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Abstract

Phenylketonuria (PKU), one of the most common inherited metabolic disorders, is caused by biallelic loss-of-
function variants in the phenylalanine hydroxylase (PAH) gene. More than 1000 pathogenic variants have been
described in this gene. Although genotype-phenotype correlations are imperfect, PAH genotypes can influence
treatment decision-making. To better characterize the genetic landscape of PKU in Brazil, we compiled a dataset of
PAH genotypes from 742 patients by combining data from the literature (n=486), public databases (n=117), and
direct physician reports (n=139). Most patients were classified as having classical PKU (n=455/742; 61.3%). The
most prevalent variants were c.1162G> A (16.6%), c.1066-11G> A (13.9%), and c.782G > A (11.8%), which are also the
predominant ones in Portugal, Spain, and Latin America. This study confirms the allelic heterogeneity of PKU in the
Brazilian population and provide relevant insights to support public health policies for this disorder.
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Background

Phenylketonuria (PKU, OMIM #61600), one of the most
common inherited metabolic disorders, is caused by
biallelic loss-of-function variants in the phenylalanine
hydroxylase (PAH) gene. This gene encodes the liver
enzyme PAH (EC 1.14.16.1), responsible for hydroxylat-
ing phenylalanine (Phe) to tyrosine (Tyr). PAH activity
requires tetrahydrobiopterin as a co-substrate, as well as
iron and molecular oxygen as cofactors. DNAJC12 pro-
tein also plays a role as a co-chaperone in the Phe-to-Tyr
conversion [1], while the long noncoding RNA HULC has
been implicated in the regulation of PAH activity [2].

The PAH gene is located on chromosome 12 and com-
prises 13 exons and 12 introns, encoding a tetrameric
protein with 452 amino acid residues [3]. To date, 3,457
variants have been described in PAHvdb (http://www.
biopku.org/), and 1,221 pathogenic variants have been
reported in the Human Gene Mutation Database [4],
highlighting the allelic heterogeneity of the PAH gene [5].

The worldwide prevalence of PKU is estimated at
1:23,930 live births [6]. In Latin America, reported inci-
dence ranges from 1:15,000 to 1:50,000 births [7, 8],
while in Brazil it is estimated at 1:25,000 births [6, 9]. In
the United States, PKU prevalence ranges from 1:9,000
to 1:33,000 [10], while in Europe the mean prevalence is
approximately 1:10,000 births, with inter-country vari-
ability [5, 6].

Untreated PKU leads to irreversible neurological dam-
age, impaired cognitive development, and seizures [5].
Early diagnosis is essential to avoid these consequences.
In Brazil, newborn screening for PKU began in 1976 by
isolated initiatives and, following improvements in pub-
lic health policies over decades, mainly after 2001, has
become widely implemented nationwide [10]. However,
disparities in screening coverage persist across Brazilian
states - while the public national coverage increased from
about 55% in 2000 to 82.7% newborns (NB) in 2024, the
coverage in the states ranged from 58% in the northern
state of Amapa to 96.94% in Alagoas (Northeast region)
in 2024 [11, 12].

Population genetic studies of inherited metabolic dis-
orders are of major importance in public health policy, as
they support diagnostic strategies, inform genetic coun-
seling, clarify disease distribution across the country, and
contribute to treatment decision-making. In this study,
we compiled available genotype data from Brazilian
patients with PKU to provide a comprehensive overview
of the molecular landscape of the disease in Brazil.

Methods

This study was approved by the local Institutional Review
Board (CAAE no. 51058121.8.0000.5327). Genotype
data were obtained from multiple sources, including
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published literature, physician reports, and the BioPKU
database.

Literature search

PubMed and SciELO databases were searched for stud-
ies published between August 1995 and November 2025
using the following search terms: “phenylketonuria
AND Brazil’, “phenylketonuria AND Brazilian’, “fenilce-
tonuria AND Brasil’, “fenilcetontiria AND brasileiro”. An
additional search for “fenilcetontria” was performed in
the Brazilian thesis and dissertation database Sucupira
(https://sucupira.capes.gov.br/) to capture genotype data
not reported in peer-reviewed articles.

