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ARTICLE INFO ABSTRACT

Keywords: Objectives: Methylmalonic acidemia (MMA) is a rare inborn genetic disorder that is characterized
Methylmalonic acidemia by increased levels of methylmalonic acid in blood plasma and urine. Isolated methylmalonic
MMUT gene acidemia is one of the most common types of MMA and is caused by mutations in the gene
K;r;\a?;licing encoding methyl-malonyl coenzyme A mutase (MMUT). In this study, we investigated the possible

mechanisms underlying the symptoms of isolated MMA in a patient by molecular analysis.
Methods: PCR amplification and Sanger sequencing analysis was performed to identify variants in
the MMUT gene in the proband and his family. Furthermore, minigene constructs were generated
to validate the splicing defects in the MMUT gene variant identified in the proband.

Results: The 3-year-old patient was admitted to the hospital with symptoms of MMA, including
fever, convulsions, and vomiting. He showed metabolic acidosis, high levels of methylmalonic
acid in blood and urine, and normal blood homocysteine levels. Genetic analysis demonstrated
that the patient was a compound heterozygous carrier of two variants in the MMUT gene: a
missense ¢.278G > A variant that has already been reported in a patient with the severe mut®
phenotype; and a novel splice site variant ¢.2125-2A > G. RT-PCR analysis showed that, while the
novel variant clearly alters splicing, a minor amount of a full-length transcript is generated,
suggesting that a wild-type protein may be produced although at a lower quantitative level. The
patient’s condition improved after treatment with vitamin B12. Serious complications were not
reported during follow-up at age 5.

Conclusions: We identified a novel splice site variant that partially disrupts normal splicing of the
MMUT pre-mRNA. Production of a reduced amount of full-length transcript is responsible for the
mild clinical phenotype observed in this patient. Functional studies have proven useful in exploring
the genotype-phenotype association and in providing guidance for the genetic diagnosis of MMA.

RNA splice sites

Abbreviations: MMA, methylmalonic acidemia; MCM, methyl malonyl-CoA mutase; MCEE, methyl malonyl-CoA epimerase; TCA, Tricarboxylic
Acid Cycle; HGMD, Human Gene Mutation Database; ACMG, American Society for Molecular Genetics and Grnomics; PVS1, pathogenic very strong
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1. Introduction

Methylmalonic acidemia (MMA) is an autosomal recessive inborn genetic disorder characterized by elevated levels of methyl-
malonic acid in the blood, urine, and cerebrospinal fluid [1]. The global incidence of MMA ranges from 1:50,000 to 1:200,000 births
[2,3]. MMA is caused by the inability to metabolize methylmalonyl coenzyme A because of deficiency in enzymes such as methyl
malonyl-CoA mutase (MCM) or methyl malonyl-CoA epimerase (MCEE) [4], or deficiency in proteins that are involved in the synthesis
and transport of adenosylcobalamin (cofactor of MCM), including cblA, cblB, cblC, cblF, cblD, and cblX [5]. Patients with MMA are
classified into the two types based on the plasma homocysteine levels: (1) isolated methylmalonic aciduria (without hyper-
homocysteinaemia) and (2) combined methylmalonic aciduria (with hyperhomocysteinaemia) [6]. Currently, isolated methylmalonic
aciduria is associated with mutations in at least four genes. The most common mutations in patients with isolated MMA occur in the
MMUT gene that encodes the MCM protein (MIM # 251000) [7,8]. MMA is also caused by mutations in the MMAA gene that encodes
cblA (MIM # 251100), MMAB gene that encodes cblB (MIM # 251010), and MCEE gene that encodes methyl malonyl-CoA isomerase
(MIM # 251120) [9]. Mutations in the MMAA and MMAB genes disrupt the synthesis and metabolism of 5-deoxyadenosylcobalamin,
an essential cofactor for the functioning of methylmalonyl-coenzyme A [10].

MCM is an adenosylcobalamin-dependent mitochondrial enzyme that plays an important role in the metabolism of isoleucine,
threonine, valine, and odd-chain fatty acids. In the mitochondria, MCM catalyzes the isomerization of methyl malonyl-CoA into
succinyl-CoA, which subsequently enters the tricarboxylic acid (TCA) cycle [11]. MCM protein deficiency causes abnormal accu-
mulation of methylmalonic acid, propionic acid, and methyl citrate, and damages multiple organs and cells, including the neurons,
liver, kidneys, and the bone marrow [12]. Two categories of MMA patients’ subtypes have been identified based on the MCM
apoenzyme deficiency: (1) mut® type with complete loss of MCM protein activity; (2) mut™ type with low residual MCM protein ac-
tivity [13]. Children with the mut® type MMA are associated with <0.1% MCM enzyme activity, show features of metabolic acidosis in
the first week of life, and are at greater risk of early death [14]. Children with mut™ type MMA show disease symptoms within a few
months or years of life and are susceptible to recurrent ketoacidosis because of infections with one year after birth [15].

