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Abstract
Background: To summarize the relationship between different MMUT gene 
mutations and the response to vitamin B12 in MMA.
Methods: This was a retrospective study of patients diagnosed with mut-type 
MMA. All patients with mut-type MMA were tested for responsiveness to vitamin 
B12.
Results: There were 81, 27, and 158 patients in the completely responsive, par-
tially responsive, and nonresponsive groups, respectively, and the proportions 
of symptom occurrence were 30/81 (37.0%), 21/27 (77.8%), and 131/158 (82.9%), 
respectively (p < .001). The median levels of posttreatment propionyl carnitine 
(C3), C3/acetyl carnitine (C2) ratio in the blood, and methylmalonic acid in the 
urine were all lower than pretreatment, and the median level of C3/C2 ratio in 
the completely responsive group was within the normal range. In 266 patients, 
144 different mutations in the MMUT gene were identified. Patients with the 
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1   |   INTRODUCTION

Methylmalonic acidemia (MMA, OMIM# 251000) is a rare, 
autosomal, recessive, multi-systemic genetic metabolic dis-
ease caused by an enzyme deficiency during the conversion 
of methylmalonyl-CoA into succinyl-CoA (Villani et al., 
2017). The worldwide incidence of MMA ranges between 
1:20,000 and 1:125,000 (Chapman et al., 2018; Shibata et al., 
2018), but a multicenter screening study in China showed 
an incidence of 1:35,734 (Yang et al., 2019), varying widely 
among regions, with 1:107,000 in Taiwan (Shibata et al., 
2018), 1:21,515 in southern China (Lin et al., 2019), 1:22,358 
in eastern China (Yang et al., 2020), 1:6,264 in Xinxiang 
City (Ma et al., 2020), and 1:5589 in Jining City (Yang et al., 
2020). The expanded screening program for newborns by 
tandem mass spectrometry (MS/MS) is currently performed 
in an increasing number of regions in China.

According to the different biochemical manifestations, 
two main forms can be identified: isolated MMA and com-
bined MMA and homocystinuria. About 30% of patients 
with MMA in China are isolated MMA (Liu et al., 2018), 
which is primarily caused by the partial or total deficiency 
of methylmalonyl-CoA mutase (MCM, EC 5.4.99.2) or its 
cofactor, 5′-deoxyadenosylcobalamin (AdoCbl). The main 
gene affected in isolated MMA is MMUT. The disease 
onset of patients with isolated MMA ranges from the neo-
natal period to adulthood. The accumulation of methyl-
malonic acid and other toxic metabolites causes a variety 
of clinical signs and symptoms such as difficulty feeding, 
developmental retardation, lethargy, coma, convulsions, 
and metabolic acidosis (Villani et al., 2017). Untimely 
treatment may lead to multi-systemic complications 
and even death. The current standard therapy includes 
a protein-restricted diet, l-carnitine, folic acid, and, piv-
otally, vitamin B12 in responsive patients (Baumgartner 
et al., 2014). Cobalamin, the cofactor of MCM, can in-
crease the residual enzyme activity, reduce the frequency 
of metabolic decompensations, and improve neurologic 
complications and outcomes.

Nevertheless, different patients have different re-
sponses to vitamin B12 (Hvas et al., 2001; Rajan et al., 
2002), but the specific influencing factors and mecha-
nisms are still unclear. This study aims to summarize the 
relationship between different MMUT gene mutation sites 
and the responsiveness and curative effect of vitamin B12.

2   |   METHODS

2.1  |  Patients

This was a retrospective study of patients with a con-
firmed diagnosis of mut-type MMA between February 
2007 and January 2020 at multiple Chinese hospitals and 
clinical centers. Patients were included if mut-type MMA 
was confirmed by mutation analysis of the MMUT gene 
(Han et al., 2015; Hu et al., 2018; Xie et al., 2016). Those 
with incomplete data were excluded.

