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Abstract

Background: Maple syrup urine disease (MSUD) is an autosomal recessive inherited metabolic disease caused by deficient activity of the branched-
chain a-keto acid dehydrogenase (BCKD) enzymatic complex. BCKD is a mitochondrial complex encoded by BCKDHA , BCKDHB , DBT , and DLD
genes. MSUD is predominantly caused by Variants in BCKDHA , BCKDHB , and DBT genes encoding the E1q, E1p, and E2 subunits of BCKD complex,
respectively. The aim of this study was to characterize the genetic basis of MSUD by identifying the point variants in BCKDHA , BCKDHB, and DBT
genes in a cohort of Brazilian MSUD patients and to describe their phenotypic heterogeneity. It is a descriptive cross-sectional study with 21 MSUD
patients involving PCR and sequencing. Results: Nine new variants predicted as pathogenic were found between 30 variants identified in the 21
patients analyzed: two in the BCKDHA gene (p.Gly56Arg, and p.Tyr120Ter); five in the BCKDHB gene (p.Gly131Val, p.Glu146GInfs*13,
p.Phe149Cysfs*9, p.Cys207Phe, and p.Lys211Asn); and two in the DBT gene (p.Glu148Ter and p.Glu417Val). Seventeen pathogenic variants were
previously described and four variants showed no pathogenicity according to in silico analysis. Conclusion: Given that most of the patients received
late diagnoses, the study results do not allow us to state that the molecular features of MSUD variant phenotypes are predictive of clinical severity.
Keywords: inborn errors of metabolism; maple syrup urine disease; branched-chain amino acids; valine; leucine; isoleucine.

Background

Maple syrup urine disease (MSUD) (OMIM #24860), also known as leucinosis, is an inborn error of metabolism (IEM) caused by the deficiency of
thiamine-dependent branched-chain a-ketoacid dehydrogenase (BCKD), composed of the subunits E1q, E1B, E2, and E3. This particular enzymatic
deficiency is found in the several tissues, resulting in elevated blood plasma leves for a-ketoisocaproic, a-ketoisovaleric, a-keto-B-methylvaleric,
alloisoleucine keto acids and branched chain aminoacids (valine, leucine and isoleucine). Elevated levels of these amino acids mainly damage the
central nervous system (CNS) (1). Some studies suggest that MSUD is characterized by an increase in oxidative stress, even in treated patients (2,3).

Several mutations causing MSUD have already been described in the catalytic subunits of the BCKD complex encoded by four different genes. Based
on altered loci, four genetic subtypes have been proposed: type la or E1a (MIM # 608348) for the mutations found in the BCKDHA (E1a subunit) gene;
type Ib or E1B (MIM #248.611) for the mutations found in the BCKDHB (E1 subunit) gene, type Il or E2 (MIM # 248610) for mutations in the DBT gene
(E2 subunit) and type Ill or E3 (MIM# 238331) for mutations in the DLD gene (E3 subunit) (1,4,5,6,7,8).

Although four genes (BCKDHA, BCKDHB, DBT and DLD) involved in BCAA metabolism have been reported, MSUD is predominantly caused by
mutations in the BCKDHA, BCKDHB, and DBT genes encoding the E1q, E1B, and E2 subunits of the BCKD complex, respectively (9). Mutations in the
DLD gene alter the function of four different enzymes, since the E3 component is used by other mitochondrial complexes (8). Considering the three
major genes determining the disease, more than 300 mutations have been described in The Human Gene Mutation Database - HGMD to date. The
HGMD currently identifies 102 mutations for the BCKDHA gene, 116 mutations for the BCKDHB gene, and 78 mutations for the DBT gene. In ClinVar
has 211 entries only for BCKDHA gene and 278 for BCKDHB gene.

Genomic alterations that impair BCKD activity may occur in any of the three genes, but since the inheritance follows an autosomal recessive
Mendelian pattern, both alleles at a single locus of one of the genes must harbor a mutation. The altered or missing protein product renders the BCKD
complex inactive. Most of the mutations described affect the BCKDHA gene or the BCKDHB gene (1,7,8).

The standard treatment involves dietary restriction of branched-chain amino acids and a BCAA-free amino acid specialized formula; however, liver
transplantation has been performed in certain patients and may restore some enzymatic activity in MSUD patients (10), allowing diet liberalization
and avoiding the occurrence of metabolic decompensation during infectious intercurrences (11). Decreased leucine concentration has been observed
hours after hepatic transplantation in patients with MSUD, using livers from cadaveric donors (10,12,13).

The worldwide incidence of MSUD is estimated at one in 185 000 births. Although it is a rare defect, the estimated incidence of MSUD is one in 200
live births for certain Mennonite communities in Pennsylvania and various cities in the United States (1). A study carried out in Portugal by Quental et
al. (2010) that analyzed cases diagnosed by mass spectrometry found an incidence of one in 86 800 live births. There is no data reported in the
literature on its prevalence in the Brazilian population (14).