In this report, we describe an isolated methylmalonic aciduria patient with a novel pathogenic splicing MMUT variant who displays
amild MMA phenotype. Our data supports the hypothesis that this novel splice site variant involves leaky splicing of the mutant MMUT
gene.

2. Materials and methods
2.1. Patients and samples

The proband was a 3-year-old Chinese boy who was admitted to the Tianjin Children’s hospital. Since he was a minor child, his
parents provided written informed consent after interview. This study was approved by the Ethics Committee of the Tianjin Children’s
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Fig. 1. Aberrant splicing caused by the ¢.2125-2A > G variant. (a) Schematic representation of the 1747 bp oligonucleotide sequence inserted into
the expression vector. The exons are denoted by boxes. The black, red, and blue lines indicate introns flanking exons 11, 12, and 13, respectively.
The gray arrow indicates ¢.2125-2A > G. The position of primers P1-P6 and P9-P10 are also shown. (b) Agarose gel electrophoresis of the RT-PCR
products. Lane 1, D2000 bp marker; lane 2, untransfected HEK293T cells; lane 3, HEK293T cells transfected with the wild-type MMUT plasmid
vector, and lane 4, HEK293T cells transfected with the variant MMUT plasmid vector. (¢) Sequencing analysis results show insertion of a hybrid 270
bp intronic sequence.
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Hospital.

2.2. Genetic analysis

Fasting venous blood was collected from the patient and his parents. The genomic DNA was extracted from the blood samples using
the Blood Genomic DNA Kit (CWBIO Biotech Co., Ltd) and stored at —20 °C. The concentration and quality of the genomic DNA
samples was estimated using the NanoDrop 2000 spectrophotometer. We used the following MMUT transcripts for our analysis:
ENST00000274813.4 and NM_000255.4. The amplification of MMUT exons was performed using 13 pairs of primers as described
previously [16]. Sanger sequencing was performed by the GENEWIZ Company.

2.3. Vector constructs for the minigene assay

The pcDNA3.1-HisA vector plasmid was used for the minigene assay. This vector contained a CMV promoter, BGH polyadenylation
sequence, and multiple cloning sites. An oligonucleotide sequence of 1747 bp (Fig. 1a) was cloned into the BamHI and EcoRI sites of the
pcDNA3.1-His vector by homologous recombination with the ClonExpress Ultra One Step Cloning Kit (Vazyme Biotech Co., Ltd)
according to the manufacturer’s protocol. This oligonucleotide sequence containing intron-exon-intron features were amplified. Each
exon was flanked by ~150 bp of intron sequences. The amplicon 11 (upstream sequence of 197 bp + Exon 11 sequence of 149 bp +
downstream sequence of 126 bp), amplicon 12 (upstream sequence of 118 bp + Exon 12 sequence of 168 bp + downstream sequence of
149 bp), and amplicon 13 (upstream sequence of 122 bp + Exon 13 sequence of 579 bp + downstream sequence of 139 bp) were
amplified by PCR. The reference recombined vector was constructed with primers P1-P6 (Fig. 1a). The mutant recombined vector was
constructed using the Fast Site-directed Mutagenesis Kit (Tiangen Biotech Co., Ltd) with primers P7-P8. Plasmids were sequenced to
confirm the presence of directed mutations.

2.4. Cell culture and transfection

Human Embryonic Kidney 293T (HEK293T) cells were cultured in six-well cell culture plates with DMEM (Gibco, Thermo Fisher)
containing 10% fetal bovine serum. The reference and variant plasmid constructs were transfected into HEK293T cells using Lip-
ofectamine 2000 (Invitrogen, Thermo Fisher) according to manufacturer’s protocol.

2.5. RT-PCR analysis

After 48 h, total RNA was isolated from transfected cells using Trizol (Invitrogen, Thermo Fisher) according to manufacturer’s
instructions, and amplified by RT-PCR using the minigene PCR primers P9-P10 (Fig. 1a). The PCR products were separated by
electrophoresis on a 1.5% agarose gel stained with 1% Gel-red (Biotium). Finally, RT-PCR products were sequenced. All the primers
used in the minigene assay are listed in Table 1.

