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Detection of individuals with phenylketonuria (PKU), an autosomal recessively inherited disorder
in phenylalanine degradation, is straightforward and efficient due to newborn screening
programs. A recent introduction of the pharmacological treatment option emerged rapid
development of molecular testing. However, variants responsible for PKU do not all suppress
enzyme activity to the same extent. A spectrum of over 850 variants, gives rise to a continuum of
hyperphenylalaninemia from very mild, requiring no intervention, to severe classical PKU,
requiring urgent intervention. Locus-specific and genotypes database are today an invaluable
resource of information for more efficient classification and management of patients. The
high-tech molecular methods allow patients’ genotype to be obtained in a few days, especially if
each laboratory develops a panel for the most frequent variants in the corresponding population.
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History of phenylketonuria

Phenylketonuria (PKU) was the first known
metabolic disorder recognized to cause mental
retardation [1]. It was also the first genetic disorder for which a treatment could prevent its
most devastating effects. The history of PKU
includes a continuous understanding of the
mechanisms of the enzyme deficiency and a
continuous journey toward better treatment [2].
One of the biochemical hallmarks noted
first was a peculiar musty odor of patient’s
urine. It was Norwegian physician, Asbjørn
Følling who tested their urine with a ferric
chloride solution to detect the presence of
ketones. This test yielded a reaction (a transient dark green color) never previously
described. Følling identified the substance producing the color changes as phenylpyruvic
acid. In this way, in 1934, he described a biochemical disorder associated with mental retardation, the first such description [3]. The
name, ‘phenylketonuria’, was given to this
disorder by Lionel Penrose, the first to recognize the importance of Følling’s discovery [4]. Later, George Jervis, the pioneer of
research into PKU in the USA, identified a
defect in the function of the phenylalanine
hydroxylase (PAH) enzyme as the cause of the
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hyperphenylalaninemia (HPA) that has characterized PKU [5].
The first successful dietary intervention in
the management of PKU occurred in the
1950s. Horst Bickel, a young physician from
Germany, was at that time in training at the
Children’s Hospital in Birmingham. He saw a
girl demonstrated with what we now regard as
classic symptoms of untreated PKU: mental
retardation without development of language
or interest in her surroundings, abnormal gait,
spastic reflexes, eczema and aberrant behaviors.
Building on the work of Følling and others,
Bickel identified PKU in the girl and he and a
colleague from London, Louis Woolf, prepared the first phenylalanine (Phe)-free protein
substitute [6]. The child demonstrated dramatic
improvement in behavior, mood and motor
development, to crawl and stand. This showed
that Phe restriction held the key to improving
outcome in PKU. Soon the Phe formula
became standard treatment for this disorder,
with greatest benefits when initiated in the
newborn period.
The development of the first routine screening test for PKU in the early 1960s by Robert
Guthrie, based on measurement of Phe concentrations in blood spots, dramatically
changed this equation [7]. This test made
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possible neonatal screening for PKU and all other forms of
HPA, allowing the Phe-restricted diet to begin in time to prevent the severe consequences of PKU. Work in the 1980s and
1990s localized the human PAH gene to chromosome 12 [8].
Additional research during the intervening three decades has
identified more than 850 variants of the PAH gene [9–11].
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Clinical presentation, pathophysiology, treatment &
outcome

The clinical presentation of children with PKU is unremarkable
in the period immediately after birth. Untreated children with
classic PKU, however, develop severe intellectual disability, seizures, ataxia, motor deficits and behavioral problems, and, in
many cases, features of autism. From an age of about 6 months,
these children exhibit developmental problems, which may be
accompanied by aberrant behaviors including self-harm, aggression, impulsivity and psychosis. Young children with a late
diagnosis of PKU display marked and rapid benefit from dietary treatment. They may commence walking and talking and
demonstrate improved intellectual functioning and behavior.
However, most retain a clear degree of intellectual disability
and almost all display significant learning disabilities, irrespective of some improvement in IQ. The degree of intellectual disability depends on the age at which treatment is started.
Improved cognitive performance following Phe restriction in
adults with previously untreated PKU may have been facilitated
by decreased aggression, psychosis or self-harm. These maladaptive behaviors were refractory to medications and behavioral
programs, but diminished with long-term dietary Phe
control [12–16].
PKU pathology is almost completely restricted to the brain.
The etiology of cognitive problems arising as a result of HPA
is unclear, and several mechanisms may be involved at various
levels. There is general agreement on the importance of the
blood–brain barrier. Phe competes with other large neutral
amino acids (LNAA) for a carrier protein responsible for their
uptake into the CNS. Thus, HPA simultaneously increases
the brain Phe level and reduces levels in the brain of other
amino acids essential for protein synthesis and neurotransmitter production. Accordingly, a reduced level of LNAA other
than Phe should be considered in its own right as a contributor to the pathophysiology of neurological impairment in
PKU. Various additional mechanisms that may be involved in
the brain damage: altered myelin metabolism (high concentrations of Phe and/or reduced availability of other LNAA may
inhibit the development of myelin, leading to lack of myelin
formation in untreated patients, and to edema within myelin
in early-treated patients with PKU), impaired dopamine and
serotonin synthesis (high brain Phe concentration inhibit the
rate-limiting enzymes in the biosynthesis of biogenic amines;
tyrosine and tryptophan hydroxylases), impairment of glutamatergic synaptic transmission and the activity of key
enzymes, such as pyruvate kinase, tyrosine and tryptophan
hydroxylase and HMG-CoA reductase (all due to high brain
Phe concentrations) [17–19].
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Optimal psychosocial and neurocognitive outcome should be
the aim of diagnostic process and treatment [20]. Thus, treatment should start as soon as possible after birth and continue
throughout life, according to national guidelines. Diet is the
basis of treatment for patients with PKU with elevated blood
Phe concentrations [21]. It consists of a limited and controlled
amount of natural protein derived from food sources to provide essential Phe requirements. The majority of nutrient
requirements are met by a Phe-free source of L-amino acids
that are commonly supplemented with added micronutrients.
In most countries with PKU screening programs, dietary treatment is initiated on confirmation of a positive screening test
and at least within 21 days. The overall aim of treatment for
PKU should be to ‘achieve an optimal cognitive and psychological development and wellbeing of the child’. In general, the
usual treatment goal is to achieve maintenance of blood Phe
concentrations between 120 and 360 mmol/l, although there
is variation between clinics and across countries. There is little agreement about the blood Phe target concentrations for
adolescents and adults with PKU and there is no international consensus on the need for long-term treatment. Generally, blood Phe targets become less stringent with increasing
age. Typically, the target blood Phe range becomes higher at
4 or 8 years of age, with further relaxations between 10 and
16 years, and adults, with target Phe concentrations varying
between countries [1,22,23].
Classification, nomenclature & phenotypes

