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Abstract
Maple syrup urine disease (MSUD) is an autosomal recessive disorder affecting branched-chain amino acids (BCAAs) metab-
olism and caused by a defect in the thiamine-dependent enzyme branched chain α-ketoacid dehydrogenase (BCKD) with
subsequent accumulation of BCAAs and corresponding branched-chain keto acids (BCKAs) metabolites. Presently, at least 4
genes of BCKDHA, BCKDHB, DLD and DBT have been reported to cause MSUD. Furthermore, more than 265 mutations have
been identified as the cause across different populations worldwide. Some studies have reported the data of gene mutations in
Chinese people with MSUD. In this study, we present clinical characteristics and mutational analyses in five Chinese Han child
with MSUD, which had been screened out by tandem mass spectrometry detection of amino acids in blood samples. High-
throughput sequencing, Sanger sequence and real-time qualitative PCR were performed to detect and verify the genetic muta-
tions. Six different novel genetic variants were validated in BCKDHB gene and BCKDHA gene, including c.523 T > C,
c.659delA, c.550delT, c.863G >A and two gross deletions. Interestingly, 3 cases had identical mutation of BCKDHB gene
(c.659delA). We predicted the pathogenicity and analyzed the clinical characteristics. The identification of these mutations in
this study further expands the mutation spectrum of MSUD and contributes to prenatal molecular diagnosis of MSUD.
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Introduction

Maple syrup urine disease (MSUD, OMIM #248600) is an
autosomal recessive disorder characterized by a deficiency
of the thiamine-dependent enzyme branched chain α-
ketoacid dehydrogenase (BCKD)which could result in the ac-
cumulation of branched-chain amino acids (BCAAs), includ-
ing leucine, isoleucine, and valine (Burrage et al. 2014). The

BCAAs and corresponding branched-chain keto acids
(BCKA) metabolites accumulated in brain, causing a range
of clinical presentation, especially neurological damage, such
as anorexia, apnoea,stereotyped movements, and so on
(Zeltner et al. 2014). MSUD was first described by Menkes
et al. in 1954 (Menkes et al. 1954). The current prevalence
was reported about 1 in 185,000 worldwide (Lee et al. 2008)
and much higher in some ethnic and racial crowds, such as the
Mennonites (up to 1 in 358 live births) and Iran (38.6% in
consanguineous marriage) (Puffenberger 2003; Abiri et al.
2017), but the incidence in Chinese population has not yet
been reported.

Tandem mass spectrometry (MS/MS) is widely used in
neonatal screening in china which enables to diagnose
MSUD (Lin et al. 2013). The results of tandem mass spec-
trometry also provide reference for MSUD gene mutation de-
tection. To date, at least 4 genes of BCKDHA, BCKDHB,
DLD and DBT have been reported (Abiri et al. 2017) to be
the causative gene for MSUD, furthermore, there have been
88 BCKDHA, 85 BCKDHB, 21 DLD and 71 DBT mutations
listed in the human gene mutation database (HGMD). Some
reports have also presented some new mutation of genes for
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MSUD in China (Li et al. 2015; Yang et al. 2012; Hou and
Hwang 2014; Wang et al. 2011; Guo et al. 2015; Wang et al.
2012). Genetic testing for families at-risk of MSUD is very
helpful in Prenatal Diagnosis (PND) and Preimplantation
Genetic Diagnosis (PGD).

In the present study, we present clinical characteristics
and mutational analyses in five Han Chinese patients
with MSUD which had been identified by liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) for amino acids detection in blood samples and
gas chromatography mass spectrometry (GC/MS) for or-
ganic acidurias screening in urine samples as well as
High throughput sequencing for gene mutation testing.
We found 6 novel mutations in BCKDHA and BCKDHB
genes including 2 in BCKDHA and 4 in BCKDHB in 5
patients from Shandong province of North China.

Material and methods

Compliance with ethical standards

The work was approved byMedical Ethics Committee of Qilu
Children’s Hospital of Shandong University. The parents of
the patients gave their written informed consent before clinical
and laboratory examinations. All the relevant regulations and
institutional polices were followed strictly with the
Declaration of Helsinki. The patients’ information was
anonymized prior to submission.