Since there are no common mutations, the molecular approach usually involves direct genetic sequencing. In this study is, we hypothesized that the
Brazilian population has a characteristic genotypic profile which provided the basis of our objective to characterize the nucleotide variants identified
as point mutations in the BCKDHA, BCKDHB, and DBT in a cohort of Brazilian patients diagnosed clinically and biochemically with MSUD. We also
sought to describe the observed phenotypic heterogeneity in MSUD patients.

Methods

Patients

Peripheral blood samples were obtained from 21 patients (all patients who were added in MSUD Network from 2013 to 2015, including one pair of
siblings), belong to the MSUD Network, Brazilian Network for Assistance and Research in Maple Syrup Urine Disease, with various clinical phenotypes.
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The MSUD Network seeks to structure a national organization of reference for the investigation, diagnosis, management and follow-up of MSUD
patients.

Molecular Analysis of Genes
DNA was extracted from peripheral blood leukocytes for the molecular analysis of the three genes involved in MSUD (BCKDHA, BCKDHB, and DBT).
Primer Design

The forward and reverse primers of the 30 exons to be studied were designed manually using the GenBank® Reference with the following access
numbers: BCKDHA, NM_000709.3; BCKDHB, NM_000056.3; and DBT, NM_001918.2 (http://www.ncbi.nIm.nih.gov/genbank/). All primer sequences
were located in the intron regions and the amplified fragments spanned all the exons. Primer sequences as well as PCR conditions and amplified
fragment sizes (amplicons) are described in Table 1 - BCKDHA gene, Table 2 - BCKDHB gene, and Table 3 - DBT gene.

Table 1 - Primers sequences, PCR conditions and amplified fragment sizes of the BCKDHA gene.

Primer location Primer Name Primer sequence AT  Amplicon size (bp)

Exon 1 BCKDHA_EX1_F 5’-CTGGTCAGGTTGCCCTCTT-3’ 602C 421
BCKDHA_EX1_R 5’-GGACCCCACACTCTGAAGATAG-3’

Exons 2-3 BCKDHA EX2 3F 5’-CACATGCTCAACCACCATG-3’ 62°C 561
BCKDHA_EX2_ 3R 5-CTTGGGAGCCATTCCTTTG-3’

Exon 4 BCKDHA_EX4_F 5’-ACAGCAACTCGATCCCTCTG-3’ 602C 394
BCKDHA_EX4 R 5’-CTGCTCCTGGAAGAACACTCA-3’

Exon 5 BCKDHA_EX5_F 5-CTTTCCTGTCTGCCTGCC-3’ 62°C 392
BCKDHA_EX5_ R  5-AGCACAGACCAGGGCTCTAG-3’

Exon 6 BCKDHA_EX6_F 5’-CATCAGGAGCTGAGGTGTTTC-3’ 60°C 460
BCKDHA EX6 R 5’-ACAGGACGAGAACCAGGAAG-3’

Exon 7 BCKDHA_EX7_F 5’-GGAGTTGAGGTCCTGAGCAC-3’ 602C 406
BCKDHA_EX7_R 5’-AGGAGGAGTGGAAACGGAAT-3’

Exon 8 BCKDHA EX8 F 5’-ACTGACAGCCACCGTAGCAT-3’ 62°C 441
BCKDHA_EX8 R 5’-GGTGTTCCACAAATCCTTCC-3’

Exon 9 BCKDHA_EX9_F 5-GAGTGGTTAATTCCTTGCCAAG-3’ 60°C 684

BCKDHA EX9 R 5-ACTCCAGGAAACAAAGACCAG-3’

AT: Annealing Temperature, F: Forward; R: Reverse.

Table 2 - Primers sequences, PCR conditions and amplified fragment sizes of the BCKDHB gene.

Primer location Primer Name Primer sequence AT  Amplicon size (bp)

Exon 1 BCKDHB_EX1 F 5’-CTAGCCCACACTTCCCCTCT-3’ 632C 552
BCKDHB_EX1 R  5-GCAAGGAGGTTCCAGAGAGTC-3’

Exon 2 BCKDHB_EX2_F 5-CTCCAGGTCTGTATTGCTTTTGT-3’ 60°C 383
BCKDHB_EX2 R 5’-GCCCCAATCATACCTTTGAA-3’

Exon 3 BCKDHB_EX3 F 5-GTGTGTGTGGTAACTGTCATCCA-3’ 60°C 684
BCKDHB_EX3 R 5’-CCCAACAGGCAGAATCTCC-3’

