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Spectrum of genetic mutations
iIn methylmalonic aciduria among
Iranian patients
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Methylmalonic aciduria (MMA) is described by high methylmalonic acid concentrations in the blood
and urine. This condition can be isolated or in combination with homocystinuria. While variants in

the MMUT, MMAA, MMAB, MMADHC and MCEE genes contribute to the pathogenesis of the isolated
form, variants in MMACHC, MMADHC, LMBRD1, and ABCD#4 genes, are responsible for diverse types
of combined MMA and homocystinuria. In the current study, we report molecular tests of 15 Iranian
patients who had mutations in MMA-related genes. Among the assessed patients, MMACHC gene was
the most prevalently mutated gene (mutated in 7 patients). Each of MMAA, MMAB, and MMUT genes
were mutated in 2 patients, respectively. Finally, we detected variants in each of ACSF3 and ABCD4
genes in one case, respectively. Among the identified variants, five variants were not reported before.
Cumulatively, the current study provides some data about MMA-related variants among Iranian
patients.
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Isolated methylmalonic aciduria (MMA) encompasses a group of metabolic disorders described by elevated
methylmalonic acid concentration in the blood and urine. Its frequency is about 1:50 000 people. The underlying
cause is a defect in the isomerization (conversion) of methylmalonyl-coenzyme A (CoA) into succinyl-CoA in
the course of propionyl-CoA metabolism in the mitochondrial matrix. In the isolated form of disorder, there
is no variation in other metabolites, thus there is no associated hyperhomocysteinemia, homocystinuria, or
hypomethioninemia. This disorder is caused by complete or incomplete defects in the enzyme methylmalonyl-
CoA mutase (encoded by MMUT gene)?, a deficiency in the transport or biosynthesis of its cofactor, 5-deoxy-
adenosyl-cobalamin (cblA, cblB, or cbID-MMA, due to variants in MMAA, MMAB, and MMADHC genes,
respectively®), or deficiency of the enzyme methylmalonyl-CoA epimerase (encoded by MCEE gene*). MMUT
gene encodes a key enzyme responsible for the catabolism of the branched-chain amino acids, odd-chain
fatty acids and the side chain of the cholesterol, through facilitating transformation of methylmalonyl-CoA to
succinyl-CoA as substrate for the Krebs cycle®. A number of MMA variants are described as combined MMA
with homocystinuria. These variants are caused by defect in the transport or synthesis of MMUT cofactor
(adenosylcobalamin) or methionine synthase cofactor (methylcobalamin). Targeted metabolomics shows high
level of propionylcarnitine (C3) in dry blood spot in MMA patients .

The long-term prognosis of MMA is determined by the affected gene and the severity of the variant. The
majority of MMA patients have variants in the MMUT gene®. This gene is responsible for coding methylmalonyl-
CoA mutase, an enzyme that cooperates with vitamin B12 to break down numerous amino acids, some types
of lipids, and cholesterol’. Variants that preclude the synthesis of any functional enzyme lead to a form of the
disorder nominated as mut0%. This is the most severe form of MMA with the poorest outcome. Variants that
alter the configuration of methylmalonyl-CoA mutase but do not abolish its activity result in a less severe form
(mut-)°.

MMA has a significant morbidity and mortality. In fact, the long-term survival of patients is not favorable.
While early reports of 1980s demonstrated a mortality rate of 60-88% for mut MMA'9, this rate was shown to
be decreased to about 40% in the 2000s!!. A more recent study showed that the long-term survival of MMA
patients differs from normal to life-threatening outcomes based on multiple factors, such as “pre-treatment
onset’, “diagnosed with or without newborn screening’, and the presence of certain MMACHC variants!2.
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Proteins encoded by the MMAA, MMAB, and MMADHC genes contribute to the appropriate functions of
methylmalonyl-CoA mutase®. Finally, methylmalonyl CoA epimerase contributes to the breakdown of amino
acids, some types of lipids, and cholesterol. Defects in the function of methylmalonyl CoA epimerase result in a
form of MMA with various clinical signs®.

