinate the primer dimer problem.

e computational prediction of themelting curve as well
as the derivative melting curve shape was also derived on the
sequence of the PCR product generated, using algorithm like
the uMelt v2.0.2 (http://www.dna.utah.edu/umelt/um.php).
By using this algorithm, the expected melting temperature
of the PCR product was of help in forecasting the melting
curve temperature adjustment during the optimization of the

laboratory work. Care was taken to see that the derivative
melting peak also had only one speci�c peak without any
shoulder at the adjacent slope. PCR amplicon with several
melting peaks would be showing the presence of multiple
melting domains and may produce complex melting pro�le
that maybe hard to interpret.

A sequence similarity search programdesigned to explore
in silico bisul�te modi�ed DNA (either methylated or not
at its CpG dinucleotides) was used to con�rm the ampli�-
cation speci�city of the designed primer. e primers were
blast before synthesised, using the methBLAST soware
(http://medgen.ugent.be/methBLAST/).

2.5. High-Resolution Melt Analysis. PCR ampli�cation and
MS-HRM analysis were performed using CFX Real Time
PCR Detection System (Bio-Rad Laboratories, USA). e
PCR ampli�cations were performed andmonitored using the
CFX Manager Soware and the HRM data was analysed with
the Bio-Rad Precision Melt Analysis. PCR ampli�cation was
performed in a total volume of 10 𝜇𝜇L, containing 1x Precision
Melt Supermix (Bio-Rad Laboratories, USA), 200 nM of each
designed primer, and 20 ng of bisul�te treated DNA template.
All samples and DNA percentage controls were performed
in triplicate. e PCR condition was started at 95∘C for 2
minutes for initial denaturation, followed by 50 cycles of 10
seconds at 95∘C for denaturation, 30 seconds at 50∘C for
annealing and another 30 seconds at 72∘C for extension.
e PCR ampli�cation was then followed by heteroduplex
formation at 95∘C for 30 seconds and subsequently 60∘C for 1
minute. e high-resolution melting analysis was performed
immediately aerwards by increasing the temperature from
65∘C to 95∘C for 10 seconds at each step with the 0.2∘C
increments. For each run, a no template control (NTC) and
serial percentage control (0%, 10%, 25%, 50%, 75%, and
100%) in triplicate were included (Figure 2).

e annealing temperature during the PCR ampli�cation
was gradiently optimized as it could create ampli�cation bias
in MS-HRM. Higher annealing temperature could introduce
bias towards the ampli�cation of methylated template. e
most preferable annealing temperature would be the one that
could differentiate between the serial percentage controls.
Hence, multiple annealing temperatures with mixtures of
methylated controls were tested and the best �t standard
melting curve was selected.

2.6. Statistical Analysis. Unconditional logistic regression
analysis was used to assess the relationship between HOXA4
promoter methylation percentage and the response of CML
patients to IM by calculating the Odd Ratios (ORs) and 95%
Con�dence Interval (CI). e test was conducted by SPSS
soware with all 𝑃𝑃 values as two-sided.

3. Results

A total of 95 samples including both IM resistant (𝑛𝑛 𝑛
57) and IM good response (𝑛𝑛 𝑛 𝑛𝑛) CML patients and
12 samples from normal control donors were tested for
methylation percentage employing the methylation-speci�c
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F 2: HRM curves for HOXA4 methylation standard. (A) Normalized melt curve of HOXA4 methylation standards in the form of serial
methylation percentage (0% black lines, 10% pink line, 25% green line, 50% red line, 75% dark green line, and 100% orange line. (B) Melting
curves were normalized to the 0%methylation standards and the standard melt curve was used as the marker for identifying the methylation
percentage of samples. For example: (a) ∼25%methylated, (b) ∼50%methylated, and (c) 75%–100%methylated samples.

high-resolution melt analysis (MS-HRM analysis). All IM-
resistant CML patients were initially screened for BCR-
ABL TKD mutations and those who showed mutations
were excluded from MS-HRM analysis. Fiy seven (57) IM-
resistant CML patients without BCR-ABL mutations were
subjected to HOXA4 methylation analysis. For comparison,

38CMLpatients showing good response to IMand 12 normal
controls were also subjected toHOXA4methylation analysis.
us, in this report, IM-resistant CML patients are relatively
higher than good response CML patients (57 versus 38).
Out of 57 IM-resistant CML patients, 22 were males and
35 were females with mean age of 45 years. In the case of

N
or

m
al

iz
ed

 R
FU

1

0.8

0.6

0.4

0.2

0
7574 76 77 78 79 80 8281

Temperature

Normalized melt curve

(A)

Di�erence curve

D
i�

er
en

ce
 R

FU

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
75 76 77 78 79 80 81

Temperature
(B)

Di�erence curve

D
i�

er
en

ce
 R

FU

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
75 76 77 78 79 80 81

Di�erence curve

D
i�

er
en

ce
 R

FU

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
75 76 77 78 79 80 81

TemperatureTemperature

Di�erence curve

D
i�

er
en

ce
 R

FU

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
75 76 77 78 79 80 81

Temperature
(a) (b) (c)



BioMed Research International 5

T 1: Methylation percentage frequencies of HOXA4 gene in IM resistant and good response CML patients.

HOXA4 methylation (%) Normal Control CML Patients 𝑃𝑃 value CML Patients
Good Response Resistance 𝑃𝑃 value

0–24 6 6 0.000∗ 4 2 0.213
25–49 6 16 0.016∗ 11 5 0.010∗

50–74 0 43 0.001∗ 18 25 0.736
75–100 0 30 0.018∗ 5 25 0.002∗
∗Chi-Square test, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 signi�cant at 95% CI.

T 2: Risk association between HOXA4 methylation status and IM response among CML patients.