PKU requiring therapeutic intervention to prevent neurological
damage is usually diagnosed on the basis of blood Phe
>360 mmol/l (see below). However, the classification of HPA
and PKU is not simple [24]. Previously, it could be based on
highest blood Phe levels before introducing treatment (metabolic phenotype). Patients with blood Phe levels of
120–600 mmol/l were classified as mild HPA (MHP), blood
Phe levels of 600–1200 mmol/l were classified as mild PKU
and levels above 1200 mmol/l as classic PKU. However, this
can only be applied when Phe reaches its full potential biological value due to a longer period without treatment. Classification is not accurate when the Phe level used for classification is
obtained from newborn screening and may not have had time
to reach the highest level. Thus, classification must also consider the tolerance for dietary Phe [25].
Distribution of metabolic phenotypes is different in different
populations and depends on the genotype. The genotype determines protein dysfunction, residual PAH activity and consequently the phenotype. It has been reported that classic PKU is
predominant phenotype in Eastern European countries,
where severe variants with almost no residual enzyme activity (e.
g., c.1222C>T) are more frequent, while in the southern part of
Europe mild HPA is more common, due to frequent mild variants with a substantial residual PAH activity (e.g., c.1169A>G).
Based on the data from 7405 patients from all world regions tabulated in the BIOPKU database [26], half of them (54.8%) are
classic PKU, 27.4% mild PKU and 17.8% MHP [11].
Expert Rev. Mol. Diagn. 14(6), (2014)
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Regardless of the metabolic phenotype, patients may develop
different severity of the disease (clinical phenotype). Individuals
with the same metabolic phenotype or even same genotype
may have different cognitive impairment. Some adult patients
with classic PKU and high blood Phe levels remain unaffected
on free diet, while others suffer from a severe mental disability.
This phenomenon seems to be explained by different Phe concentration in the blood and brain. Blood–brain barrier and
transport of LNAA may play a central role in determining the
clinical phenotype [27]. Additional possible players may be gene
modifiers [28].
Tetrahydrobiopterin responsiveness

The phenomenon of tetrahydrobiopterin (BH4)-sensitive PKU
was initially described in Japanese patients by Kure et al. [29] and
confirmed in two retrospective studies with 1730 and
557 patients with PAH deficiency [30,31]. In vivo functional test
confirmed impaired Phe oxidation in the liver [32]. In these
patients, oral administration of 10–20 mg BH4 per kg body
weight reduced blood Phe concentrations significantly [33]. The
proportions of patients responding strongly to BH4 decreased as
the severity of HPA increased. Thus, a standardized
BH4 loading test is required to optimize the identification of
patients who might benefit from pharmacological treatment
with BH4. Several tests have been proposed, using different dosages of BH4 (usually 10 or 20 mg/kg), repeated dosages of
BH4 or co-administration of BH4 with Phe [33]. The definition
of a clinically significant response to BH4 treatment, in terms of
a reduction in blood Phe of at least 30%, is generally accepted
for use within these tests. Larger response rates were consistently
observed in patients with milder variants of HPA or PKU. The
efficacy and safety of this relatively new treatment for PKU was
documented in a number of well-designed studies [34,35]. Overall,
considering PKU of any severity, a response rate to BH4 load of
about 30–40% was observed in the studies that employed the
usual cut-off for efficacy of a reduction in blood Phe of at least
30%. In the future, this methods used in conjunction with genotyping (see below) might permit a more robust quantification
of the degree of BH4 responsiveness in an individual. Currently,
the most used modality in Europe is a 48-h challenge with
20 mg BH4 per kg body weight and day [36,37]. This loading
test essentially consists of a single-dose, single-day evaluation
over 2 days. All of the proposed loading tests involved reassessment of the diet, measurement of Phe tolerance and titration of
BH4 in responders to treatment. However, it should be stressed
that with regard to the long-term efficiency, the initial shorttime BH4 test may detect some patients, in whom the reduction
of blood Phe levels is not sufficient to replace the classical dietary treatment. On the contrary, some patients may need a longer period of time for testing and are thus characterized as late
or slow responder. A study by Shintaku et al. describes different
testing modalities over several weeks and with different dosages
of BH4 (10–20 mg/kg/d) [38].
To some extent, genotype predicts the degree to which blood
Phe will respond to treatment with BH4 in patients with PAHinformahealthcare.com
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deficient PKU [10,39,40]. The variants in the PAH gene that gave
rise to BH4-responsive PKU were examined in several studies,
using data from the BIOPKU database (see also below). Initially,
it was believed that a single BH4-responsive variant might be
informative enough [41]. Although, while the genotype is partially
predictive of BH4 responsiveness, it is not currently possible to
predict this phenomenon with 100% confidence in an individual
patient based on genotyping alone [42,43].
Epidemiology

The prevalence of PKU is highest in Caucasian or East Asian
subjects, at about 1:10,000–15,000 births. However, the number of cases of PKU is not distributed evenly: for example, persistent HPA occurs in about 1:6500 births in Turkey and
Northern Ireland. The prevalence in Latin America varies from
about 1:25,000 to about 1:50,000 births, with a generally
lower prevalence in the north. Reported prevalence rates in
Asia vary from about 1:11,500 to 1:100,000 in regions of
China, less than 1:200,000 in Thailand and about 1:70,000 in
Japan. Spain differs from other European countries in having a
relatively high incidence of mild elevations of blood Phe arising
from partial inactivation of PAH. The prevalence of PKU in
subjects of African or South Asian descent may be lower than
the prevalence in Caucasian populations [1].
Phe hydroxylating system