In addition, there are diverse types of combined MMA and homocystinuria, namely cblC, cblD, cblF, and
cbl], caused by variants in MMACHC, MMADHC, LMBRD1, and ABCD4 genes, respectively”‘“.

In the current study, we used whole exome sequencing (WES) technique to find the pathogenic variants that
lead to MMA among Iranian patients to find mutation spectrum of MMA-related genes in Iranian patients and
use the data for genetic counseling of at-risk families.

Case presentation
This study was performed on 15 unrelated Iranian cases of MMA. Cases were obtained through consecutive
referrals. The following inclusion and exclusion criteria were considered.

Inclusion criteria
Patients were included in the study if they met the following criteria:

1. Diagnosis: Clinical and biochemical suspicion of MMA based on:

Elevated methylmalonic acid levels in blood/urine.
Clinical symptoms (such as metabolic acidosis, hyperammonemia, and developmental delay).

2. Referral: Patients referred to the Comprehensive Genomic Center, Tehran, Iran (2018-2024) for genetic
confirmation.

3. Consent: Legal representatives provided written informed consent for genetic testing and study participa-
tion.

4. Data Availability: Availability of clinical, biochemical, and follow-up data for analysis.

Exclusion criteria
Patients were excluded if they had one of the following conditions:

1. Incomplete Data: Lack of sufficient clinical or laboratory records for confirmation.
2. Alternative Diagnoses: Confirmed genetic or metabolic disorders other than MMA.
3. Non-Consent: Cases where informed consent was not obtained.

Patient selection process
A structured approach was used to identify and enroll eligible MMA cases:

1. Referral & Initial Screening:

o DPatients were referred to the Comprehensive Genomic Center (2018-2024) due to clinical/biochemical sus-
picion of MMA.

o Preliminary assessment included medical history, metabolic workup (e.g., plasma/urine MMA levels, ammo-
nia, gas analysis), and exclusion of other metabolic disorders.

2. Eligibility Confirmation:

« Cases with elevated methylmalonic acid and compatible symptoms proceeded to genetic testing.
« Patients with incomplete records or unclear diagnoses were excluded.
 Genetic Testing & Enrollment:

- WES was performed for molecular confirmation.
- Those with variants in MMA-associated genes and signed consent were included in the final cohort
(n=15). All cases were unrelated.

3. Ethical Approval:

o The study was approved by the Ethics Committee of Shahid Beheshti University of Medical Sciences.
o All procedures followed declaration of Helsinki guidelines.

Molecular diagnosis

Genomic DNA was obtained from the peripheral blood of MMA cases using the standard salting-out procedure.
The concentration and quality of DNA were evaluated using a NanoDrop 1000 (Thermo Fisher Scientific, USA).
Genomic DNA of probands was subjected to WES using an Illumina HiSeq4000 system with paired-end reads of
101 bp and 100X coverage. Exonic and adjoining exon-intron border regions were enriched using SureSelectXT2
V6 kits. After exclusion of low-quality reads, the reads were mapped to the human genome reference (hg37
build) using the Burrows-Wheeler Aligner version 1 (https://bio-bwa.sourceforge.net/). Next, Sequence
Alignment/Map (SAM) tools version 1.6 (http://samtools.sourceforge.net) were used for detection and removal
of duplicates. Then, recalibration and single nucleotide polymorphism/indel calling were conducted. Variant
calling and filtering were done using the Genome Analysis Toolkit version 4 (https://gatk.broadinstitute.org/hc
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/en-us). The primary step involved manual filtration process. First, formerly reported variants in ClinVar (http
s://www.ncbinlm.nih.gov/clinvar/) were evaluated for their association with the clinical finding. At that point,
we considered the allele state. Finally, the called variants were annotated and ranked using ANNOVAR software
version 2019-10-24 (https://annovar.openbioinformatics.org/en/latest/). The identified variants were verified by
Sanger sequencing in the probands (Figures S1-S5). Furthermore, segregation analyses were conducted in the
families that requested prenatal diagnosis for subsequent pregnancies.

