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ABSTRACT
¢ J¥EE Mutations in the phenylalanine hydroxylase (PAH) gene are the main reason for phenylketonuria
Received: 27 Jun 2022 (PKU). The multiplicity of mutations in the PAH gene, which leads to PKU, makes the diagnosis of patho-
Accepted: 04 Aug 2022 genic mutations impossible in many cases. In these cases, polymorphic markers in the PAH gene, such as
Available Online:010ct2022 . the variable number of tandem repeats (VNTR) are used to determine the carriers in PKU families. This

study aims to investigate the allele frequency of this marker in the PKU population of Guilan Province, Iran.
During one year, 25 unrelated PKU patients were identified from different areas of
Guilan Province. After extracting DNA from patients’ blood, VNTR containing fragments of the PAH gene
were assessed using the polymerase chain reaction (PCR)-sequencing method.

[FIiEIEE PCR products related to PAH VNTR alleles produced 380, 500, and 530 base pairs fragments. They
were related to 3, 7, and 8 copies of the repeat units, respectively. In addition, these repetitions had a
frequency of 6(12%), 6(12%), and 33(66%), respectively. Also, this study demonstrated that PKU patients
in Guilan Province, Iran had VNTR3/VNTR3, VNTR3/VNTRS, ND/VNTRS, VNTR7/VNTR7, VNTRS/VNTRS,

Key words: and ND/ND genotypes in the PAH gene.

Polymorphic ~ mark- :  [SIFEERT This study is the first report on the genetic structure of the PKU population using PAH VNTR al-
ers, Phenylketonuria, : lelesin Guilan Province, Iran. Given the population diversity in Iran, it is necessary to study the frequency
Guilan Province, Iran ~ ©  and distribution of VNTR alleles in different parts of the country.
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Introduction

henylketonuria (PKU) and hyperphenylal-

aninemia (HPA) are the result of the defi-

ciency of hepatic phenylalanine hydroxylase

(PAH). PAH deficiency leads to an abnormal

increase in serum phenylalanine (Phe), that is,
more than 120 umol/L, which leads to irreversible men-
tal retardation in untreated patients [1]. PKU is an auto-
somal recessive disease and the most common disorder
of amino acid metabolism with a wide range of clinical
and biochemical manifestations, comprising different
geographical prevalences [2]. The prevalence of PKU in
Caucasians is 1 in 10000 births; however, it is significant-
ly higher in the East Mediterranean region. The highest
prevalence of PKU has been reported in this region of the
world, 1 in 4000 in Turkey and 1 in 3627 in Iran. This
high prevalence can be considered primarily due to the
high rate of family marriage in the region [3]. In another
study, the highest prevalence was reported in Turkey and
the lowest prevalence was reported in the UAE [4]. Hy-
perphenylalaninemia is the result of any increase in the
level of phenylalanine in the blood. This level in healthy
children is less than 120 umol/L [5]. In mild hyperphe-
nylalaninemia (MHP), this number is 120 to 600 umol/L,
in mild PKU (mPKU) it is 600 to 1200 pmol/L, and in
classic PKU (cPKU) it is more than 1200 umol/L [6].
The PAH gene with a length of 90 kilobases is located on
chromosome 12 in the q22-q24.1 region, which includes
13 exons and 12 introns [7]. PAH protein has a tetrameric
structure with several subunits, each of which consists of
3 domains, namely a regulatory domain at the N terminal,
a catalytic domain, and a tetramerization domain at the
C terminal [7]. The main cause of PKU is a wide range
of mutations in the PAH gene [8]. About 1180 biallelic
variants have been identified in the P4H gene [6]. In ad-
dition, the PAH gene has different polymorphic markers,
such as intergenic short tandem repeats (STRs) located in
intron 3, a variable number of tandem repeats located in
the 3’ untranslated region (3'-UTR), and several restric-
tion fragment length polymorphisms (RFLPs) that are
strongly associated with the PAH region [9]. VNTR poly-
morphism has an AT-rich repeat unit and 30 base pairs,
and several alleles of this polymorphism have been iden-
tified and reported worldwide [3]. Polymorphic markers
that are strongly associated with the PAH gene facilitate
prenatal diagnosis and identification of carriers [10]. So
far, many studies have been conducted on PAH VNTR tan-
dem repeat sequences. In these studies, the polymorphism
of this sequence, its relationship with the types of PAH
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gene mutations, the ability of this sequence to identify
PKU carriers, and the use of VNTR sequences along with
STR repetitive sequences in forensic medicine have also
been considered [10]. Among the conducted research, the
study of Hosseini Mezinani et al. in 2008 reports 4 al-
leles of VNTR3, VNTR7, VNTRS, and VNTRY repetitions
in PKU chromosomes [3]. In another study conducted
in 2017 by Razipour et al., 5 alleles of VNTR3, VNTR?,
VNTRS, VNTRY, and VNTRI?2 repetitions were reported
in Iranian PKU patients [9]. Also, in the study of Abe-
dini and Khazaei in 2020, 5 alleles of VNTR3, VNTR7,
VNTRS, VNTRY, and VNTR 1?2 repetitions were identified
in PKU patients in Northern Iran [10]. Polymorphic sys-
tems have a high degree of heterogeneity and are very
informative for prenatal diagnosis and carrier screening in
most populations [10]. According to the studies conduct-
ed in Iran, VNTR alleles in the Iranian population were
66% informative [3]. Considering the high prevalence of
PKU and consanguineous marriages in the Iranian popu-
lation, the current study was conducted to identify PAH
VNTR alleles in PKU patients in Guilan Province, Iran.