PAH is a mixed function oxidase that catalyzes hydroxylation of
Phe to tyrosine, the rate-limiting step in Phe catabolism [44]. The
reaction is dependent on BH4 as cofactor, molecular oxygen and
iron. Additional components coupled with this system that allow
normal function are pterin-4a-carbinolamine dehydratase, which
eliminates water from the oxidized pterin, and dihydropteridine
reductase, which regenerates BH4 by using NADH (FIGURE 1) [45].
PAH is present in the liver due to its function of metabolizing dietary Phe. The human organism is thought not to have
measurable PAH activity in kidney. However, in mice kidney
PAH activity is about 30% of the liver enzyme [46].
Human PAH is a cytosolic protein and exists in solution as
a pH-dependent equilibrium between functional tetramers and
dimers [47]. Like the other two aromatic amino acid hydroxylases tyrosine hydroxylase and tryptophan hydroxylase, PAH
consists of three domains: the regulatory domain (residues
1–142), the catalytic domain (residues 143–410) and the tetramerization domain (residues 411–452) (FIGURE 2).
PAH activity is highly regulated by reversible phosphorylation, substrate activation and cofactor inhibition [48,49]. Within
the first 30 residues of PAH, there is an autoregulatory
sequence that includes the Ser16 (substrate for cAMPdependent protein kinase) and residues essential for positive
cooperativity by the substrate and the inhibitory effect by
BH4 [50].
Phe hydroxylase gene

In 1984, Lidsky et al. assigned the PAH gene to human chromosome 12 (12q22-12q24.2) and in 1986 the molecular structure of
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Figure 1. The phenylalanine hydroxylating system showing
hydroxylation of phenylalanine to tyrosine in the presence
of molecular oxygen, iron and co-factor/co-substrate tetrahydrobiopterin. During the hydroxylation event, tetrahydrobiopterin is oxidized to a hydroxyl-cabonolamine intermediate, which
is consecutively reduced/recycled back to tetrahydrobiopterin by
enzymes carbinolamine-4a-dehydratase and dihyropteridine
reductase.
DHPR: Dihydropteridine reductase; GTPCH: GTP cyclohydrolase I;
PAH: Phenylalanine hydroxylase; PCD: Pterin-4a-carbinolamine
dehydratase; PTPS: 6-pyruvoyl-tetrahydropterin synthase;
SR: Sepiapterin reductase.

the gene was finally determined [8,51]. DNA size is 79.28 kb
(NG_008690.1, NT_029419.13, NC_018923.2, NC_000012.12),
and it is composed of 13 exons. The exons are not equally distributed: in the second moiety of the gene the exons are compact,
whereas those in the first moiety are separated by large introns. The
Mouse PAH (1phz)

Regulatory

transcription occurs on the reverse strand and only one isoform has
been identified. The mature mRNA is of 2680 bp (NM_000277.1)
[52], while the CDS is 1359 bp [53]. The 5´ utranslated region region
was characterized in 1992 by Konecki et al. [54]. There is a cap site
for the transcription 154 nucleotides upstream of the first ATG
codon. The promoter region is characterized by the lack of a proximal TATA box, but there is the presence of GC boxes, CACCC
boxes, CCAAT boxes, activator protein 2 sites, partial glucocorticoid
response elements and partial cyclic AMP response elements consensus sequence. This suggests that the human PAH gene has a TATAless promoter regulated by multiple transcription factors. Three
polyadenylation signals [AATAAA] in exon 13 are annotated on the
gDNA sequence. The PAH gene ID is 5053 [55].

The locus-specific variations database PAHvdb [56] is an open
access resource for variations reported in the PAH gene. It is
structured and maintained according to the nomenclature standards recommendations by the human genome variation society [57]. In addition to the core information (e.g., PAH identifier,
nucleotide aberration, protein variant, gene region, protein
domain, variation type, in vitro enzyme activity, etc.), information on protein damage and pathogenic effect of the variations
are calculated using prediction tool algorithms (e.g., FoldX, Polyphen 2, SIFT and SNPs3D). Allelic phenotype value (APV) was
calculated for most variant. The 3D atomic environment of each
missense variant was visualized using the interactive iSee concept
[11]. A total of 851 variants were tabulated in the PAHvdb (as of
May 2014). Summary of variants is shown in TABLE 1 & FIGURE 3. Most
of the variants (61.2%) were located in the catalytic domains, followed by the regulatory (16.8%) and oligomerization (5.2%)
domains. The rest of variants were located in non-coding regions of

Human PAH (2pah)

Catalytic

Human PAH (2pah) tetramer

Oligomerization

Figure 2. The 3D structure of the phenylalanine hydroxylase monomeric subunit with locations of the most common
missense variants (for a complete list see TABLE 3).
Original image provided by Wyatt W. Yue, SGC, Oxford, UK.
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Indels, large deletions.
Data taken from [56].
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Table 1. Summary of phenylalanine hydroxylase gene variants tabulated in the PAHvdb database.

Expert Review of Molecular Diagnostics Downloaded from informahealthcare.com by 212.35.22.196 on 06/19/14
For personal use only.

16

1

3

1

1

2

3

2

3

Insertion

13

1

1

1

2

1

4

2

1

Other

†

847

3

5

10

56

13

82

17

62

13

37

9

37

11

117

5

116

12

46

16

20

7

77

11

33

6

18

8

Total

Molecular genetics & diagnosis of PKU

Review

659

Review

Blau, Shen & Carducci

the gene. Variants were spread out through the entire PAH gene,
but most affected regions were exons 6, 7 and 11, with 13.7,
13.8 and 9.7% of variants, respectively (FIGURE 3). Out of 851 gene
variations, 61.5% were missense variants, 15.0% splice variants,
12.8% deletions, 5.8% nonsense variants, 1.9% insertions and
3.0% included indels, large deletions and silent variations. PAHvdb
is linked with the genotypes database BIOPKU (see below),
OMIM [58], the human gene mutation database [59] and diseasecentered central variant databases [60].
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Diagnosis of HPAs