3. Results
3.1. Clinical findings confirm a case of isolate MMA

The patient was a three-year-old boy who was admitted to the Children’s hospital because of self-reported fever, vomiting and
convulsions. The boy presented with unconsciousness and turning of the eyes during convulsions. The early psychomotor development
was normal and there was no previous history of cerebral lesions. After admission, the patient demonstrated symptoms of lassitude,
lethargy, and slow response after pain stimulation. The cranial MRA did not show any abnormalities. The electroencephalogram
monitoring indicated slow waves in the occipital region. The brain MRI (T2WI/FLAIR) showed patchy hyperintense shadows in the

Table 1
Minigene assay associated primers.
Primers Explanation F/R Sequence 5-3'
P1 Amplicon11 F cttggtaccgagetcggatccTAACTATGTAACAAGCCTGCACATTAA
P2 R agacttcatgCAGTGGCTACATACCAGTTACCAGG
P3 Amplicon12 F gtagccactgCATGAAGTCTTTGCCCATTAGTATG
P4 R ctactggcCCACTTTTAGACCTTGTAGAATTTATTTAG
P5 Amplicon 13 F gtctaaaagtggGCCAGTAGTATACCAGTTGAGAAGGTT
P6 R tgctggatatctgcagaattcTTGAAGAAATATACTGTCAAATTCCCC
P7 Site-specific mutation F TTAAACACATTCTTTCAACGGGATTATGAATT
P8 R CGTTGAAAGAATGTGTTTAATTAATAAGAGC
Po Minigene PCR primers F GCTGATCTTGGTTTTGATGTGG
P10 R CTGGTGCTCAAGACAATGTAATGC

Small letters indicate the homologous arm sequence (including cleavage sites of restriction enzyme) and capital letters indicate the intron region of
the amplicon.
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bilateral parietal white matter. Furthermore, multiple linear long T1 and T2 signal shadows were observed in the splenium of the
corpus callosum and the white matter area of the bilateral parietal lobe. Blood gas analysis demonstrated metabolic acidosis (pH
7.27-7.42, BE-18.5-6.7 mmol/L). Blood homocysteine levels were normal at 6.3 pmol/L. Gas Chromatograph/Mass Spectrometer
(GC/MS) analysis showed increased level of methylmalonic acid in the urine during an acute episode (MMA ratio: 325.5). The MMA
ratio in urine decreased significantly to 91.3 after an intramuscular injection of vitamin B12 (dose of 1 mg/qd). The patient was
followed-up at 5 years of age and was asymptomatic with satisfactory growth and development that was comparable with children of
the same age.

3.2. The patient is compound heterozygous carrier of two variants in the MMUT gene

Sanger sequencing was performed to determine the cause of isolated methylmalonic acidemia. Since the patient showed symptoms
of isolated MMA, we prioritized analysis of MMUT variants. Sanger sequencing results demonstrated a missense variant c¢.278G > A (p.
R93H, rs121918251) in the exon 2 of the MMUT gene in the proband. This variant was heterozygous and was inherited from his father
and was associated with the MMA mut® type. This variant has never been reported in East Asia and the frequency in the general
population is 0.0006364 (gnomAD v2.1.1:https://gnomad.broadinstitute.org/variant/6-49426902-C-T?dataset=gnomad r2_1). The
patient and his mother also showed the novel ¢.2125-2A > G variant located interestingly within the acceptor splice site of intron 12 in
the MMUT gene (Fig. 2). Therefore, minigene assay was performed to determine if this mutation affected splicing.

3.3. The c.2125-2A > G variant in MMUT alters significantly but not completely the biosynthesis of a full-length transcript

Sequencing analysis was performed for all the RT-PCR products that were generated in the minigene assay. Gel electrophoresis
(Fig. 1b) of the RT-PCR products showed a single band for the wild-type with an expected size of 745 bp, while the variant showed a
similar band with a much lower intensity accompanied by a major larger product. Sanger sequencing revealed that this similar band
was consistent with the wild-type after sequence alignment and this analysis results suggested that a full-length transcript may be
produced in the variant condition. Moreover, sequencing results showed the other major larger product for the mutant was a hybrid
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Fig. 2. Sanger sequencing of the proband MMUT gene show compound heterozygous variants (a and b). The ¢.2125-2A > G variant is inherited
from the mother (c and d), the ¢.278G > A variant is from the father (e and f). Black arrows denote variant positions.
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intron of 270 bp retained in the coding region between exons 12 and 13 (Fig. 1c), which was considered deleterious compared to the
normal splicing pattern of wild-type. Incidentally, the other minimal product in lane “MUT” was a non-specific amplification, whereas
the band observed in lane “CELL” was MMUT gene-specific endogenous product.