Materials and Methods

This was descriptive cross-sectional research. The study
population were 25 people with PKU, non-relatives from
different areas of Guilan Province, who were referred to
17 Shahrivar Hospital in Rasht City, within a one-year
period, and their disease was diagnosed by a pediatrician.
The identification of these patients was based on the files
available in 17 Shahrivar Hospital in Rasht City, Iran.
Only one patient from each family was included in the
study. The levels of phenylalanine pretreatment in 25 pa-
tients werre determined at 320-2453 umol/L. Then, the
patients and their families were invited to participate in
this study. After explaining the aim of the study to the par-
ticipants, the consent forms and questionnaires were com-
pleted by the subjects or their families (in cases where the
patient was a child or mentally challenged). The study
was approved by the ethics committee of Islamic Azad
University, Rasht Branch. To collect blood samples from
each patient, 2-5 mL of blood was collected, and to pre-
vent blood coagulation, 15 mL falcons containing 300 uL
of 0.5 M ethylenediaminetetraacetic acid were used as an
anticoagulant.

Dynabio™ Blood/Tissue DNA Extraction Mini kit
(Takapozist, Tehran, Iran) was used for DNA extraction.
Fast extraction, yield, and a high degree of purity are the
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features of this kit. After extracting the DNA and before
performing the PCR reaction to check the quantity and
purity of the nucleic acid, the obtained DNA was checked
with a nano-spectrophotometer (Thermo Scientific Nano-
Drop, 2000C, USA).

The PCR reaction was performed in Analytik Jena ther-
mocycler (Germany). The sequence of of the forward and
reverse primers used in this reaction was as follows [3]:

Forward primer: 5-GCTTGAAACTTGAAAGTT-
GC-3';

Reverse primer: 5-GGAAACTTAAGAATCCCCATC-3'.

Primers were synthesized by Bioneer Company, South
Korea. The final volume of the PCR reaction mixture was
25 uL which was prepared using the AccuPower® PCR
PreMix kit (Bioneer, South Korea) and adding genomic
DNA, primer pair (20 pmol), and sterile water to the Pre-
Mix solution. The results of setting the PCR conditions
for the amplification of the PAH VNTR fragment were as
follows: Initial denaturation temperature of 94°C for 10
min, 30 reaction cycles, each cycle including denaturation
temperature of 94°C for 1 min, primers binding tempera-
ture of 65°C for 1 min, extension temperature 72°C for 1
min and final extension temperature 72°C for 5 min.

To ensure the amplification of the desired fragment and
its quality and not amplifying the non-specific products,
3 pL of reaction products (patient samples) and 100 base
pairs marker (100 bp DNA Ladder, BR0800201, Biote-
chrabbit, Germany) on agarose gel 2% was loaded and
electrophoresed (Figure 1 and Figure 2).

After observing the clear band of amplified fragments
(PCR products) on 2% agarose gel, to ensure the presence
of VNTR repeats, the PCR products were sequenced.
Also, CLC main workbench software, version 3.5 was
used to read the sequences and compare the sequencer
device.

The statistical method used in the present study was
descriptive; accordingly, the mean was used for the age
variable of the patients, and the frequency distribution
(percentage) was used for the VNTR alleles.
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Results

In this study, out of 25 patients, 9(36%) were classi-
fied in the cPKU group, 8(32%) in the mPKU group,
and 8(32%) in the mild HPA group. The pre-treatment
Phe levels of 25 patients were determined at 320-2453
pumol/L. The rate of family marriage among patients’ par-
ents was 52%. The mean age of the patients was 8.4 years
(in the age range of 1 to 21 years) and their ethnic com-
position included 19 Gilak (76%), 3 Talesh (12%), and 3
Turks (12%).

The spectrophotometer showed the amount of extracted
DNA in the range of 100-500 ng/uL and the absorption
ratio of 260/280 in the range of 1.8-2, that the extracted
DNA with the mentioned quantity and purity was suitable
for PCR.

