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Abstract

To develop a screening kit for detecting mutation hotspots of the PAH gene.. We designed and developed a screening kit to

detect 9 mutation sites covering more than 50% of the PAH mutations found in Shaanxi province (c.728G>A, c.1197A>T,

c.331C>T, c.1068C>A, c.611A>G, c.1238G>C, c.721C>T, c.442-1G>A, and c.158G>A) by using amplification refractory

mutation system-polymerase chain reaction (ARMS-PCR) combined with fluorescent probe technology. Peripheral blood and

dried blood samples from PKU families were used for clinical verification of the newly developed kit. PAH gene mutations were

detected in 84 children diagnosed with PKU. A total of 159 mutant alleles were identified, consisting of 100 missense mutations,

28 shear mutations, 24 nonsense mutations, and 7 deletion mutations. Exon 7 had the highest mutation frequency (32.08%).the

mutation frequency of p.R243Q was the highest, accounting for 20.13% of all mutations, followed by p.R111X, IVS4-1G>A,

EX6-96A>G, and p.R413P; these 5 loci accounted for 47.17% (75/159) of all mutations. Fifteen mutation sites were identified

in the 47 PAH carriers identified by NCS, which were verified by the newly developed kit, with an agreement rate of 100%.This

newly developed kit based on ARMS-PCR combined with fluorescent probe technology can be used to detect common PAH

gene mutations.

Development of a mutation hotspot detection kit for the phenylalanine hydroxylase gene by
ARMS-PCR combined with fluorescent probe technology

Rong Qiang1,2,3, Lin Wang3Δ, JinHua He4Δ, Wei Jie Xu5, Wei Li3, Na Cai3, Xiao Bin Wang3, RuiXue
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Abstract

Objective:

To develop a screening kit for detecting mutation hotspots of the PAH gene. .

Methods:

Thirteen exons of the PAH gene were sequenced in 84 cases with PKU diagnosed during neonatal genetic
and metabolic disease screening in Shaanxi province, and their mutations were analyzed. We designed and
developed a screening kit to detect 9 mutation sites covering more than 50% of the PAH mutations found
in Shaanxi province (c.728G>A, c.1197A>T, c.331C>T, c.1068C>A, c.611A>G, c.1238G>C, c.721C>T,
c.442-1G>A, and c.158G>A) by using amplification refractory mutation system-polymerase chain reaction
(ARMS-PCR) combined with fluorescent probe technology. Peripheral blood and dried blood samples from
PKU families were used for clinical verification of the newly developed kit.

Results:

PAH gene mutations were detected in 84 children diagnosed with PKU. A total of 159 mutant alleles were
identified, consisting of 100 missense mutations, 28 shear mutations, 24 nonsense mutations, and 7 deletion
mutations. Exon 7 had the highest mutation frequency (32.08%). Among them, the mutation frequency of
p.r243q was the highest, accounting for 20.13% of all mutations, followed by p.r111x, ivs4-1g>A, ex6-96a>G,
and p.r413p; these 5 loci accounted for 47.17% (75/159) of all mutations. In addition, we identified three
previously unreported PAH gene mutations (p.c334x, p.g46d, and p.g256d). Fifteen mutation sites were
identified in the 47 PAH carriers identified by NCS, which were verified by the newly developed kit, with an
agreement rate of 100%.

Conclusion:

This newly developed kit based on ARMS-PCR combined with fluorescent probe technology can be used to
detect common PAH gene mutations.

Keywords: phenylketonuria; phenylalanine hydroxylase; gene mutation; amplification refractory mutation
system PCR; next-generation sequencing
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Abbreviations: ARMS, amplification refractory mutation system; MLPA, multiplex ligation-dependent
probe amplification; NGS, next-generation sequencing; PAH, phenylalanine hydroxylase; PCR, polymerase
chain reaction; PKU, phenylketonuria 6-FAM (6-Carboxyfluorescein); HEX:5-hexachloro-fluorescein

STR:short tandem repeat;BHQ1:black hole quencher 1

1. Introduction

Phenylketonuria (PKU) is an autosomal recessive metabolic disease caused by mutations in the gene encoding
phenylalanine hydroxylase (PAH) (1). At present, the early diagnosis and intervention of PKU through
neonatal disease screening can avoid the damage to the nervous system and other tissues caused by PAH
mutations (2). At the same time, prenatal diagnosis can reduce the chance of giving birth to children with
PKU in high-risk families. From the perspective of the three-level prevention system, the most effective way
to prevent PKU is to identify carriers before pregnancy, so as to take effective measures to avoid the birth
of PKU children (3). However, due to the variety and heterogeneity of PAH gene mutations, a lot of basic
and clinical research is needed to avoid the birth of children with PKU.