Exon 4 BCKDHB_EX4 F 5-CCTGTTCTATACTTCTCCATCCCA-3* 60°C 307
BCKDHB_EX4 R 5-GGGTAGCGGCAATACTTGAA-3’

Exon 5 BCKDHB_EX5_F 5’-AGGAAGAACGGAAGGAGATTG-3’ 60°C 412
BCKDHB_EX5 R 5-AACTGGGCATTGGATAGCATA-3’

Exon 6 BCKDHB_EX6_F 5’-GCCCTTCTTAGCAGCGAGT-3’ 60°C 405
BCKDHB_EX6_R 5-CAGATTTCCTCTTTGTTTCCACA-3’

Exon 7 BCKDHB_EX7_F 5’-GCACAAGTGTCACCTCAGAAAA-3’ 60°C 482
BCKDHB_EX7_R 5’-ATAGATCTGAAGTGTCCTCGCC-3’

Exon 8 BCKDHB_EX8 F 5-CTCCATGCAGATCAGTTCCTG-3’ 60°C 484
BCKDHB_EX8 R 5’-GCATAAAGGACCCCATTTTGTA-3’

Exon 9 BCKDHB_EX9 F 5-CCTGTCGAAAGCGAGTTGTAAC-3’ 60°C 311
BCKDHB_EX9 R 5-CTTCTGGAATTGGCATGTGG-3’

Exon 10 BCKDHB_EX10_F 5’-CGAACATGCTGTTACCTGCTT-3’ 60°C 391
BCKDHB_EX10_R 5-CTGATGATTGCTGTGTCTTGG-3’

3'UTR BCKDHB_EX11 F 5’-AGCCAAGGTAGTGATGGTGG-3’ 63°C 690

BCKDHB_EX11 R 5-CATCCTGGTCATAAAGAACTGAAC-3’

AT: Annealing Temperature, F: Forward; R: Reverse.

Table 3 - Primers sequences, PCR conditions and amplified fragment sizes of the DBT gene.
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Primer location  Primer Name Primer sequence AT  Amplicon size (bp)

Exon 1 DBT_EX1_F 5-CTTCCCTCCCTATTGGTCG-3’ 60°C 316
DBT_EX1 R 5’-CTCCGTTCTCTGCCCTTTATT-3’

Exon 2 DBT_EX2 F 5’-CAGAAGGAATTTTGGGTAAGGA-3’ 62°C 563
DBT_EX2 R 5’-CAATCTGGGCAACTGAGTGA-3’

Exon 3 DBT_EX3_F 5’-GCCTCTGCCTGAGAACATTC-3’ 60°C 376
DBT_EX3_R 5’ TGTATGACAAAGTCCTTCACCACT-3’

Exon 4 DBT_EX4_F 5’-CTGAAAGTAAATGCTGGGCTAGA-3’ 602C 552
DBT_EX4 R 5-ATCTCTTCCTTTTGCTATTGCCT-3’

Exon 5 DBT_EX5_F 5’-CCCACTCTACCCATACCATTAGG-3’ 60°C 606
DBT_EX5_R 5’-AGCACCTGACATAAGACCTGGT-3’

Exon 6 DBT_EX6_F 5-CCTGATGGTTACCACATGCA-3’ 60°C 483
DBT_EX6_R 5’-TCTACTGAGGTAGCTTCCCCC-3’

Exon 7 DBT_EX7_F 5’-GCAGTCAGTGTTCCAGCTTTG-3’ 60°C 405
DBT_EX7_R 5’-CAAATAAATGTCCTACTCAAGCCTT-3’

Exon 8 DBT_EX8_F 5’-GGAACTTTGGCTGGTCTGTATC-3’ 60°C 660
DBT_EX8_R 5-GCTGCTTCTTTTTGAGAGGGT-3’

Exon 9-10 DBT_EX9 10_F 5-ATGGCAGTGAAGGTTGATCC-3’ 60°C 542
DBT_EX9 10 R  5-TGTGTTTAGTCCCTGAATTTGCT-3’

Exon 11 DBT_EX11_F 5’-GGTTTGCCTGATCTTACACCA-3’ 60°C 469

DBT _EX11 R 5’-CCCAGGAGAACCATTACACC-3’

AT: Annealing Temperature, F: Forward; R: Reverse.

DNA Sequencing

PCR amplified fragments were sequenced on an ABI 3500xL Genetic Analyzer capillary sequencer—24-capillary DNA analysis system (Applied
Biosystems, Foster City, CA, USA) using BigDye® Terminator v3.1 cycle sequencing kit (Applied Biosystems).

