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ABSTRACT

Introduction: Glucose-6-phospahte dehydrogenase deficiency (G6PD) is one of the most
common inherited disorders affecting around 400 million people worldwide. Molecular
analysis of the G6PD gene identified more than 140 distinct mutations, the majority being
single base missense mutations. G6PD Mediterranean is the most common variant found in
populations of the Mediterranean area. Aim: The aim of our study was to perform molec-
ular characterization of G6PD deficiency in families from the Republic of Macedonia and
correlate the findings to disease phenotype. Patients and methods: Six patients and seven
other family members were selected for genetic characterization, the selection procedure
involved clinical evaluation and G6PD quantitative testing. All patients were first screened
for the Mediterranean mutation, and subsequently for the Seattle mutation. Mutations
were detected using PCR amplification and appropriate restriction endonuclease cleav-
age. Results: Four hemizygote and 3 heterozygous carriers for G6PD Mediterranean were
detected. All G6PD deficient patients from this group showed clinical picture of hemolysis,
and in 66.6% neonatal jaundice was confirmed based on history data. To our knowledge,
this is the first study concerned with molecular aspects of the G6PD deficiency in R. Mace-
donia. Conclusion: This study represents a step towards a more comprehensive genetic
evaluation in our population and better understanding of the health issues involved.

Key words: G6PD deficiency, molecular characterization, genotype-phenotype correla-
tion, Republic of Macedonia.

1. INTRODUCTION
Glucose-6-phospahte  dehydro-
genase (G6PD) enzyme catalyses
the first step in the hexose mono-
phospahte pathway, thus providing
nicotinamide adenine dinucleotide
phosphate (NADPH) essential for a
number of biosynthetic and detox-
ifying reactions (1). Deficiency of
G6PD is one of the most common
inherited disorders affecting more
than 400 million people worldwide
(1, 2). The human G6PD gene, which

contains 13 exons and is over 20 kb
long, has been mapped to the Xq28
region (3, 4). Molecular analysis of
the G6PD gene identified more than
140 mutations or combination of
mutations (5, 6). Almost all G6PD
mutations are single base missense
mutations spread throughout the
coding region of the gene and caus-
ing single amino acid substitutions.
The absence of large deletions,
frameshift mutations and nonsense
mutations supports the concept of
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G6PD expression being crucial for survival (1, 7). Dif-
ferent mutations are found in different ethnic groups.
G6PD Mediterranean is the most common variant found
in populations of Southern Europe, the Middle East and
the Indian subcontinent (1, 8). G6PD Mediterranean is a
class 2 variant characterized by a very low enzyme activ-
ity (less than 10% of normal) (1, 9). The Mediterranean
mutation represents a C—T transition at nucleotide 563,
causing the amino acid replacement 188 Ser—Phe and is
associated with a spectrum of deficiency manifestations
deficiency including: acute acquired hemolytic anemia,
favism and pronounced neonatal hyperbilirubinaemia
(1,2,8,10). A previous study in southern Croatia showed
a prevalence of G6PD deficiency of 0.44% in both sex-
es and 0.75% in males (11). Molecular characterization
of G6PD-deficient patients in the area revealed at least
six mutations, among which a new variant named G6PD
Split was described (12). There are studies that refer to
the G6PD deficit in the Republic of Macedonia. Fraser
et al. based on samples from Macedonia and Dalmatia
estimated a 1% prevalence of G6PD deficit in former Yu-
goslavia (13). Andreeva et al. reported on 1-2% preva-
lence of G6PD deficit in South-Eastern Macedonia. In
a subsequent study, a prevalence of 1.02% among chil-
dren of Macedonian nationality and 6.63% in Romany
children on the territory of Skopje has been shown (14).
There have been no reports so far on the genetic basis
of G6PD deficiency in Macedonia. In concordance with
the literature from close countries in the Mediterranean
region we could expect highest occurrence of G6PD
Mediterranean mutation in the Macedonian cohort of
G6PD deficient patients. Here we describe molecular
characterization of G6PD deficiency in families from the
Republic of Macedonia (RM) with an overview of pheno-
type expression.

2. METHODS

2.1. Patients

Six patients from the Republic of Macedonia and sev-
en other family members were clinically and genetically
evaluated (Table 2). Patients were selected through the
Hematology outpatient clinic and Hematology and Neo-
natology departments. Evaluation for G6PD deficiency
was performed in a period not shorter than one month
after a hemolytic episode or blood transfusion. Labora-
tory included: standard blood count and reticulocytes to
exclude the possibility of ongoing hemolysis and quanti-
tative testing for G6PD. Peripheral blood anticoagulated
with EDTA was obtained for the mutation analysis.

