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DETERMINING THE FREQUENCY OF PAH MUTATIONS IN MOSCOW REGION
RESIDENTS WITH PHENYLKETONURIA USING A COMBINATION
OF REAL-TIME PCR AND NEXT-GENERATION SEQUENCING
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The present study aimed to determine frequencies of mutations in the phenylalanine hydroxylase gene (PAH) in unrelated
children (n = 71) diagnosed with phenylketonuria, who presented to Morozovskaya Children’s City Clinical hospital (Moscow)
over the period from 2015 to 2016. The patients were tested for the most common PAH mutations using the original real-
time PCR-based technique for the identification of nucleotide variants; additionally, next generation sequencing (NGS) was
performed on the unidentified genotypes. The original PCR-based technique allowed us to effectively identify 83 % of the
pathogenic allelic variants in the sample. Using the combination approach (real-time PCR + NGS), we found mutations in both
alleles of PAH in 66 of total 71 patients. Altogether, 26 pathogenic PAH mutations were identified, the most common being
p.R408W (47.9 %) and p.R261Q (9.9 %). Frequencies of mutations common for the Russian population, such as IVS10nt546,
IVS12+1G>A, p.R158Q, p.Y414C, and IVS4+5G>T, ranged from 4.2 to 2.8 %. Half of the identified variants accounted for the
total frequency of < 10 %. Sequencing of PAH revealed a few functional mutations previously unreported for Moscow region
residents, including p.D222Terfs, p.R111Ter, p.F161S, p.G188D, p.R270K, p.L311R, p.F55L, p.F55Leufs, IVS1+5G>T, and
IVS8-7A>G. It could be reasonable to include mutations p.D222Terfs and p.R111Ter (carrier frequency of 2.1 %) in PCR testing
panels. The data obtained in our study can also be used in the development of genetic tests for phenylketonuria.
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ONPEOENEHUE YACTOTbI BCTPEYAEMOCTU MYTALWA B rEHE PAH
C MPUMEHEHVEM KOMBUHALIMX TEXHOJTOMMA NUP «B PEAJIbBHOM
BPEMEHWN» NN BbICOKOINPOU3BOANUTEJIbHOI O CEKBEHNPOBAHUA
Y BOJIbHbIX ®EHUIKETOHYPUEN MOCKOBCKOIO PETMOHA
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OnpepeneHa Yactota BCTPeYaeMoCTV MyTaLmi B reHe (heHnnanaHnHrnapokemnassl (PAH) y HEpOACTBEHHbIX aeTert (n = 71)
C AVarHoO30oM «EHNNKETOHYPUS», HabtoaaBLUMXCHA B MOPO30BCKOM AETCKOM MOPOACKON KIMHU4YeCKOM 60nbHMLLE (. MOCKBa)
B 2015-2016 rr. [nsa BbISBNEHMA YacTbiX BapuaHTOB MyTaumi B reHe PAH Gbina NpUMEHeHa OpUriHaibHast TEXHONOMS
onpeaeneHns HyKNeoTuaHbIX 3aMeH Ha ocHoBe LIP B pexxume «peanbHoro Bpemenmn» (real-time PCR), BbINOAHEHO AONOAHN-
TeNbHOE UCCNEeaoBaHMe reHa METOAOM LIENEBOrO CEKBEHNPOBAHNS HOBOro nokoneHns (NGS). SdhhekTBHOCTb AMarHOCTW-
poBaHusa MeTogoM [MNLP npu BbIgBNEHNM HOCUTENBCTBA NATOrEHHOMO annens B Bblbopke cocTtasuna 83 %. Npu nposeaeHnmn
KOMOVIHNPOBAHHOW OMAarHOCTVKM MyTaLmm B ABYX annensx Obiiv BbisBreHbl B 66 cnydasx us 71. Bcero onpegeneHo 26
naToreHHbIX MyTaum B reHe PAH, Hanbonee 4Yacto npeacTasneHbl myTaumm p.R408W (47,9 %) n p.R261Q (9,9 %). Pac-
npocTpaHeHHble B Poccun IVS10nt546, IVS12+1G>A, p.R158Q, p.Y414C, IVS4+5G>T BbigBNeHbl ¢ YacTotamm OT 4,2 0o
2,8 %. CymMmapHasa 4actoTa BCTPEYaeEMOCTU MOMOBMHbI ONPeaeneHHbIX BapuaHToB MyTaumin coctaBuna meHee 10 %. o
1Toram CeKBEHNPOBaHMS reHa PAH obHapy»XeH psif, paHee He OnmncaHHbIX 4151 MOCKOBCKOro pervoHa MyTaumii pasin4yHoro
dyHkumoHansHoro Tuna: p.D222Terfs, p.R111Ter, p.F161S, p.G188D, p.R270K, p.L.311P, p.F55L, p.F55Leufs, IVS1+5G>T,
IVS8-7A>G. Mytauum p.D222Terfs 1 p.R111Ter (c YacTtotammn 2,1 % Kaxkaas) SBNSOTCA NOTEHUMAbHbIMM KaHaVAaTaMn Ha
BKJIOHYEHNE B COCTaB CKPVHMHIOBOW MaHenn. MofyyYeHHble AaHHble MOryT ObITb MCMOAB30BaHb! 4151 pas3paboTKM CXEM FeHO-
ONarHOCTUKM (DEHUNKETOHYPUN.
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Deleterious mutations in the gene coding for phenylalanine
hydroxylase cause a disabling disease called phenylketonuria
(classical PAH-dependent PKU, or type | PKU). This disease is
inherited in an autosomal-recessive manner. WHO recommends
including it into newborn screening. In Russia PKU occurs
in 1 in 7,000 individuals [1]. The disorder is associated with
deficient activity of phenylalanine hydroxylase, the hepatic
enzyme that converts phenylalanine (PA) into tyrosine. Because
of the compromised enzyme activity, the levels of PA and its
derivatives go up while tyrosine concentrations decrease;
PAH deficiency also affects metabolism of other amino acids
[1, 2]. Untreated babies show signs of damage to the central
nervous system within first six months after birth. But tragic
consequences of PKU can be avoided by timely diagnosis and
adequate treatment.