Variant Analysis

The sequencing results were visualized using FinchTV® version 1.4.0 software (Geospiza, Seattle, WA, USA) and compared with the relevant reference
sequences from the GenBank® database (NIH, Bethesda, MD, USA). The nomenclature for the description of sequence variants detected was derived
from the recommendations of the Human Genome Variation Society (http://www.hgvs.org/mutnomen) (15). The allelic frequency of each variant was
investigated in the Genome Aggregation Database (or gnomAD, data from 123,136 exomes and 15,496 genomes, people around the world) (16) and in
Online Archive of Brazilian Mutations (or ABraOM, data from 609 exomes, people from the city of Sdo Paulo, Southeast of Brazil) (17). In order to
verify the pathogenicity potential of the missense mutations, in silico analysis was performed using MutPred® v1.2 (18), Polyphen-2®-Polymorphism
Phenotyping v2 software (19) and SIFT® (20). Sequence variants were evaluated for their disease-causing potential using the Mutation Taster
application (21).

Clinical Data Analysis

Clinical data analysis results of information such as age at diagnosis, family history of the disease, consanguinity, results of the first dosage levels of
the branched-chain amino acids (at diagnosis), neurodevelopment delay, and phenotypic classification of the patients were obtained from the registry
of clinical records standardized by the Brazilian MSUD Network, which was conducted by the professional responsible for patient care at the
Reference Center.

Results

The BCKDHA, BCKDHB, and DBT genes from 21 patients (52.4% female), including one pair of siblings, were studied. Nine new variants predicted as
pathogenic were found between 30 variants identified in the 21 patients analyzed: two in the BCKDHA gene, five in the BCKDHB gene and two in the
DBT gene. Another seventeen pathogenic variants found in Brazilian patients have been reported in the literature: five in the BCKDHA gene, eleven in
the BCKDHB gene, and one in the DBT gene. It can be seen that most of the mutations found in the BCKDHA gene were in exons 2, 3, and 4 and in
BCKDHB gene, mainly in exons 4 and 5, characterizing hot spots.

In the 21 patients, 30 different variants were identified (four non-pathogenic according to in silico analysis). In addition, molecular characterization
was successfully completed in 18 patients: a second mutation in the other allele was not detected in three cases and only six patients were
homozygous for a single pathogenic mutation (Tables 4 and 5).

Table 4 - Clinical, biochemical and molecular data of Brazilian MSUD patients.
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D Gender Age at Plasma Plasma Plasma Time from diagnosis to Outcome Family Consanguinity Clinical Phenotype Genetic Type Mutation at nucleotide level

Isoleucine Leucine Valine
diagnosis (@Mol/L) (@Mol/L) (@Mol/L) onset of dietary History Subtype cDNA
at at at manegement

1™ Female 60d 699,5 3252,5 999,5 60d Severe DD + died No Yes Classic Elb Dup c.[92_102dup11}; [92_102dup11]

25 Female 30d 45,7 278,9 35,1 NA Severe DD + died  Yes Yes Classic EN M+M ©.[346G>A,;1250A>T); [346G>A]

3§ Male 15d 2244 2646,1 3711 15d Slight DD Yes Yes Classic EII M ©.[346G>A];[346G>A]

4 Male 26d 149,0 2037.8 263.3 1d Moderate DD No No Classic Elb D ¢.[595_596delAG]; [595_596delAG]
5T Male 17d 207,0 2914,0 304,5 20d Slight DD NA NA Classic Elb D/1+D c

+M+  [436delinsCA(;)445_446delTT(,)620G>T(;)633G>C]
M
6¥  Female 17d 482,7 1484,0 942,1 3d Normal No No Classic Elb M +D ¢.[498G>C];[595_596delAG]
neurodevelopment
7  Female 16m 333,0 1503,1 938,9 NA Slight DD No No Intermediate EIl N .[442G>T};[442G>T)
8  Female 26d 179,5 1488,7 2351 15d Severe DD Yes No Classic EIb M+D c
+D  [506A>G]; [743delC;764_840+4del;840+9_+22del]

9  Female 60d 1336,0 5002,0 979,0 15d Severe DD No No Classic Elb N+? ¢.[853C>TI:[?]
10f  Female NA NA NA NA NA NA NA NA NA Ela N +5SS €.[859C>T};[109-3575_288+4del]

¢

1 Male 17d 340,1 2000,0 409,1 2d Slight DD No Yes Classic Elb b C.[743delC; 764_840+4del;840+9_+22del];

[743delC; 764_840+4del;840+9_+22del]

12F Male 30d 25,4 (le+Lew) 3.7 60d Severe DD No NA Classic Ela 1+2? C.[740_741insT};[?]
135 Male 30d 31,0 904,1 406,6 20d Moderate DD Yes No Classic Elb M + D ¢.[502C>T];[595_596delAG]

14t Male NA NA NA NA NA NA NA NA NA Elb M+M .[605C>T];[641T>A]
15% Male 24m 895,4 1782,2 1038,2 NA NA No NA NA Ela M .[659C>T]; [659C>T]