Based on the American College of Medical Genetics and Genomics (ACMG) Standards and Guidelines published in 2015 [16], this
result meets ACMG criteria for PVS1 (very strongly pathogenic) combined with further applicable evidence for PM3 (moderately
pathogenic) and PP4 (supporting pathogenic). Therefore, we conclude that this MMUT variant is pathogenic.

4. Discussion

According to the Human Gene Mutation Database (HGMD), 443 different variant types have been identified for the human MMUT
gene, including 280 missense/nonsense variants, 34 splicing variants, 107 small deletions/insertions, and others (https://portal.
biobase-international.com/hgmd/pro/gene.php?gene=MMUT; OCT 09, 2020). More than 50% of the MMUT variants cause mut’
type of MMA and these mutations are mostly found in exons 2, 3, 6, 11 and 12, especially exons 11 and 12, which encodes the
cobalamin binding domain sequence in the MCM protein [17]. In the patient described here, we identified a MMUT variant c.278G > A
based on the molecular genetics analysis in the exon 2 of MMUT and was previously reported to be associated with a severe phenotype
[18]. We also identified a novel variant c.2125-2A > G. We used the minigene assay to characterize the effect of the c.2125-2A > G
variant and observed that this alteration maintains the production of a full-length transcript, although at a much lower level than in
wild-type conditions. The maintenance of a full-length transcript is thought to result in the biosynthesis of a reduced amount of normal
protein. Our data demonstrated that the proband carried two unequivocally pathogenic variations in the MMUT gene, which
contributed to the manifestation of isolated MMA.

The clinical symptoms of MMA include lethargy, ketoacidosis, and hypoglycemia or hyperglycemia, and tend to recur; MMUT gene
variants usually cause relatively severe MMA symptoms [19]. However, onset at 3 years of age, age-appropriate mental and psy-
chomotor development, and mild symptoms in this patient were not in accordance with our initial expectations. The mild symptoms
observed in this patient appear to correlate well with the experimental analysis showing that the MMUT allele carrying the c.2125-2A
> G variant has a partial deleterious defect on splicing.

Patients with MMUT variants show comparatively unfavorable prognosis in comparison with the other MMA subtypes. Therefore,
these patients require effective therapeutic interventions. It is evident that cobalamin, a coenzyme of MCM, enhances the enzymatic
activity of MCM [13]. Hence, cobalamin is a viable therapeutic option for the mut-negative (mut™) type of MMA. The efficacy of
vitamin B12 treatment is highly variant and is dependent on the type of MMUT gene variant in the patients [20]. Our patient showed a
less severe phenotype and demonstrated good response when supplemented with hydroxocobalamin. This suggested that the
biosynthesis of the wild-type MMUT mRNA for the normal protein and the MCM enzymatic activity was not lost completely. This
genotype-phenotype association further enhances our understanding of methylmalonic acidemia and provides guidance for selecting
an appropriate treatment strategy and performing accurate prognostic assessments.

There are some limitations to this study. The current minigene design forces the splicing machine to use a cryptic splice acceptor
site in the intron 12, resulted in intron retention that is artificial and not representative of the real situation in vivo. In addition, we did
not perform additional studies on protein levels. But in general, minigene assay is very useful for assessing the impact of variants,
especially if sufficient patient RNA is not available.

In conclusion, the pathogenic ¢.2125-2A > G splice site variant of the MMUT gene is leaky and results in low expression levels of
MMUT transcripts, which helps explain the mild clinical phenotype. Our results confirm the significance of functional studies of
variants that may affect splicing. The identification of MMUT variants can guide the genetic diagnosis of MMA and provide a theo-
retical basis for further treatment, follow-up studies and clinical strategies.

Ethical Approval and consent to participate

The study protocol was approved by the Ethics Committee of Tianjin Children’s Hospital (the Ethics Committee of Tianjin Chil-
dren’s Hospital; 2022-LXKY-009). Written informed consent to participate was obtained from the patient’s parents.

Consent for publication
Written informed consent was obtained from the patient’s parents for publication.
Funding

This work was sponsored by Tianjin Health Research Project [grant number ZC20107], the Program of Tianjin Science and
Technology Plan [grant number 21JCZDJC01030].