HOXA4 methylation (%) CML Patients on IM therapy 𝑃𝑃 value OR (95% CI)
Good Response Resistance Patients

Total
0–49 15 7 22 — Reference

50–100 23 50 73 0.003∗ 4.658
(1.673–12.971)

∗Chi-Square test, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 signi�cant at 95% CI.

38 IM good response CML patients, 20 were males and 18
were females with mean age of 36 years. Among the IM-
resistant CML patients, 48 patients were categorized into
primary resistance group and 9 patients were categorized into
secondary resistance group.

Methylation percentage of the promoter region of
HOXA4 gene in the normal controls was in the range of 10%
to 49%. In the case of whole group of 95 CML patients, the
HOXA4 promoter methylation was in the range of 10% to
100% with most of them showing dense range of more than
50% methylation. Table 1 shows the methylation percentage
frequencies of HOXA4 gene promoter in normal controls
and CML patients, in which the methylation percentages
were subdivided into four categories. Except for the low level
category (0–24%), the percentages of methylation levels in
other 3 categories were signi�cantly higher in CML cases in
comparison to control.

When the HOXA4 methylation pro�le among CML
patients showing good response and resistance to IM was
evaluated separately, hypermethylation was found to be
signi�cantly less dense in IM good response CML patients,
compared to IM-resistant CML patients. However, when the
methylation percentages of HOXA4 were categorized into
two classes, 1–49% as methylated and 50–100% as hyper-
methylated and the values were compared, HOXA4 hyper-
methylation was signi�cantly higher among IM-resistant
CML patients (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) than IM good response CML
patients. Furthermore, when the risk association of the two
methylation categories (methylated and hypermethylated)
with IM resistance was evaluated,HOXA4 hypermethylation
was found to be associated with a signi�cantly higher risk for
IM resistance with OR, 4.658 (95% CI, 1.673–12.971; 𝑃𝑃 𝑃
𝑃𝑃𝑃𝑃3) as shown in Table 2.

4. Discussion

DNA promoter hypermethylation is a powerful mechanism
of tumor-suppressor gene silencing that mediates neoplastic

transformation [11]. Despite CML starts as a genetically
homogeneous disease, it has been hypothesized that disease
progression and clinical heterogeneity in CML are related to
epigenetic factors including DNA hypermethylation. Hyper-
methylation in several tumor-suppressor genes (i.e., TFAP2A
and EBF2) had been reported in CML patients on disease
progression [12]. Recently, Jelinek et al., [8] observed a
higher frequency of hypermethylation in OSCP1 and NPM2
genes among CML patients who were resistant or intolerant
to IM. However, there are still no reports available on
the involvement of HOX gene family hypermethylation in
mediating resistance to IM.

e HOX gene family consisting of 39 genes are a large
family of homeodomain containing transcription factors
which regulate developmental process, haematopoietic dif-
ferentiation, and leukemogenesis. HOX gene translocations
are observed frequently in leukemia. Majority of the HOX
genes have CpG islands at their transcription start site (TSS)
regions. Silencing of HOX genes by DNA methylation are
thought to disrupt normal development of blood cells and
thus to be involved in leukemic transformation [13]. Hence,
compared to other protooncogenes, hypermethylation of
HOX genes might affect the CML transformation.

By utilizingMS-HRM, theHOXA4promotermethylation
quanti�cation showed a distribution pro�le of 10% to 100%
methylation, with none of the samples showing 0%methyla-
tion. Samples from normal individuals showed methylation
of 10% to 49% whereas samples from CML patients showed
methylation of 10% up to 100%.

However, based on our experience as well as from the
literature, designing of the primer was found to be the
most crucial part in ensuring that the methylation percent-
age be clearly differentiated [10]. Our experience prompt
us to suggest that, in order to amplify HOXA4 promoter
for methylation pro�ling, the methylation-speci�c primers
should have only one CpG site in the forward and reverse
primer, respectively. By considering this kind of factor in
primer designing, methylation percentage ranging from 0%
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to 75% could be clearly differentiated. However, samples
that show 75%–100% hypermethylation cannot be clearly
differentiated among themselves.

In leukemia-free normal population, few researchers
showed absence of methylation, whereas few other studies
showed a very low/absence of methylation [14]. However, in
the present study, normal samples showed a range of 10%
to 49% methylation level at the promoter region of HOXA4.
Because of this, samples that showed methylation level of
50%–100% only were considered as HOXA4 hypermethy-
lated samples.

ere are reports correlating hypermethylation of
HOXA4 with the development of leukemia. Zangenberg et
al. [15] reported that 77% of their acute myeloid leukemia
(AML) patients exhibited hypermethylation of HOXA4
promoter region. Apart from AML, another study had
demonstrated the contribution of HOXA4 promoter hyper-
methylation in chronic lymphoid leukemia (CLL) [7]. Fur-
thermore,HOXA4 hypermethylation has been demonstrated
to be usually associated with the progression of CML to blast
phase and play an important role in the development of
leukemia [7].

In the current study, we further evaluated whether
HOXA4 hypermethylation induced gene silencing could be
an alternative mechanism of CML cells to circumvent the
effects of IM and thereby develop resistance to IM. To the best
of our knowledge, no previous reports are available on the
involvement of HOXA4 in mediating IM resistance among
CML patients, ours being the �rst of its kind. Interestingly,
in our study, HOXA4 hypermethylation level of 50–100%
was signi�cantly higher (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) among IM-resistant
CML patients compared to IM good response CML patients.
When the association between HOXA4 hypermethylation
and IM resistance was examined, patients with HOXA4
promoter hypermethylation level in 50–100% showed a
signi�cantly higher risk for IM resistance (OR � 4.658; 95%
CI, 1.673–12.971; 𝑃𝑃 value, 0.003). us, hypermethylation of
HOXA4may be amarker of resistance to IM.However,mech-
anistic studies are still needed to con�rm if hypermethylation
of HOXA4 is indeed causing poor response to IM.