In Russia, blood levels of phenylalanine are measured in
all neonates shortly after birth to facilitate early diagnosis
[1, 2]. If PA concentrations exceed 2 mg/mol (0.12 mmol/l),
i. e. indicate hyperphenylalaninemia (HPA), the test if repeated;
other tests are taken to differentiate between different types
of the disease. To verify the clinical diagnosis of PKU and to
identify the PAH genotype, genetic testing may be advised.
PAH mutations affect properties of the synthesized enzyme
differently depending on their location and functional type
[1, 3-6]. Severe forms of the disease are caused by alterations
in the nucleotide sequence of the gene that disrupt protein
synthesis or result in the production of an enzyme with zero
residual activity. The mutant variant p.R408W\c.1222C>T is
the most prevalent in the Russian population [1, 3, 6-10] and
also the most severe. In its homozygous state it results in the
production of the protein with minimal residual activity. Recently
it has been found that synthetic analogs of tetrahydrobiopterin
(the natural coenzyme of PAH called HB4) used in the treatment
of HB,-dependent forms of HPA bring down PA blood levels in
patients with classical PKU given that the residual activity of the
enzyme is retained. In this case medications help to alleviate
clinical symptoms and relax a patient’s diet. Therefore, genetic
testing is a basis for an adequate choice of treatment strategy
in patients with PKU.

Approaches to genetic screening may vary. For example,
the most common PAH mutations can be detected by various
types of selective PCR or PCR-RFLP (restriction fragment length
polymorphisms) assays [6-8]. Also, great promise is held by
multiplex ligation-dependent probe amplification (MLPA) [9] and
real-time PCR based on the use of adjacent probes [10]. These

Fluorophore FAM

200 |

150 —_
_ 100
= 1 2
© 50
0]
50
1 Ll L] L2 ] Al ] L] ] Ll 1] L ] Ll LR 1 ] L] 7 L
25 30 35 40 45 50 55 60 65 70

TTemperature, °C

OPUTMHAJIbHOE NCCJIEOOBAHWE | TEHETUKA

approaches allow identification of dozens of sequence variants
in parallel. However, these mutation-selective diagnostic
techniques are only 70-80 % effective [7, 8]. Rare (with <1 %
frequency) or previously undescribed mutant variants can be
effectively detected by targeted sequencing techniques [3, 4, 6,
11] ensuring a wealth of information on the studied sequence.
Currently, in Russia there is a need for domestic diagnostic
solutions for PKU or other types of hyperphenylalaninemia
based on next generation sequencing (NGS).