Patients

Five children (3 males and 2 females) from 5 unrelated
Chinese families were diagnosed as MSUD at neonatal inten-
sive care unit and rehabilitation department of the Qilu
Children’s Hospital of Shandong University screened from
5432 infants by LC/MS-MS and GC/MS between May 2011
and May 2014. The parents of the patients were healthy and
non-consanguineous. Blood samples were obtained from the
patients and their parents in accordance with informed consent
in the study.

Routine tests and metabolic analysis

Routine physical examination and biochemical laboratory tests
were performed for liver and renal function, glucose, ammonia,
lactic acid and blood gas analysis, and so on by using blood,
urine and cerebrospinal fluid. Cranial MRI was conducted ex-
cept for one patient (case 1) who was too serious to do it.

The levels of blood amino acids including valine (val),
leucine (Leu), and isoleucine (Ile) in dried blood spots were
measured by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) using an Applied Biosystems API 3200
analyzer (ABSCIEX, Foster City, USA) and the
ChemoView software(ABSCIEX, Foster City, USA).
Meanwhile, the levels of organic acidurias were measured
by gas chromatography mass spectrometry (GC/MS) using a
GCMS-QP2010 analyzer (Shimadzu, Tokyo, Japan) and the
Inborn Errors of Metabol ism Screening System
software(Shimadzu, Tokyo, Japan) .

Targeted captured sequencing

Peripheral blood samples were collected from the patients and
their parents for DNA extraction using a DNA extraction kit
(TIANamp Blood Genomic DNA Purification Kit; Tiangen
Biotech, Beijing, China). Genomic DNAwas purified accord-
ing to manufacturer’s instructions (concentration =
100~150 ng/μl; OD260/OD280 = 1.7~1.9).

Whole exome targeted capture sequencing was applied for
the mutation screening of the suspicious patients. A total of
712 genes associated with inherited metabolic diseases were
selected and their coding regions were captured using a cus-
tom exome enrichment kit (Agilent, Santa Clara, USA).
Fifteen microgram of DNA from the proband was used to
generate index libraries (average size 350-450 bp, including
adapter sequences) for HiSeq2000 sequencer (Illumina, San
diego, USA). Sequencing was carried out with 90 cycles per
read. The obtained mean exome coverage was more than
98%, with more than 99% of variants accuracy.

Validation of genetic variants

Sanger sequencing and quantitative PCR (qPCR) were then
utilized to validate the potentially pathogenic variants of point

Table 1 the primers of qPCR for gross deletions of BCKDHB and BCKDHA

Gene Forward Reverse Products(bp)

BCKDHB-1 GGCGGCAGGTGGCTCATTTTACTT CAAGGAGGTTCCAGAGAGTCAGG 193

BCKDHA-1 CTTCAACTTCGCTGCCACACTTGAG CAGCAGAGCCCATACCAATGCCAT 122

BCKDHA-1 AGTGATGTTACTCTAGTTGCCTG AATTAGCATCAGTAGCACCAGACT 168

BCKDHA-3 GATAAACAGGACCACCCCATCTCC GGTGTTCCACAAATCCTTCCCAAGC 182
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Table 2 The clinical and laboratory features of the five patients with MUSD