Databases

BioPKU (http://www.biopku.org/) is an international
database that compiles clinical, genotypic, and pheno-
typic information on patients with PKU around the world
[13]. Professor Nenad Blau, curator of the database,
kindly shared genotypes and PKU types compiled from
Brazilian patients registered in BioPKU up to October
20109.

Physician reports

A network of Brazilian physicians from the Sociedade
Brasileira de Genética Médica e Gendémica (Brazilian
Society of Medical Genetics and Genomics) and the
Sociedade Brasileira de Triagem Neonatal e Erros Inatos
do Metabolismo (Brazilian Society of Newborn Screen-
ing and Inborn Errors of Metabolism) were invited to
collaborate on this project. Healthcare professionals sub-
mitted patient data through a standardized electronic
form, including anonymized identification of the patient,
gender, PKU type/severity, results of tetrahydrobiopterin
(BH,) responsiveness testing, patient genotype, meth-
ods used for genotyping, and references to published
articles when patient data were published. The origin of
the patient was considered as the state/Brazilian region
where the patient was born in.

PKU type/severity was classified according to daily Phe
tolerance: pretreatment blood Phe levels > 1200 pMol/L
corresponded to classical PKU (cPKU); levels between
600 and 1200 pMol/L, to mild PKU (mPKU); and levels
between 120 and 600 uMol/L, to non-PKU hyperphenyl-
alaninemia (HPA) [14].

Data analysis
All data were compiled into a large dataset, including
data source, phenotype classification, and available clini-
cal information. Allelic phenotype values (APVs) were
retrieved from BioPKU when available [13].

To investigate the effects of allele frequency on the vari-
ants identified in our cohort, population allele frequency
data were incorporated from the global human Genome
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Aggregation Database (gnomAD), including 730,947
exomes [15] and 76,215 genomes, as well as from the
Online Archive of Brazilian Mutations (ABraOM), con-
taining 1171 admixed older individuals from Sao Paulo,
Brazil [16].

Populational data of each geographic region of the
country was collected at last report of the Brazilian Insti-
tute of Geography and Statistics (IBGE) [17].

All data were analyzed using the Google Sheets plat-
form. Data entries were manually curated to standard-
ize genetic variant annotations according to the current
Human Genome Variation Society (HGVS) nomencla-
ture guidelines [18].

Results

Genotype data from 742 Brazilian patients with PKU
were compiled (117 from the BioPKU database, 486
identified through the literature review, and 139 unpub-
lished cases reported by physicians in our collaborative
network) (Supplementary Table S1). Although a total
of 209 cases were directly reported to us by physicians,
70 of these cases had already been described and were
therefore included through the literature review. Despite
the relatively large number of publications on PKU in
Brazil, only a small subset reported patient genotypes.
Our search identified 12 peer-reviewed articles and 12
academic theses containing genotype data (Table 1).
Potential duplicate records were carefully reviewed and
excluded or merged when appropriate.
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The final dataset consisted of 227 homozygous geno-
types, 479 compound heterozygotes, and 36 incomplete
genotypes (Fig. 1). Most incomplete genotypes resulted
from limited genotyping methods used in some centers,
such as targeted variant analysis. Most genotypes found
were obtained by these targeted methods (n=363), or
did not disclose the implemented method (n = 194), while
more recent genotypes were obtained by Sanger sequenc-
ing (n=130), or by massive parallel sequencing (n=55).
The gender of the patients was disclosed by the source in
only 28.4% of the cases (M =107, F=104, NA =531) (Sup-
plementary table S1).

Origin (supplementary table S1 and Table 3)

This study included patients distributed across all five
geographic regions of Brazil, but for 121 individuals the
geographic information was unavailable (Fig. 1; Table 2 —
for the full version, see Supplementary Table S2).