Results
Genetic spectrum of MMA in the Iranian cohort
We identified MMA-associated variants in 15 Iranian MMA cases. Variants were distributed across six genes
(MMACHC, MMAA, MMAB, MMUT, ACSF3, and ABCD4). Notably, MMACHC was the most prevalent gene
in this cohort (7/15 cases, 46.7%), with the recurrent ¢.394 C>T (p.R132X) variant being detected in 4 cases in
homozygote state. A patient (case 10) was a compound heterozygote for two pathogenic variants in the MMACHC
gene. Five variants were previously unreported (e.g., MMAA ¢.1229T > A, MMUT c.309_327del). Finally, variants
in ACSF3 (p.R10Q, VUS) and ABCD4 (p.LA47E, likely benign) were detected but require functional validation.
Table 1 summarizes molecular data, including ACMG classifications and population frequencies.

Figure 1 represents the protein domains of this key gene, where the location of each amino acid change is
shown.

Genotype-Phenotype correlations

Patients with MMACHC variants (cblC Type) had severe neonatal-onset (Cases 5-8). Moreover, homozygosity
for p.R132X was associated with metabolic acidosis (3/4 cases), seizures (3/4 cases), developmental delay (4/4
cases), consistent with classic cblC phenotypes. Case 10 (compound heterozygous: p.R206W/p.E92=) had milder
phenotype (no acidosis, normal development), suggesting that hypomorphic alleles may attenuate severity.

We had two cases with MMAA/MMAB variants (cblA/cbIB Types). Case 2 (MMAA p.R359X, homozygous)
had metabolic acidosis but no neurological deficits, aligning with typical cblA. Case 4 (MMAB p.R191W,
homozygous) had seizures and respiratory distress at birth, reflecting early-onset cblB. Among patients with
MMUT variants (Mut Type), case 12 (p.M1?) had severe metabolic acidosis and vomiting, consistent with mut(0)
subtype; and case 13 (p.R103Sfs*71) had neonatal hyperammonemia and acidosis, typical of null variants.

Among those with ACSF3/ABCD4 variants (Atypical MMA), case 14 (ACSF3 p.R10Q) had recurrent
infections but no classic MMA symptoms, suggesting a milder or tissue-specific effect; and case 15 (ABCD4
p.L47F) had hypotonia and seizures but normal MRI, complicating cblJ classification (variant classified as likely
benign).

Finally, 12/15 cases (80%) had consanguineous parents, reinforcing autosomal recessive inheritance. Table 2
details clinical profiles, highlighting correlations with genetic subtypes.

Functional impact of variants (In Silico Predictions)

Table 3 integrates computational analyses. Pathogenic truncating variants (e.g., MMACHC p.R132X, MMAA
p.L410X) were uniformly predicted as deleterious. Among missense variants, conflicting predictions was
retrieved for MMAB p.Pro53Leu (REVEL: benign; DANN: deleterious), warranting functional studies. The
ABCD4 p.LA7F variant was predicted as an uncertain variant by REVEL and SIFT, but deleterious by three
other prediction tools. This discordance is possibly due to differences in algorithmic training datasets and the
variant’s moderate evolutionary conservation. In fact, SIFT relies greatly on sequence homology; and the low
score (0.005) may reflect tolerated substitutions at this residue across species. On the other hand, PolyPhen-2,
DANN and GenoCanyon tools emphasize structural disruption (e.g., hydrophobic-to-aromatic change at
residue 47) and genomic constraint, thus signifying p.L47F as deleterious. Leucine 47 resides in a putative
transmembrane domain of ABCD4, a protein critical for vitamin B12 trafficking. While some substitutions
may be tolerated, phenylalanine introduces a bulky aromatic side chain, potentially disturbing protein folding
or interaction partners. Although ClinVar labels p.L47F as a likely benign variant, its presence in a symptomatic
patient suggests either a minor functional role or synergistic effects with other genetic/environmental factors.
Functional validation is needed to elucidate its contribution to cblJ-like phenotypes.