2.2  |  Biochemical examinations

The levels of blood amino acids, free carnitine, and acyl-
carnitines were detected in dried blood spots using tan-
dem mass spectrometry (MS/MS, API 4000, American 
Biosystems Inc.). The levels of organic acids in urine were 
measured using gas chromatography-mass spectrometry 
(GC-MS, QP2010, Shimadzu Corp.). Sample preparation 
and detection procedures were based on methods reported 
previously (Han et al., 2008).

2.3  |  MMUT gene mutation detection

Gene mutations were detected by Sanger sequencing or 
next-generation sequencing. Mutations were identified 
using the normal human MMUT sequence as a refer-
ence (GenBank, NC_000006.12). We used the ClinVar 

mutations of c.1663G>A, c.2080C>T, c.1880A>G, c.1208G>A, etc. were com-
pletely responsive and with the mutations of c.1741C>T, c.1630_1631GG>TA, 
c.599T>C, etc. were partially responsive. The proportions of healthy/develop-
mental delay outcomes in the three groups were 63.0%/23.5%, 33.3%/40.7%, and 
13.3%/60.1%, respectively (p < .001).
Conclusion: Different mutations in the MMUT gene are associated with the ef-
fect of vitamin B12 treatment.

K E Y W O R D S

genotype–phenotype correlation, methylmalonic acidemia, methylmalonyl-CoA mutase, 
vitamin B12
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database, the HGMD database, and the literature to 
identify whether the mutations had been reported. The 
pathogenicity of novel variants was evaluated based on 
the American College of Medical Genetics and Genomics 
(ACMG) standards and guidelines (Richards et al., 2015). 
The pathogenicity of missense mutations was predicted 
using the Mutation Taster (http://www.mutat​ionta​ster.
org/), PolyPhen-2 (http://genet​ics.bwh.harva​rd.edu/
pph2/), Provean (http://prove​an.jcvi.org/index.php), and 
SIFT (https://sift.bii.a-star.edu.sg/) software.

2.4  |  Treatment and follow-up

All patients underwent a vitamin B12 loading test. In 
this test, children who had been diagnosed and had 
not been treated received an intramuscular injection 
of 1 mg of hydroxycobalamin every day for 5 consecu-
tive days. Blood tandem mass spectrometry and urine 
gas chromatography were performed before and 5 days 
after injection, and the results of the two tests were 
compared (Han & Yang, 2018). The vitamin B12 loading 
test is used to identify the effective children who need 
a continuous intramuscular injection of hydroxycobala-
min. Among them, fully effective children are injected 
once every 5–10  days, 1  mg each time. Partially effec-
tive children are injected once every 2–7  days, 1  mg 
each time, supplemented with l-carnitine at the same 
time, 50–100  mg/kg/day, and a protein-restricted diet, 
with limited amounts of isoleucine, valine, threonine, 
and methionine. Children whose vitamin B12 load test 
proves to be ineffective may not use hydroxy cobalamin, 
and they have to limit their protein intake and receive 
drugs such as levocarnitine.

Asymptomatic and stable patients were treated using 
vitamin B12, l-carnitine, and a protein-restricted diet. 
Patients in the acute phase had to stop protein intake, 
were injected with a large dose of hydroxocobalamin, and 
had given l-carnitine therapy. After the acute phase, those 
patients performed the vitamin B12 loading test again. 
All doses of drugs except vitamin B12 were maintained 
during treatment.

We distinguished three distinct clinical groups based 
on clinical manifestations and biochemical findings 
during treatment. Complete vitamin B12 responsive was 
defined as a reduction of more than 50% in the blood C3/
C2 ratio or urinary level of methylmalonic acid after vi-
tamin B12 treatment (Baumgartner et al., 2014). If the 
blood level of C3/C2 ratio or urine level of methylmalo-
nic acid were decreased by <50% but >30% after vitamin 
B12 treatment, it was deemed to be partially responsive 
(Han & Yang, 2018). The nonresponsive patients had a de-
crease value in the C3/C2 ratio by <30%. The clinical and 

biochemical phenotypes and genotypes of patients from 
the three groups were compared.