The study has been approved by an institutional Ethics
Committee in accordance with the Declaration of Hel-
sinki.

2.2. G6PD quantitative assay

The G6PD activity of red blood cells was determined
by measuring the rate of increase in nicotinamide ade-
nine dinucleotide phosphate absorbancy at 340 nm using
a spectrophotometer (Humananalyser 3000, Germany)
and a commercially available kit (AMS UK. Ltd, East
Sussex, U.K.). G6PD activity was calculated in relation
to erythrocyte count. Values of 272427 mU/10° eryth-
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rocytes were considered normal. The results were in-
terpreted as a percentage of the normal G6PD activity.
Enzyme activity of less than 10% of the normal value was
considered a severe deficiency, whereas the activity be-
tween 10 and 60% of the normal was considered a mod-
erate deficiency (11, 15).

2.3. Mutation analysis

DNA was extracted from peripheral blood using a
standard phenol-chloroform extraction technique. Con-
centration of DNA was determined spectrophotometri-
cally (Nanodrop 1000, version 3.7.1).

All samples were first examined for the presence of
the Mediterranean mutation for which the highest fre-
quency among G6PD deficient patients in this part of the
world was expected (1, 2, 8, 10, 12, 16). Subsequently the
patients were tested for G6PD Seattle mutation charac-
terized by moderate enzyme deficiency in the context of
moderately decreased levels of G6PD activity obtained
on the quantitative testing. Further mutation screening
was planned for other less common mutations (Cosenza,
Union, Cassano, A- etc.) (12, 16, 17, 18).

Detection of G6PD Mediterranean and Seattle muta-
tions was performed using polymerase chain reaction
(PCR) amplification and restriction endonuclease cleav-
age. Synthetic oliconucleotide primer pairs were used for
the PCR amplification reaction as previously described
(12, 16-19). Amplification was performed using Applied
Biosystems 2720 Thermal cycler version 2.08. PCR con-
ditions were: Mediterranean (95°C-10 min, 30 cycles
94°C-45 sec, 58°C-1 min, 72°C-1 min, 72°C-10 min) and
Seattle (95°C-10 min, 32 cycles 92°C-2 min, 58°C-1 min,
72°C-2 min, 72°C-10 min).

The 583 bp amplification product of the G6PD Medi-
terranean polymerase chain reaction was digested with
restriction enzyme Mbo II. The Mediterranean mutation
creates Mbo II restriction sites in exon 6 that were used
to confirm the presence of the mutation. After Mbo II di-
gestion of the PCR amplified product, bands of 379, 120,
and 60 bp in normal individuals were obtained, whereas
in mutation carriers 4 bands were present (103, 276, 120
and 60 bp) (Table 1) (19).

Mutation Seattle in exon 8 was analyzed by Dde I di-
gestion of the 164 bp PCR product. This mutation de-
stroys one restriction site for enzyme Dde I, therefore in
mutation carriers 2 fragments would be obtained (160
and 4 bp) instead of 3 (100, 60 and 4 bp) found in normal
individuals (Table 1) (12, 16).

Restriction enzyme digestion for the two reactions was

Restriction

GoPD endonucle-

Amplified PCR frag-

Mutation Fragment size (bp)

variant exons ment (bp) ase
Cleaved Cleaved
(normal) (mutant)
Mediterra- 563 103, 276,
nean cT 6,7 538 Mbo Il 379,120, 60 120, 60
844
Seattle 8 164 Dde | 100, 60, 4 160, 4

G—-C

Table 1. Detection of G6PD Mediterranean and Seattle
mutations using PCR amplification and restriction
endonuclease cleavage.

performed overnight at 37° C. Digestion products were
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Clinical manifestations Mutations

G6PD activity

Neonatal

Family N. Name initials Hemolysis . . Favism  Mediterranean Seattle
(%) jaundice
NA 1. JS 57.6 + - - +
2. OoM 57.4 + - - - -
Fam.1 3. OM-m 60.0 - - - - -
4. CN 37.8 + + - +
Fam.2
5. CN-m 74.4 - - - heterozygote
6. BS 60.1 + + - +
Fam.3 7. BS-ts 63.8 - - - -
8. BS-m 69.6 - - - heterozygote
Fam.4 9. Y4 46.9 + + - +
10. ZZ-d 49.1 - - - heterozygote
11. TK 41.4 + + - - -
Fam.5 12. TK-u 66.3 - - - - -
13. TK-m 65.6 - - - - -
Total 6 4 0 4 0

Table 2. G6PD activity, clinical manifestations and genetic background of the G6PD deficient patients and family
members. In the column designated Family, 5 families are represented marked as Fam.1-5. Patient N.1 does not belong to
any of the families and was tested individually. Small letters beside the Name initials signify family relation (m-mother, ts-

twin sister, d-daughter, and u-uncle). NA - not applicable

separated on 3% agarose gel stained with etidium bro-
mide, lighted under UV light and photographed.