e treatment mechanism of IM involves the arrest of
BCR-ABL dynamic activity. No known mechanism of IM
activity towards HOXA4 has been literally reported so far.
Hypermethylation of HOXA4 has been found to promote
inactivation of gene expression [15, 16]. As HOXA4 protein
is a DNA-binding transcription factor which may regulate
gene expression, morphogenesis, and differentiation, it is
reasonable to suggest that the suppression of HOXA4 pro-
tein production by hypermethylation induced gene silenc-
ing could be one of the potential mechanisms in BCR-
ABL-independent pathway that promote IM resistance in
CML patients. Moreover, Fournier et al. demonstrated the
potential of HOXA4 retrovirus-mediated over expression of
haematopoietic stem cell to give rise to mature myeloid
progeny [17]. In ovarian cancer, several studies reported that
HOXA4 plays an important role in cell motility, spreading
and cell-cell adhesion [18, 19]. Based on those reports, it is
reasonable to suggest that suppression of HOXA4 protein
might be impairing the normal development as well as

proliferation of myeloid progeny and could be a potential
epigenetic mechanism in BCR-ABL-independent pathway in
promoting IM resistance among CML patients.

It is reasonable to suggest that hypermethylation of
HOXA4 gene might be circumventing the clinical response
to IM and thus playing an important role as inhibitor to
normal leukemogenesis. is data contributes to a new
understanding of epigenetic mechanism also as a mediator
in resistance development to IM in CML patients. Inhibition
of this process may have potential as better therapy and war-
rants the need of utilizing hypomethylating agents for CML
patients showing this epigenetic mechanism of resistance.
us, hypermethylation pro�le of HOXA4 gene also could
be considered as an epigenetic biomarker, in addition to the
BCR-ABL gene mutations analysis, for prediction of response
to IM treatment among CML patients.
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e molecular diagnosis of retinal dystrophies is difficult because of the very important number of genes implicated and is rarely
helped by genotype-phenotype correlations. is prompted us to develop IROme, a custom designed in solution-based targeted
exon capture assay (SeqCap EZ Choice library, Roche NimbleGen) for 60 retinitis pigmentosa-linked genes and three candidate
genes (942 exons). Pyrosequencing was performed on a Roche 454GS Junior benchtop high-throughput sequencing platform. In
total, 23 patients affected by retinitis pigmentosa were analyzed. Per patient, 39.6Mb were generated, and 1111 sequence variants
were detected on average, at a median coverage of 17-fold. A�er data �ltering and sequence variant prioritization, disease-causing
mutations were identi�ed in ABCA4, CNGB1, GUCY2D, PROM1, PRPF8, PRPF31, PRPH2, RHO, RP2, and TULP1 for twelve
patients (55%), ten mutations having never been reported previously. Potential mutations were identi�ed in 5 additional patients,
and in only 6 patients nomolecular diagnosis could be established (26%). In conclusion, targeted exon capture and next-generation
sequencing are a valuable and efficient approach to identify disease-causing sequence variants in retinal dystrophies.

1. Introduction

Retinitis pigmentosa (RP) (MIM number 268000) is a
group of genetically highly heterogeneous-inherited reti-
nal dystrophies [1]. Typically, night blindness starts dur-
ing adolescence, and patients progressively loose the rod
photoreceptor-mediated peripheral vision. At later stages,
the cone photoreceptors also become affected, constricting
vision over time to the most central fovea and eventu-
ally resulting in complete blindness. To date, more than
��y genes have been linked to nonsyndromic RP (Ret-
Net; http://www.sph.uth.tmc.edu/RetNet/). Inheritance can
be autosomal dominant (AD), autosomal recessive (AR) or
X-linked, and, rarely, mitochondrial or digenic [2]. Sporadic
or simplex cases account for about 30% [3].

e molecular diagnosis of RP is difficult because (i)
there is no genotype/phenotype correlation in a vast majority

of patients, (ii) a high intra- and interfamilial variability
of clinical phenotypes is observed in patients carrying
the same causative mutation, (iii) different mutations in
a same disease-linked gene cause highly variable clinical
phenotypes if not clinically distinct retinal degenerations,
and (iv) overlapping clinical phenotypes and disease-linked
genes exist with additional retinal degenerations, that is,
early-onset Leber congenital amaurosis (LCA), congenital
stationary night blindness (CSNB), cone-rod dystrophies
(CRD), enhanced S-cone syndrome (ESCS), or syndromic
RP in Bardet-Biedl and Usher syndrome [2]. However,
identi�cation of RP-linked sequence variants is important for
genetic counseling and patient management.

Similar to other Mendelian disorders, mutations in RP
patients were identi�ed until recently by linkage mapping
and subsequent Sanger sequencing of candidate genes [4].
Formolecular diagnosis, the validated RPmutations could be
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F 1: Work�ow of the custom-designed targeted exome liquid
hybridization capture assay IROme. Genomic DNA from patients
was fragmented by nebulization and used for shotgun library
construction (454 RocheGSTitaniumRapid Library). Upon adapter
ligation, target enrichment is achieved by hybridizing the pro-
cessed genomic DNA to biotinylated probes (Roche NimbleGen
SeqCap EZ Choice). Aer biotin-streptavidin-based capture and
washing, DNA was ampli�ed by emulsion PCR and sequenced on
a454 Roche GS Junior Sequencer. Sequencing data was aligned
and mapped with the Roche 454 Reference Mapper program.
Figure adapted from Roche NimbleGen technical information
(http://www.nimblegen.com/products/seqcap/index.html).

detected by arrayed primer extension (APEX) chip technol-
ogy [5]. However, a low success rate in detecting mutations
by APEX was inherent to the genetic heterogeneity of RP
patients, and in a cohort of 272 Spanish families affected by
ARRP, causative mutations were identi�ed in only 11% of
them [6].