Patient Case 1 Case 2 Case 3 Case 4 Case 5

Gender Female Male Male Female Male

Age at onset 4D 1D 3D 5D 4D

Age at diagnosis 11D 1M10D 8D 6D 7D

Current age Died at 17D 3Y3M Died at 1M3D Died at 10D Died at 18D

Clinical symptoms

poor feeding + – + + +

Vomiting – – – – –

hypertonia + + – – –

hypotonia – – + – +

irritability – + – – –

seizure + – – + +

fever + – + + –

Cranial MRI (Fig. 1) – + + + +

Liver function

Glutamyl transpeptidase(5-49 U/L) 133↑ 178↑ 34 106↑ 203↑

amylase(15-121 U/L) 8↓ 9↓ 35 2↓ 9↓

Arterial blood gas analysis normal – Mild respiratory
acidosis

Respiratory
alkalosis

Respiratory alkalosis
Metabolic acidosis

PO2(80-100 mmHg) 100 – 87 86 97

PCO2(35-45 mmHg) 37 – 48↑ 29↓ 26↓

SO2(>95%) 100% – 97% 96% 97%

AB(22–27 mM) 25.1 – 29.7↑ 17.6↓ 15.4↓

BE(±3 mM) 0.9 – 4.0↑ −5.7↓ −9.7↓
SB(22-26 mM) 25.9 – 28↑ 20.4↓ 18.8↓

PH(7.35–7.45) 7.44 – 7.40 7.39 7.38

Blood biochemical index

Glucose(3.6–6.1 mM) 3.9 2.8↓ 3.2↓ 3.9 3.4↓

Ammonia(18-72uM) 42 88↑ 109↑ 71↑ 84↑

Lactic acid(0.5–1.7 mM) 0.7 0.9 0.8 1.4 0.9

Anion gap(8-16 mM) 17↑ 13 10 17↑ 18↑

Blood routine test

red blood cell (3.5–5.5*1012/L) 4.19 2.30↓ 4.03 4.72 2.95↓

Hemoglobin (110-170 g/L) 152 78↓ 151 176↑ 111

urine routine test

Ketone body(N.D.) +++ N.D. + + ++

blood and urine mass spectrometry profile

Urinary organic acid(mmol/creatinine)

2-OH-isovalerate (N.D.) 204.1↑ 134.2↑ 274.09↑ 242.65↑ 181.2↑

2-keto-isovalerate (<0.1) 135.2↑ N.D. 195.25↑ 101.92↑ 116.6↑

2-keto-3- methylvalerate(N.D.) 184.34↑ 58.1↑ 384.34↑ 198.33↑ 179.3↑

2-keto- isocaproate (N.D.) 267.36↑ 138.2↑ 462.36↑ 374.07↑ 233.0↑

3-OH-butyric(0–3.7) 279.32↑ N.D. 157.78↑ 207.85↑ 265.7↑

acetoacetic (N.D.) 27.48↑ N.D. 5.75↑ 23.99↑ N.D.

Blood BCAA

Val(< 250uM) 744.48↑ 220.3 332.01↑ 300.01↑ 374.01↑

Leu + Ile(<350uM) 3249.18↑ 605.91↑ 2783.24↑ 2957.48↑ 3194.92↑

Leu + Ile/phe(< 10) 22.65↑ 16.91↑ 65.84↑ 72.48↑ 85.84↑

N.D. Not Detectable. –: Not checking
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mutations and gross deletions in the patients with designed
specific primers. The primer sets were designed to target dif-
ferent fragments within the deleted regions using an online
primer designing tool-Primer 3 (http://primer3.ut.ee/). The
primers were then synthesized by Shanghai Invitrogen
Biotechnology Company (Shanghai, China) (Table 1).

Six mutations, such as c.508C > T, c.659delA, c.523 T > C,
c.93_103dup11, c.550delT and c.863G > A were amplified
with routine procedures. The PCR amplification products
were purified and sequenced using an ABI Prism 3700 auto-
mated sequencer (Applied Biosystems, Foster City, CA).
Three gross deletions in case 2, 3 and 5 were quantitative
amplified according to the manufacturer’s recommendations
on a real-time PCR system (LightCycler 480 II, Roche, Foster
City, USA). Copy number variations were determined based
on the ratio of copies of the deletion fragment to a reference
gene (GAPDH). Genomic DNA samples from normal male
and female individuals were used simultaneously as two con-
trol samples. Each qPCR was carried out in triplicate with the

SYBR Premix Ex Taq II PCR reagent kit (TakaRa Bio,
Dalian, China) according to the manufacturer’s protocol.

Bioinformatic analysis of mutation

Homologous protein sequence alignments and bioinfor-
matic analysis of the mutations were conducted. Potential
effects of the mutations on function were assessed using
the following databases: UCSC Genome Bioinformatics
(http://genome.ucsc.edu/) (comparing with the reference
sequence of BCKDHA gene and BCKDHB gene); Human
Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/
index.php) (comparing with an integrated set of variants);
1000 Genomes Project (www.1000genomes.org) and
ExAC(http://exac.broadinstitute.org/about). PolyPhen-2
database (http://genetics.bwh.harvard.edu/pph2/index.
shtml) and SIFT sequence database (http://sift.jcvi.org/
www/SIFT_seq_submit2.html) were used to predict the
pathogenicity of missense alterations. ClustalX software

Fig. 1 Magnetic resonance
imaging of brain in case 3, 4, 5.
All of them are accord with the
manifestation of inherited
metabolic encephalopathy.
Widespread abnormal signals
were found in the brain including
bilateral brain bridge, midbrain,
pons, medulla, cerebellar vermis,
thalamus, corona radiata,
semioval center, bilateral globus
pallidus, internal capsule. A. axial
T2-weighted images (T2 W1); B.
axial T1-weighted images
(T1 W1); C. diffusion weighted
imaging (DWI); D. Fluid attented
inversion recovery (FLAIR)
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and OMIM (http://www.ncbi.nlm.nih.gov/omim/limits)
were used to obtain the multiple sequence alignments.
Generation of protein plots was performed using Swiss-
bdb Viewer4.0.