Most included studies reported data on patients
from only one state or region of the country. From the
Southeast, data were obtained for 102 patients from
Rio de Janeiro [28], 17 from Sdo Paulo [21, 27], and 54
from Minas Gerais [25]. From the North, 22 patients
were reported from Pard [35]. From the Northeast, data
included 15 patients from Alagoas [32], 45 patients from
Bahia [33], and 104 patients from five different states
reported in a thesis by T. Amorim (2010) [31]. From the
Central-West, 9 patients were from Mato Grosso [37]
and 11 were from the Federal District [40]. From the

Table 1 Literature review of articles and academic theses reporting genetic information on patients with phenylketonuria (PKU) in

Brazil

Authors and year Patientsin-  Brazilian region of origin Most common Refer-
cluded in the variant found ences
review (n)

Acosta, AX et al. (2000); Acosta, AX (2001)* 0 Southeast c.1066-11G > A [19, 20]

Steiner CE, Acosta AX, et al. (2007) 3 Southeast c.1066-11G > A [21]

Magalhdes, M de C (2003); Santos LL (2004); Santos LL et al. (2006)* 0 Southeast c.1162G > A [22-24]

Santos, LL (2007); Santos LL, et al. (2008) 54 Southeast c.1162G > A [25, 26]

Pollice, EL (2008) 14 Southeast 1947 >C [27]

Vieira Neto, E. (2018); Vieira Neto, E et al.(2018); Vieira Neto, E et al. (2019) 102 Southeast c.1162G > A [28-30]

Amorim, T. (2010) 104 Northeast c.1066-11G > A [31]

de Santana Santos, E et al. (2012) 15 Northeast c1066-11G > A (32]

Silva, CAN (2018) 106 Northeast c.1066-11G > A [33]

Bonfim-Freitas, PE (2006); Bonfim-Freitas PE, et al. (2023) 22 North c.1066-11G > A [34, 35]

Costa, RD (2017); Costa, RD; et al. (2020) 9 Central-West c.1162G > A [36, 37]

Santana da Silva, LC (2000); Santana da Silva LC, et al.(2003) 18 South c.194T > C [38,39]

Tresbach, RH, et al. (2020); Tresbach, RH (2021) 34 South /Central-West c1315+1G>A [40,41]

Nunes, AJ, et al. (2025) 5 South c.1222C>T [42]

Total patients from the literature review (n) 486

Total patients from BioPKU (n) 117

Total patients reported directly by physicians (n) 139

Total patients included in the study (n) 742

Note: Each row corresponds to a patient group described in the publication(s) referenced in the same row. *Patients were not included in the present study because

they had already been reported in the BioPKU database
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Fig.1 Phenotypic and genotypic classification of the 742 individuals included in the study, distributed across the five geographic regions of Brazil (North,
Northeast, Central-West, Southeast, and South). Geographic information was unavailable for 121 patients; therefore, 621 individuals are represented on
the map. PKU: phenylketonuria; cPKU: classical PKU; mPKU: mild PKU; HPA: non-PKU hyperphenylalaninemia; Undefined: classification unavailable or not

reported

South, 46 patients were reported from Rio Grande do Sul
and Santa Catarina [39, 40, 42]. Our previous study [40]
was unique in including patients from both the South
and Central-West regions.

Table 3 shows a comparison between the geographi-
cal distribution of included patients and the Brazilian
population. Patients from the North (3%) and Central-
West (2.8%) regions seem to be underrepresented in our
sample, since they should correspond to about 8% of the

sample each if we assume the prevalence of PKU is equal
among all Brazilian regions.