3. RESULTS

All results are presented in Table 2.

The first patient (N.1) was tested independently since
DNA from other family members could not be obtained
during the course of the study. The other 12 patients are
grouped in families marked as Fam.1-5.

In three of the patients diagnosis was set prior to this
study (N.6 and N.11 were diagnosed by quantitative test-
ing performed in a foreign institution, whereas N.9 was
diagnosed by a domestic qualitative assay). This was be-
fore the advent of quantitative spectrophotometric test-
ing in our institution. All patients were retested; results
of the quantitative testing are presented in Table 2 as

379bp

276bp

Figure 1. Gel electrophoresis pattern showing DNA
fragments for the Mediterranean mutation. Line 1-M, a 50
bp size marker. Lines 2, 3-normal male subjects (NM) Line
4-normal female subject (NF). Lines 5, 6, 11- patients N.2,
3 and 7 negative for the Mediterranean mutation. Lines 7,
9 - patients N. 4 and 6 hemizygotes for the Mediterranean
mutation. Lines 8, 10 - patients N.5 and 8 heterozygotes
for the Mediterranean mutation
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percentages of the normal
G6PD activity.

All of the 6 G6PD de-
ficiency patients expe-
rienced one or more se-
vere hemolytic episodes. R T
When history data were
reviewed in detail, in 4 _._”E‘ LS e
cases neonatal jaundice [HEF S
was confirmed (Table 2).
All cases with neonatal
jaundice had been treat-
ed with phototherapy at
maternity wards and fol-
lowed through neonatol-
ogy outpatient clinics. In
none of the patients ex-
change transfusion was
required. None of the
patients showed signs of
kernicterus. Favism was
not detected in any of the
patients.

Patient N.9 was referred
to us for consultation
on whether his newborn
daughter (N.10) should
receive preventive parenteral vitamin K that is recog-
nized trigger of hemolysis in G6PD deficient individuals
(1,9, 20).

The results of the genetic testing showed the following:
four of the patients were confirmed to be hemizygotes
for the Mediterranean mutation (N.1, N.4, N.6 and N.9);
also 3 female family members were confirmed heterozy-
gous carriers (mothers of patients N.4 and N.6, and the
daughter of patient N.9, marked as N.5, N.8 and N.10
respectively) (Table 2) (Figure 1 and Figure 2). Interest-
ingly, the twin sister of patient N.6 (marked as N.7) was

Figure 2. Gel electrophoresis
pattern showing DNA
fragments for the
Mediterranean mutation.
Line 1-M, a 50 bp size
marker. Line 2- patient

N.1, hemizygote for the
Mediterranean mutation.
Lines 3-5-patients N.11-
13, negative for the
Mediterranean mutation.
Line 6-normal male subject
(NM)
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e

160bp
100bp
60bp

Figure 3. Gel electrophoresis pattern showing DNA
fragments for the Seattle mutation. Line 1-M, a 50 bp
size marker. Lines 2, 3, 7-9-patients N.2, 3, 11, 12 and 13,
negative for the Seattle mutation. Lines 4-6 - family from
southern Croatia positive for the Seattle Mutation; lines

4 and 6 (X and Z) female heterozygotes; line 5 (Y) male
hemyzigote. Line 10-normal male subject (NM)

not detected with the Mediterranean mutation (Table 2).
This correlates to the normal activity of G6PD obtained
by quantitative testing in this patient.

None of the examined patients tested positive for the
G6PD Seattle mutation (Table 2) (Figure 3).