16'  Female NA NA NA NA NA NA NA NA NA Elb M .[392G>T};[392G>T]
175 Female 35d 1700,0 1700,0 NA 10d Severe DD No NA Classic Elb D+SS ¢.[595_596delAG]; [343+2T>G]

18 Male 3d 755,0 (le+Lew) 345,0 od NA Yes No NA Elb M+ M .[392G>T]; [641T>A]

19" Female NA NA NA NA NA NA NA NA NA Ell N C.[442G>T};[442G>T]

20 Female 14y 220,8 564,6 493,3 NA Moderate or No No Intermediate Ela D+M c.[357_358delCT]; [454G>A]

Severe DD
21 Male 12y 151,2 580,9 444,3 2y Moderate DD No No Intermediate or Ela T+2? €.[740_741insT]; [?]
Thiamine
responsive

Novel Mutations are highlighted in bold; ID: patient identification; m: months; d: days; a: years; DD: developmental disability; NA: data not available; M: Missense; Dup: Duplication; D:
Deletion; I: Insertion; N: Nonsense; SS: Splice site.

1 Patient carry the no disease-causing variation c. 116C>A in one BCKDHA allele (p.Pro39His) and the no disease-causing variation c.166G>C in one BCKDHA allele (p.Gly56Arg).

+ Patient carry the no disease-causing variation c.188_189delinsCA in one BCKDHB allele (p.Arg63Pro) and the damaging variation c.92_102dupll in two BCKDHB alleles
(p-.Phe35Trpfs*41).

§Siblings.

9 Patient carry the no disease-causing variation c.116C>T in one BCKDHA allele (p.Pro39Leu).

¥ Patient carry the no disease-causing variation c.1150A>G in one DBTallele (p.Ser384Gly).

£ Liver Transplant.

¢ Patient carry the no disease-causing variation c. 116C>A in two BCKDHA alleles (p.Pro39His).

« Patient carry the no disease-causing c.166G>C in one BCKDHA allele (p.Gly56Arg).

Table 5 - Variations detected in type Ia, type Ib and type II Brazilian MSUD patients.

Page 5/11



Spot Nucleotide Change Protein Type Prediction of Pathogenicity Frequency
Prediction Classification = ACMG Classification ReferenceJr (patients)
SIFT®  Polyphen- MutPred®
2®
Type Ia
Promoter c.109-3575_288+4del p.(?) SS - - - Damaging - Feier etal. (2016) 1/21
Exon 2 c.116C>A p.(Pro39His) M Non- Non- Non- Non- - Henneke etal. (2003)* 5/21
damaging damaging damaging damaging
Exon 2 c.116C>T p.(Pro39Leu) M Non- Non- Non- Non- Uncertain This study” 1/21
damaging damaging damaging damaging Significance
PP2/PP3/PM2
Exon 2 c.166G>C p.(Gly56Arg) M Damaging Damaging Non- Non- Uncertain This study 2/21
damaging Damaging Significance
PP2/PP3/PM2
Exon 3 ¢.357_358delCT p.(Tyr120Ter) D - - - Damaging Phatogenic This study 1/21
PVS1/PP3/PM2
Exon 4 c.454G>A p.(Aspl152Ans) M Damaging Damaging Damaging Damaging - Quental etal. (2008) 1/21
Exon 6 c.659C>T p.(Ala220Val) M Damaging Damaging Damaging Damaging - Rodriguez-Pombo et al. 1/21
(2006)
Exon 6 c.740_741insT p- 1 - - - Damaging - DB 2/21
(Ala248Cysfs*10)
Exon 7 c.859C>T p.(Arg287Ter) N - - - Damaging - Chinsky et al. (1997) 1/21
Type Ib
Exon 1 c.92_102dupll p. Dup - - - Damaging - Rodriguez-Pombo et al. 1/21
(Phe35Trpfs*41) (2006)
Exon 1 c.188_189delinsCA p.(Arg63Pro) M Non- Non- Non- Non- Uncertain This study 1/21
damaging damaging damaging damaging Significance
BP4/PM2/PP2
Intron 3 c.343+2T>G p.(?) SS - - - Damaging - Feier etal. (2016) 1/21
Exon 4 c.392G>T p-(Glyl131Val) M Damaging Damaging Damaging Damaging Uncertain This study 2/21
Significance
PP2/PP3/PM2
Exon 4 c.436delinsCA p- D/I - - - Damaging Pathogenic This study 1/21
(Glu146GInfs*13) PVS1/PP3/PM2
Exon 4 c.445_446delTT p. D - - - Damaging Pathogenic This study 1/21
(Phe149Cysfs*9) PVS1/PP3/PM2
Exon 5 c.498G>C p.(Lys166Asn) M Damaging Damaging Damaging Damaging - Scaini etal. (2018) 1/21
Exon 5 c.502C>T p.(Arg168Cys) M Damaging Damaging Damaging Damaging - Flaschker et al. (2007) 1/21
Exon 5 c.506A>G p.(Tyr169Cys) M Damaging Damaging Damaging Damaging - DB 1/21
Exon 5 c.595_596delAG p.(Pro200Ter) D - - - Damaging - Henneke etal. (2003) 4/21
Exon 5 c.605C>T p.(Ala202Val) M Damaging Damaging Damaging Damaging - DB 1/21
Exon 5 c.620G>T p.(Cys207Phe) M Damaging Damaging Non- Damaging Uncertain This study* 1/21
damaging Significance
PP2/PP3/PM2
Exon 5 c.633G>C p.(Lys211Asn) M Damaging Damaging Damaging Damaging Uncertain This study* 1/21
Significance
PP2/PP3/BP6
Exon 6 c.641T>A p-(lle214Lys)? M Damaging Damaging Damaging Damaging - Rodriguez-Pombo et al. 2/21
(2006)
Exon 7 c.743delC p. D - - - Damaging - Feier etal. (2016) 2/21
(Ala248Glyfs*6)
Exon 7 + c.764_840+4del;840+9_+22del¥ ? D - - - Damaging - Feier etal. (2016) 2/21
Intron 7
Exon 8 c.853C>T p.(Arg285Ter) " N - - - Damaging - Henneke et al. (2003) 1/21
Type II
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Exon 4 c.346G>A p.(Glyl16Arg) M Damaging Damaging Damaging Damaging - Scaini etal. (2018) 2/21
Exon 5 c.442G>T p.(Glul48Ter) N - - - Damaging Pathogenic This study 2/21
PVS1/PP3/PP5/PM2
Exon 9 c.1150A>G p.(Ser384Gly) M Non- Non- Non- Non- - Tsuruta et al. (1998)§ 2/21
damaging damaging damaging damaging
Exon 10 c.1250A>T p.(Glu417Vval) M Damaging Damaging Damaging Damaging Uncertain This study 1/21
Significance