PKU type & BH4 responsiveness

Most patients were classified as having ¢cPKU (n=455;
61.3%) or mPKU (n=208; 28%), while 19 (2.6%) were
classified as having non-PKU HPA and 60 (8.1%) had
undefined or unavailable classification.
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Table 3 Geographical origin (Brazilian regions): comparison between PKU patients and the total population
Brazil Region
Total (n) Southeast (n) Northeast (n) South(n) North (n) Central-West  Not
(n) Available
a. Populational data
Population (IBGE 2025) 213,421,037 88,825,643 57,244,485 31,310,809 18,801,282 17,238,818
[17] (100%) (41.6%) (26.8%) (14.7%) (8.8%) (8.1%)
PKU cases 2008-2021 7,615 4,038 1,508 946 541 582
[11] (100%) (53.0%) (19.8%) (12.4%) (7.1%) (7.7%)
b. Our cohort
Genotyped patients (n) 742 (100%) 252 (34.0%) 226 (30.4%) 100 (13.5%) 22 (3.0%) 21 (2.8%) 121 (16.3%)
Different variants re- 84 47 15 43 17 1M 51
ported (n)
Five most frequent c.1162G>A (16.6%) c.1162G>A c1066-11G>A  c194T>C c1066-11G>A  c1066-11G>A  c1162G>A
variants (16.9%) (25%) (12%) (11.4%) (19%) (15.7%)
c1066-11G>A c782G>A c1162G>A c1222C>T c782G>A c.782G>A c.1066-
(13.9%) (14.5%) (21.5%) (11%) (11.4%) (19%) 11G>A
(6.6%)
c782G>A(11.8%) c.1066-11G>A 754 C>T c1162G>A c1162G>A c1162G>A 782G >A
(11.9%) (17.3%) (8%) (9.1%) (16.7%) (10.7%)
c.194T7>C c194T>C(6.7%) ¢.194T>C c1315+1G>A c194T>C c.184delC c.194T>C
(9.5%) (15%) (7.5%) (6.8%) (9.5%) (5%)
c.754C>T c.754C>T(56%) c.782G>A c.782G>A c745C>T c473G>A c754C>T
(8.2%) (11.5%) (5.5%) (4.5%) (4.8%) (2.5%)

Table 4 Results of tetrahydrobiopterin (BH4) responsiveness
testing in patients included in the dataset
BH, responsiveness test

Total of patients

Responders 18 (2.4%)
Slow responders 1(0.1%)
Non-responders 36 (4.9%)
Test not performed 687 (92.6%)

The results of BH, responsiveness testing were unavail-
able for most patients in our cohort (n=687; 92.6%).
Among the 55 patients (7.4%) with available results, 36
(4.9%) were classified as BH, non-responders, 1 (0.1%) as
slow responder, and 18 (2.4%) as responders (Table 4).

Genotypes & variants

A total of 219 distinct genotypes were identi-
fied. The three most frequent were homozygous for
the variants c¢.1162G>A(;)1162G>A (56 patients),
c.1066-11G>A(;)1066-11G>A (42  patients), and
c.782G>A(;)782G>A (36 patients). In contrast, 104
genotypes were reported in only one patient, and 45
genotypes were reported in two patients (Supplementary
Table S2).

Eighty-four unique variants were identified (Table 5).
The most frequent variant found in Brazil was
c.1162G > A (p.Val388Met), followed by c.1066-11G>A
(p.GIn355_Tyr356insGlyLeuGln) and c.782G>A
(p-Arg261GIn). These three variants were among the
most common across all regions of the country, although
in different order. Interestingly, c.194T >C (p.lle65Thr)
was the most frequent variant in patients from the South

region (12%) but was not detected among the 21 patients
from the Central-West region. Conversely, c.184delC
(p.Leu62Ter) accounted for 9.5% of variants in the Cen-
tral-West but was not reported in other regions (Table 3).
The South region presented the most diverse variant
profile: it was the only one in which the ¢.1162G>A
(p.Val388Met) variant was not the most frequent, and
the only one in which the ¢.1222 C>T (p.Argd08Trp) and
¢.1315+1G> A variants were among the five most fre-
quent (Table 3).

In our dataset, 71 different variants were located
in exonic regions of the PAH gene, while 12 different
intronic variants were identified, all located near exon-
intron boundaries (Fig. 2). Although pathogenic vari-
ants were found in every exon, their distribution was not
uniform throughout the gene, with the majority (73.3%)
located in intron 11 and exons 3, 7, and 11 (Fig. 2).

Discussion

To our knowledge, this study represents the most com-
prehensive compilation of genetic data from Brazilian
patients with PKU, encompassing information from 742
individuals. A previous study compiling data from Bra-
zilian patients was able to obtain information from 219
individuals, only including cases deposited in the BioPKU
database [6].