HPAs and PKU diagnosis is achieved soon after birth by neonatal screening in most developed countries [25]. In the countries in which expanded newborn screening has been adopted,
PKU is diagnosed by Phe and Tyr evaluation in neonatal dried
blood spot (DBS) by using tandem mass spectrometry. Virtually, 100% of PKU subjects should be identified. The risk of
false negative has become more pressing with early postnatal
discharge from hospital for mothers and term infants. In such
cases, Phe/Tyr ratio evaluation increase sensitivity and predictive positive value of the test, avoiding the false-negative and
lowering false-positive risk. Other methods used for PKU neonatal screening, although still utilized, do not allow the simultaneous evaluation of Tyr in the neonatal DBS. Bacterial
inhibition assay (Guthrie test) is a simple, inexpensive and reliable test used for many decades; however, it is a manual, semiquantitative test and is being replaced by other methods in
quite all screening laboratories. Some laboratories use a fluorimetric test that is quantitative, automated and reliable.
Immediately after the first positive test, it is necessary to confirm the positive Phe value. The confirmation methods, as in all
screening programs, should show a higher specificity to exclude
false positives. In this case, Phe and Tyr should be tested in
plasma by using tandem mass spectrometry or even better with
chromatographic methods (ionic-exchange or HPLC).
Because of genetic heterogeneity, once the first screening and
confirmation tests show blood Phe concentration >120 mmol/l
and/or Phe/Tyr ratio >2 (internationally accepted cut-offs), it is
necessary to exclude a defect in BH4 pathway genes [25]. In
about 98% of cases, Phe increase is due to a PAH defect and
in 2% due to defects in BH4 synthesis and regenerating genes.
Although BH4 disorders are rare, disease progression is usually
much more severe than in PKU patients and affected newborns
need immediate pharmacological intervention. Therefore, it is
mandatory to exclude BH4 deficiency in all newborns with
even mild HPA by pterin assessment in DBS or urine and
dihydropteridine reductase activity.
PAH molecular analysis

Rat PAH cDNA was cloned in 1982 by Roboson et al. [61]. It was
then used to screen a human liver cDNA library to obtain human
PAH cDNA. Human PAH cDNA, engineered into a bacterial
expression vector, could be grown into Escherichia coli and used
in a hybridization assay. In particular, at human PAH locus eight
polymorphic sites recognized by seven restriction enzymes were
660

identified. Genomic DNA was digested by the 7 enzymes and,
using Southern blot technique, hybridized to a full-length human
PAH cDNA clone. The resulting pattern showing restriction
fragment length polymorphisms gave rise to a haplotype that segregated in a Mendelian fashion and concordantly with the disease
state in various PKU kindreds. In Caucasians, this haplotype
resulted informative in 87.5% of population [62].
Following the discovery of gene structure, the methods used
for the study of the molecular bases of PKU go hand in hand
with technological innovations. In 1977, Frederick Sanger
developed a rapid method for DNA sequencing that allowed
the first results in gene sequencing. PAH gene sequencing analysis of a mutant clone allowed to identify the first variant
c.1315+1G>A causing disease in Danish population [51]. Soon
after a second variant c.1222C>T (p.Arg408Trp) was identified
by the same method [63].
Using DNA amplification by PCR and specific hybridization
oligonucleotides labeled by radioisotopes, DiLella et al. [64]
described a rapid method for the analysis of the two known mutant
alleles, frequent among Northern Europeans: c.1315+1G>A and
c.1222C>T (p.Arg408Trp). This results seemed decisive for PAH
genotyping since in the population analyzed these two variants
reached a detection rate of 60% and the allelic variability of the
PAH gene among different populations was not yet known.
Template preparation based on PCR amplification allowed
avoiding awkward cloning step and the use of cycle sequencing
procedure smooth the way to studies of PKU genetics on different populations. In the following years, many new variants were
reported and the allelic heterogeneity of the disease became evident [65]. However, the detection system was still based on use of
radioactive isotopes that makes this procedure time consuming
and difficult in handling. This problem was overcome by development of exon scanning techniques. One of the still most
widely used for PAH variant analysis is denaturing gradient gel
electrophoresis. It is a particular type of gel electrophoresis that
uses an increasing concentration of denaturing chemicals at a
constant heat (about 60˚C) to strain DNA to unwind (or ‘to
melt’). During migration, DNA reaches the concentration of
denaturing reagents at which it melts. At this concentration, the
migration along the gel is so slowed down that it can be considered absent. Any variation in DNA sequence will result in different melting temperatures, and consequently in different
migration in the gel. It is possible to enhance the difference
between wild-type and mutant allowing heteroduplex formation.
In fact, hybrids formed between different alleles, also for a single
mismatch (heteroduplex), migrate slower than respective homoduplex, creating during electrophoresis a characteristic
pattern (FIGURE 4A). Heteroduplex can also be generated by artificially mixing target DNA to a wild-type DNA. Using this
approach, only exons carrying a sequence variant are submitted
to sequencing analysis. A criticality is the need of a 40 nt GCclamp at 5´-end of one primer of the couple used for amplification to generate a unique melting domain in the amplicon to be
analyzed. This exon scanning technique showed a very high analytical sensitivity and specificity (>96%) [66].
Expert Rev. Mol. Diagn. 14(6), (2014)
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Figure 3. Physical structure of the phenylalanine hydroxylase gene with variants listed in the PAHvdb locus-specific
database.
Data taken from [56].
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Another exon scanning technique, very promising and with a
high grade of automation, is denaturing high-pressure liquid
chromatography. Denaturing high-pressure liquid chromatography is a technique for separation and analysis of DNA fragments with different length and/or base compositions. It is
based on a reversed-phase chromatographic system in which
the column is maintained at elevated temperature that allows a
partial DNA denaturation. In these conditions, DNA homoduplex and heteroduplex show a different retention time allowing
identifying fragments carrying a sequence variant (FIGURE 4B).
This technique has a very high sensitivity and specificity (near
to 100%) to detect known variants but less to screen for
unknown, since the analysis conditions are highly specific for
each single nucleotide variation. This method adapted more to
variant screening than to exon scanning [67]. A disadvantage of
exon scanning technique is the high rate of known polymorphisms found in PAH gene, that constrain to carry out
sequencing analysis on a high number of fragments.
The advent of multicapillary automated genetic analyzers
and Big Dye Terminators fluorescently labeled used in a cycle
sequencing reaction made the sequencing analysis more rapid,
high-throughput and less expensive. In this way, the exon scanning approach could be avoided. The analytical sensitivity and
specificity of this method is very high (>99%), however, the
diagnostic sensitivity is lower (FIGURE 4D). The traditional
sequencing approach evaluates genes exon by exon including
intron-exon boundaries to detect splicing variants, but excluding intronic regions from the analysis. Furthermore, as for all
PCR-based methods, it is not able to determine the intra-gene
deletions/duplications. Several studies have demonstrated that
intra-genic deletions/duplications are a relative frequent event
in PAH gene. Patients with none or only one variant should be
screened for deletions/duplications using multiple ligations
probe amplification technique [68]. This technique is a semiquantitative exon-by-exon amplification, in which reaction
condition and normalization to several standards allows determining if each exon is present, absent or 50% reduced
(FIGURE 4E). Several reports described an increase in diagnostic
sensitivity using this approach. Nevertheless, the diagnostic sensitivity, although increased, does not reach 100% [69].
More than 850 variants have been reported until now in
PAH gene (allelic heterogeneity), and it is ever possible to
detect very rare or new variants. In such a case, it is necessary
to assign a pathologic role to the variant. Patient’s enzymatic
activity cannot be used since the enzyme is at hepatic expression and the in vitro expression of mutated protein is a timeconsuming and expensive procedure. The locus-specific database can be very useful: if a variant is identified for the first
time it is useful to know if in another laboratory worldwide it
was already observed in association with the disease. Simultaneously, today we have a series of bioinformatics tools that
help us in finding new variant interpretation [10,46,70,71].
The PAH mRNA analysis could be useful to exclude splicing
defects due to intronic variants, that are not detectable using
sequencing testing. In the past, studies have been conducted to
informahealthcare.com
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analyze PAH mRNA, starting from the observation that tissuespecific mRNAs are transcribed and processed at basal level in
adult and embryonic tissues [72]. Illegitimately transcribed PAH
mRNA was amplified using the PCR from both fibroblasts and
Epstein–Barr virus-transformed lymphocytes (FIGURE 4C); however,
these studies are long and complex, and their usefulness has
mainly research purposes [73,74].
Utility of genetic testing