Data availability statement

All data relevant to the study are included in the article.


https://portal.biobase-international.com/hgmd/pro/gene.php?gene=MMUT
https://portal.biobase-international.com/hgmd/pro/gene.php?gene=MMUT

X. Zhang et al.

Heliyon 10 (2024) e26912

CRediT authorship contribution statement

Xinjie Zhang: Writing — original draft, Methodology, Investigation, Formal analysis, Data curation. Xiaowei Xu: Writing — original
draft, Methodology, Investigation, Data curation. Jianbo Shu: Writing — review & editing, Formal analysis. Xiufang Zhi: Software,
Methodology. Hong Wang: Resources. Yan Dong: Investigation. Wenchao Sheng: Software. Dong Li: Funding acquisition,
Conceptualization. Yingtao Meng: Writing — review & editing, Project administration, Funding acquisition, Conceptualization.
Chunquan Cai: Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We thank for the support of “The Tianjin Key Medical Discipline (Specialty) Construction Project (TJYXZDXK-040A).”

References

[1]

[2

—

[3]
[4]

[5]
[6]

[71
[8]
[91
[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]
[18]
[19]

[20]

F. Horster, A.T. Tuncel, F. Gleich, et al., Delineating the clinical spectrum of isolated methylmalonic acidurias: cblA and mut, J. Inherit. Metab. Dis. 44 (1)
(2021) 193-214, https://doi.org/10.1002/jimd.12297.

E. Schnabel, S. Kolker, F. Gleich, et al., Combined newborn screening allows comprehensive identification also of attenuated phenotypes for methylmalonic
acidurias and homocystinuria, Nutrients 15 (15) (2023) 3355, https://doi.org/10.3390/nul15153355.

F. Wang, L. Han, Y. Yang, et al., Clinical, biochemical, and molecular analysis of combined methylmalonic acidemia and hyperhomocysteinemia (cbIC type) in
China, J. Inherit. Metab. Dis. 33 (Suppl 3) (2010) S435-S442, https://doi.org/10.1007/s10545-010-9217-0.

K. Heuberger, H.J. Bailey, P. Burda, et al., Genetic, structural, and functional analysis of pathogenic variations causing methylmalonyl-CoA epimerase
deficiency, Biochim. Biophys. Acta, Mol. Basis Dis. 1865 (6) (2019) 1265-1272, https://doi.org/10.1016/j.bbadis.2019.01.021.

F. Keyfi, S. Talebi, A.R. Varasteh, Methylmalonic acidemia diagnosis by laboratory methods, Rep Biochem Mol Biol 5 (1) (2016) 1-14.

S.E. Waisbren, Review of neuropsychological outcomes in isolated methylmalonic acidemia: recommendations for assessing impact of treatments, Metab. Brain
Dis. 37 (5) (2022) 1317-1335, https://doi.org/10.1007/s11011-022-00954-1.

B. Han, W. Nie, M. Sun, Y. Liu, Z. Cao, Clinical presentation, molecular analysis and follow-up of patients with mut methylmalonic acidemia in Shandong
province, China, Pediatr Neonatol 61 (2) (2020) 148-154, https://doi.org/10.1016/j.pedneo.2019.07.004.

0. Sakamoto, T. Ohura, Y. Matsubara, M. Takayanagi, S. Tsuchiya, Mutation and haplotype analyses of the MUT gene in Japanese patients with methylmalonic
acidemia, J. Hum. Genet. 52 (1) (2007) 48-55, https://doi.org/10.1007/510038-006-0077-2.

B. Fowler, J.V. Leonard, M.R. Baumgartner, Causes of and diagnostic approach to methylmalonic acidurias, J. Inherit. Metab. Dis. 31 (3) (2008) 350-360,
https://doi.org/10.1007/s10545-008-0839-4.

L. Kang, Y. Liu, M. Shen, et al., A study on a cohort of 301 Chinese patients with isolated methylmalonic acidemia, J. Inherit. Metab. Dis. 43 (3) (2020) 409-423,
https://doi.org/10.1002/jimd.12183.

C. Acquaviva, J.F. Benoist, S. Pereira, et al., Molecular basis of methylmalonyl-CoA mutase apoenzyme defect in 40 European patients affected by mut(o) and
mut- forms of methylmalonic acidemia: identification of 29 novel mutations in the MUT gene, Hum. Mutat. 25 (2) (2005) 167-176, https://doi.org/10.1002/
humu.20128.