The Brazilian population is characterized by substantial
genetic heterogeneity resulting from complex coloniza-
tion and immigration processes, with contributions pri-
marily from European (EUR), African (AFR), and Native
American (AME) ancestries. The relative proportions of
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Table 5 Pathogenic PAH variants identified in Brazilian patients with phenylketonuria (PKU) and their respective allele frequencies in
the study cohort and in the gnomAD and ABraOM databases (when available), as well as variant location in the gene (intron [l], exon
[E], or untranslated region [UTR] region) and phenotype classification according to the BioPKU database

No. Variant Study gnomAD ABraOM  BioPKU
Nucleotide Protein change Location Total cohort  (AF) (AF) APV*  Phenotype
change alleles (AF)

1 c1162G>A p.Val388Met EN 247 0.16644  0.00004  0.00043 2.1 cPKU

2 c.1066-11G>A p.GIN355_Tyr356insGlyLeuGIn 110 207 0.13949  0.00032  0.00085 0 cPKU

3 c.782G>A p.Arg261GIn E7 175 011792 0.00023  0.00128 15 cPKU

4 c194T>C p.lle65Thr E3 141 0.09501  0.00060  NA 15 cPKU

5 c754C>T p.Arg252Trp E7 122 0.08221  0.00004  NA 0 cPKU

6 c1222C>T p.Arg408Trp E12 51 0.03437 0.00132  0.00043 0 cPKU

7 c.168+5G>C NA 12 44 0.02965  0.00002  NA 0 cPKU

8 c1315+1G>A NA 112 44 0.02965  0.00094  0.00043 0 cPKU

9 c473G>A p.Arg158GIn E5 35 0.02358  0.00014  0.00085 0 cPKU

10 c1042C>G p.Leu348val E10 31 0.02089  0.00021  0.00043 14 cPKU

1 c1169A>G p.Glu390Gly EN 28 0.01887  0.00010  NA 6.8 mPKU/HPA

12 c745C>T p.Leu249Phe E7 26 0.01752  0.00007  NA 2.5 cPKU

13 c842C>T p.Pro281Leu E7 23 0.01550  0.00012 NA 0 cPKU

14 c168+5G>A NA 12 19 0.01280  0.00000  NA 0 cPKU

15 c781C>T p.Arg261Ter E7 19 0.01280  0.00003  0.00043 0 cPKU

16 €1045T>C p.Ser349Pro E10 14 0.00943  0.00013  NA 0 cPKU

17 c1241 A>G p.Tyr414Cys E12 13 0.00876  0.00035 NA 5.1 mPKU

18 c250G>T p.Asp84Tyr E3 12 0.00809  0.00000  NA 5 mPKU

19 809G >A p.Arg270Lys E7 1 0.00741  0.00001 NA 0 cPKU

20 c.1055delG p.Gly352ValfsTer48 E10 11 0.00741  NA NA 0 cPKU

21 €967_969del p.Thr323del E9 9 0.00606  0.00000  NA 0 cPKU

22 c.184delC p.Leu62Ter E3 8 0.00539 NA NA 0 cPKU

23 €526 C>T p.Arg176Ter E6 8 0.00539  0.00001  0.00043 0 cPKU

24 c842+1G>A NA 17 7 0.00472  0.00006  NA 0 cPKU

25 c472C>T p.Arg158Trp E5 7 0.00472  0.00002  NA 0 cPKU

26 c1243G>A p.Asp415Asn E12 7 0.00472  0.00007  0.00043 9.8 HPA

27 c.728G>A p.Arg243GIn E7 6 0.00404  0.00004 NA 0.4 cPKU

28 C441+5G>T NA 14 [§ 0.00404  0.00002  NA 0 cPKU

29 c.165delT p.Phe55LeufsTer6 E2 6 0.00404  NA NA 0 cPKU

30 c.838G>A p.Glu280Lys E7 5 0.00337  0.00016  NA 0 cPKU

31 c1199+17G>A NA 1 5 0.00337  0.00000  0.00043 8.3 HPA

32 c527G>T p.Arg176Leu E6 5 0.00337  0.00005  0.00086 9.8 HPA

33 €932T>C p.Leu311Pro E9 4 0.00270  0.00001  NA 0 cPKU

34 €934G>T p.Gly312Cys E9 4 0.00270  NA NA 5 mPKU

35 c712A>C p.Thr238Pro E7 4 0.00270  0.00000  NA 0 cPKU

36 c442-5C>G NA E2 4 0.00270  0.00001  NA 6.1 mPKU

37 c926C>T p.Ala309val E9 4 0.00270  0.00002  NA 33 mPKU

38 c722G>A p.Arg241His E7 3 0.00202  0.00009  NA 5 mPKU

39 c1208 C>T p.Ala403Val E12 3 0.00202  0.00049  0.00043 9.7 HPA

40 c1223G>A p.Arg408GIn E12 3 0.00202  0.00008  NA 4.7 mPKU

41 c136G>A p.Gly46Ser E2 3 0.00202  0.00004  NA 1.6 cPKU

42 C442-7_509+7del  NA E5 3 0.00202  NA NA 0 cPKU

43 C442_509del168  NA E5 3 0.00202 NA NA 0 cPKU

44 c814G>T p.Gly272Ter E7 3 0.00202  0.00005  NA 0 cPKU

45 c143T>C p.Leu48Ser E2 3 0.00202  0.00009  NA 19 cPKU

46 c721C>T p.Arg241Cys E7 3 0.00202  0.00005  NA 5.1 mPKU

47 c524C>G p.Pro175Arg E6 2 0.00135  0.00000  NA NA NA

48 c724C>T p.Leu242Phe E7 2 0.00135  0.00000  NA 0 cPKU

49 c43_44insCT p.Leul15ProfsTer24 E1 2 0.00135 NA NA 0 cPKU

50 c.116_118del p.Phe39del E2 2 0.00135  0.00001 NA 0.8 cPKU
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Table 5 (continued)

No. Variant Study gnomAD ABraOM  BioPKU
Nucleotide Protein change Location Total cohort  (AF) (AF) APV*  Phenotype
change alleles (AF)