The aim of this study was to conduct screening for
PAH mutations in 71 children (residents of the Moscow
region) diagnosed with classical phenylketonuria or
hyperphenylalaninemia. Screening for mutations commonly
observed in this gene was performed using the original
technique that allows detection of nucleotide substitutions and
employs real-time PCR and the analysis of melting curves; rare
mutations and those overlooked by the analysis were detected
using targeted NGS.

METHODS

The study involved 71 children diagnosed with either
classical phenylketonuria or hyperphenylalaninemia (69 and
2 patients, respectively) who had been undergoing treatment
in Morozovskaya Children’s City Clinical hospital (Moscow) in
2015—2016. Diagnosis was established based on the clinical
symptoms and results of the blood chemistry test. The patients
were unrelated. At the time of study the patients were residing
in the Moscow region. Ethnically, 85 % of the patients were
Russians; about 15 % were of different origin (South Caucasus,
Central Asia, and East Asia: one of the patients was Chinese).
The study was conducted in full compliance with the Declaration
of Helsinki. Parents gave their informed consent.

Genomic DNA was isolated from venous whole blood of
the patients using the reagent kit Proba-GS-Genetics by DNA-
Technology, Russia. The obtained DNA samples were either
immediately genotyped or stored at —20 °C for later genotyping.

PCR-genotyping used in our study is a modification of the
method based on the use of adjacent (kissing) probes [12].
It employs two types of sequence-specific oligonucleotide
probes that hybridize to the DNA template at low temperatures
in close proximity to each other. One of the probes (a reporter)
carries a source of fluorescence, another one carries a
quencher. To increase the reliability of the results, two variations
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Melting curves representing different allelic variants generated by the mutation p.R408W\c.1222C>T. Curve 1 represents a homozygous variant; curve 2 represents a
heterozygous variant (note the two peaks on the curves); curve 3 represents a homozygous wild type
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of reporter probes are used labeled with different fluorophores
and complementary to the studied polymorphic regions. After
the targeted DNA sequence is amplified, the reaction mix is
cooled down, and the probes hybridize to the PCR product.
Genotyping is performed during temperature denaturation of
oligoprobe—amplicon duplexes by measuring fluorescence
in real time. The figure below shows how melting curves
represent certain genotypes. A detailed description of the used
genotyping technique is available in the article by Sergeev
et al. [13]

In our study we used pre-tested primers and probes for
the following set of 16 PAH mutations: p.R408W, p.R261Q,
p.R158Q, IVS10nt546\c.1066-11G>A, IVS12+1G>A,
p.Y414C, IVS4+5G>T, p.R252W, p.L48S, p.R261Ter,
p.P281L, p.G188D, p.E280K, p.F331S, p.P279L, and
IVS2+5G>C. This list contains 8 variants most common for
the Russian population and recommended for inclusion into
newborn screening programs [1]. PCR was performed using
the detection thermocycler DTprime (DNA-Technology) as
described in [10]. Melting temperatures were determined using
the same PCR machine. The entire PCR-genotyping procedure
took 1.5 hours.

DNA samples of patients whose genotype had not been
identified in the course of PCR-genotyping were analyzed on
the lon Torrent targeted next-generation sequencing platform
(Thermo Fisher Scientific, USA). The sequencing panel covered
exon regions (100 % coverage of the coding sequence), exon-
intron border regions, and untranslated regulatory regions of
the gene (partial coverage). In total, 3,337 b. p. of the PAH
gene were covered. Targeted sequences were amplified by
multiplex PCR. For amplification >10 ng of the genomic DNA
were used. Adaptor sequences were ligated to amplicons with
T4 DNA ligase (Thermo Fisher Scientific) as described in the
manufacturer’s ligation protocol. Quality control of DNA libraries
for NGS was performed on the Agilent 2100 Bioanalyzer using
the Agilent High Sensitivity DNA Kit (Agilent Technologies,
USA). Samples were sequenced on the lon PGM System for
Next-Generation Sequencing (Thermo Fisher Scientific.) using
the lon PGM Template OT2 400 Kit (Thermo Fisher Scientific).