Discussion

Molecular diagnosis of MMA has important implications in the treatment of patients, identification of at-risk
families, and genetic counseling. It also facilitate reliable classification of MMA patients, a critical step in the
treatment, prediction of outcome, and prenatal diagnoses4°. In the current study, we provided a summarized
data of genetic variants in 15 Iranian patients with MMA. The majority of MMA patients in this study presented
with clinical signs and symptoms within the first month of life. However, the exact age of onset for most of the
cases was not clear.

Among the assessed patients, MMACHC gene was the most prevalently mutated gene. Recurrent MMACHC
p.R132X correlates with severe cblC phenotypes in Iran, mirroring global reports but with higher local
prevalence. In line with our study, previous studies demonstrated that the majority of MMACHC variants are
nonsense and frameshift variants, thus leading to severe clinical phenotypes?!. We also detected variants in each
of ACSF3 and ABCD4 genes in one case, respectively. However, the data regarding pathogenicity of the latter two
variants was insufficient.

A survey in human gene mutation database and systematic review of databases to explore contribution of
different genes to MMA showed global frequencies of causative mutations at the global level are as follows:
MMUT (more than 64%), MMACHC (about 18%), MMAA (about 13%), MMAB (about 7%), MMADHC
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Fig. 1. Protein domains of MMACHC gene. The location of each amino acid change in this gene is shown by
arrows. (https://www.rcsb.org).

(about 3%), and MCEE (less than 1%)°. Thus, the distribution of MMA-related variants in the current study was
different from what was reported globally. This discrepancy might be due to the nature of our study that included
cases from a single referral center. Additional mutational studies in different centers are needed to explore the
whole spectrum of MMA-associated variants among Iranian patients. The integrated results of these studies can
be used for establishment of a population-specific screening or diagnostic panel for MMA.

Figure 2 shows the frequency of MMA-associated variants among Iranian patients as well as the global
frequency of variants.

Moreover, a previous survey in the literature reported 24 MMA mutations in Iranian MMA patients of which
11 mutations (45.8%) were detected only among Iranian patients®. In the current study, we found five mutations
in our patients which were not reported either among Iranian patients or patients from other populations.

A recent genetics analysis in Iranian MMA cases found six homozygous variants, including five formerly
reported variants and one novel variant, in the two MMA-causing genes namely ¢.577G > C, ¢.290+69G >T, and
c.662T > A of MMAB, and c.100dupA, c.394 C>T of MMACHC*. Notably, c.394 C> T variant was also detected
in four patients in our study. This variant is among the most frequent variants in cblC leading to defects in a part
of the Cbl binding domain. Since it is associated with late-onset presentation, it is expected to maintain residual
function. A multi-faceted biophysical approach showed that the secondary structure components in the encoded
mutant protein are intact, but the stability is fragile?*.

A missense mutation in MMUT gene (c.1055 A>G, p.Q352R) was also reported in an Iranian couple with
a history of infant death*®. Moreover, another study identified two novel mutations in Iranian MMA patients,
namely A252Vf*5 and G87R, within the MMAA and MMUT genes, respectively and concluded that high
frequency of mutations within exons 2 and 3 of MMUT gene and exon 7 of MMAB gene is in line with the
overall anticipated frequency of genetic variations among MMA patients*!. Thus, the spectrum of MMA-
related mutations among Iranian patients is quite wide including both previously reported variants and possibly
population-specific ones.