e development of next-generation sequencing (NGS)
tools in recent years has allowed the production of an
enormous volume of sequencing data at low costs [7].
Whole genome sequencing and downstream data handling
remains cost and labor intensive, limiting its use in routine
mutation detection [8]. Targeted capture of the about 30Mb
of protein-coding regions in the human genome, the so-
called exome, reduced the sequencing and data handling
effort by a factor of 100 and allowed the identi�cation
of mutations in unrelated patients affected by the same
syndrome [9]. Exome sequencing has since been widely used
as a tool for Mendelian disease gene discovery [10, 11].
Initially array-based, targeted sequence capture has become
easy-to-use, thanks to the development of in-solution capture
methods [12]. Finally, benchtop high-throughput sequencers
made exome sequencing available to small-size diagnostic
laboratories [13].

ese technological advances prompted us to develop a
custom designed in solution-based targeted capture assay,
called IROme, for the detection of mutations located in the
exons, including complete 3′-untranslated regions (UTR),
intron-exon boundaries and potential promoter, and 5′-UTR
regions of 63 genes on a 454 GS Junior sequencing platform.

2. Material andMethods

2.1. Patients and DNA Samples. ese studies were approved
by the Swiss Federal Department of Health (authorization
number 035.0003-48) and followed the principles of the
Declaration ofHelsinki.e 23 patients analyzed in this study
were of Swiss, Algerian, and Tunisian origin. Blood samples
were collected aer informed consent. Genomic DNA was
extracted from peripheral blood using a Nucleon BACC2
genomic DNA extraction kit (GE Healthcare, Glattbrugg,
Switzerland). Four patients had been previously analyzed
at Asper Biotech for known RP-linked mutations by APEX
technology [5].

2.2. Design of Solution-Based Capture Assay for Retinitis
Pigmentosa-Linked Genes. Exons of targeted genes were
identi�ed in the reference human genome version hg19
(http://www.ensembl.org/) (Table 1). For each exon 50 bp
were added in both 5′ and 3′ of the exon, including the com-
plete 3′UTR for each gene. Potential alternative transcripts
were also considered in the design. To include potential
proximal promoters, an additional 1000 bp in 5′ of the �rst
exon of each gene, containing the complete 5′-UTR, were
added. e resulting custom-designed SeqCap EZ Choice
library (NimbleGen, Roche) was called IROme, version 1.

2.3. GS Junior Sequencing. e work�ow for GS Junior
sequencing is summarized in Figure 1. DNA concentrations
were measured on a NanoDrop spectrophotometer (ermo
Fisher Scienti�c, Wilmington, DE). 500 ng of gDNA were
fragmented by nebulization, and size selected by Agen-
court AMPure XP beads (Beckman-Coulter, Beverly, MA)
to obtain fragments between 500 and 1200 bp. Adaptors
provided in the GS Titanium Rapid Library Preparation Kit
(Roche, Basel, Switzerland) were ligated to the fragmented
DNA and then quanti�ed by �uorometry (�uantiFluor,
Promega, Madison, WI). is library was ampli�ed by
ligation-mediated (LM)-PCR using speci�c 454 primers.
en, 1 𝜇𝜇g of the PCR ampli�cation product was dried down
with COT-DNA (Roche) and 454-Hybridization Enhancing
Primer in a Speedvac. e pellet was resuspended in Nim-
bleGen’s hybridization buffer and hybridized to the custom-
designed SeqCap EZ Choice library (NimbleGen, Roche),
called IROme v1, for 70 h at 47∘C in a thermocycler. e
captured DNA was bound to Streptavidin M-270 Beads
(Invitrogen Dynal, Oslo, Norway) for 45min at 47∘C and,
using a magnet support, washed with the 4 different Nim-
bleGen buffers provided according to the manufacturer’s
instructions. e captured DNA-Beads were ampli�ed by
LM-PCR using the same speci�c 454 primers as before.
Captured and noncaptured DNA was subjected to quantita-
tive PCR on a Lightcycler480II (Roche, Basel, Switzerland)
to measure the relative fold enrichment of the targeted
sequences. Postcapture samples with an enrichment higher
than 200-fold were further processed. According to the 454
GS Junior protocol (Roche), an emulsion PCR was done on
2 molecules per beads. Aer PCR, the beads were collected,
washed, and bound to the Enrichment Beads. e enriched
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T 1: List of genes enriched by targeted sequence capture (IROme).