The obtained data were first processed using Torrent
Server 4.4.3. Reads were aligned to the reference genome
GRCh37/hg19 by TMAP; variant calling was performed
using Torrent Variant Caller 4.4 (all software by Thermo Fisher
Scientific). Further analysis was conducted using the original
software developed by the authors of this work. In average,
the number of reads per targeted sequence was 7,300; the
minimal number of reads was 590 reads. The average number
of reads per sample was 95,500. Pathogenicity of mutant
variants was inferred based on the analysis of data from doSNP
Build 147, PAHvdb, and BIOPKUdDb [14] and data available in
the literature. Selective Sanger validation of NGS results was
performed on the ABI PRISM® 310 Genetic Analyzer (Applied
Biosystems, USA), with the reaction kits supplied by the
manufacturer in strict adherence to the protocol. All applied
genotyping techniques yielded the same results.

RESULTS

In the first part of our study we screened the patients for 16
most common PAH mutations using real-time PCR. Genotyping
revealed the presence of 13 mutant variants: p.R408W,
p.R261Q, p.R158Q, p.L48S, p.G188D, p.Y414C, p.R252W,
IVS4+5G>T, p.R261Ter, IVS10nt546/c.1066-11G>A, p.E280K,
IVS12+1G>A, and p.P281L (Table 1). In 70.4 % of cases both

alleles were affected; 25.4 % of patients had mutations in one
of the two alleles. The rest 4.2 % of patients had no deleterious
mutations.

In the second part of the study, NGS was applied to
sequence clinically significant PAH regions in 21 samples with
unidentified genotype. The results allowed us to considerably
extend the list of pathogenic PAH variants, comprising now
p.D222Terfs, p.R111Ter, IVS11+1G>C, p.F161S, p.E390G,
p.A300S, p.F55L, p.F55Leufs, p.R176Ter, p.L311R, p.R270K,
IVS1+5G>T, and IVS8-7A>G (Table 1). These mutations were
previously described in the literature and are listed in PAHdb
as deleterious. Subsequent Sanger sequencing supported our
findings.

The combination approach to genetic screening yielded
good results: 2 deleterious PAH mutations were found in 66
patients (93 %); 4 patients (5.6 %) were found to have only one
mutation. One patient (1.4 %) did not have any mutations in the
PAH gene.

Frequencies of 26 pathogenic variants identified in the
studied sample are presented in Table 1. The most frequent
mutations were p.R408W and p.R261Q (found in 54 and 12
patients, respectively, in homo- or heterozygous state). Relatively
frequent were IVS10nt546\c.1066-11G>A, IVS12+1G>A, and
p.R158Q, all heterozygous, with individual allele frequencies
ranging between 4.2 and 3.5 %. Half of the pathogenic variants
identified in our sample had a total frequency <10 %. Based
on the study results, we described 34 allelic variants of PAH,;
21 patients had mutations in one or two alleles that resulted in
the production of phenylalanine hydroxylase retaining >10 % of
its residual activity (Table 2).

DISCUSSION

The frequency of p.R408W, the most common mutant variant
of PAH found in the Russian population, was as high as
47.9 % in the studied sample of patients with PKU, which is
close to the regional average [9], but significantly lower than
frequencies reported in the Rostov region [15], Kemerovo
region [11], Novosibirsk region [3] and the Russian Far East
[7, 9]. Another mutation, p.R261Q, was the second most
frequent mutation in the sample. Itis considered to be among the
most common mutant variants found in the Russian population
[1, 8, 6-8, 15]. It is prevalent in the Karachay-Cherkess
Republic [16]. Both p.R408W and p.R261Q often occur in the
European population, p.R408W being more widespread in the
Eastern Europe and p.R261Q being frequently found across
the South of Europe, the Netherlands and Switzerland [5].
Unlike p.R408W, p.R261Q is a mild mutant variant of PAH.

The following mutations were relatively frequent in the
studied sample: [VS10nt546, IVS12+1G>A, p.R158Q,
p.Y414C, VS4+5G>T, p.L48S, and p.R252W (individual allele
frequencies ranged from 4.2 to 2.1 %). The heterozygous
p.P281L was identified in 1 patient of Russian origin. In some
Russian regions this mutation is reported to be one of the most
common [3, 15, 17].