As the incidence of PKU and the spectrum of PAH gene mutations in Shaanxi province, China are not clear, it
is necessary to combine PKU prevention strategies with the screening and diagnosis of PAH gene mutations,
so as to form an effective three-level prevention model and improve the efficiency of PKU prevention. For
gene diagnosis of PKU, the most commonly used detection technologies at present mainly include DNA
sequencing, multiplex ligation-dependent probe amplification (MLPA), short tandem repeat linkage analysis,
etc. However, there are problems associated with the use of these approaches, such as complex operation,
high cost, high requirements for laboratory personnel, and not being conducive to popularization (4-5).
Therefore, the purpose of this study was to develop amplification refractory mutation system-polymerase
chain reaction (ARMS-PCR) combined with fluorescent probe technology to detect the mutation hotspots
of the PAH gene, in order to develop a PAH gene screening kit that is convenient, fast, cheap, accurate, and
suitable for all levels of screening agencies, thereby providing technical support for the “one-level prevention”
of PKU (3).

2. Materials and methods

2.1 Screening of PAH gene mutations

2.1.1 Research material

Data of newborn PKU screening in Shaanxi province, China, were acquired from the “National

Newborn Disease Screening Information Direct Reporting System,” and data were taken from 11 newborn
disease screening reports in Shaanxi province from 2010 to 2018. Mutations in the PAH gene were present
in 84 cases of PKU diagnosed by Shaanxi Neonatal Screening Center from 2010 to 2018.

2.1.2 Sample collection According to the requirements of the “Technical Specifications for Blood Collection
for Neonatal Disease Screening” issued by the Chinese Ministry of Health (6), blood was collected between
72 h after birth and the first full breast feeding. Peripheral blood 0.5 ml was collected from the inner (or
outer) edge of the heel of the newborn. The first drop of blood was discarded and another drop was applied
to osmotic filter paper (903) for neonatal disease screening (diameter of the blood spot on both sides of the
paper [?]8 mm). The filters were then air-dried, placed in a sealed bag, and stored at -80°C.

2.1.3 PCR amplification

The sequences of primers covering the 13 exons and flanking introns of the PAH gene are shown in Supplement
1. PCR was performed in a total volume of 25 μL, including 1 U Taq Plus DNA polymerase, 1× Taq Plus
PCR buffer, 2 pmol/L upstream and downstream primers, 2.5 mmol/L dNTPs, and 50 ng DNA template.
The following cycling conditions were used for PCR: 94°C pre-denaturation for 15 min; 11 cycles of 94°C for
45 s, 62°C for 45 s (0.5°C drop per cycle), and 72°C for 1 min; 24 cycles of 94°C for 45 s, 57°C for 45 s, and
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72°C for 1 min; and a final step of 72°C for 10 min. The amplified products were detected by 1% agarose gel
electrophoresis.

2.1.4 Sequencing of PCR products

PCR products were sent to Biotechnology (Shanghai) Co., Ltd. for sequencing. Compared with the PAH
genomic DNA sequence (GI: 209364518) in GenBank, the naming of mutations followed the principles of the
PAH database (http://www.pahdb.mcgill.ca/). Novel mutations were identified by referring to the Human
Gene Mutation Database (http://www.hgmd.org) and related literature. A mutation was considered to be
new after screening the exons of 50 unrelated individuals to exclude it as a polymorphic site.

2.1.5 Data analysis

Estimated annual percentage change was used to evaluate the trend of PKU screening and morbidity index.
A t -test for two independent samples was used to compare the differences of the neonatal disease screening
rate, recall review rate, and PKU morbidity between Shaanxi Neonatal Disease Screening Center and the
whole province. P< 0.05 was considered to indicate statistical significance.

2.2 Development of the ARMS-PCR combined with fluorescent probe technology kit

2.2.1 Research material for the single-tube monochromatic fluorescence method

Samples from 218 members of 72 PKU families confirmed in the Pediatrics and Medical Genetics Center
of Northwest Women’s and Children’s Hospital, Shaanxi, Xi’an from January 2010 to January 2015 were
collected. Samples with incomplete clinical information, unqualified samples, and those in which the mutation
site was not within the scope of this test as determined by next-generation sequencing were excluded. As a
result, 180 members of 58 PKU families were finally collected for the determination of the reaction conditions
and performance verification of the kit. All subjects signed an informed consent form. Dried blood samples
on filter paper were prepared and stored at -80degC.