The changes in the levels of C3 and C3/C2 ratio in 
the blood and methylmalonic acid in the urine, as well 
as mental development, were monitored routinely before 
and after treatment. The developmental quotient (DQ) 
was evaluated using the Gesell Developmental Schedules 
for patients <42 months, which provides a developmental 
profile in five domains, namely, adaptability, gross motor, 
fine motor, language, and personal–social domains. 
According to the average score of DQ, the development 
of the children was classified as: normal (DQ ≥ 85), defi-
cient (DQ < 75), and borderline (75 ≤ DQ < 85) (You et al., 
2019). The intelligence quotient (IQ) was assessed by the 
Wechsler Preschool and Primary Scale of Intelligence 
(WPPSI) for children who were 4–6.5  years old and the 
Wechsler Intelligence Scale for Children (WISC) for chil-
dren who were 6–16 years old. Low intelligence was de-
fined as an IQ score of <80.

2.5  |  Statistical analysis

Statistical analysis was performed using SAS 8.0 (SAS 
Institute). Continuous data with a nonnormal distribu-
tion (according to the Kolmogorov–Smirnov test) were 
presented as medians with range. Categorical data were 
presented as frequencies (rates). Intragroup comparisons 
were performed using the paired t test. Nonnormally dis-
tributed data were analyzed using the Kruskal–Wallis H 
test with the Nemenyi post hoc test. All tests were two-
tailed, and p  <  .01 were considered to be statistically 
significant.

3   |   RESULTS

3.1  |  Characteristics of the patients

A total of 266 patients (157  males and 109 females) 
were included in this study. Among them, 170 patients 
(64%) were diagnosed through newborn screening, and 
the remaining patients were diagnosed because of dis-
ease onset. The general information of the three groups 
is summarized in Table 1. There were 81, 27, and 158 
patients in the completely responsive, partially re-
sponsive, and nonresponsive groups, respectively. The 
median age at diagnosis was 23.3 months for the com-
pletely responsive group, 8.43 months for the partially 
responsive group, and 3.0 months for the nonresponsive 
group (p = .001). In the completely responsive, partially 
responsive, and nonresponsive groups, patients identi-
fied through newborn screening accounted for 58/81 

http://www.mutationtaster.org/
http://www.mutationtaster.org/
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/index.php
https://sift.bii.a-star.edu.sg/
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(71.6%), 19/27 (70.4%), and 93/158 (58.9%), respectively, 
whereas the remaining patients were diagnosed because 
of symptoms. All patients received treatment after diag-
nosis confirmation.

3.2  |  Disease presentation

There were significant differences in symptoms pres-
entation and clinical severity among the three groups. 

Before and during this study period, the proportions 
of symptom occurrence (any combination of difficult 
feeding, vomiting, diarrhea, muscle weakness, leth-
argy, coma, jaundice, anemia, metabolic decompensa-
tion, and/or progressively developmental delay) were 
30/81 (37.0%) in the completely responsive group, 21/27 
(77.8%) in the partially responsive group, and 131/158 
(82.9%) in the nonresponsive group (p <  .0001) (Table 
1). The initial symptoms were variable, including dif-
ferent combinations and degrees of difficult feeding, 

T A B L E  1   Clinical characteristics of the patients

Characteristics
Nonresponse 
(n = 158)

Partial response 
(n = 27)

Complete response 
(n = 81) P

Age at diagnosis (months), median 
(range)

3.04 (0.03–131.33) 8.40 (0.12–75.00) 23.29 (0.07–162.00)ab .001

Sex, n (%)

Male 95 (60.1) 14 (51.9) 48 (59.3) .721

Female 63 (39.9) 13 (48.1) 33 (40.7)