PP3/PM2

M: Missense; Dup: Duplication; D: Deletion; I: Insertion; N: Nonsense; SS: Splice site; DB: Database.
* New mutation related to MSUD, however presented in data banks.

T Mutation Database HGMD (The Human Gene Mutation Database) and Mutation Taster.

F The mutation is probably a polymorphism, previously named T106M (Dursun et al., 2002).

§ Mutation described how no damaging, previously named G323S (Tsuruta et al., 1998).

9l The variation of nucleotide sequency have not been identified at the genomic level; at cDNA level, the effect is the 3’UTR site alteration.

¥ We have also identified these two variants occurring together.

The Pro39His variant in the BCKDHA gene (non-pathogenic in the in silico analysis) was the most frequent (23.8% of the patients, n = 5) and the
Pro200Ter pathogenic variant in the in silico analysis (19.0% of the patients, n = 4) in the BCKDHB gene were the most prevalent in the studied
patients.

From the 30 variants found in the cohort of patients studied, the most prevalent type of mutation was missense (n = 17), five in the BCKDHA gene,
nine in the BCKDHB gene, and three in the DBT gene; among the missense variants, 13 were classified as pathogenic by in silico analysis. There were
eight variants that exhibited changes in the codon-scoring matrix or frameshift, with five resulting from deletion (four in the BCKDHB gene and one in
the BCKDHA gene), one resulting from insertion into the BCKDHA gene, one resulting from deletion and insertion into the BCKDHB gene, and one
resulting from a duplication in the BCKDHB gene. The least frequent type was nonsense (n = 3, one variant in each gene studied); the next two least
frequent types (frameshift and nonsense mutations) truncate the protein prematurely by the presence of the terminator codon and are considered
pathogenic a priori.

Regarding possible genotype-phenotype associations, out of 12 patients exhibiting the classical clinical phenotype, nine presented the genetic
subtype Elb, two presented the genetic subtype Ell and one presented the genetic subtype Ela. The two patients with intermediate clinical phenotype
had different genetic subtypes (Ela and Ell) and the Ela genetic subtype was detected in the patient with intermediate or thiamine responsive
phenotype. Hence, there is likely no consistent association between clinical phenotypes with the genetic subtypes. However, it is thought that
mutations at different locations in the three genes can trigger clinical signs and varied sequelae; these mutations are also classically described in the
literature for other diseases characterized by great variability in frequency and severity of clinical manifestations and complications, suggesting, for
example, a worse prognosis in the presence of a localized mutation in the gen€'s functional domain (Table 4).