The compound p.D222Terfs and p.R111Ter were identified
in 3 genotypes each (allele frequency of 2.1 %). The mutant
variant p.D222Terfs is a two-nucleotide deletion (GA) spanning
positions 664-665. The deletion causes a frame shift and
results in the synthesis of a shortened protein. This mutation
was previously reported in Europe [18]. Another mutant variant
p.R111Ter is a stop-mutation also resulting in the synthesis of
a shortened phenylalanine hydroxylase molecule. It is rarely
found across the European population [5], but often occurs in
Chinese patients with PKU [19].
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Frequencies of p.R261Ter and IVS11+1G>C in the studied
sample were >1 %. The p.R261Ter mutation was previously
reported in different regions of Russia [3, 11]. The splicing-
disrupting IVS11+1G>C mutation, which is generally rare for
the Russian population, was previously reported in patients
with PKU from Kemerovo [11] and Rostov [15] regions.

The rest 12 mutant variants of PAH were heterozygous
and were detected in only one patient each. The missense
mutations p.E280K, p.E390G and p.A300S and the stop-
mutation p.R176Ter were previously registered in two
Russian regions [3, 11]. The missense mutation p.R270K was
previously reported in Tatarstan [20]. The p.F161S mutations
was first reported in the North of China [21] but is now rarely
found in Chinese patients with PKU [19]. The mutant variants
p.L.311P, p.F55L, p.F55Leufs, IVS1+5G>T, and IVS8-7A>G
are observed in European populations [18, 22-25]. The rare
p.G188D mutation was previously reported in China [26].

The wide variety of PAH allelic variants revealed by targeted
sequencing is comparable to that reported by the literature
on Rostov [15], Novosibirsk [3] and Kemerovo [11] regions.
Our study shows that allele frequencies of severe and mild
mutations are 73.8 and 20.4 %, respectively. Frequency of mild
mutations is consistent with the data provided by Gundorova
et al. obtained in 2017 from the patients residing in Moscow

OPUTMHAJIbHOE NCCJIEOOBAHWE | TEHETUKA

and the Moscow region [9] and exceeds the regional average.

In this study we piloted the application of a modified
real-time PCR technique designed for detecting nucleotide
substitutions and based on the use of adjacent probes to
screening for frequent mutations in the PAH gene in the
sample of Moscow region residents suffering from PKU. The
proposed technique is quite simple. The same PCR machine
can be used for both chemical reactions and fluorescence
signal registration, making it possible to test the sample for
a variety of mutant variants in parallel within a relatively short
time. This promising technique could be used for both scientific
research and routine diagnostic screening. The diagnostic
effectiveness of the method exceeds 80 % with respect
to mutation carriership. The list of 16 PAH mutations
included into the screening panel is not complete, but can be
considerably extended using the proposed PCR technique
which allows almost immediate addition of new variants to the
panel.

Low-frequency mutations cannot be identified by methods
of selective genetic screening. The range of rare variants
in a given population can be relatively wide. So far over 800
mutant variants have been described for PAH, of which only
a few occur at a 1 % frequency. In our study next generation
sequencing performed in addition to the main technique

Table 1. PAH mutations and their frequencies in the patients of Morozovskaya Children’s City Clinical hospital (n = 71)

Deleterious mutation
Location PAH domain Frequency, %
CDS AA

c.1222C>T p.R408W exon 12 CAT 47.9
C.782G>A p.R261Q exon7 CAT 9.9
c.1066-11G>A IVS10nt546 intron 10 - 4.2
c.1315+1G>A IVS12+1G>A intron 12 - 4.2
c.473G>A p-R158Q exon 5 CAT 3.5
c.1241A>G p.Y414C exon 12 TET 2.8
C.441+5G>T IVS4+5G>T intron 4 - 2.8
c.143T>C p.L48S exon 2 REG 241

c.754C>T p.R252W exon 7 CAT 21

c.664_665delGA p.D222Terfs exon 6 CAT 2.1

c.331C>T p.R111Ter exon 3 CAT 2.1

c.781C>T p.R261Ter exon7 CAT 1.4
c.1199+1G>C IVS11+1G>C intron 11 - 1.4
¢.563G>A p.G188D exon 6 CAT 0.7
c.838G>A p.E280K exon 7 CAT 0.7
c.842C>T p.P281L exon7 CAT 0.7
c.482T>C p.F161S exon 5 CAT 0.7
c.1169A>G p.E390G exon 11 CAT 0.7
c.898G>T p.A300S exon 8 CAT 0.7
c.165T>G p.F55L exon 2 CAT 0.7
c.165delT p.F55Leufs exon 2 CAT 0.7
c.526C>T p-R176Ter exon 6 CAT 0.7
c.932T>C p.L311P exon 7 CAT 0.7
c.809G>A p-R270K exon7 CAT 0.7
€.60+5G>T IVS1+5G>T intron 1 - 0.7
c.913-7A>G IVS8-7A>G intron 8 - 0.7
Unidentified - 4.2