2.2.2 Research material for the single tube two-color fluorescence method

The positive samples consisted of 126 peripheral blood samples from 42 PKU families that had mutations
within the detection sites covered by the kit, which were diagnosed clinically and identified by next-generation
sequencing (NGS) in the Genetics Center of Northwest Women’s

and Children’s Hospital from January 2010 to December 2018. The control samples were randomly selected
from a healthy population in the same period, and a total of 50 samples were confirmed as wild-type by
NGS. All subjects signed an informed consent form. Dried blood samples on filter paper were prepared and
stored at -80degC.

2.2.3 Genomic DNA extraction

Genomic DNA was extracted from whole blood according to the instructions of the TIANamp Blood DNA
Kit (DP348; TIANGEN). Genomic DNA was extracted from dried blood spots according to the instructions
of the TIANamp Genomic DNA Kit (DP334-03; TIANGEN).

2.2.4 Design and synthesis of primers and probes

For the single-tube monochromatic fluorescence method, according to the technical principle of ARMS-PCR,
two specific upstream primers, one common probe, and one common downstream primer were designed using
Primer 5.0 software. The probe was labeled with a FAM fluorescent dye at the 5’-end and with a BHQ1
fluorescence quenching group at the 3’-end. The primer probe sequence is shown in Supplement 2. For the
single-tube two-color fluorescence method, in which one tube was used to detect the mutation of two sites
simultaneously, the detection probe of one site was labeled with a FAM fluorescent dye at the 5’-end, the
detection probe of the other site was labeled with a VIC or HEX fluorescent dye, and the 3’-end was labeled
with a BHQ1 fluorescence quenching group; the gene sequences are shown in Supplement 3.

2.2.5 Establishment of the ARMS-PCR system (Supplement 4)

4
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2.2.6 Components of the ARMS-PCR combined with fluorescent probe technology kit (Sup-
plement 5)

2.2.7 Interpretation of the results

For the single-color fluorescence method, if theΔCT value was greater than 5, the sample was considered to be
homozygous (the mutation amplification curve is in front, which is homozygous; the wild-type amplification
curve is in front, which is wild-type), and if the ΔCT value was less than 5, the sample was considered to be
heterozygous. For the two-color fluorescence method, according to the probe-labeled fluorescence signal, the
mutation sites could be identified, but homozygous and heterozygous mutations could not be distinguished.

3. Results

3.1 Overview of PKU screening and diagnosis in Shaanxi province in 2010–2018

As shown in Table 1, in 2010–2018, 3,252,675 newborns were screened in Shaanxi province, with an average
screening rate of 87.66% (3,252,675/3,710,552); 14,202 were positive in the primary screen, with an average
positive rate of 0.44%; 569 children were diagnosed with PKU, with an average incidence of 1.5/10000.

Table 1 Newborn disease screening and PKU diagnosis in Shaanxi province from 2010 to 2018

PKU, phenylketonuria

3.2 Analysis of PAH gene mutations of 84 PKU patients in Shaanxi province

Mutations were detected in 84 children; 5 children had 3 mutations, 65 children had 2 mutations (including
4 homozygotes), and 14 children had 1 mutation. The sequencing results of 6 mutations are shown in Figure
1.

3.3 Analysis of PAH gene mutations in 84 PKU patients

There were 51 kinds of 159 mutated PAH gene alleles in 84 PKU children, consisting of 100 missense
mutations, 28 shear mutations, 24 nonsense mutations, and 7 deletion mutations. The mutation detection
rate was 94.64% (159/168). The mutation frequency was highest in exon 7, 32.08% (51/159), followed by
exons 3 and 12, 13.84% (22/159) and 11.95% (19/159), respectively. Among them, p.r243q was the most
commonly observed mutation, accounting for 20.13% (32/159) of all mutations, followed by p.r111x (8.18%),
ivs4-1g>A (6.92%), ex6-96a>G (6.29%), and p.r413p (5.66%), while the other mutations were sporadic
(Table 2 ).