Screening rate, n (%) 93 (58.9) 19 (70.4) 58 (71.6) .116

Onset of first symptoms, n (%) 131 (82.9) 21 (77.8) 30 (37.0)a,b <.001

Initial symptoms, n (%)

Difficult feeding 97 (73.7) 14 (51.9) 13 (16.0)a,b <.001

Vomiting 53 (30.5) 13 (48.1) 15 (18.5)a,b .006

Diarrhea 33 (20.9) 9 (33.3) 5 (6.2)a,b .001

Jaundice 59 (37.3) 9 (33.3) 6 (7.4)a,b <.001

Seizure 45 (28.5) 5 (18.5) 8 (9.9)a,b .004

Lethargy 55 (34.8) 8 (29.6) 13 (16.0)a .010

Coma 41 (25.9) 7 (25.9) 8 (9.9)a .013

Motor disturbance 46 (29.1) 11 (40.7) 8 (9.9)a,b .001

Muscle weakness 47 (29.7) 6 (22.2) 10 (12.3)a .011

Biochemical features at baseline, median (range)

C3 level (upper limit: 0.5–4.0 μmol/L) 12.59 (0.72–120.50) 11.27 (3.65–46.77) 6.72 (1.93–48.50)a,b <.001

C3/C2 ratio (upper limit: 0.04–0.25) 0.72 (0.21–2.51) 0.93 (0.14–2.89)a 0.51 (0.12–2.83)a,b <.001

Urinary MMA (upper limit: 
0.2–3.6 mmol/mol)

326.8 (0–6961.07) 203.43 (0–2200.00) 90.60 (4.62–2976.25)a <.001

Biochemical features after vitamin B12 treatment, median (range)

C3 level (upper limit: 0.5–4.0 μmol/L) 21.58 (1.59–84.22) 10.78 (0.11–51.61)a 4.46 (0.34–37.82)a,b <.001

C3/C2 ratio (upper limit: 0.04–0.25) 0.69 (0.15–2.07) 0.43 (0.08–1.46)a 0.20 (0.06–0.95)a,b <.001

Urinary MMA (upper limit: 
0.2–3.6 mmol/mol)

296.55 (0–3632.49) 98.22 (0–1591.00) 13.55 (0–545.47)a,b <.001

Outcomes at follow-up, n (%)

Healthy 21 (13.3) 9 (33.3)a 51 (63.0)a,b <.001

Delay 95 (60.1) 11 (40.7) 19 (23.5)

Death 6 (3.8) 1 (3.7) 1 (1.2)

Missing data 36 (22.8) 6 (22.2) 10 (12.3)

Abbreviation: MMA, methylmalonic acid.
aP < .05 versus nonresponsive group.
bP < .05 versus partially responsive group.



      |  5 of 19YU et al.

vomiting, diarrhea, muscle weakness, lethargy, coma, 
jaundice, anemia, metabolic decompensation, and pro-
gressively developmental delay.

3.3  |  Biochemical features of the patients

The levels of C3 and the C3/C2 ratio in blood and meth-
ylmalonic acid in the urine of patients in each group are 
presented in Table 1. The median levels of methylmalonic 
acid, C3, and C3/C2 ratio before therapy in all groups 
were higher than the upper limit values (0.2–3.6 mmol/
mol, 0.5–4.0  μmol/L, and 0.04–0.25, respectively). The 
levels of pretreatment methylmalonic acid, C3, and C3/
C2 ratio in the completely responsive group were lower 
than in the nonresponsive group (all p  <  .05); the pre-
treatment levels of C3 and C3/C2 ratio were lower in the 
completely responsive group than in the partially respon-
sive group (both p <  .05). The C3/C2 ratio was lower in 
the partially responsive group than in the nonresponsive 
group (p < .05). The median levels of posttreatment meth-
ylmalonic acid, C3, and C3/C2 ratio (Table 1) were all 
lower in the completely responsive group than in the two 
other groups (all p < .05). The median level of C3/C2 in 
the completely responsive group was within the normal 
range. The median levels of posttreatment C3 and C3/C2 
ratio (Table 1) were all lower in the partially responsive 
group than in the nonresponsive groups (all p < .05). The 
difference between pretreatment and posttreatment about 
the level of C3/C2 in the blood was statistically significant 
both in responsive and partially responsive groups (all 
p < .01). The level of C3, C3/C2 ratio, and methylmalonic 
acid in pretreatment, posttreatment, and difference values 
were all different among the three groups (all p < .001).