Note. CAT is a catalytic domain; REG is a regulatory domain; TET is a tetramerization domain.
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revealed the presence of 12.6 % of pathogenic alleles. A number
of mutations were detected that had not been described
previously for the Russian population: p.D222Terfs, p.R111Ter,
p.F161S, p.G188D, p.L311P, p.F55L, p.F55Leufs, IVS1+5G>T,
and IVS8-7A>G. Noteworthy, p.D222Terfs and p.R111Ter are
potential candidates for inclusion into PCR screening panels
for genotyping the Moscow region population ( these mutations
were discovered in 3 Russian individuals). In 7 % of cases
we failed to detect pathogenic mutations in any of the PAH
alleles. These cases require additional genetic tests, a more in-
depth analysis of PAH sequences and a differential diagnosis
for PAH-independent forms of PKU that account for 2-3 % of
cases [1, 4].

CONCLUSIONS

The study of unrelated patients with phenylketonuria presented
to Morozovskaya Children’s City Clinical hospital (Moscow) in
2015-2016 revealed a wide variety of deleterious mutations
and different PAH genotypes. The use of PCR for detecting
nucleotide substitutions in the PAH gene with relation to
16 mutations allowed us to successfully identify 83 % of
pathogenic alleles in the sample. The diagnostic potential of
real-time PCR encourages its application to routine screening
for frequent/pathogenic PAH mutations in patients with PKU.
The mutation p.R408W was prevalent in the sample; the
obtained allelic frequency for this mutation is consistent with

Table 2. Genotypes of the patients of Morozovskaya Children’s City Clinical hospital (n = 71)

Genotype Residual activity of PAH*, %
Number of carriers
allele 1 allele 2 mutation 1 mutation 2

p.R408W p.R408W 14 2 2
p.R158Q p.R408W 4 10 2
IVS10nt546 p.R408W 3 5 2
IVS12+1G>A p.R408W 3 0 2
X p.R408W 3 - 2
p.Y414C p.R408W 2 57 2
IVS4+5G>T p.R408W 2 0 2
p.L48S p.R408W 2 39 2
p.R252W p.R408W 2 0 2
p.R261Ter p.R408W 2 0 2
p.R111Ter p.R408W 2 0 2
p.D222Terfs p.R408W 1 0 2
p.G188D p.R408W 1 N/A 2
p.E280K p.R408W 1 2 2
p.F55Leufs p.R408W 1 0 2
p.L311P p.R408W 1 1 2
p.R270K p.R408W 1 11 2
IVS1+5G>T p.R408W 1 0 2
IVS8-7A>G p.R408W 1 0 2
p.R261Q p.R408W 7 44 2
p.R261Q p.R261Q 2 44 44
IVS10nt546 p.Y414C 1 5 57
IVS10nt546 IVS4+5G>T 1 5 0
IVS10nt546 p.L48S 1 5 39
IVS12+1G>A p.R111Ter 1 0 0
IVS12+1G>A p.R158Q 1 0 10
IVS12+1G>A IVS4+5G>T 1 0 0
IVS11+1G>C p.F161S 1 0

IVS11+1G>C p.R261Q 1 0 44
p.D222Terfs p.Y414C 1 0 57
p.D222Terfs p.R252W 1 0 0
p.R261Q p.F55L 1 44 N/A
p.R261Q p.R176Ter 1 44 0
p.E390G p.A300S 1 62 31
p.P281L X 1 2 -
X X 1 - -

Note. X — unidentified pathogenic variant.
* — according to BIOPKUdb [14].
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the up-to-date data for Moscow and the Moscow region. The
range of frequent mutations found in the studied sample is
corroborated by the literature data on the Russian population.
The number of mild mutations observed in the sample exceeds
the average across the country. Mutations p.D222Terfs and
p.R111Ter identified in a few patients are potential candidates
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