Table 2 PAH gene mutations in children with PKU in Shaanxi province, China

PAH, phenylalanine hydroxylase; PKU, phenylketonuria

3.4. Discovery of new PAH gene mutations

Three missense mutations of the PAH gene (p.a47e, p.i65s and p.a259t; Figure 2), were found for the first
time in the Chinese population. By comparing information held in the PAH database, Human Gene Mutation
Database, and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), we identified three previously unreported
PAH gene mutations (p.c334x, p.g46d, and p.g256d; Figure 3). Among them, p.c334x (c.1002c>a) is a TGC
mutation of the Cys codon on exon 10, resulting in the early termination of protein translation, leading to
the loss of the partial catalytic and C-terminal tetramer regions, thereby generating a protein that is unable
to a form a tetramer and lacking catalytic activity.

3.5 Verification of the ARMS-PCR combined with fluorescent probe technology system

According to the PAH mutations in Shaanxi province and the mutations of the PAH gene in China, we
selected 9 mutation sites covering greater than 50% of the mutations of the PAH gene in Shaanxi province:
c.728G>A (p.R243Q), c.1197A>T (p.V399V), c.331C>T (p.R111X), c.1068C>A (p.Y356X), c.611A>G
(EX6-96A>G), c.1238G>C (p.R413P), c.721C>T (p.R241C), c.442-1G>A (IVS4-1G>A), and c.158G>A
(p.R53H). We used ARMS-PCR combined with fluorescent probe technology to design and develop a kit to
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detect common mutations of the PAH gene. Refer to Supplement 6 for a comparison between the results of
the monochromatic fluorescence method and NGS. After exploring the experimental conditions, optimizing
the experimental procedures, and calibrating the temperature control system of the instrument, 117 samples
from 40 families were used to verify the performance of the ARMS-PCR combined with fluorescent probe
technology system, and the results were compared with those from NGS (Table 3). Taking NGS as the gold
standard, the detection sensitivity of ARMS-PCR combined with fluorescent probe technology was 94.17%
(97/103). Fifty-three samples without a mutation as determined by NGS were also found to be negative
with the newly developed approach, indicating that the detection specificity of the ARMS-PCR combined
with fluorescent probe technology system can reach 100%.

Six mutation sites were not detected by ARMS-PCR combined with fluorescent probe technology (twice each
for c.158G>A, c.331C>T, and c.442-1G>A) which was inconsistent with the results of NGS. Factors, such
as experimental operation, instrument stability, and repeated freezing and thawing of the reagents, were
excluded as contributing to the lack of detection. As such, we considered that the sensitivity of the detection
reagents needs to be improved.

Table 3 Comparison of PCR detection and sequencing results for 117 individuals from 40 families

3.6 Verification of the two-color fluorescence method

The results of ARMS-PCR combined with fluorescent probe technology were compared with the results of
NGS(Supplement 7). We found that when DNA extracted from dried blood spots was used as the template
and the concentration was approximately 3 ng/μL, the kit could detect the mutation sites of the positive
samples with the two-color fluorescence method, the ΔCT value was less than 35, and the wild-type samples
were negative. At the same time, the detection results were consistent with the known positive samples.
When DNA extracted from whole blood was used as the template and the concentration was 100–200 ng/μL,
using the two-color fluorescence method, the kit could detect the mutation sites of each positive sample, the
ΔCT value was less than 32, and the wild-type samples were negative. At the same time, the detection
results of the new approach were consistent with the known positive sample gene mutation sites (Supplement
8). The kit was used to analyze whole blood and dried blood spot samples from 126 cases confirmed by
sequencing as PKU. After DNA extraction and PCR amplification, ARMS-PCR combined with fluorescent
probe technology could accurately detect the positive samples, and the positive mutation sites detected by
the kit were exactly the same as those detected by NGS (Table 4).

Table 4 Summary of PCR and sequencing results for 126 clinical samples

4. Discussion

This study analyzed the general situation of neonatal disease screening and PKU incidence in Shaanxi
province, China from 2010 to 2018. The screening rate of neonatal diseases increased from 58% in 2010
to 95% in 2018.In the past 9 years, 569 cases of PKU were diagnosed. Through treatment with a low
phenylalanine diet, the prognosis was good, and the ultimate goal of early detection and treatment was
achieved. Based on this, the incidence of PKU in our province was approximately 1.5/10000, which is
basically consistent with the literature(7). but higher than the national average (0.9/10000). Therefore, it
is of great importance to carry out a three-level prevention strategy for PKU in our province to lower its
incidence.