Gene Alias Chr Chr location Exons Pathology
ABCA4 RP19, STGD1, CORD3, and ARMD2 1 94458391-94586688 (rs) 50 ADRP, ARRP, ARCRD, and ARMD
AIPL1 LCA4 17 6327057-6338519 (rs) 6 ARLCA, ADCRD
BEST1 RP50, BMD, and VMD2 11 61717293-61732987 (fs) 11 ADRP, ARRP, and ADMD
C2ORF71 RP54 2 29284556-29297127 (rs) 2 ARRP
CA4 RP17 17 58227302-58236902 (fs) 8 ADRP
CABP4 CSNB2B 11 67219877-67226699 (fs) 7 ARLCA, ARCSNB
CEP290 LCA10, BBS14, and NPHP6 12 88442794-88535993 (rs) 53 ARLCA, ARBBS
CERKL RP26 2 182401403-182545392 (rs) 14 ARRP, ARCRD
CLRN1 RP61, USH3A 3 150643950-150690786 (rs) 3 ARRP
CNGA1 RP49 4 47937994-48018689 (rs) 13 ARRP
CNGA2 X 150906923-150913776 (fs) 6
CNGB1 RP45 16 57917847-58005020 (rs) 33 ARRP
CRB1 LCA8, RP12 1 197170592-197447585 (fs) 12 ARRP, ARLCA
CRX LCA7, CORD2 19 48325097-48364769 (fs) 4 ADRP, ADLCA, ARLCA, and ADCRD
DHDDS RP59 1 26758773-26797785 (fs) 9 ARRP
EYS RP25 6 64429876-66417118 (rs) 43 ARRP
FAM161A RP28 2 62051989-62081278 (rs) 6 ARRP
FSCN2 RP30 17 79495422-79504156 (fs) 5 ADRP, ADMD
GUCA1B RP48, GCAP2 6 42152139-42162694 (rs) 4 ADRP, ADMD
GUCY2D LCA1, CORD6 17 7905988-7923658 (fs) 20 ARLCA, ADCRD
IMPDH1 LCA11, RP10 7 128032331-128050306 (rs) 17 ADRP, ADLCA
IMPG2 RP56, sparcan 3 100945570-101039404 (rs) 20 ARRP
IQCB1 NPHP5 3 121488610-121553926 (rs) 15 ARLCA
KLHL7 RP42 7 23145353-23215040 (fs) 12 ADRP
LCA5 Lebercilin 6 80194708-80247175 (rs) 8 ARLCA
LPCAT1 AYTL2 5 1456595-1524092 (rs) 14 ARLCA
LRAT LCA14 4 155548097-155674270 (fs) 4 ARRP, ARLCA
MERTK RP38 2 112656056-112787138 (fs) 19 ARRP
NR2E3 RP37, PNR 15 72084977-72110559 (fs) 8 ADRP, ARRP, and ARESCS
NRL RP27 14 24549316-24584223 (rs) 3 ADRP, ARRP, and ARESCS
OFD1 RP23 X 13752832-13787480 (fs) 23 XRP
OTX2 14 57267426-57277197 (rs) 5 ADLCA
PDE6A RP43 5 149237519-149324356 (rs) 22 ARRP
PDE6B RP40, CSNBAD2 4 619373-664571 (fs) 23 ARRP, ADCSNB
PDE6G RP57 17 79617489-79623607 (rs) 4 ARRP
PRCD RP36 17 74523871-74541458 (fs) 5 ARRP
PROM1 RP41, STGD4, CORD12, and MCDR2 4 15964699-16086001 (rs) 28 ARRP, ADCRD, and ADMD
PRPF3 RP18 1 150293925-150325671 (fs) 16 ADRP
PRPF6 RP60 20 62612488-62664453 (fs) 21 ADRP
PRPF8 RP13 17 1553923-1588154 (rs) 43 ADRP
PRPF31 RP11 19 54618837-54635140 (fs) 14 ADRP
PRPH2 RDS, RP7 6 42664340-42690312 (rs) 3 ADRP, ADMD, ADCRD, and digenic
RBP3 IRBP 10 48381487-48390991 (rs) 4 ARRP
RDH12 LCA13, RP53 14 68168603-68201169 (fs) 8 ADRP, ARLCA
RGR RP44 10 86004809-86019716 (fs) 7 ADRP, ARRP, and ADCA
RHO RP4, CSNBAD1 3 129247483-129254012 (fs) 5 ADRP, ARRP, and ADCSNB
RLBP1 CRALBP 15 89753098-89764922 (rs) 9 ARRP
ROM1 11 62379194-62382592 (fs) 3 ADRP, digenic
RP1 8 55471729-55682531 (fs) 4 ADRP, ARRP
RP2 X 46696375-46741793 (fs) 5 XRP
RP9 PAP1 7 33134409-33149013 (rs) 7 ADRP
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T 1: Continued.

Gene Alias Chr Chr location Exons Pathology
RPE65 LCA2, RP20 1 68894505-68915642 (rs) 14 ARRP, ARLCA
RPGR RP3, CORDX1 X 38128424-38186817 (rs) 19 XRP, XCRD, XMD
RPGRIP1 LCA6, CORD13 14 21756098-21819460 (fs) 24 ARLCA, ARCRD
SAG RP47, Arrestin 2 234216309-234255701 (fs) 16 ARRP, ARCSNB
SEMA4A RP35, CORD10 1 156117157-156147543 (fs) 16 ADRP, ARRP, and ADCRD
SNRNP200 RP33 2 96940074-96971297 (rs) 45 ADRP
SPATA7 LCA3 14 88851268-88936694 (fs) 12 ARLCA
TOPORS RP31 9 32540542-32552551 (rs) 3 ADRP
TUB 11 8040791-8127659 (fs) 13
TULP1 LCA15, RP14 6 35465651-35480715 (rs) 15 ARRP, ARLCA
USH2A RP39 1 215796236-216596738 (rs) 73 ARRP
ZNF513 RP58 2 27600098-27603657 (rs) 4 ARRP
Genes are listed alphabetically according to their official gene symbol, and, in addition, gene aliases commonly used in ophthalmic research provided.
Chromosomal (chr) location is based on the Homo sapiens high-coverage assembly GRCh37, yielding in the UCSC hg19 database (fs: forward strand; rs:
reverse strand). For each gene the number of exons is listed. Targeted sequence capturewas directed against genes causing autosomal dominant (AD), autosomal
recessive (AR) X-linked (X), retinitis pigmentosa (RP), and Leber congenital amaurosis (LCA). Other retinopathies caused by a given gene are also indicated:
cone or cone-rod dystrophy (CRD), macular degeneration (MD), congenital stationary night blindness (CSNB), Bardet-Biedl syndrome (BBS), enhanced
S-cone syndrome (ARESCS), and chorioretinal atrophy (CA). Heterozygote ROM1 and PRPH2 mutations cause digenic disease. ORF15 of RPGR was not
included in the assay.