51 c561G>C p.Trp187Cys E6 2 0.00135 NA NA NA NA

52 Cc498C>A p.Tyr166Ter E5 2 0.00135 NA NA 0 cPKU

53 c.503del p.Tyr168SerfsTer27 E5 2 0.00135  0.00000  NA 0 cPKU

54 c204 A>T p.Arg68Ser E3 2 0.00135  0.00007  0.00043 54 mPKU

55 €.1024delG p.Ala342HisfsTer58 E10 2 0.00135 NA NA 0 cPKU

56 c833C>T p.Thr278lle E7 2 000135  0.00000 NA 0 cPKU

57 c283 A>T p.lle95Phe E3 1 0.00067  0.00001  0.00043 5 mPKU

58 €.898G>T p.Ala300Ser E8 2 0.00135 0.00040  0.00043 9.7 HPA

59 c.764T>C p.Leu255Ser E7 1 0.00067  NA NA 0 cPKU

60 c1065+1G>A NA 110 1 0.00067  0.00000  NA 0 cPKU

61 c561G>A p.Trp187Ter E6 1 0.00067  0.00002 NA 0 cPKU

62 c.782G>C p.Arg261Pro E7 1 0.00067  0.00000  0.00128 26 cPKU/mPKU

63 c169-13T>G p.Glu57_Lys452delinsSerLauPhe 12 1 0.00067  0.00000  NA 0 cPKU

64 c.163_165del p.Phe55del E2 1 0.00067  NA NA 0 cPKU

65 €994G>A p.Gly332Arg E10 1 0.00067  0.00000  NA NA NA

66 c719T>C p.Phe240Ser E7 1 0.00067  NA NA NA NA

67 €359G>A p.Trp120Ter E4 1 0.00067  NA NA 0 cPKU

68 c614A>C p.Glu205Ala E6 1 0.00067  NA NA NA NA

69 c799C>T p.GIn267Ter E7 1 0.00067  NA NA 0 cPKU

70 c712A>G p.Thr238Ala E7 1 0.00067  NA NA 5 mPKU

71 c441+4A>G NA 14 1 0.00067  NA NA 0 cPKU

72 c960G>C p.Lys320Asn E9 1 0.00067  0.00000  NA 4.5 mPKU

73 c331C>T p.Arg111Ter E3 1 0.00067  0.00006  NA 0 cPKU

74 c.734T>C p.Val245Ala E7 1 0.00067  0.00054  NA 99 HPA

75 c205C>T p.Pro69Ser E3 1 0.00067  NA NA NA NA

76 727 C>T p.Arg243Ter E7 1 0.00067  0.00010  0.00043 0 cPKU

77 c1684+5G>T NA 12 1 0.00067  NA NA cPKU

78 c*¥19G>T NA UTR 3’ 1 0.00067 0.00129 NA NA NA

79 c618C>A p.Tyr206Ter E6 1 0.00067  NA NA 0 cPKU

80 c8424+1G>T NA 17 1 0.00067  NA NA 0 cPKU

81 c1232C>G p.Ser411Ter E12 1 0.00067  NA NA cPKU

82 c.1069T>G p.Cys357Gly ET 1 0.00067  0.00000  NA cPKU

83 c649T>C p.Cys217Arg E6 1 0.00067  0.00000  NA 10 HPA

84 c1229T>G p.Phe410Cys E12 1 0.00067  NA NA NA NA

Notes: *Gene location: intron (1) or exon (E); **Allelic phenotype values (APV) and associated phenotype classification as defined in the BioPKU database. NA: not
available; cPKU: classical PKU; mPKU: mild PKU; HPA: non-PKU hyperphenylalaninemia; AF: allele frequency; gnomAD: Genome Aggregation Database; ABraOM:

Online Archive of Brazilian Mutations

these genetic backgrounds vary across the five regions
of the country (North, Northeast, Central-West, South-
east and South): in the South, the prevalence is 80.0%
EUR, 10.9% AFR, and 8.9% AME,; in the Southeast, 69.1%
EUR, 21.7% AFR, and 8.2% AME; in the Central-West,
63.4% EUR, 24.4% AFR, and 13.2% AME; in the North-
east, 55.3% EUR, 28.8% AFR, and 15.8% AME; and in
the North, 52.9% EUR, 19.9% AFR, and 27.3% AME [43].
This information is important for understanding of the
genetic findings we obtained.

Genetic findings
The four most common variants found in this study,