Result

Clinical characteristics and laboratory tests

Five index cases with MSUD were identified among 5432 by
high risk infants screening. All the five index cases presented
with increased Leucine (Leu), Ileucine (Ile), and Leu + Ile/Phe
(phenylalanine) ratio in dried blood spots, and 4 patients (case
1, 3, 4 and 5) have elevated valine (Val) (Table 2). So they
were highly suspected to suffer from maple syrup urine
disease.

Clinical data of five index cases were collected (Table 2).
All patients aged less than 10 days at the first onset. The main
clinical manifestations included irritability, feeding difficul-
ties, abnormal muscle tension, seizure, and so on. Among
them, case 1 and case 2 presented hypertonia, while other
patients (case 3, 4 and 5) exhibited acid-base imbalance in-
cluding respiratory acidosis, respiratory alkalosis and meta-
bolic acidosis. Blood biochemical index showed that blood
ammonia is mostly increasing, but the blood lactic acid is
normal which is different from the previous report (Yang
et al. 2012). Liver enzymes including glutamic-oxalacetic
transaminase and glutamic-pyruvic transaminase were nor-
mal, and glutamyl transpetidase was high, but amylase was
decreased in four patiens (case 1, 2, 4 and 5). Cranial MRI
showed widespread abnormal signals in four patients (case 2,
3, 4 and 5), while the case 1 was too serious to doMRI (Fig. 1,
Table 2). Case 2 was found to have severe anemia with hemo-
globin 78 g/L at 1-month-10-day old which was considered to
be from persistent feeding difficulty in his first month. After
the treatment for MSUD, the hemoglobin was normal, 120 g/
L, at 3-year-3 months old.

Genetic analysis

Whole exome targeted capture sequencing for inherited met-
abolic diseases were applied to detect the mutations in pa-
tients. Sanger sequencing and quantitative PCR (qPCR) were
utilized for verification. Eight different mutations were iden-
tified in BCKDHB and BCKDHA with compound heterozy-
gosis. Of which, 6 were novel mutation, including c.523 T >
C, c.659delA, c.550delT, c.863G >A and two gross deletions
(see Table 3 and Fig. 2).

None of these mutations was observed in databases and the
patients’ healthy familymembers. Themutations of c.550delT
and c.659delA could result in frameshift mutation in coding
sequence of BCKDHB, in which, the 229th codon became Ta
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premature stop codon in the same way, thus, the length of the
encoded peptide chain was reduced from 392 to 229 amino
acid residues (p.G209LfsX1 and p.S184PfsX1 respectively).
The two point mutations, c.863G > A in BCKDHA and
c.523 T > C in BCKDHB, are highly conservative in seven
species sequence analysis and were predicted to be pathogenic
by polyphen-2 (Fig. 3). In addition, the crystallographic struc-
ture of the human E1 tetramer of the BCKD complex predict-
ed by Swiss-PDB Viewer 4.0 indicated the two missense mu-
tations might affect E1 function (Fig. 4). Finally, the two point
mutations in the study were regarded as likely pathogenic.

�Fig. 2 Identification of mutations by NGS, Sanger sequencing and
qPCR for case 1–5.A. Compound heterozygousBCKDHB pointmutations
in case 1 inherited from her father and mother. B. Compound heterozygous
BCKDHB mutations (deletion and point) in case 2 inherited from his father
and mother. C. Homozygous BCKDHB point mutation (c.659delA) in case 3
inherited from his father but mother was not available. D. Compound
heterozygous BCKDHB mutations (deletion and duplication) in case 4
inherited from his father and mother. E. Compound heterozygous BCKDHA
mutations (deletion and point) in case 5 inherited from his father and mother.
The gross deletions in case 2 and 5were detected by SYBRqPCRassays. The
numbers on the y-coordinate refer to the ratio of deleted region versus
GAPDH copies. Generally the normal copies is 0.7 < 2-ΔΔCt <1.3 and 0.3
< 2-ΔΔCt <0.6 is loss of heterozygosity. P: proband; F: father; M: mother