3.4  |  Mutation analysis

In 266 patients with mut-type MMA, 144 different muta-
tions in the MMUT gene were identified (Tables 2–4). The 
numbers of different mutations in the completely respon-
sive, partially responsive, and nonresponsive groups were 
35, 14, and 95, respectively. Among the 35 mutations in 
the completely responsive group (Table 2), the two most 
frequent were c.1663G>A (29 patients) and c.2080C>T 
(10 patients). Among the 14  mutations in the partially 
responsive group (Table 3), the three most frequent were 
c.1741C>T (seven patients), c.1630_1631GG>TA (six pa-
tients), and c.599T>C (six patients). Among the 95 mu-
tations in the nonresponsive group (Table 4), the most 
common mutations included c.729_730insTT (32 pa-
tients), c.323G>A (30 patients), c.1106G>A (21 patients), 
c.914T>C (15 patients), and c.1677-1G>A (12 patients).

Of the 35 different mutations in the completely re-
sponsive and partially responsive group, 31 (88.6%) were 
missense mutations, one was a deletion/duplication/inser-
tion, two were nonsense mutations, and none was splice-
site mutation; in the nonresponsive group, those numbers 
63, 13, 18, and 8, respectively (Figure 1). Nearly, all inser-
tion/deletion mutations and frameshift mutations (p.S23*, 
p.Q35*, p.K121*, p.G133Vfs*6, p.K210*, p.D244Lfs*39, 
p.H252Qfs*6, p.G454Efs*6, p.R467*, c.R511*, p.E593*, 
p.V704*, and p.R727*) were observed in the nonrespon-
sive group.

Although mutations relevant to phenotypes were 
found in every exon (except for the noncoding exon 1), the 
distribution was not equal (Figure 2), and the mutations 
were predominantly found in exons 2, 3, and 6 (50%). The 
DNA sequences encoding the N-terminal domain and the 
C-terminal domain showed comparable mutation rates. 
The proportion of mutations in the N-terminal domain 
was higher in the nonresponsive group (65/95, 68.4%) 
than in the completely responsive group (14/26, 53.0%). 
Among the linker region, only one nonsense mutation 
(c.1531C>T) in exon 8 was found in the nonresponsive 
group. The residue p.Ile521–p.Ala558 encoded by exon 9, 
p.A555T (c.1663G>A), was the most frequently found mu-
tation in the completely responsive group. Other contigu-
ous mutations in exon 9 (p.R532H (c.1595G>A), p.L537Q 
(c.1610T>A), and p.G544E (c.1632G>A)) were all in the 
completely responsive and partly responsive groups.

3.5  |  Prognosis

A significant difference was detected in the prognosis of 
the three groups (p  <  .0001). As for the current health 
condition, 51 patients (50/71, 70.4%) in the completely 
responsive group and nine (9/21, 42.9%) in the partially 
responsive group lived a normal life asymptomatically. 
Among those healthy patients, nine patients in the com-
pletely responsive group and six in the partially responsive 
group had experienced disease onsets but were asymp-
tomatic after treatment. In the nonresponsive group, 95 
patients (95/122, 77.9%) had developmental delay, and 21 
(21/122, 17.2%) regained health.