Molecular PAH analysis is not necessary for the diagnosis. However, it can be very useful also in neonatal period. The up-to-date
molecular methods allow obtaining patients’ genotype in few
days, especially if each laboratory develops a rapid test for the
most frequent variants in the belonging population. This information, obtained early after birth, can help clinicians in differential diagnosis excluding or confirming a defect in BH4 synthesis
or regenerating genes. Moreover, there is, although with few
exceptions, a good genotype–phenotype correlation (see section
‘Genotype–phenotype correlation’) that can be useful to clinicians for phenotypic overview. This aspect has become more
important recently with early sampling due to early postnatal discharge. With this timing, the diagnosis is made very early and the
therapy established before Phe concentration has reached its maximum. This shows that the patient is not assigned to correct phenotypic category, considering also the fact that the specific test
(Phe tolerance) can be performed at 5 years of age.
PKU genotyping can be useful for therapy as well. There is
a strong relationship between variants and BH4 responsiveness
(see section ‘Tetrahydrobiopterin responsiveness’) and many
research studies on variant-based therapy (see below) have
been conducted.
For genetic counseling in PKU families it is very important
to assess parent’s plasma Phe values. In case of one parent’s
asymptomatic HPA, the presence of two mutated alleles, which
can segregate differently, could give rise to different phenotype
in following pregnancies (from HPA to severe PKU). This
event explains some of the intra-familiar phenotypic inconsistencies observed. Finally, genetic characterization of PKU families can allow prenatal diagnosis in following pregnancies.
Nevertheless, being the disease treatable, this is not a
frequent request.
Genotypes database BIOPKU

BIOPKU is a database of PKU patients (all phenotypes) with a
full genotype [26], linked to the locus-specific database PAHvdb
(see above). A total of 7405 patients with 1918 different genotypes had been tabulated in BIOPKU as of May 2014. In addition to the genotype information, BIOPKU includes
information on the patient’s phenotype, responsiveness to
BH4, blood Phe concentrations in the NBS and tolerance to
dietary Phe intake (if applicable). TABLE 2 shows the most common genotypes and TABLE 3 shows the most common alleles.
Phenotype was reported for 6513 (88.0%) patients. The smallest group was MHP comprising 1161 patients (15.7%), followed
by mild PKU (24.1%) and classic PKU (48.2%). These numbers
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Table 2. The most frequent genotypes in the BIOPKU database occurring in ‡0.4% of all patients.
Genotype

Protein variation

Genotype frequency (%)

c.[1222C>T];[1222C>T]

p.[Arg408Trp];[Arg408Trp]

10.8

c.[1066-11G>A];[1066-11G>A]

p.[(?)];[(?)]

2.2

c.[782G>A];[782G>A]

p.[Arg261Gln];[Arg261Gln]

1.7

c.[473G>A];[1222C>T]

p.[Arg158Gln];[Arg408Trp]

1.6

c.[1222C>T];[1315+1G>A]

p.[Arg408Trp];[(?)]

1.5

c.[782G>A];[1222C>T]

p.[Arg261Gln];[Arg408Trp]

1.4

c.[1208C>T];[1222C>T]

p. [Ala403Val];[Arg408Trp]

1.2

c.[1241A>G];[1222C>T]

p.[Tyr414Cys]; [Arg408Trp]

1.1

c.[842C>T];[1222C>T]

p.[Pro281Leu];[Arg408Trp]

1.1

c.[842C>T];[842C>T]

p.[Pro281Leu];[Pro281Leu]

1.0

c.[143T>C];[1222C>T]

p.[Leu48Ser];[Arg408Trp]

0.9

c.[1066-11G>A];[1222C>T]

p.[(?)];[Arg408Trp]

0.8

c.[143T>C];[143T>C]

p.[Leu48Ser];[Leu48Ser]

0.8

c.[898G>T];[1222C>T]

p.[Ala300Ser];[Arg408Trp]

0.8

c.[1066-11G>A];[1222C>T]

p.[(?)];[Arg408Trp]

0.7

c.[782G>A];[1066-11G>A]

p.[Arg261Gln];[(?)]

0.7

c.[1241A>G];[1315+1G>A]

p.[Tyr414Cys];[(?)]

0.6

c.[1169A>G];[1222C>T]

p.[Glu390Gly];[Arg408Trp]

0.6

c.[754C>T];[1222C>T]

p.[Arg252Trp];[Arg408Trp]

0.6

c.[1315+1G>A];[1315+1G>A]

p.[(?)];[(?)]