c.1162G > A (p.Val388Met, 16.6%), c.1066-11G > A

(p-GIn355_Tyr356insGlyLeuGln, 13.9%), c.782G > A
(p-Arg261Gln, 11.8%) and c.194T > C (p.Ille65Thr, 9.5%),
are also the most frequent pathogenic variants in PKU
patients from Portugal, the country most involved in the
European colonization of Brazil, although at inverted
frequencies in the Portuguese population (8.3%, 8.3%,
13.4%, and 14.1%, respectively) [44]. The most frequent
variant identified in the Brazilian population, ¢.1162G
> A (p.Val388Met), has also been a common pathogenic
variant in Latin America and Spain [6, 45]. In contrast,
c1222 C > T (p.Argd08Trp), described as the most
prevalent PKU-associated variant worldwide [6], ranked
only sixth in variant distribution in our cohort of Brazil-
ian patients. However, it was the second most prevalent
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Fig. 2 (A) Distribution of the 84 distinct variants from a total of 1448 found in the study cohort along the PAH gene sequence, based on chromosomal
position (Ghr38:Chr12:102,930,000-102,830,000). The five most frequent variants are described; the complete list of variants is provided in Table 3. Point
colors denote phenotype classification according to the BioPKU database: classical PKU (cPKU, blue), mild PKU (mPKU, yellow), non-PKU hyperphenyl-
alaninemia (HPA, orange), and variants with unavailable classification (NA, green). Circles represent variants located in exonic regions, while triangles
indicate variants located in intronic regions. Exons are represented by black boxes along the graph axis. (B) Relative distribution of the 1448 variants in the
PAH gene, showing the number of variants at each position (values in parentheses indicate the number of distinct variants per region)

variant in the South region of the country, the region
with the greatest European ancestry, especially descen-
dants of Germans and Italians.

Consistent with previous studies [28], consider-
able phenotypic variability was observed among indi-
viduals sharing identical genotypes. Of the 219 distinct
genotypes identified, 48 were associated with two dif-
ferent PKU classes — including the prevalent c.1162G >
A;c.1162G > A (46 cPKU, 8 mPKU) and ¢.1066-11G >
A;c.1066-11G > A (35 cPKU, 7 mPKU) - and three were
associated with three classes ¢.194T > C;c.1162G > A,
c.754 C > T;c.1162G > A, and ¢.745 C > T;c.1162G > A.
This variability may be partly explained by differences in
phenotypic classification methods, particularly the tim-
ing of pretreatment Phe measurements, which can vary
across centers and increase daily with postnatal age in
untreated infants [28, 46]. Moreover, the multicenter
nature of this study likely contributed additional variabil-
ity in sample collection timing.