A total of 45 patients were assessed for DQ (16, 7, 
and 22, respectively, in the completely responsive, par-
tially responsive, and nonresponsive groups). In the 
completely responsive group, DQ was normal in eight 
patients, borderline in two, and deficient in six for an 
abnormal rate of 50% (8/16). In the partially responsive 
group, DQ was normal in four patients, borderline in 
two, and deficient in one for a total abnormal rate of 
42.9% (3/7). In the nonresponsive group, DQ was nor-
mal in 10 patients, borderline in two, and deficient in 
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10 for a total abnormal rate of 54.6% (12/22). Among 13 
patients who had a WPPSI or WSIC, three patients (3/5) 
in the completely responsive group, three (3/3) in the 
partially responsive group, and three (3/5) in the nonre-
sponsive group were normal.

4   |   DISCUSSION

In this study, we described the relationship between 
MMUT gene mutations and the response to vitamin B12 
therapy, which, to date, is the single largest study for mut-
type MMA. Vitamin B12 is used in the management of 
MMA (Baumgartner et al., 2014), but the patients display 
different responses to treatment and the reason why is 
unknown (Hvas et al., 2001; Rajan et al., 2002). All 266 
patients in our cohort had a vitamin B12 loading test, and 
the results strongly suggest that the response to vitamin 
B12 should be assessed in every patient and the treat-
ments tailored accordingly. Most importantly, the present 
study showed that the different mutations found in the 
MMUT gene are associated with the effect of vitamin B12 
treatment according to the ratio of C3/C2 in blood and the 
level of methylmalonic acid in urine after treatment.

MMA is an autosomal recessive disease that is typically 
diagnosed in the neonatal period and frequently after an 
acute metabolic decompensation (Kölker et al., 2015). 
Newborn screening can shorten the diagnostic process 
and improve prognosis (Heringer et al., 2016). In recent 
years, more and more children were diagnosed through 
newborn screening. It has become evident that metabolic 
crises are more common in patients with mut-type MMA 
(Kang et al., 2019). Hörster et al. (2007) reported that mut− 
patients usually present with a milder phenotype and 
lower occurrence of long-term complications compared 
with mut0 patients. In the present cohort, the patients in 
the completely responsive and partially responsive groups 
had milder clinical manifestations and more ideal bio-
chemical measurements. In the completely responsive 
and partially responsive groups, 77 patients (77/108, 71%) 
were diagnosed by newborn screening, and 51 patients 
(51/77, 66%) were asymptomatic. On the contrary, pa-
tients not responsive to vitamin B12 had an early onset 
(<1  year old), and the first symptom included lethargy, 
coma, and seizures, among others. In the nonresponsive 
group, 93 patients (93/158, 59%) were diagnosed by new-
born screening, but only 17 patients (17/93, 18%) were not 
affected clinically. After symptom onset, and about 50% of 
patients had developmental delays.

The patients, whether they are identified through 
screening or clinical onset, should start treatments as soon 
as possible, without waiting for biochemical and genetic 
results. The primary aim in treating MMA is to decrease G
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the toxic metabolites, increase the disposal of toxic me-
tabolites, and achieve normal development (Hörster 
& Hoffmann, 2004). In 1968, Lindblad et al. (1969) and 
Rosenberg et al. (1968) reported simultaneously that vita-
min B12 could decrease the levels of methylmalonic acid 
in the urine compared with only diet therapy. Since then, 
intramuscular hydroxycobalamin has been increasingly 
used for patients with B12-responsive MMA (Fraser & 
Venditti, 2016). Cobalamin, the cofactor of MCM, can in-
crease the residual enzyme activity, reduce the frequency 
of metabolic decompensations, and improve neurologic 
complications and outcomes.