0.6

c.[143T>C];[782G>A]

p.[Leu48Ser];[Arg261Gln]

0.5

c.[916A>G];[1222C>T]

p.[Ile306Val];[Arg408Trp]

0.5

c.[728G>A];[728G>A]

p.[Arg243Gln];[Arg243Gln]

0.5

c.[838G>A];[838G>A]

p.[Glu280Lys];[Glu280Lys]

0.5

c.[194T>C];[1222C>T]

p.[Ile65Thr];[Arg408Trp]

0.5

c.[1042C>G];[1222C>T]

p.[Leu348Val];[Arg408Trp]

0.4

c.[754C>T];[754C>T]

p.[Arg252Trp];[Arg252Trp]

0.4

c.[782G>A];[1315+1G>A]

p.[Arg261Gln];[(?)]

0.4

c.[165delT];[1222C>T]

p.[Phe55Leufs*6];[Arg408Trp]

0.4

c.[1241A>G];[1241A>G]

p.[Tyr414Cys];[Tyr414Cys]

0.4

c.[194T>C];[1066-11G>A]

p.[Ile65Thr];[(?)]

0.4

c.[1241A>G];[1066-11G>A]

p.[Tyr414Cys];[(?)]

0.4

c.[143T>C];[1066-11G>A]

p.[Leu48Ser];[(?)]

0.4

c.[473G>A];[473G>A]

p.[Arg158Gln];[Arg158Gln]

0.4

c.[898G>T];[1066-11G>A]

p.[Ala300Ser];[(?)]

0.4

Data taken from [26].
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Table 3. The most frequent alleles in the BIOPKU database occurring in ‡0.5% of all patients.
cDNA aberration

Protein aberration

Gene location

Protein domain

Allele frequency (%)

c.1222C>T

p.Arg408Trp

Exon 12

Catalytic

22.55

c.1066-11G>A

p.(?)

IVS 10

c.782G>A

p.Arg261Gln

Exon 7

c.1315+1G>A

p.(?)

IVS 12

c.842C>T

p.Pro281Leu

Exon 7

Catalytic

3.42

c.473G>A

p.Arg158Gln

Exon 5

Catalytic

3.15

c.143T>C

p.Leu48Ser

Exon 2

Regulatory

3.07

c.1241A>G

p.Tyr414Cys

Exon 12

Oligomerization

3.04

c.1208C>T

p.Ala403Val

Exon 12

Catalytic

2.48

c.194T>C

p.Ile65Thr

Exon 3

Regulatory

2.39

c.728G>A

p.Arg243Gln

Exon 7

Catalytic

2.35

c.898G>T

p.Ala300Ser

Exon 8

Catalytic

1.57

c.754C>T

p.Arg252Trp

Exon 7

Catalytic

1.52

c.1162G>A

p.Val388Met

Exon 11

Catalytic

1.50

c.727C>T

p.(Arg243*)

Exon 7

Catalytic

1.18

c.721C>T

p.Arg241Cys

Exon 7

Catalytic

1.09

c.838G>A

p.Glu280Lys

Exon 7

Catalytic

1.08

c.165delT

p.(Phe55Leufs*6)

Exon 2

Regulatory

1.04

c.1045T>C

p.Ser349Pro

Exon 10

Catalytic

0.94

c.1042C>G

p.Leu348Val

Exon 10

Catalytic

0.88

c.441+5G>T

p.(?)

IVS 4

c.331C>T

p.(Arg111*)

Exon 3

Regulatory

0.81

c.814G>T

p.(Gly272*)

Exon 7

Catalytic

0.81

c.781C>T

p.(Arg261*)

Exon 7

Catalytic

0.81

c.168+5G>C

p.(?)

IVS 2

c.916A>G

p.Ile306Val

Exon 9

Catalytic

0.65

c.1238G>C

p.Arg413Pro

Exon 12

Oligomerization

0.56

c.734T>C

p.Val245Ala

Exon 7

Catalytic

0.55

c.1223G>A

p.Arg408Gln

Exon 12

Catalytic

0.52

c.611A>G

p.(Tyr204Cys)

Exon 6

Catalytic

0.52

c.1055delG

p.(Gly352Valfs*48)

Exon 10

Catalytic

0.50

6.07
Catalytic

5.60
3.64

0.86

0.69

Calculated on the basis of 14,612 alleles.
Data taken from [26].

are probably representative of the global distribution of metabolic
phenotypes among PKU population (TABLE 4).
BH4 responsiveness was reported in 2926 patients (39.4%),
787 (25.0%) of them being classified as responder (blood Phe reduction >30%) or slow responder (blood Phe reduction 20–30%).
Most of them (78.8%) belong to the MHP or mild PKU phenotype
and 65.8% of non-responders are classic PKU patients (TABLE 4).
informahealthcare.com

The 14,810 alleles affected predominantly the catalytic
domain (9885 hits, 67.7%), followed by intronic sites (2351
hits, 16.1%), the regulatory domain (1746 variants, 11.9%) and
least the oligomerization domain (628 hits, 4.3%). The most
commonly affected gene locations were exon 12 (4385 hits,
30.0%), exon 7 (3138 hits, 21.5%), IVS 10 (1065 hits, 7.3%)
and exon 2 (826 hits, 5.7%).
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Table 4. Summary of the number of different
genotypes and responders or non-responders to
BH4 challenge in patients tabulated in BIOPKU.
Phenotype

MHP

Mild PKU

Classic PKU

N/A

Patients

459

691

248

123

Genotypes

249

298

147

93

Patients

21

266

949

169

Genotypes

18

173

367

108

Patients

681

825

2373

600

Genotypes

329

394

657

309

BH4 responder
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Non-responder

Not tested

MHP: Mild hyperphenylalaninemia; N/A: Not reported; PKU: Phenylketonuria.
Data taken from [26].