Data on BH, responsiveness were available for only a
small subset of patients included in this study (n = 55;
7.4%), reflecting the fact that BH, responsiveness test-
ing is not routinely performed in Brazil. This limitation is
partly due to the high cost of sapropterin dihydrochloride

[5, 47], the drug used to supplement BH, in respond-
ers, and its non-inclusion in the main treatment options
for patients with PKU by the corresponding committee
which evaluates the incorporation of treatments in the
Brazilian public health system [48]. Nevertheless, PAH
genotyping remains a valuable tool for identifying poten-
tially responsive patients and for minimizing misclassifi-
cations of BH, responsiveness [28].

Sample representativeness

A recent study identified 7,615 patients with a confirmed
diagnosis of PKU registered in the Brazilian public health
system (SUS) [11], suggesting that our sample may cor-
respond to approximately 10% of living PKU patients in
Brazil. Some factors may bias the representativeness of
our sample, such as the availability of genetic testing and
the coverage of neonatal screening.

Unfortunately, the genetic testing has not yet been
included in the “standard of care” for affected individu-
als in the country, since the test is not fully covered by
SUS nor is it necessary for reimbursement of the meta-
bolic formula by the health system. We emphasize that
most Brazilian PKU patients are monitored at Neonatal
Screening Reference Centers or Rare Disease Reference
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Centers, distributed throughout the country and main-
tained by the SUS. Analysis of the source data included in
this article suggests that most of the reported genotypes
were made available through master’s and doctoral theses
that included patients from these centers. We believe that
the number of genotyped patients will increase as genetic
testing methods become more accessible in the country.

According to the Brazilian Ministry of Health, the cov-
erage of the public neonatal screening program is 82.7%
[12]; however, many newborns are screened by the pri-
vate health sector, so the coverage is probably even
higher. There is also evidence of inadequate coverage
in poor and isolated communities, such as those in the
Amazon (North region) [10]. Furthermore, the Brazil-
ian population has been predominantly concentrated in
coastal regions. Currently, 83.5% of Brazilians reside in
the Northeast (55.9 million), Southeast (87.3 million),
and South (30.6 million) regions [49]. Our data included
patients from 16/27 Brazilian states (including the Fed-
eral District). The unrepresented states were from the
North (n = 6/7 states), Central-West (n = 2/4), North-
east (n = 2/9) and Southeast regions (n = 1/4); all 3 states
from the South were represented. At least 77.9% of geno-
typed patients originating from Northeast/Southeast/
South regions (n = 578). This proportion may be under-
estimated, as geographic information was unavailable for
16.3% of cases (n = 121). Therefore, our findings reflect
a predominance of individuals from the most popu-
lous areas in the country (South, Southeast and North-
east) and a lower representation of Amazonian (e.g., the
North) and non-coastal regions (e.g., the Central-West).
Not surprisingly, the genetic findings of our sample
reflect those ones found in Europeans countries like Por-
tugal and Spain.

Conclusions

This study represents the first nationwide effort to com-
pile both published and unpublished PAH genotype data
from Brazilian patients with PKU. The results under-
score both the predominance of European-derived
alleles, the substantial heterogeneity that characterizes a
highly admixed population, and provide an overview of
the distribution of pathogenic PAH variants across the
country. The marked phenotypic variability observed
among recurrent genotypes reinforces the importance of
standardized phenotyping. Finally, the predominance of
cases from more populous coastal regions and the rela-
tive underrepresentation of Amazonian and inland areas
reveals persistent geographic and socioeconomic dispari-
ties in genetic testing and newborn screening coverage,
emphasizing the need to expand diagnostic infrastruc-
ture and integrate genotyping into routine PKU care to
ensure more equitable management across Brazil. These
findings may support the development of optimized,
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targeted sequencing strategies, such as Sanger sequenc-
ing, in settings where comprehensive gene analysis is not
feasible.
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