Since the majority of presented cases in the current study were born to consanguine parents, one can suggest
the inclusion of MMA in newborn screening panels in consanguineous families. Identification of most common
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Case number | Gene Variant Revel* SIFT* Polyphen2* DANN* GenoCanyon®
1 MMAA ;3}7;)2(;; A Uncertain (0.52) Uncertain (0.028) N/A Deleterious (1) Deleterious (1)
;gﬁ?g; A N/A N/A N/A Deleterious (0.99) | Deleterious (1)
2 MMAA ;‘_ ;%7559)% >T I \va N/A N/A Deleterious (0.98) | Benign (0)
3 MMAB ;gi;i; ?Oe'?;%n (Moderate) Uncertain (0.038) Uncertain (0.85) Deleterious (0.99) | Deleterious (1)
G T T
5 MMACHC ;';9143;? T Iwa N/A N/A Deleterious (1) | Deleterious (1)
6 MMACHC ;;91432%; T |Ina N/A N/A Deleterious (1) | Deleterious (1)
7 MMACHC ;;91‘;%; T Iwa N/A N/A Deleterious (1) | Deleterious (1)
8 MMACHC ;ﬁ‘;g{ T wa N/A N/A Deleterious (1) | Deleterious (1)
9 MMACHC ;‘_‘;8116?; T Iwa N/A N/A Deleterious (1) | Deleterious (1)
10 MMACHC ;%%gvf gf[l:frﬁ‘é)s ©0.89) gﬂ;;ﬁiﬁ‘;ﬁg ) ) N/A Deleterious (1) | Deleterious (1)
S N/A N/A N/A N/A
11 MMACHC ;?311%212 A gﬂ;;e(iﬁisg) 0.73) Uncertain (0.01) Uncertain (0.83) Deleterious (1) Deleterious (1)
12 MMUT ;ﬁ;c gﬂ;;ﬁgfg) 0.72) Uncertain (0.001) N/A Deleterious (0.99) | Deleterious (1)
13 MMUT ;;0190—3352{3‘1;11 N/A N/A N/A N/A N/A
14 ACSF3 ;%{91(?(5 A ?Oe‘gisggn (Moderate) foerzljg; (Supporting) ?Oe‘gizggn (Supporting) Deleterious (0.99) | Deleterious (1)
15 ABCD4 ;" 1&17% >C | Uncertain (0.64) | Uncertain (0.005) gﬂ;;ﬁiﬁ‘;ﬁg) (0.8 | Deleterious (1) g‘eé‘;tf“o“s

Table 3. Functional validation of the variants through in Silico predictions (N/A: not available). * https://sites.
google.com/site/revelgenomics/ (version 1). & https://sift.bii.a-star.edu.sg/ (version 3). $ http://genetics.bwh.
harvard.edu/pph2/ (version 2). # https://maayanlab.cloud/datasets2tools/landing/tool/DANN (version 1). @
https://zhaocenter.org/GenoCanyon_Index.html (version 1).

mutations in MMA-associated genes among Iranian patients would pave the way for design of population-
specific diagnostic/screening panels. The current study facilitates this goal. The importance of this aspect is
highlighted by the reported meta-analysis data showing higher disease frequencies for both forms of MMA in
the Middle East and North Africa which is possibly explained by high rates of consanguinity in these regions*.
In addition, the fact that most patients in this study were born to consanguine parents precludes estimation of
the frequency of the detected variants.

Cumulatively, the current study provides an overview of MMA-related variants among Iranian patients
possibly facilitating the molecular diagnosis of MMA within the Iranian population. But the study has a
limitation in terms of detailed clinical and metabolomics data hindering the assessment of genotype-phenotype
correlations in the patients. Moreover, the study’s conclusions are drawn from a relatively small cohort of 15
patients. While this provides valuable preliminary data, we acknowledge small sample size as the limitation of
our study. Finally, while the newly discovered variants are indeed very critical for studying population-specific
diagnosis, the possible impact of these novel variants on protein function was not assessed in this study. Thus,
we suggest conduction of functional assays on these variants in future studies.
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Fig. 2. Frequency of MMA-associated variants among Iranian patients (data of current study in addition to

other reports from Iran*>-*%) versus global frequencies®.

Data availability
The datasets generated and/or analysed during the current study are available in the Clinvar repository (https://
www.ncbi.nlm.nih.gov/clinvar/?term=%22MMA A%22%5BGENE%5D &redir=gene).
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