Genotype–phenotype correlation

One of the major benefits expected from the PKU patients’
genotyping is a good genotype–phenotype correlation in order
to provide the physician with an effective prognostic interpretive tool. However, since the levels of complexity for correlations with phenotype are manifold [2], the studies on this
relationship have been conducted mainly connecting genotype
to biochemical phenotype. After in vitro expression of several
PAH variants [75], many studies have been performed to establish the degree of genotype–phenotype correlation. The biochemical phenotype used in different correlation studies was
the highest Phe value before treatment, Phe overloading test or
Phe tolerance. The severity of variants was defined by a correlation to patients’ phenotype, or in according to predicted residual activity (PRA) provided by in vitro experiments or
analyzing the variant effects on protein structure.
In 1997, Kayaalp et al. [76] compared the patients’ phenotype, considering Phe at birth or pretreatment Phe value or
Phe tolerance, with genotype when one variant in homozygous
or one variant in hemizygous constellation (i.e., in compound
heterozygosis with a null variant) was present. The authors
observed that 11 variants lied in different phenotypic classes.
Further, comparing the variants with the available PRA, the
authors observed some inconsistencies too. They explained this
as the effect of heteroallelism that could not be evaluated by
in vitro expression. The variants reported with major inconsistencies were p.Ile65Thr and p.Tyr414Cys.
A further European multicenter study [77] assigned the variant
severity considering their highly probable deleterious effect due to
their nature (stop variants, frame shift variants or variants affecting
the invariant AT-TG consensus splice sequence). For the missense
variants, they assigned the activity by PRA values and evaluated
the phenotypic effect of other variants when present in hemizygous state and concordantly in more than one patient. Using these
criteria, the authors found a 79% of concordance and proposed a
666

scale to evaluate the severity of variants assigning them an arbitrary value (AV) following this scheme: AV = 1 classical,
AV = 2 moderate, AV = 4 mild, AV = 8 non-PKU-HPA. In
homozygotes and in compound heterozygotes, the resultant phenotype can be calculated by the sum of the two scores. Inconsistencies were also observed in this work, attributed the majority to
lack of standardization among the various participating centers.
However, some variants were more frequently reported in discordant genotype–phenotype associations: p.Ile65Thr, p.Arg261Gln,
p.Arg158Gln, p.Leu48Ser and p.Tyr414Cys.
Several other studies were performed, although in selected
populations using the AV scale and the prevalent observation
was that the genotype is a good predictor of the phenotype in
all comparative methods used; nevertheless, some inconsistencies were still reported often against the same variants [78,79].
The highest degree of concordance was found for severe or
null variants when present in homozygosis or in compound
heterozygosis with another null variant, although in this case
also few exceptions were reported (c.1066-11G>A, p.
Arg408Trp).
After the determination of PAH crystal structure, a different
approach to deal with effect of variants was possible. The phenotypic effect of variants was evaluated by their position within
the protein functional domains and their possible effect on
oligomerization and protein stability [80]. By this approach and
by expression studies, some authors [81] found an explanation
for some inconsistencies previously reported, ascribing this
effect to folding amenable to in vitro modulation. The p.
Ile65Thr and p.Arg261Gln variants are overrepresented in
patients with discordant phenotypes and exhibited a very striking response to temperature in the expression system used.
Characterized missense variants tabulated in the PAHvdb
(see above) using FoldX, SIFT, Polyphen-2 and SNPs3D algorithms and calculated the APV [11]. Subsequently, values for
residual PAH activity (%PAH) and APV were correlated with
patients’ phenotype and BH4 response and found a fully quantitative relationship between mutant homotetrameric stability,
residual PAH activity and Phe, making %PAH, FoldX and
SNP3d as reliable predictors of hemizygous phenotype and
supporting misfolding hypothesis in PKU. Although heterotetramer stability was difficult to estimate, compound heterozygous phenotype and BH4 response were predicted from
genotype, APV and %PAH.
Primary prevention

The PKU adult patients who are planning a pregnancy often
ask about the risk factors associated with having a child with
this disease. The same request originates from patient’s relatives, regarding healthy carrier for the disease. The a priori risk
in this case can be calculated considering the fact that in Caucasians a general risk to be carrier is about 1/50. Nevertheless,
a better risk assessment could be obtained by performing a
genetic test in carrier partners. However, the PAH sequencing
analysis conducted in subjects of general population can show
some limits: the detection rate is lower than 100% and there is
Expert Rev. Mol. Diagn. 14(6), (2014)
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the chance to not identify the variant; there is the possibility to
identify new sequence variants of not easy pathogenic definition.
These reasons could be useful for each screening center to create a
panel of more frequent variants in the belonging population to be
analyzed in a subject of general population that have a couple risk
a priori higher than in a couple of general population. In this
event, the test should be preceded and followed by genetic
counsel.
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Expert commentary

Advances made over the past 10–20 years in basic science led to
the emergence of new treatment options of clinically proven benefit for some PKU patients. BH4 (sapropterin dihydrochloride)
has been approved by the US FDA for the management of PKU
and by the EMA for the management of PKU and BH4-deficiency patients. Treatment with sapropterin has resulted in clinically significant and sustained reductions in blood Phe
concentrations and increases in dietary Phe tolerance in welldesigned clinical studies in patients with PKU, with or without
concurrent treatment with a Phe-restricted diet. Sapropterin is an
alternative treatment option for approximately 20–30% of PKU
patients, depending on the local frequency of mild or severe genotypes. Most responders to sapropterin have mild-to-moderate
PKU phenotypes, but a few patients with classic PKU have also
responded to oral administration of BH4. As a general rule, all
patients detected with HPA need to be carefully investigated and
their phenotype estimated. Based on the phenotype, individual
tolerance for the daily protein intake, and local or national guidelines decision should be made to treat or not to treat. Those
patients needing treatment should be further investigated for a
potential pharmacological intervention. This includes a
BH4 challenge and genotyping.
Investigation of the effects of variant on enzyme activity by
in vitro functional assays links the patient data with protein properties. The pathogenic effects of more than 100 variant PAH proteins have been investigated in detailed biochemical studies for a
better understanding of relationships between mutant biochemistry and PKU disease presentation (for details see BIOPKU database). All described expression systems lead to the production of
homomeric forms of PAH protein. However, most PKU patients
are compound heterozygotes carrying different variants and twohybrid analysis may allow the semi-quantitative assessment of
protein–protein interactions in living cells. The interaction of
two mutated subunits may exhibit a different response to
BH4 and different molecular behavior as the single homozygous
variant alone. Interallelic complementation describes the interaction between two mutant alleles at a given locus to form a multimeric protein. A particular combination of two alleles may
produce a more (negative complementation) or less (positive
complementation) severe phenotype than expected from the
homoallelic counterpart [10]. Thus, complementation may lead to
correction of misfolding of one of the monomers. This phenomenon of positive or negative complementation contributes to the
phenotypic severity in PKU and may explain the absence of
BH4 response in patients carrying two responsive alleles.
informahealthcare.com
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The last scientific and technological advancements and their
translation into clinical medicine let us think to be at the dawn of
great transformation: the next-generation sequencing on panels of
target genes will be routine in molecular laboratory in a few years
and this will lead to faster and more accurate phenotypic definition; new therapies are being tested on multiple fronts and in a
few years the therapy may be personalized for each patient depending on his/her genotype. In PKU, the treatment can be with
BH4 if variants generate a mild phenotype, or, in subjects with
severe stop variants, with new read-through drugs. PKU has always
been a paradigmatic example for genetic and metabolic diseases,
for its Mendelian inheritance, for preventive medicine through
neonatal screening, for its allelic heterogeneity and complexity of
the phenotypic expression and will continue to be so in the future.
Five-year view