Evaluating the genetic subtype of the patients who presented Ela, the phenotype was extremely varied (one patient had a classical phenotype, one
intermediate, and one intermediate or thiamine responsive); eight Elb patients presented classical phenotype; Ell cases were classical (n = 2) and
intermediate (n = 1) phenotypes (Table 4).

Discussion

To date, this is the first study in Brazil to identify variants in the BCKDHA, BCKDHB, and DBT genes in clinically and biochemically diagnosed MSUD
patients enrolled in the MSUD Network. We found that out of the 42 alleles, the disease-causing variant was located in the BCKDHA gene in 23.8% (5
patients), in the BCKDHB gene in 57.1% (12 patients), and in the DBT gene in 19.1% (4 patients).

Some of the novel variants have already been detected in database projects involving the search for variants in a large number of individuals but
never related to patients. We investigate the variants in “The Exome Aggregation Consortium” — EXAC — composed of 60,706 unrelated individuals,
and the Online Archive of Brazilian Mutations — AbraOM - composed of 609 elderly individuals (16,17). Three of 11 novel variants were in EXAC, all in
very low frequencies (Table 5).

Nellis and Danner (6) studied 63 patients diagnosed clinically with MSUD and found the following frequency of mutations: 33% in the BCKDHA gene,
38% in the BCKDHB gene, and 19% in the DBT gene. In agreement with the results of the present study, most patients (of varied ethnicity) evaluated by
Henneke et al. (22) presented mutations of the subtype Ib, followed by Ia, with the least frequent mutation occurring in the DBT gene (subtype Il). In a
cohort of 32 unrelated Turkish patients, out of 64 alleles, the disease-causing mutation was located in the BCKDHA gene in 37% (12 patients), in the
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BCKDHB gene in 44% (14 patients), and in the DBT gene in 19% (6 patients) (23). However, Quental et al. (5), in a study with 30 Portuguese patients,
found 17 mutations with no difference in the frequency of these genes, with six in the BCKDHA gene, five in the BCKDHB gene, and six in the DBT
gene. A study published by Abiri et al. (24) investigating 20 Iranian families of MSUD patients, six patients demonstrated homozygous haplotype for
the BCKDHA gene, nine for the BCKDHB gene, and two for the DBT gene. Gupta et al. (26), studying 24 unrelated Indian patients, found 20 mutations
in 22 of the patients, with 11 novel mutations—four in the BCKDHA gene, six in the BCKDHB gene, with a novel mutation identified in the DBT gene.

Li et al. (27) described eight cases of MSUD (in four females and four males) from unrelated Chinese families who were diagnosed through serum
BCAA and genetic analysis between nine days to one year and eight months of life (six patients presented the neonatal form of the disease); 12
different mutations were found with six in the BCKDHA gene, five in the BCKDHB gene, and one in the DBT gene, of which only one mutation located in
the BCKDHA gene had been reported in the literature.

In agreement with the present study, all the Spanish patients studied (belonging to a cohort of 33 MSUD patients) by Rodriguez-Pombo et al.
(8) who had a mutation in the BCKDHB gene (subtype Ib) also had the classical phenotype; however, inconsistencies were found between the
biochemical parameters of the patients and their clinical phenotype, as in the case of three patients who were homozygotic for the same mutation
and exhibited a residual enzymatic activity variable between < 1 to 13%.

Abiri et al. (28) reported six Iranian patients who were homozygotic for mutations in the BCKDHA gene, demonstrating that most of the mutations
found were in exons 2, 4, and 6. Recently, 20 new mutations were identified in the BCKDHA, BCKDHB, and DBT genes of 52 MSUD patients from Saudi
Arabia, with no mutation in the DLD gene identified (29).

The leucine levels at diagnosis were high and are, in the majority of the studied patients, considered critical, and can produce irreversible damage or
even death of the patient (30). However, the results of a Brazilian study (31) on the MSUD panorama over the last two decades in the country did not
indicate a significant association between the severity of developmental delay and leucine levels at diagnosis; this can be attributed to the fact that
early diagnosis and long-term metabolic control are considered more decisive factors for psychomotor and cognitive development than leucine levels
at the time of diagnosis. Therefore, regarding the characteristics and clinical situation of the patients, it is thought that the association of phenotype
and genotype is not ideal in that neurological deterioration is directly associated with delayed diagnosis and thus the absence of appropriate
nutritional support, which is essential for the control of BCAA serum levels as well as those of their metabolites (metabolic control).