The electrophoresis image of PCR products on 2% aga-
rose gel and the bands related to PAH VNTR fragments
are shown in Figure 1A and Figure 1B. PCR products
related to PAH VNTR alleles produced 380, 500, and 530
base pairs fragments, which corresponded to the presence
of alleles of 3, 7, and 8 repetitions, respectively. Among
the 50 investigated alleles, the alleles related to repeti-
tions 3, 7, and 8 had frequencies of 6(12%), 6(12%), and
33(66%), respectively. Also, 5 alleles (10%) were inde-
terminate (ND). Table 1 shows the number and relative
frequency of PAH VNTR alleles related to the studied
patients. Also, VNTRS/VNTRS, VNTR7/VNTR7, VNTR3/
VNTR3, VNTR3/VNTRS, ND/VNTRS, and ND/ND geno-
types were observed in the examined subjects, which
have frequencies of 15(60%), 3(12%), 2(8%), 2(8%),
1(4%), and 2(8%), respectively.

After the PCR reaction, the PCR
products were sequenced to confirm the number of VNTR
repeats. The base sequence of PAH VNTR alleles was
determined with CLC main workbench oftware, version
3.5. In this way, the number of VNTR repetitions was de-
termined (Table 1). For example, sequencing the PCR
product of patient number 11 confirmed that the VNTR
allele of this patient has 7 repeats with a length of 30 nu-
cleotides:
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Table 1. Relative frequency of alleles PAH VNTR observed in the studied patients(n=50)

The Number of Chromosomes in the

% Total studied Positions VNTR Alleles PCR Product Length (bp)
Turk Talesh Gilak

12 6 - 1 5 3 380

12 6 - - 6 7 500

66 33 4 5 24 8 530

10 5 2 ND ND

ND: Not determined.
1- TGCACATATATGTATATGCATATGTACGTA
2- TGCACATATATGTATATGCATATGTACGTA
3- TGCACATATATGTATATGCATATGTACGTA
4- TGCACATATATGTATATGCATATGTACGTA
5- TGCACATATATGTATATGCATATGTACGTA
6- TGCACATATATGTATGTGCATATGTACGTA

7- TGCACATATATGTATGTGCATATGTATGTA
Discussion

The VNTR alleles in the PAH gene were previously de-
scribed by Eisensmith et al. [11] In this study, the VNTR
alleles in the PAH gene were examined for the first time
in 25 PKU patients in Guilan Province, Iran, and 3 VNTR
alleles with 3, 7, and 8 repeats were identified with a fre-
quency of 12%, 12%, and 66%. The highest frequency
was related to VNTRS. Meanwhile, VNTRS was observed
in all 3 ethnic groups, namely Gilak, Talesh, and Turk,
and the highest frequency was related to the Gilak ethnic
group. Several studies have been conducted on VNTR al-
leles in the PAH gene in Iranian PKU families. In Valian
Borojeni and Ebrahimi’s study, PAH VNTR alleles 3, 7, 8,
and 9 repetitions were reported in PKU patients in Isfahan
City, Iran [12].

In the study by Hosseini-Mazinani et al., five VNTR al-
leles 3, 6, 7, 8, and 9 repetitions were identified in Iranian
PKU families. The distribution of alleles in PKU chro-
mosomes was as follows: VNTR3 (7.1%), VNTR6 (0%),
VNTR7 (31.3%), VNTRS (48.3%), and VNTR9 (13.3%).
In this study, the highest frequency belonged to VNTRS
[3]. In the study of Parivar et al. in Yazd Province, Iran,
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4 VNTR alleles with 3, 7, 8, and 12 repetitions were ob-
served in PKU chromosomes with frequencies of 5.5%,
11%, 78%, and 5.5%, respectively. In their study, the
highest frequency was related to the VNTRS allele [13].

In the study of Bagheri et al. in West Azerbaijan Prov-
ince, Iran, VNTRS (95%) and VNTR3 (5%) alleles were
reported in 20 PKU patients [1]. In line with the above
studies, in the present study, the highest frequency was re-
lated to VNTRS. In another study conducted by Bagheri et
al. on Iranian Turkish-Azeri patients with PKU, 5 VNTR
alleles, including VNTR3 (15.1%), VNTR7 (3.49%),
VNTRS (74.4%), VNTR9 (5.81%), and VNTR1I (1.16%)
were identified, in which the 8-repeat allele was the most
frequent [14]. In addition, in the study of Razipour et al.,
mutations and mini-haplotypes related to the PAH gene
were investigated in 81 Iranian PKU patients. In their
study, VNTR3, VNTR7, VNTRS, VNTRY, and VNTRI?2 al-
leles were observed [9]. Subsequently, in the study of Ali-
bakshi et al., 18 unrelated PKU patients from 3 provinces
of Kermanshah, Hamedan, and Lorestan in Iran were ex-
amined in terms of mutations and their relationship with
VNTR alleles in the PAH gene. This study led to the iden-
tification of 11 specific mutations and 4 alleles of VNTR3,
VNTR7, VNTRS, and VNTRY [15].