Isolated MMA could be divided into two subclasses 
(mut− and mut0) (Willard & Rosenberg, 1980), based on 
the presence (mut−) or absence (mut0) of residual enzyme 
activity in the fibroblasts of the patients by the PI assay to 
supplementation with hydroxocobalamin (OHCbl) (Forny 
et al., 2016). Nearly all cblA, one-third of cblB, and cblD-
variant patients and mut− patients usually have a greater 
response to vitamin B12 supplementation (Fowler et al., 
2008; Matsui et al., 1983; Tanpaiboon, 2005; Willard & 
Rosenberg, 1980). Nevertheless, there are inconsistent re-
sults in vivo and in vitro (Fowler et al., 2008). Response to 
vitamin B12 should be assessed by vitamin loading tests 
in every MMA patient, and, for responders, vitamin B12 
should be used as a long-term treatment (Baumgartner 
et al., 2014). In the present study, all eligible patients re-
ceived the vitamin B12 loading test in time, and the re-
sults indicated the patient’s responsiveness to vitamin B12 
and served as a reference for the primary treatment. The 
gene mutations carried by the patients in the nonrespon-
sive group were all exclusive to the absence of response to 
vitamin B12. In the meantime, some patients who carried 
one of those mutations showed a response to vitamin B12, 
suggesting that the other allele plays a decisive role.

The outcome of MMA has a close relationship with 
the enzymatic subgroup, cobalamin responsiveness, 
and age at onset (Hörster et al., 2009). Compared with 
the nonresponsive group, the completely responsive 
and partially responsive groups showed lower morbid-
ity, less developmental delay, and thereby better prog-
nosis. There was a close relationship between these 
clinical phenotypes and genotypes. Among patients 
with the c.1663G>A mutation, who were responsive to 
vitamin B12, only five (5/29, 17%) showed symptoms, 
and the ratio of C3/C2 in blood after treatment in 26 
patients (26/29, 90%) was normal (<0.25). The muta-
tion c.729_730insTT, which is the locus with the highest 
mutation rate in the Chinese population in this study 
and in other previous studies (Han et al., 2015; Hu et al., 
2018; Kang et al., 2019), was found in the nonresponsive 
group. Among patients with c.729_730insTT, 26 patients 
(26/32, 81%) were diagnosed after onset, two patients G
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died, and nearly all remaining patients showed devel-
opmental delay. After treatment, the ratio of C3/C2 in 
the blood of all patients with c.729_730insTT was >0.5.

At present, the underlying mechanism of the correla-
tion between the different mutations and vitamin B12 re-
sponsiveness is unclear. One potential influencing factor 
might be the different types of mutations. In the present 
study, 92.9% of the mutations in the responsive group 
were missense mutations. At the same time, nearly all 
insert/deletion mutations and frameshift mutations that 
usually led to a dysfunctional enzyme were found in the 
non-responsive group. p.S23*, p.Q35*, p.K121*, p.K210*, 
p.R467*, c.R511*, p.E593*, p.V704*, and p.R727* are non-
sense mutations that result in a premature stop codon and 
usually nonfunctional protein, and the patients carrying 
those mutations were all non-responsive to vitamin B12. 
The MCM enzyme has two polypeptide chains of 750 
amino acids and assembles as a homodimer composed 
of two domains. Both the N-terminal (residue 1–481) 
and the C-terminal (residue 482–585) domains bind the 
essential cofactor 5′-deoxyadenosylcobalamin (AdoCbl) 
and are interconnected by a linker region (residue 586–
750). The amino acids encoded by exons 8–10 correspond 
almost fully to the protein linker region, which does not 
contribute residues to either the catalytic center or the 