Fig. 2 (continued)
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Treatment and follow up

In the acute phase, the best treatment was invasive interven-
tions such as peritoneal dialysis, hemodiafiltration or hemodi-
alysis. But our four patients (case 1, 3, 4 and 5) were all
decompensation, which they could not tolerate the general
anesthesia and dialysis. Therefore, the prompt and aggressive
treatment was carried out to reduce leucine levels, and the
basal prescription was a high-rate glucose infusion (12.5%)
to stimulate insulin secretion and suppress protein catabolism,
levocarnitine (100 mg/kg daily) to increase the plasma free
carnitine and decrease malondialdehyde and protect the neu-
ron, as well as thiamine (100 mg daily), BCAA-free medical
formula (6%), and mannitol (20%, 1.25–2.5 ml/kg) to prevent
the encephaledema. Sadly, the treatment did not take effect
and the four patients died from severe metabolic crisis and
cerebral injury though the liver transplantation was
recommended.

The case 2 was not in the severe acute phase when he was
diagnosed as MSUD and the good effect was received after
using the basal prescription same as that for other 4 patients.
When the plasma BCAA levels was normal, the long-term
treatment was maintained using dietary modifications, such
as protein restriction and BCAA-free medical formula, and
periodic monitoring by MS/MS and GC/MS. Thiamine was
not prescribed in the long-term treatment in which the proband
was ineffective by initial experimental thiamine administra-
tion. After the follow up of 3-year-3-month, he showed slight
mental and language developmental delay.

Since the MUSD was diagnosed by MS/MS and GC/MS,
We have carried out the thiamine administration in all cases
100 mg daily. However, case 1, 4 and 5 were dead from severe
metabolic crisis soon, and case 2 and 3 were ineffective.

Discussion

The branched-chain amino acids (BCAAs) including valine,
isoleucine and leucine are essential amino acids for hydrophobic
side chains. BCAAs comprise about 20–40% in most dietary
proteins. In the body, BCAAs undergo ammonia stripping by
branched chain aminotransferase (BCAT) to their respective α-
ketoacids, besides α-ketoacids was catalyzed oxidative decar-
boxylation by the branched-chain ketoacid dehydrogenase com-
plex (BCKDC), in order to carry out catabolism (Burrage et al.
2014). BCKDC, a highly conserved and large catalytic complex
(4.5 MDa), consists of a heterodimeric E1 decarboxylase com-
ponent (E1a and E1b subunits which were encoded by
BCKDHA(NC_000019.10) and BCKDHB(NC_000006.12)),
E2 transacylase component with 24 identical subunits which
was encoded byDBT gene (NC_000001.11), and a homodimer-
ic E3 component encoded by DLD gene (NC_000007.14)(Lu
et al. 2009; Abiri et al. 2016). Any one subunit change of
BCKDC could affect its catalytic function, which is likely to
cause MSUD. Otherwise, the change of regulatory enzyme to
BCKDC, PPM1K encoded by PPM1K which activates
BCKDC by dephosphorylation of the E1α subunit (Oyarzabal
et al. 2013) could also cause MSUD.

MSUD is a heterogeneous disorder with variable clinical
severity. Based on the clinical features and residual activity
of BCKDC, MUSD was classified into five types(Abiri et al.
2016; Taylor et al. 1978), including the classic type with 0–2%
enzyme activity and neonatal presentation, the intermediate
type with 3–30% enzyme activity and onset at any age, the
intermittent type with 5–20% enzyme activity and similarly
presenting at any age, the thiamin- responsive type with 2–
40% activity and being the late onset form, and
dihydrolipoamide dehydrogenase deficiency (E3 − deficiency)

Fig. 3 In silico analysis of the
novel point mutations in
BCKDHA and BCKDHB. A.
The point mutations c.863G>A
(p.G288D) in BCKDHA gene and
c.523 T > C (p.F175 L) in
BCKDHB gene are highly
conservative in seven species. B.
p.F175 L mutation is predicted to
be probably damaging with a
score of 0.995 (sensitivity 0.68;
specificity: 0.97); p.G288D
mutation is predicted to be
probably damaging with a score
of 1.000 (sensitivity 0.00;
specificity: 1.00)
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type with 8–20% activity and usually infancy manifestation.
According to the onset age and the severity of illness, case 1, 3,
4 and 5 were classified as classic MSUD, and case 2 is inter-
mediate MSUD.