4. DISCUSSION

G6PD deficiency has been recognized as one of the
most common hereditary enzymopathies affecting hun-
dreds of millions of people worldwide (1, 2, 9). The hu-
man G6PD gene comprised of 13 exons has been mapped
to Xq28 (3, 4). The majority of G6PD gene mutations
affecting the coding sequence are single base missense
mutations, also a number of small, in-frame deletions
have been found. The lack of large deletions or frame-
shift mutations supports the vital role of G6PD during
human development (1, 2, 5-8). The recent G6PD prev-
alence estimates in malaria-endemic countries predict-
ed the highest median prevalence of the disease across
sub-Saharan Africa and the Arabian Peninsula and low-
er prevalence in Asia (21). Various reports exist on the
prevalence of G6PD deficit in the Mediterranean area. In
Italy, a frequency of 0.2-4.4% was reported with the high-
est frequency of 10% among males in Sardinia (16). In
Greece, the prevalence obtained by neonatal screening
was 3.14% (22) and in Croatia 0.75% prevalence in males
and 0.44 in both sexes was found (11). The highest prev-
alence was found among the Kurdish Jews of 70% (23).
The prevalence in the coastal provinces of Iran was es-
timated at 8.6-16.4% (24). In Macedonia a prevalence of
1.02% among Macedonians and 6.63% in Romanies was
reported (14). There have not been more recent studies
to address the issue of G6PD deficiency in our country.
On the other hand, Macedonia has been marked for the
majority of its territory as a former hiperendemic malar-
ia area (13); the malaria selection pressure could be ex-
pected to act on maintaining the frequency of the G6PD
deficit similar to the other Mediterranean region coun-
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tries. Also, no reports exist on the genetic basis of G6PD
deficiency in the Republic of Macedonia.

The aim of our study was to perform molecular char-
acterization in a group of G6PD deficiency patients from
the RM. Patients were selected through a clinical proce-
dure, after other differential diagnoses of hemolysis and/
or neonatal jaundice had been excluded and the deficit
was confirmed by a quantitative test. According to the
literature from countries in the Mediterranean region,
we could expect the highest occurrence of G6PD Medi-
terranean mutation in the Macedonian cohort of G6PD
deficient patients. G6PD Mediterranean has been con-
sidered a ubiquitous variant in the Near East, Greece,
Croatia, Bulgaria, Italy, Spain and Mauritius (25). It is a
class 2 variant characterized with less than 10% of the
normal enzyme activity and severe disease manifesta-
tions among which severe hemolysis and pronounced
neonatal hyperbilirubinemia complicated by kernikterus
are major health concerns (1, 2, 8-10). Higher exchange
transfusion rates among G6PD deficient neonates have
been reported (26). Based on molecular methods, differ-
ent frequencies of the G6PD Mediterranean mutation
were reported among different population varying from
70% in Italy (18), 66.2% and 75.4% in Mazandaran state
and coastal provinces of the Caspian Sea of Iran respec-
tively (24, 27), 50% in Greece (10), 16.6% in Croatia (12)
and 87.8% among the Kurdish population of Northern
Iraq (28). In our cohort, Mediterranean mutation was
detected in four deficiency patients and 3 female fami-
ly members. However, the mutation was not detected in
the twin sister of one of the deficiency patients confirm-
ing rules of X-linked inheritance in a single pregnancy.
Quantitative testing did not show severe deficiency of
less than 10% of the normal in any of the G6PD deficien-
cy patients or substantially low levels in the heterozy-
gous carriers of the mutation. We can assume that the
reference ranges of the commercially available test were
set too high. It would be more appropriate to establish
population specific reference ranges and to compare re-
sults to those ranges. However rationale of clinical judg-
ment compiled with laboratory results can lead to suspi-
cion of a G6PD deficiency, thus a molecular analysis can
be requested. The G6PD Seattle mutation causes G—C
transition at nucleotide 844 in exon 8 leading to amino
acid replacement at position 285 Arg—His (12, 16). This
mutation cases a moderate enzyme deficiency and was
not detected in any of our patients. Among our G6PD
deficient patients, hemolysis, either drug or infection
induced, was the most frequent clinical manifestation
present in all cases (100%). Neonatal jaundice on the oth-
er hand was present in 4 (66.6%) of the patients. Favism
associated with G6PD deficiency has been known since
antiquity and has been associated with class 2 variants
(1). None of our G6PD deficiency patients manifested
favism. Fava beans (Vicia faba) are not a regular com-
ponent of the Macedonian cuisine. Therefore, cases of
favism in RM would most probably be less frequently
encountered.

To our knowledge, this is the first study concerned
with molecular aspects of the G6PD deficiency in the
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Republic of Macedonia. The major disadvantage of the
study is the small cohort of patients tested. This group of
patients by no means represents all the G6PD deficiency
patients in the RM. Further more comprehensive stud-
ies are warranted. This study is an attempt to start pav-
ing the pathway of better understanding this important
health issue in our population.
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