DNA was then eluted and quanti�ed with the provided bead
counter. Sequencing was performed following the 454 GS
Junior protocol. Brie�y, 500′000 enriched DNA beads were
mixed with Packing Beads. en, the PicoTiterPlate (PTP)
was sequentially loaded with Prelayer Beads, DNA-Packing
Beads, Postlayer Beads, and PPiase Beads. Finally, the PTP
was mounted in the 454 GS Junior Sequencer, and the
program was run in full processing for shotgun sequencing.

2.4. Data Analysis. e work�ow for data analysis and
data validation is summarized in Figure 2. Sequencing
data (.s� �le) were analyzed with Roche 454 Reference
Mapper program. Reference text (ref.txt) for gene anno-
tations and the snp131 version of the single nucleotide
polymorphism database (snp131.txt) were downloaded from
the Golden Path database ( http://www.genome.ucsc.edu/).
e sequence variants provided by the 454HCDi�s.txt �le
were �ltered for known SNPs (http://www.ensembl.org/
Homo_sapiens/Gene/Variation_Gene/), type of amino acid
changes (http://genetics.bwh.harvard.edu/pph2/), and repet-
itive sequences. An additional in-house developed program
was used to check the remaining SNPs against reference
sequences obtained in Ensembl. Sequence variants were fur-
ther prioritized according to inheritance, if family informa-
tion was available, and to the percentage of reads containing
a given sequence variant (threshold at 20%). To analyze the
coverage, scripts were written to extract global coverage data
from the 454AlignmentInfo.tsv �le (unique depth, column 5)
and the quality of coverage at each targeted nucleotide (col-
umn4). Part of the sequencing datawas analyzed by Sequence
Pilot version 3.5 (JSI Medicals, Kippenheim, Germany).

2.5. Data Validation. Sanger sequencing validated all
potential pathogenic sequence variants. Brie�y, 20-bp

primers �anking the given region and yielding amplicons
of 300–600 bp were designed (primer sequences available
on request). e polymerase chain reaction (PCR) was
performed in a total volume of 20 𝜇𝜇L, containing 20 ng
genomic DNA, 1mM of each primer (Eurogentec, Liège,
Belgium), and 10 𝜇𝜇L FastStart PCRMasterMix (Roche, Basel,
Switzerland). Ampli�cation was performed in a GeneAmp
9700 thermal cycler (Applied Biosystems, Carlsbad, CA,
USA) with the following conditions: 1min at 95∘C, 35
cycles of 1min at 94∘C, 1min at 58∘C, 1min at 72∘C, and,
a �nal elongation step at 72∘C for 10min. PCR-ampli�ed
products were puri�ed with an Invitek MSB Spin PCRapace
kit (STRATEC Molecular GmbH, Berlin, Germany). Sanger
sequencing was done in a �nal reaction volume of 10𝜇𝜇L,
using BigDye Terminator v3.1 (Applied Biosystems) with
forward and reverse primers. Fragments were separated on
an ABI PRISM 3100 genetic analyzer (Applied Biosystems).
Sequences were analyzed using Chromas 2.23 soware
(Technelysium, Tewantin, QLD, Australia).

3. Results and Discussion

3.1. IROme: Design and Validation of the Assay. e vast
genetic heterogeneity of RP prompted us to develop a
custom-designed hybridization-based targeted exon capture
assay, called IROme. Enrichment was targeted towards a
total of 63 genes (942 exons), of which 60 genes were linked
to RP, LCA, and related retinal dystrophies (Table 1). e
exon ORF15 of RPGR was not included in the assay because
of the presence of repetitive sequences. Two RP- or LCA-
linked genes, IDH3B and RD3, had been reported only in a
single family so far and were not included in this version of
IROme. Conversely, two candidate genes that were linked to
retinal degeneration in mice, but not humans, were added
to the assay (TUB and LPCAT1). A third candidate gene
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F 2: �ork�ow of data analysis and �ltering. e sff (sequence
�le format) �les generated by 454 Roche GS Junior sequencing were
imported either into Reference Mapper or Sequence Pilot soware.
e coding sequence variants were selected from the 454_HCD-
iffs.txt �les that contained all sequence variants. During �ltering,
coding sequence variants reported in dbSNP were removed, and
missense and nonsense mutations kept. e remaining coding
sequence variants were prioritized according to known reported
mutations, the mode of inheritance, the percentage of sequence
reads reporting the variant (threshold of 20%), and the predicted
effect on the protein (PolyPhen score).

located on chromosome X, CNGA2, was included because of
its homology to CNGA1. e total of targeted regions spans
394′758 bp.

Of note, aer the design of IROme was completed, TTC8
(BBS8/RP51), C8ORF37, and MAK were linked to RP, and
KCNJ13 and NMNAT1 to LCA. ese latter genes, as well
as IDH3B and RD3, will be included in a future version of
IROme.

Patients 1–4 had previously been investigated by
APEX technology for known RP-linked mutations [5]. All
nucleotides tested by APEX were correctly detected by
IROme, with a 98.9% accuracy of the sequence reads for
nucleotides at a homozygous state (Table 2). A p.USH2A-
V2562A mutation had been detected by APEX in patient 2
in a heterozygous state, and this was correctly validated by
IROme (46.8% of the sequence reads at 47-fold coverage).

As an additional control, the IROme assay was tested on
genomic DNA of a previously described family of Algerian
origin, affected by LCA or early onset retinal degeneration
[14]. e causative 6-base in-frame duplication c. TULP1-
1593_1598dupTTCGCC was readily detected in exon 15
(Table 3, patient 5).

3.2. IROme: Variant Detection, Coverage, and Data Filtering.
A total of 23 RP patients were analyzed by IROme (Table

T 2: Validation of IROme by APEX.

Pat
number

nt tested
by APEX

nt detected
by IROme

Mean
cvg

% reads
homo

1 557 100% 25 98.9
2 558 100% 26 99.4
3 558 100% 22 99.2
4 547 100% 20 98.3
enucleotides (nt) tested byAPEX represent validatedRP-linkedmutations
or variants. e mean coverage (cvg) refers to the average of the coverage of
all exons where the mutations are located. e percentage of sequence reads
generated by IROme and correctly calling the nucleotides at homozygous
state are indicated.