In this study, 13 exons and their flanking sequences of the PAH gene were studied in 84 children with PKU
in Shaanxi province, and the mutation spectrum of the PAH gene in Shaanxi province was revealed for the
first time. A total of 51 kinds of 159 mutant alleles were found, and the most common type of mutation
was missense, accounting for 62.89% (100/159) of all mutations. Exon 7 was the most widely mutated exon,
accounting for 32.08% (51/159) of all cases; p.R243Q had the highest mutation frequency, accounting for
20.13% (32/159) of all mutations. In conclusion, the mutations of the PAH gene in Shaanxi province found
in this study were basically consistent with previous reports from China and abroad: exon 7 is a mutation
hotspot, especially the p.R243Q mutation, which should be given more attention (8).

6
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A deficiency of PAH caused by gene mutation is the main cause of PKU (9). Gene detection is an important
method to determine the cause of PKU and a guide for family reproduction. Although PAH gene mutations
were detected in 84 children with PKU, only 1 mutation was detected in 14 of them. Considering the
genetic characteristics of PKU, generally 2 or more mutations in the gene locus are required to cause disease
(10). Therefore, additional gene detection in these 14 children needs to be performed, and it cannot be
used to provide reproductive guidance for their families. Reasons for this situation include the possible
deletion or duplication of large segments of the PAH gene, which needs to be detected by MLPA. Due to the
limitation of detection methods, this study did not use MLPA to analyze these 14 children, which is one of
the shortcomings of this study. We plan to complete this analysis in a future study. In addition, there may
be mutations in other areas of the PAH gene in addition to those analyzed in this study, and the limitations
of the detection methods cannot be determined at the present time. Thus, further research is needed.

As stated earlier, the most common molecular basis of PKU is mutation of the PAH gene, so molecular
diagnosis using the PAH gene is key to reducing the number of children born with this disease. Accord-
ing to research in China and abroad, 1101 mutations have been identified in the PAH gene, with obvious
heterogeneity. There are significant differences in the location and distribution of PAH loci among different
races and regions (11). We detected PAH gene mutations in 84 children with PKU diagnosed in our cen-
ter and created a gene mutation map of PAH in Shaanxi province. In this study, ARMS-PCR combined
with fluorescent probe technology was used to detect the mutation sites. We designed detection methods
using monochromatic and bichromatic fluorescence. Based on the results of this study, together with the
conclusions of studies in other regions in China, we selected the mutation hotspots of the PAH gene with a
high incidence in China and developed a detection kit targeting these mutation sites suitable for clinical use.
We selected 9 sites with a high mutation rate, which contained more than 50% of the mutations identified
in Shaanxi province. The identification of 126 positive samples showed that the consistency between the
two-color fluorescence amplification technology and NGS was 100%.

On the basis of the common mutations of the PAH gene in Shaanxi province, through many tests, opti-
mization of the conditions, and performance verification, we have developed a PAH gene mutation screening
kit, which lays the foundation for a clinical pathway of the three-level prevention system of “premarital,
pre-pregnancy, pregnancy health care / prenatal diagnosis and neonatal genetic metabolic disease screening
/ and treatment.” However, the complexity of PAH gene mutations means that the detection of all PAH
gene mutation sites cannot be realized by the current ARMS-PCR combined with fluorescent probe technol-
ogy detection kit. With the deepening of our understanding of the mutation spectrum, we will analyze the
common mutation sites of the PAH gene again, with an aim to optimize the mutation detection sites and
further improve the mutation detection rate.

Data Availability Statement

The data used to support the findings of this study are available from the corresponding author upon request.

Ethics statement

The Ethics Committee of the Center for Translational Medicine, First Affiliated Hospital of Xi’an Jiaotong
University approved this study

Competing interests

The authors declare that they have no competing interests.

Acknowledgements

This work was supported by grants from Key R & D plan of Shaanxi Province (No:2017SP-206).

Authors’ contributions

Rong Qiang conceived and designed the experiments. Lin Wang and JinHua He performed the experiments
and analyzed the data. Wei Jie Xu, Wei Li, Na Cai, Xiao Bin Wangand, and RuiXue Zhang contributed

7



P
os

te
d

on
A

u
th

or
ea

15
A

p
r

20
20

—
C

C
B

Y
4.

0
—

h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

6
9
71

68
.8

34
43

19
3

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

reagents, materials, and analysis tools. Chen Wei, WenWen Yu, and ChengRong Song wrote the paper. Xu
Li provided funding. All authors read and approved the final manuscript.