Next-generation assays: Next-generation sequencing is a new
technology that is increasingly used in molecular laboratory.
This method allows a deep sequencing at different levels: it can
analyze the entire exome, or a more selected panel of target
genes, usually associated with a phenotype with genetic heterogeneity, or can analyze an entire gene including its intronic
sequence. This technology possesses many advantages: the
increased diagnostic sensitivity, the shorter analysis time and
the cost, which is much lower than Sanger sequencing while
analyzing one gene or of a panel of target genes. However, the
major disadvantage is the need of new variant validation [82].
Recently, some authors have shown that it is possible to reach
100% of detection rate by analyzing hyperphenylalaninemic samples
using a panel of four target genes (PAH, GCH1, PTS and QDPR)
in a system based on high-throughput multiplex-targeted sequencing. The analysis also includes large genomic rearrangements, indels
and deep intronic variants. This strategy allows identifying, with
high sensitivity, all variants causing hyperphenylaninemia without
the need for additional specific assays (i.e., multiple ligations probe
amplification for deletions/duplications) [83].
Genetic neonatal screening: Genotyping is currently used in
newborn screening as confirmation testing. Nevertheless, the
potentiality of the next-generation sequencing suggests its application as first screening test for many metabolic diseases. Virtually this technique is ready to be applied in this field: its
turnaround time is decreased to 2–3 days and can be reliably
performed by using DBSs. However a lot of clinical and ethical
problems should be taken into account. It is necessary to consider the possibility of finding variants that define the carrier
status for many diseases or variants that can increase the risk
for other diseases. For these reasons, nowadays, the American
Colleague of Medical Genetics has opposed its use as a firsttier approach to newborn screening [84].
Research on new therapies: PKU is a disorder well treatable by a
low Phe diet. However, the long life diet could cause poor compliance, justifying research on therapeutic alternatives. The discovery
of BH4 effects on mutated PAH enzyme activity has contributed
to the emergence of a category of ‘misfolding diseases’. This category includes disease in which the variants cause a misfolding in
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the protein that lowers its activity. By using chaperones, the
mutated protein increases its stability and consequently its activity.
Starting from this observation, the search for other compounds
with chaperones activity goes ahead following two main strategies:
high-throughput screening of diversity libraries and through
computational screening [44]. Several compounds have been identified and tried in the PKU mice model. One of them, benzylhydantoin, shows a reduction twice as effective as BH4 [85].
Phenylalanine ammonia lyase (PAL) is a vegetal enzyme that
catalyzes a reaction converting L-Phe to ammonia and transcinnamic acid. Its use for lowering Phe blood concentration is
considered promising. Studies on animal models show how
some formulations (e.g., PEG-PAL) of the enzyme can lower
Phe concentration of 40%. Human trials are underway [86] and
open-label, multicenter, Phase I dose-escalation trial was found
to be fairly safe and well tolerated in 25 adult patients with
PKU [87].
Gene therapy, initially thought very promising, actually
turned out to be difficult in its clinical applications and there
were important issues to be addressed before a gene therapy
strategy could be translate into clinical practice, particularly for
PKU. On the other hand, in the past years, progresses have
been made in variant-targeted treatments. The discovery that
aminoglycosides induce stop variant read-through was first
reported in CFTR in which protein expression was restored
treating cells with low doses of aminoglycoside antibiotics [88].
Stop variants are considered severe as the presence of stop

codon initiate a mechanism that induces degradation of mRNA
(nonsense-mediated decay) and the resulting absence of protein.
The aminoglycoside acts inducing the binding of a similar
tRNA allowing translation to proceed maintaining the correct
reading frame. The research has been focused on compounds
that act similarly to aminoglycosides but with fewer side effects.
A compound called PTC124 (Ataluren) was tried; it has a
strong read-through capacity with no toxic effect [89]. The
effects of read-through drugs have also been studied in metabolic disorders [90]. In PKU, in vitro experiment demonstrated
in two mammalian cell lines (COS-7 and HEK293) the restoration of transcription using gentamicin and Geneticin. The
recovered enzyme activity is much less than wild type, getting
close to a missense variant enzyme activity and the drug dosage
too high for clinical usage. However, results encourage studies
on new read-through drugs [91]. The overview of research on
new therapies looks very promising and toward personalized
medicine. We expect significant results in the near future.
Financial & competing interests disclosure

This work is part of the RD-CONNECT initiative and was supported by
the FP7-HEALTH-2012-INNOVATION-1 EU Grant No. 305444
(to NB). The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial interest in
or financial conflict with the subject matter or materials discussed in the
manuscript apart from those disclosed.
No writing assistance was utilized in the production of this manuscript.

Key issues
• Advances made over the past 10–20 years in basic science led to new treatments of clinically proven benefit for phenylketonuria patients.
• The dried blood spots showed highly specific and accurate results for both biochemical and molecular testing of patients
with hyperphenylalaninemias.
• A large number of variants (>850), many being private, urged establishment of locus-specific and genotype databases and development
of new techniques for the molecular diagnosis of phenylketonuria.
• Increasing number of online available tools for variant-severity and protein damage analysis enabled investigation of the genotype–
phenotype correlation by the use of prediction algorithms.
• Next-generation sequencing has emerged as a new technology in molecular laboratory. This technology possesses many advantages: the
increased diagnostic sensitivity, the shorter analysis time and lower costs, particularly for a panel of target genes.
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