3). Pyrosequencing generated an average of 39.6 ± 14.1Mb
per patient, with an average read length of 408 ± 48 bp.
ese long read lengths are comparable to published anal-
yses, where the Roche 454 GS Junior generated the longest
read lengths, in comparison to the other benchtop high-
throughput sequencing platforms, MiSeq (Illumina) and Ion
Torrent PGM (Life Technologies) [13].

On average per patient, 1′111.7 ± 222.2 sequence vari-
ants were found (range: 736–1′826 ). Among these, 90.1±10.0
were located in coding sequences, and a further 42.1 ± 4.7
were changing the amino acid sequence. By considering all
patients, the median coverage was 17-fold, with a maximal
112-fold coverage in one exon of patient 16 (Figure 3). No
coverage was observed for four exons (0.3%): exons 1 of
RP9, IMPDH1, and LPCAT1 and an alternative exon 2 of
CNGA2. ese exons contained GC-rich and/or repetitive
sequences impeding efficient probe design and targeting [15].
Another 15 exons were not covered in all patients (1.6%).
Because these exons were not restricted to the 5′ regions,
absence of coverage was attributed to technical limitations or,
as observed for patient 9, to a deletion (see below).

For patients 20 and 21, two potential heterozygote
mutations had been detected at 22.6% (53-fold coverage)
and 21.3% (61-fold coverage), respectively. However, these
two sequence variants could not be validated by Sanger
sequencing. For further patient analyses, a more stringent
threshold up to 35% of sequence reads might be used for
prioritization of sequence variants. Alternatively, a dynamic
threshold could be implemented, starting at a high stringency
and going down until one or two mutations are identi�ed.

In conclusion, the design of IROme resulted in an over
98% coverage of the targeted exons. e variant detection
work�ow could be improved by further increasing the quality
of the sequencing data, that is, by using a benchtop sequencer
less prone to homopolymer-associated insertion/deletion
errors (e.g., MiSeq, Illumina) [13] and high-�delity DNA
polymerases [16].

3.3. IROme: Molecular Diagnosis on RP Patients. IROme
analysis yielded in de�nite diagnosis for 55% of the RP
patients, that is, 12 out of 23 patients (Patients 4, 5, 8,
9, 10, 11, 12, 13, 16, 17, 19, and 23). is was in line
with the approximately 60% success rate reported for exome
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F 3: Fold coverage of targeted sequences. For each patient the unique depth data provided by column 5 of the 454_AlignmentInfo.tsv
�le was used to estimate the coverage per targeted bp. e onefold coverage data corresponding to reference genome sequences used for
alignment purposes, but not targeted by IROme, were removed. e coverage data is represented as cumulative percentage; that is, indicating
what percentage of targeted bp has a minimal coverage of 𝑥𝑥-fold (𝑥𝑥 axis represents the fold coverage). e average coverage for all patients is
represented as a black dashed line, and the median coverage for all patients is 17-fold.

capture strategies to identify Mendelian disease genes [4],
but represented a 5-fold increase in mutation detection as
compared to the APEX assay [6]. A solution-based targeted
exon capture assay similar to IROme had also identi�ed
disease-causing mutations in 11 out of 17 families affected
by various retinal degenerations (65%) [17]. In contrast,
in a cohort of 100 RP patients, array-based targeted exon
capture resulted in the identi�cation of pathogenic mutations
in 36 individuals (36%) [15]. Amplicon-based approaches
identi�ed potential mutations in 24% of patients affected by
retinal degenerations (5/21) [18], in 79% of ADRP patients
(15/19) [19], and 24% of LCA patients (4/17) [20].

In addition to the control (patient 5), only the p.PROM1-
R373C mutation identi�ed in patient 10 had been previ-
ously described [21], further underscoring the importance of
screening RP-linked genes for the presence of newmutations.

e work�ow for variant detection was not immediately
successful for two patients. For patient 9, a deletion of
exons 45–47 in ABCA4 was only found by analyzing the
coverage data. For patient 16, the 33 bp insertion in PRPF31
was detected by Sequence Pilot, but not Reference Mapper
soware.

Potential mutations were found in three patients (13%).
Patient 1 inherited from her healthy mother a heterozy-
gous p.C2ORF71-R571delRTVVPP mutation and from her
healthy father a heterozygous p.FSCN2-P231S mutation.
Digenic RP has been linked so far to heterozygous PRPH2
and ROM1 mutations [2], and further analyses will be
necessary to validate this molecular diagnostic. Patient 2 and
20 had, respectively, two and one potential mutation, but no
family members were available to con�rm the result.

Results were questionable for two additional patients.
Patient 6 carried a p.RHO-R252Pmutation that had been pre-
viously reported [22]. However, unaffected family members
were not available to con�rm this dominant mutation. Also,
a heterozygous p.CRX-Q105X sequence variant was detected
in patient 14, but his healthy mother was also carrying it.

Finally, no molecular diagnostic could be established
for six patients (26%): in patients 18 and 21 no potential
mutations were found by IROme analysis, in patients 7 and
15 the potential mutation did not segregate with disease in
the family, and in patients 3 and 22 heterozygous mutations
were found in genes only reported for recessive inheritance
(CLRN1, EYS).
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T 3: Synopsis of molecular diagnostic on RP patients by IROme.

Pat
number

Total
seq
Mb

Read
length
bp

Median
fold
cvg

Total
seq
var

cds
seq
var

�lt.
seq
var

prio.
seq
var

Test/val
seq
var

Potential
mutation

cvg
pot
mut

mut
reads
%

Cosegregate
family

1 47 453 21.3 1206 114 51 8 2/2
p.C2ORF71-
R571_P576del
p.FSCN2-P231S

38
25

55.3
44

M het norm
F het norm

2 47.6 433 20.9 1217 98 44 7 2/2 p.PDE6B-H337R
p.OTX2-G222R

21
52

100
48

?
?