F. Horster, G.F. Hoffmann, Pathophysiology, diagnosis, and treatment of methylmalonic aciduria-recent advances and new challenges, Pediatr. Nephrol. 19 (10)
(2004) 1071-1074, https://doi.org/10.1007/s00467-004-1572-3.

M.R. Baumgartner, F. Horster, C. Dionisi-Vici, et al., Proposed guidelines for the diagnosis and management of methylmalonic and propionic acidemia, Orphanet
J. Rare Dis. 9 (2014) 130, https://doi.org/10.1186/s13023-014-0130-8. Published 2014 Sep. 2.

C.J. O’Shea, J.L. Sloan, E.A. Wiggs, et al., Neurocognitive phenotype of isolated methylmalonic acidemia, Pediatrics 129 (6) (2012) e1541-e1551, https://doi.
0rg/10.1542/peds.2011-1715.

G. Imataka, O. Sakamoto, H. Yamanouchi, et al., Novel ¢.2216T > C (p.I739T) mutation in exon 13 and ¢.1481T > A (p.L494X) mutation in exon 8 of MUT gene
in a female with methylmalonic acidemia, Cell Biochem. Biophys. 67 (1) (2013) 185-187, https://doi.org/10.1007/s12013-013-9532-9.

S. Richards, N. Aziz, S. Bale, et al., Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American
College of medical genetics and genomics and the association for molecular pathology, Genet. Med. 17 (5) (2015) 405-424, https://doi.org/10.1038/
gim.2015.30.

C. Kumari, S. Kapoor, B. Varughese, S.K. Pollipali, S. Ramji, Mutation analyses in selected exons of the MUT gene in Indian patients with methylmalonic
acidemia, Indian J. Clin. Biochem. 32 (3) (2017) 266-274, https://doi.org/10.1007/512291-016-0600-y.

P. Forny, A.S. Schnellmann, C. Buerer, et al., Molecular genetic characterization of 151 mut-type methylmalonic aciduria patients and identification of 41 novel
mutations in MUT, Hum. Mutat. 37 (8) (2016) 745-754, https://doi.org/10.1002/humu.23013.

K. Splinter, A.K. Niemi, R. Cox, et al., Impaired health-related quality of life in children and families affected by methylmalonic acidemia, J. Genet. Counsel. 25
(5) (2016) 936-944, https://doi.org/10.1007/s10897-015-9921-x.

Y. Yu, R. Shuai, L. Liang, et al., Different mutations in the MMUT gene are associated with the effect of vitamin B12 in a cohort of 266 Chinese patients with mut-
type methylmalonic acidemia: a retrospective study, Mol Genet Genomic Med 9 (11) (2021) e1822, https://doi.org/10.1002/mgg3.1822.


https://doi.org/10.1002/jimd.12297
https://doi.org/10.3390/nu15153355
https://doi.org/10.1007/s10545-010-9217-0
https://doi.org/10.1016/j.bbadis.2019.01.021
http://refhub.elsevier.com/S2405-8440(24)02943-8/sref5
https://doi.org/10.1007/s11011-022-00954-1
https://doi.org/10.1016/j.pedneo.2019.07.004
https://doi.org/10.1007/s10038-006-0077-2
https://doi.org/10.1007/s10545-008-0839-4
https://doi.org/10.1002/jimd.12183
https://doi.org/10.1002/humu.20128
https://doi.org/10.1002/humu.20128
https://doi.org/10.1007/s00467-004-1572-3
https://doi.org/10.1186/s13023-014-0130-8
https://doi.org/10.1542/peds.2011-1715
https://doi.org/10.1542/peds.2011-1715
https://doi.org/10.1007/s12013-013-9532-9
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1007/s12291-016-0600-y
https://doi.org/10.1002/humu.23013
https://doi.org/10.1007/s10897-015-9921-x
https://doi.org/10.1002/mgg3.1822

	A novel MMUT splicing variant causing mild methylmalonic acidemia phenotype
	1 Introduction
	2 Materials and methods
	2.1 Patients and samples
	2.2 Genetic analysis
	2.3 Vector constructs for the minigene assay
	2.4 Cell culture and transfection
	2.5 RT-PCR analysis

	3 Results
	3.1 Clinical findings confirm a case of isolate MMA
	3.2 The patient is compound heterozygous carrier of two variants in the MMUT gene
	3.3 The c.2125-2A ​﹥ ​G variant in MMUT alters significantly but not completely the biosynthesis of a full-length transcript

	4 Discussion
	Ethical Approval and consent to participate
	Consent for publication
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