ligand-binding pockets (Froese et al., 2010). The linker 
region is a nonfunctional area and has less impact on en-
zyme activity. It might be an explanation of why patients 
with mutations located in this region (p.R532H, p.L537Q, 
p.G544E, and p.A555T) are responsive to vitamin B12. The 
MMUT gene, which encodes the methylmalonyl-CoA mu-
tase, lies on chromosome 6p 12.3 (Ledley et al., 1988) and 
spans over 13 exons, with the first exon being noncoding. 
In addition, 68% of the mutations in the nonresponsive 
group were located in the N-terminal region, suggesting 
damage to the active site, whereas 43% of the mutations 
were in the C-terminal region in the responsive and par-
tially responsive group, which is considered to elicit less 
effect on the MCM functions. Splice mutations may lead 
to entire exons being spliced out of the mRNA or translat-
ing into intron regions aberrantly (Furuya et al., 2018). In 
the present study, the donor splice site c.753+3A>G was 
responsive to vitamin B12, whereas the acceptor splice 
sites c.-39-2A>G, c.754-1G>C, and c.1677-1G>A were 
nonresponsive; this is only an observation and no conclu-
sion can be made on donor/acceptor splice mutations at 
this point. In addition, the same phenotype may be the 
result of a combination of factors.

MMA is an autosomal recessive disorder, and the 
phenotype then depends upon the two mutated alleles. 

F I G U R E  1   Pie chart summarizing the types of MMUT mutations in patients with mut-type methylmalonic acidemia. (a) Completely 
responsive group, (b) partially responsive group, and (c) no responsive group

F I G U R E  2   The relative mutation 
frequency for each individual exon in 
the different response groups (no exon 
1, since it is noncoding; only the coding 
region of exons 2 and 13 were calculated)
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It was speculated that the mutation sites with lighter 
phenotype were mostly located in the nonfunctional 
domain of the MMUT protein and that complex hetero-
zygous mutations containing mutations with a lighter 
phenotype will have less impact on the protein func-
tion; that is, more enzyme activity will be retained. The 
c.729_730insTT allele indeed appears to be associated 
with vitamin B12 nonresponsive MMA but was also 
found in many fully- or partially vitamin B12 responsive 
patients. The possession of one copy of this allele would 
not provide useful information for phenotype predic-
tion. The second allele plays an important role in the 
phenotype.

From previous studies and case reports, we know that 
many MMA cases caused by MMUT gene mutations are 
unresponsive to vitamin B12 (Hvas et al., 2001; Rajan et al., 
2002). Therefore, the identification of mutations that are 
responsive to vitamin B12 will guide management. In this 
study, we used genetic testing results and the vitamin B12 
loading test results to identify patients with compound 
heterozygous mutations that appeared to lead to a lighter 
clinical presentation. In such patients, the treatment effect 
of vitamin B12 was good, and their prognosis was better 
than for other patients.

This study has limitations. Some mutations were found 
in only one or two patients, and it cannot be concluded at 
this point that those uncommon mutations belong to only 
one phenotype. Furthermore, individual differences could 
not be fully excluded. In future, we will collect more cases 
and continue to follow them in order to supplement, ver-
ify, and correct the present results. Moreover, a biochemi-
cal assay of PI or determination of enzymatic activity will 
be performed.

In conclusion, the correlations between genotypes 
and phenotypes in a cohort of 266 Chinese patients with 
mut-type MMA were studied. The results suggest that 
specific MMUT mutations belong to a specific pheno-
typic group of response to vitamin B12. The mutations 
c.1663G>A, c.2080C>T, c.1880A>G, and c.1208G>A 
were found in patients responsive to vitamin B12. Patients 
with the c.1663G>A mutation usually had a better prog-
nosis as long as they could be diagnosed and treated in 
time. The mutations c.1741C>T, c.1630_1631GG>TA, and 
c.599T>C were found in partially responsive patients to 
vitamin B12. The mutations c.729_730insTT, c.1106G>A, 
c.323G>A, c.1677-1G>A, and c.914T>C were found in pa-
tients not responsive to vitamin B12. The patients in the 
completely and partially responsive groups had milder 
clinical phenotypes and more favorable biochemical mea-
surements. Therefore, gene sequencing and vitamin B12 
loading tests should be performed in every MMA patient, 
while vitamin B12 should be used as a long-term treat-
ment in responders.
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