In another study conducted by Alibakshi et al. on PKU
patients of Kurdish ethnicity in Kermanshah Province, Iran,
VNTR alleles 3, 7, 8, and 9 were identified, and the most fre-
quent allele was 8 [16]. Finally, in a study conducted in 2020
by Abedini and Khazaei for the first time on PKU patients
from Golestan Province in Northern Iran, 26 unrelated PKU
patients were examined in terms of PAH VNTR alleles, which
led to the identification of 5 VNTR alleles: VNTR3 (28.85%),
VNTR7 (28.85%), VNTRS (17.3%), VNTRY (19.23%), and
VNTRI2 (5.77%). In their study, in contrast to other studies
conducted on the PKU population in different regions of Iran,
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Figure 1. Electrophoresis image of polymerase chain reaction products (PAH VNTR fragment) in 2% agarose gel related to samples 1-13

Notes:Sample 1: 8/8; Sample 2: 8/8; Sample 3: 8/8; Sample 4: ND/8; Sample 5: ND/ND; Sample 6: 8/8; Sample 7: ND/ND; Sample 8:
8/8; Sample 9: 8/8; Sample 10: 3/3; Sample 11: 7/7; Sample 12: 8/8; Sample 13: 8/8.

Abbreviations: Cl: Negative control; M: Molecular marker 100 base pairs; ND:Not determined.
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Figure 2. Electrophoresis image of polymerase chain reaction products (PAH VNTR fragment) in 2% agarose gel related to samples 14-25

Notes: Sample 14: 8/8; Sample 15: 7/7; Sample 16: 8/8; Sample 17: 8/8; Sample 18: 8/8; Sample 19: 7/7; Sample 20: 8/8; Sample 21:

8/8; Sample 22: 3/8; Sample 23: 3/8; Sample 24: 8/8; Sample 25: 3/3.

Abbreviations: Cl: Negative control; M: Molecular marker 100 base pairs.

2 alleles of VNTR3 and VNTR?7 had the highest frequency
[10]. While in the present study, the highest frequency was
assigned to VNTRS from Guilan Province (another province
located in the North of Iran).. This can be related to the dif-
ferent mutation spectrums in these populations. For example,
the IVS10-11G>A mutation is the most common mutation
causing PKU in Golestan Province [18, 17].

It is associated with VNTR7 (data not published), while
the above mutation has shown a low frequency in PKU
patients from Guilan Province, Iran [2]. In addition, based
on the studies, it has been determined that the frequency

of multiallelic ¥NTR in the PAH gene is significantly dif-
ferent among ethnic groups. Accordingly, different ethnic
compositions in these two northern provinces of the coun-
try can be another reason for the difference in the frequen-
cy of VNTR alleles in these two populations. On the other
hand, the frequency of the VNTR3 allele in PKU chromo-
somes in Guilan Province, Iran, was significantly differ-
ent from the reports obtained from the European popula-
tion. VNTR3 shows a lower frequency and VNTRS shows
a higher frequency compared to the European population
[11] and this is partly related to different mutational spec-
trums in these populations. The R408W mutation is the
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most common mutation causing PKU in European popu-
lations, which is associated with the VNTR3 allele, espe-
cially in the eastern regions of this continent [3, 19]. This
mutation is very rare in the Iranian population. According
to the studies conducted in Iran regarding PAH VNTR al-
leles, in the current study in Guilan Province, Iran, VNTR
alleles in the PAH gene have little variation, it is clear that
markers with more alleles have a higher information rate.
This study is the first reportregarding the genetic structure
of PKU population using VNTR alleles in the PAH gene
in Guilan Province. The limitations of the current research
included the small sample size and the lack of sufficient
funds to investigate another polymorphic marker called
STR related to the PAH gene in PKU patients.

Conclusion

Due to population diversity in Iran, the type of VNTR al-
leles in the PAH gene may be different in different regions.
Therefore, it is necessary to investigate the frequency and
distribution of VNTR marker alleles in different regions
of the country. Overall, this study was a preliminary work
for the future practical use of this sequence (VNTR) for
various purposes, including the identification of heterozy-
gous individuals for phenylketonuria in the community
and the analysis of gene flow in the population.
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1. Phenylketonuria (PKU)

2. Hyperphenylalaninemia (HPA)

3. Phenylalanine hydroxylase(PAH)

4. Mild hyperphenylalaninemia (MHP)
5. Mild PKU(mPKU)

6. Classic PKU(cPKU)

7. Variable number of tandem repeat
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