Although some patients were diagnosed in the first month of life, as can be seen in Table 4, diagnosis was not made at the beginning of the
presentation of symptoms in the majority of patients (only patients 6, 11, and 15 were diagnosed at the time at which symptoms appeared and
patient 18 was diagnosed when still asymptomatic). In Brazil, the time between diagnosis and receipt of the metabolic formula is long and variable
(31), which can also be observed in the registry of the clinical files of patients in our study. Only four patients (patients 4, 6, 11, and 18) received the
metabolic formula for treatment of MSUD immediately after diagnosis; receipt varied for the other patients between ten days and two months after
diagnosis, delaying appropriate treatment of the disease. When patients are diagnosed in the acute phase of the disease during a hospital stay due to
metabolic decompensation, treatment with a metabolic formula is started at the time of diagnosis only if the formula is available at the admitting
hospital. In contrast, patients diagnosed in the non-acute phase of the disease and treated on an outpatient basis are prone to receive the formula late,
with the guarantee of access to the metabolic formula occurring only through judicial measures (31). These facts reinforce the need to include
neonatal screening for MSUD in the Brazilian Newborn Screening Program.

Genetic analysis for MSUD patients is crucial for patient prognosis and quality of life. In addition, the molecular screening of affected patients
provides epidemiological data for implementation of the test in populations, facilitating prenatal diagnosis in families at risk (28,26).

Flaschker et al. (32), who described mutations in 15 individuals from Germany, Austria, and Switzerland with different phenotypic variants of MSUD,
concluded that in the cohort of patients analyzed, the most severe enzymatic and clinical phenotypes of the disease forms (MSUD variants) were
associated mainly with specific genotypes in the BCKDHA gene, whereas milder enzymatic and clinical phenotypes were associated with specific
genotypes in the BCKDHB and DBT genes; the results of this study led to the conclusion that genotyping may be predictive of metabolic and clinical
phenotype and may have a prognostic value, particularly in individuals with a variant of MSUD identified in neonatal screening such that early
treatment will effectively delay the natural course of the disease.

However, in a study by Gupta et al. (26), it was not possible to establish any genotype and phenotype correlation in Indian MSUD patients; most of the
cases (66.6%) had the classic neonatal type of MSUD, most of the classic neonatal patients (10 of 14 cases) having mutations in the BCKDHB gene.

Patients with the intermittent form of the disease, evaluated by Tsuruta et al. (33), presented mutations exclusively in the DBT gene, giving rise to low
but significant residual activity of the BCKD complex. However, in the present study, no patient with the genetic subtype Ell presented this phenotypic
form of the disease.

Wang et al. (34) suggested that DNA sequencing associated with in silico analysis is a simple and rapid method to predict the severity of MSUD and
that neonatal screening has been demonstrated to be an effective approach for screening MSUD patients in a diverse ethnic population (32), allowing
early intervention with dietary therapy (34). The identification of different missense-type mutations provides valuable evidence for the accuracy of the
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analysis, as well as the determination of its effect on the catalytic subunit. DNA sequencing analysis, together with in silico analysis, has been
suggested to predict the clinical manifestations of MSUD, since it is a simple and rapid method (34).

According to Feier et al. (12), liver transplantation provides metabolic control, allowing the patient to resume a normal diet and avoid further
neurological damage, helping the individual's neurodevelopment as well as eliminating the chance of cerebral edema and death. In this case report,
Feier et al. (12) described the situation of a 2-year-old child with MSUD who underwent liver transplantation (domino transplantation); the donor was
the patient's mother. The use of living relative donors has been controversial because parents are mandatory heterozygotes, but in this case, the data
suggest that the use of a donor associated with MSUD was effective. Although the traditional treatment during the maintenance phase is basically the
dietary restriction of BCAA and supplementation with thiamine and a food formula without BCAA, liver transplantation is indicated in the literature as
a good treatment option (12,13,18).

No somatic cell complementation studies were performed to assign enzymatic subtypes la, Ib or Il, which can be a limitation. Another limitation of this
study is about the ability or lack thereof of performing deletion/duplication analysis at the exon or whole gene level, and this can be related to not
being able to make a molecular diagnosis in some of the patients studied. In addition, other molecular characteristics (type and location of mutation)
were not considered in this analysis of this study.

Conclusions

The point variants identified in the BCKDHA, BCKDHB, and DBT genes of the cohort of Brazilian patients diagnosed clinically and biochemically with
the MSUD did not present a similar pattern or frequency among the genes. Nine new variants predicted as pathogenic were identified: two in the
BCKDHA gene, five in the BCKDHB gene and two in the DBT gene. We detected a broad spectrum of clinical presentation in the cohort of Brazilian
patients with MSUD, and there was no apparent association between phenotypic characteristics and the genetic subtype. Given that most Brazilian
patients were diagnosed late and did not receive immediate treatment, the study results indicate no consistent relationship between molecular and
clinical MSUD phenotype; however, we speculate that genetic screening may have prognostic value particularly in individuals with MSUD variants
identified in expanded newborn screening, in which early treatment can likely alter the natural course of the disease.
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