References

1. Blau N. Genetics of phenylketonuria: Then and Now[J]. Human Mutation, 2016,37(6):508-515.
2. Jerry, Vockley,Hans C, Andersson,Kevin M, Antshel,Nancy E, Braverman,Barbara K, Burton,Dianne

M, Frazier,John, Mitchell,Wendy E, Smith,Barry H, Thompson,Susan A, Berry.Phenylalanine hydrox-
ylase deficiency: diagnosis and management guideline.[J].Genetics in medicine : official journal of the
American College of Medical Genetics,2014,16(2):188-200.

3. Grody WW, Thompson BH, Gregg AR. ACMG position statement on prenatal/preconception ex-
panded carrier screening[J]. Genet Med, 2013,15(6):482-483.

4. Neonatal screening group of birth defect prevention and Control Committee of Chinese Preventive
Medicine Association. Consensus on diagnosis and treatment of hyperphenylalaninemia [J]. Chinese
Journal of Pediatrics, 2014,52 (6): 420-424.

5. Kejian G., Xuan Z, Xigui C, Yili W, Chuanxin L., & Qingsheng K. .Expanded newborn screening
for inborn errors of metabolism and genetic characteristics in a chinese population. [J]. Front Genet,
2018,9:122.

6. Bayat A., Yasmeen S , Lund A., Nielsen JB , Lisbeth Birk Møller. Mutational and phenotypical
spectrum of phenylalanine hydroxylase deficiency in denmark. [J]. Clin Genet, 2016,90(3):247-251.

7. Swanson, Jonathan R, Sinkin, Robert A. Early Births and Congenital Birth Defects[J]. Clinics in
Perinatology, 40(4):629-644.

8. Liu Hongli, Li Fengxia. Analysis of screening treatment and follow-up results of neonatal diseases in
Shaanxi Province from 2010 to 2016 [J]. China Journal of child health, 2018,26 (11): 1221-1223.

9. Liu N, Huang Q, Li Q. Spectrum of PAH gene variants among a population of Han Chinese patients
with phenylketonuria from northern China[J]. BMC Med Genet, 2017,18(1):108.

10. Wang R, Shen N, Ye J. Mutation spectrum of hyperphenylalaninemia candidate genes and the genotype-
phenotype correlation in the Chinese population[J]. Clin Chim Acta, 2018,481:132-138.

11. Scala I, Concolino D, Della CR. Long-term follow-up of patients with phenylketonuria treated with
tetrahydrobiopterin: a seven years experience[J]. Orphanet J Rare Dis, 2015,10:14.

[12] Pengchen, JingZhua ,YanPu,YoujingJiang, DanChen, HuiWang,JiongMao, BinZhou,LinboGao,PengBai,Weiboliang,
LinZhang, Microhaplotype identified and performed in genetic investigation using PCR-SSCP[J]. Forensic
Sci Int Genet, 2017,28:e1-e7.

Figure 1 PAH gene mutation sequences

(A) Sequence map of the p.R53H (c.158G>A) PAH gene mutation. (B) Sequence map of the p.R243Q
(c.728G>A) PAH gene mutation. (C) Sequence map of the IVS7+2T>A (c.842+2T>A) PAH gene mutation.
(D) Sequence map of the p.R111X (c.331C>T) PAH gene mutation. (E) Sequence map of the p.Y204C
(c.611A>G) PAH gene mutation. (F) Sequence map of the p.R413P (c.1238G>C) PAH gene mutation.
: p.R413P homozygous mutation; : p.R413P heterozygous mutation (arrow indicates the mutation site;
horizontal line shows the codon).

Figure 2 Sequence maps of PAH gene mutations

(A) Sequence map of the p.A47E (c.140C>A) PAH gene mutation. (B) Sequence map of the p.I65S
(c.194T>G) PAH gene mutation. (C) Sequence map of the p.A259T (c.775G>A) PAH gene mutation.

, Figure 3 Sequence maps of exons 10, 2, and 7 of the PAH gene

(A) Sequencing map of exon 10 of the PAH gene; p.C334X mutation (c.1002C>A, arrow indicates the
mutation site; horizontal line shows the codon); normal gene sequence. (B) Sequencing map of exon 2 of
the PAH gene; p.G46D mutation (c.137G>A, arrow indicates the mutation site; horizontal line shows the
codon); normal gene sequence. (C) Sequence map of exon 7 of the PAH gene; p.G256D mutation (c.767G>A,
arrow indicates the mutation site; horizontal line shows the codon); normal gene sequence.

8



P
os

te
d

on
A

u
th

or
ea

15
A

p
r

20
20

—
C

C
B

Y
4.

0
—

h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

6
9
71

68
.8

34
43

19
3

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

9