At present, MSUD can be screened out by MS/MS testing,
but the specific genetic causes of MSUD have to be further

tested by molecular techniques which provided valuable
methods for diagnosis of the patients and carriers as well as
the chance for the treatment. Different molecular techniques
can be applicable, such as Sanger sequencing, real-time
qPCR, STR linkage analysis in the past (Abiri et al. 2017),
and high-throughput sequencing at present.

Fig. 4 3D–structure of wide-
type and mutant type BCKDHA
and BCKDHB. A. 3D–structure
of E1α and E1β. E1α (green),
E1β(blue). The red arrows
marked the locations of F175 and
G288. B. 3D structures of E1α
bearing wild-type or mutated
G288-α. The mutation D288-α
change the side strand structure.
C. 3D structures of E1β bearing
wild-type or mutated F175-β.
The mutation L175-β loss the
benzene ring structure

Metab Brain Dis (2018) 33:741–751 749



High-throughput sequencing has been increasingly accessi-
ble in the clinical laboratory with the advantages of rapid, ac-
curate, and relatively low cost. Target region capture sequenc-
ing was developed mainly to enrich and sequence specific re-
gions of particular interest, such as specific exons or entire
exomes on the basis of High-throughput sequencing
(Stoddard et al. 2014), offering a cost-effective solution for
investigating genetic mutations of inherited metabolic diseases.
In this study, we used a panel of target region capture sequenc-
ing containing 712 genes associated with inherited metabolic
diseases in which four genes of BCKDHA, BCKDHB, DLD
andDBT related to maple diabetes were included. Two patients
(case 2 and 5) were identified to have the gross deletions span-
ning several exons in BCKDHB and BCKDHA, individually,
which were further validated by qPCR. Our results showed that
the advantages of using both techniques of high throughput
sequencing and qPCR in detecting the gross deletion.

In recent years, some cases withMSUD have been found in
the Chinese population by the promotion ofMS/MS screening
technology (Lin et al. 2013), and some molecular data was
obtained showing that point mutations were most common in
Chinese patients withMSUD(Li et al. 2015; Yang et al. 2012).
We summarized the reports about MSUD in Chinese popula-
tion, and the variants happened in BCKDHA, BCKDHB and
DBT genes. However, in this study, small deletion/insertion
and gross deletion are the common mutations, and the cases
with BCKDHB mutations were in the majority, which were
different from other reports. Meanwhile, the novel mutation
c.659delA in BCKDHB gene was found in two patients (case
1 and 3) demonstrating that c.659delA mutation was more
common mutation in this cohort.

Basically, there are three therapeutic strategies for MSUD
(Burrage et al. 2014).First, the prompt and aggressive treat-
ment is to remove the toxic substances in body and symptom-
atic treatment, especially in the acute phase, the best treat-
ments was invasive interventions such as including peritoneal
dialysis, hemodiafiltration or hemodialysis, a high-rate glu-
cose infusion to stimulate insulin secretion and suppress pro-
tein catabolism, levocarnitine which could increase the plasma
free carnitine and decrease malondialdehyde to protect the
neuron (Ribas et al. 2014), mannitol to prevent the
encephaledema. Second, protein restriction and BCAA-free
medical formula limit the source, especially for the long-
term treatment. The last is that increases BCKDC activity
via tissue or cell transplantation, such as liver transplantation
(Miryounesi et al. 2015; Al-Shamsi et al. 2016).
Unfortunately, 4 patients in our study died from rapid deteri-
oration of the illness. Case 2 benefited from a relative later
onset, in-time discovery and early therapy. Moreover, he had
the compound heterozygous mutations c.523 T > C and ex.1–
7 del*, meanwhile the BCKDHB protein with the point mu-
tation c.523 T > C possibly remains very little residual activity
combining clinical characteristics with in silico analysis.

In summary, we present the clinical characteristics and mu-
tation analysis of 5 patients with MUSD, which had been
identified by LC-MS/MS, GC-MS screening and high-
throughput sequencing. Seven novel mutations were found
in BCKDHA and BCKDHB genes. The identification of these
mutations in this study further expands the spectrum of known
gene mutations and contributes to the genotype-phenotype
correlation and prenatal molecular diagnosis of MSUD.
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