3 42.2 416 17.0 1085 78 39 6 1/1 p.CLRN1-P134L 19 68.4 ?
4 44.6 395 21.6 1173 95 42 5 3/3 p.RHO-Y191C 39 38.5 yes

5 24.4 429 13.8 894 104 45 1 1/1 p.TULP1-
F529_A530dup 6 100 yes

6 31.7 422 16.2 1039 85 47 1 1/1 p.RHO-R252P 22 54.5 ?

7 20.1 281 13.3 789 77 38 4 2/2 p.SAG-E11K
p.IMPG2-G684R

30
34

56.7
38.2

no
no

8 13.9 445 9.1 736 70 33 2 1/1 p.RP2-D161Y 22 45.5 yes
9 29 297 17.3 832 80 39 9 1/1 g.ABCA4-ex45-47del 0 0 yes
10 37.3 443 16.7 1247 93 46 3 3/3 p.PROM1-R373C 32 50 yes
11 50.2 440 21.5 1151 92 46 2 1/1 p.RP2-E20X 28 67.8 yes
12 49.1 394 23.8 1116 94 39 9 4/4 p.CNGB1-R765C 30 100 yes
13 33 436 14.6 1017 85 33 3 2/2 p.GUCY2D-V887G 18 94.4 yes
14 32.6 443 15.3 1205 93 42 3 1/1 p.CRX-Q105X 17 58.8 M het norm
15 32.7 442 14.2 1026 86 40 3 1/1 p.USH2A-P2630R 25 40 no

16 69.4 434 28.4 1246 87 41 1 1/1 p.PRPF31-
E183_ins33bp 74 40 yes

17 16.7 452 9.8 861 82 43 2 2/2 p.PRPH2-L39P 18 50 yes
18 39.6 429 17.2 1826 85 35 3 1/1

19 66.5 449 26.4 1298 103 45 5 2/2 p.PRPH2-
S217_dup16bp 71 39.4 yes

20 47.1 358 19.8 1171 91 47 3 2/1 p.C2ORF71-L889P 23 39.1 ?
21 47 363 17.3 1197 102 48 3 1/0
22 36.6 354 14.7 1072 86 45 2 2/1 p.EYS-D2930G 38 60.5 ?
23 53.3 393 22.4 1164 92 40 7 5/5 p.PRPF8-E2331X 38 44.7 yes
For each patient, the total number of Mb (106 bp) sequenced on the Roche 454 GS Junior (total seq Mb) and the average read length (read length bp) are
indicated. e median fold coverage (cvg) was extracted from the unique depth information. From all the sequence variants (total seq var), �rst only the
sequence variants located in coding sequences were analyzed (cds seq var), with �ltering (�lt seq var) and prioritizing (prio seq var) according to Figure 2. e
sequence variants eventually tested and validated by Sanger sequencing (test/val seq var) are also indicated. For each potential mutation, the coverage (cvg pot
mut) and the percentage of sequence reads reporting the potential mutation (mut reads %) are indicated. For cosegregation analysis, “?” indicates absence of
available family members and/or simplex cases. For patients 1 and 14, the mother (M) and/or the father (F) are healthy heterozygous carriers (het norm).

Of note, all these patients carry novel sequence variants in
noncoding regions. To prioritize for potential disease-causing
sequence variants in these regions, systematic annotation
should not only cover splicing sites, 5′- and 3′-UTRs, but also
implement detailed information about transcription factor
binding sites and regulatory elements located in the potential
proximal promoter regions. Promoter sequence variants
could then be tested by reporter transactivation assays (e.g.,
luciferase reporter assays), but this time-consuming approach
cannot be implemented in a routinemolecular diagnostic lab.

4. Conclusions

e custom designed in solution-based targeted exon capture
assay IROme efficiently detected disease-causing mutations
in 55% of RP patients (12/23). A 99.7% coverage of the
targeted regions was obtained. e �rst translated exon o�en
contains sequences with a high GC content in its 5′-UTR
that hinders an efficient capture [23]. Remarkably, more
than 95% of exons 1 (60/63) were successfully enriched
by IROme.In comparison, a pilot study carried out in our
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laboratory on 25 patients using whole exome sequencing
(SureSelect, Agilent) resulted in no coverage of promoter
regions, highly variable coverage of 3′-UTRs, and several
genes had their �rst translated exon very poorly covered.
For instance, the �rst exons of the following RP-linked genes
could not be correctly analyzed: C2ORF71, CA4, CABP4,
CERKL, CNGA1, FAM161A, FSCN2, GUCY2D, IMPDH1,
LPCAT1,MERTK, RDH12, RP9, and RPGR (D. F. Schorderet,
unpublished results). It is tempting to speculate that the
additional sequences upstream of exon 1 included in IROme
further enhanced the performance of the NimbleGen exome
capture technology, that reportedly has more speci�c tar-
geting and a higher percentage of on-target reads than
competing products [23, 24]. However, because the costs
for whole exome sequencing have dramatically decreased
to about 1000 $ per patient, this method may in the future
replace target enrichment and resequencing, providing that a
new line of “whole exome” kits covering effectively all exons,
including the �rst one, of all genes, will become commercially
available [24].

Meanwhile, custom-designed target enrichment and
subsequent next-generation sequencing are a cost-efficient
approach for the molecular diagnosis of retinal dystrophies,
also with respect to the relative ease of data handling and
analysis [25]. Finally, the median global coverage of 17-
fold observed with the IROme assay also indicated the
possibility to include additional retinal degeneration-linked
genes, newly discovered ones or candidate genes.
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