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SUMMARY Methylmalonic acidemia with homocystinuria (MMA-cbIC) is an autosomal recessive genetic disorder
of organic acid metabolism. Shandong, a northern province of China, has a significantly high incidence
of about 1/4,000, suggesting a high carrying rate among the local population. The current study
established a PCR technique involving high-resolution melting (HRM) to screen for carriers based on
hotspot mutation analysis to further develop a preventive strategy to reduce the local incidence of this
rare disease. Whole-exome sequencing of 22 families with MMA-cblC and a comprehensive literature
review were used to identify MMACHC hotspot mutations in Shandong Province. Subsequently,
a PCR-HRM assay based on the selected mutations was established and optimized for large-scale
hotspot mutation screening. The accuracy and efficiency of the screening technique was validated
using samples from 69 individuals with MMA-cblC and 1,000 healthy volunteers. Six hotspot
mutations in the MMACHC gene (¢.609G>A, ¢.658 660delAAG, ¢.80A>G, ¢.217C>T, ¢.567dupT
and ¢.482G>A), which account for 74% of the alleles associated with MMA-cblC, were used to
establish a screening technique. The established PCR-HRM assay detected 88 MMACHC mutation
alleles in a validation study with 100% accuracy. In the general population in Shandong, the carrying
rate of 6 MMACHC hotspot mutations was 3.4%. In conclusion, the 6 hotspots identified cover the
majority of the MMACHC mutation spectrum, and the Shandong population has a particularly high
carrying rate of MMACHC mutations. The PCR-HRM assay is highly accurate, cost-effective, and
easy to use, making it an ideal choice for mass carrier screening.
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1. Introduction clinically heterogeneous manifestations that include vital

organ damage, recurrent vomiting, mental retardation,

Methylmalonic acidemia (MMA) is a severe autosomal
recessive inborn error of organic acid metabolism. The
estimated incidence of MMA ranges from 1/48,000
to 1/250,000 in different countries worldwide (/7). Its
incidence is particularly high, 1/4,000, in the population
of Shandong, a northern province of China (2). MMA-
cblC is MMA combined with homocystinuria caused
by defects in cobalamin biosynthesis, and it is the
most common form of MMA in China, accounting for
approximately 70% of all MMA cases (3-4). Age of onset
ranges from shortly after birth to late adulthood, with

and progressive developmental delay; some severe cases
even lead to death (95).

However, two factors make MMA-cblC one of
the few rare diseases with a better prognosis for most
patients. First, due to the increasing prevalence of
newborn screening based on tandem mass spectrometry
(MS/MS), more infants are being diagnosed and treated
early. Second, early supplementation with vitamin B12
and L-carnitine can have a significant therapeutic benefit,
reversing some clinical phenotypes (6). However,
a screening strategy to identify mutation carriers to
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reduce prenatal incidence has not yet been explored.
The apparent prevalence of MMA-cbIC in Shandong
Province suggests a significantly high carrying rate
of MMA gene mutations in the general population.
Therefore, the current study investigated hotspot
mutations of the MMACHC gene and their prevalence in
MMA-cbIC, and it evaluated whether carrier screening
is suitable for primary prevention of that condition in
Shandong. This study also developed a cost-effective
strategy that could be used in a large population.

2. Materials and Methods
2.1. Clinical samples

MMA-cbIC was diagnosed according to previously
reported criteria (7-8). Twenty-two patients diagnosed
with MMA-cbIC from January 2017 to January 2019 at
the Jinan Maternity and Child Care Hospital (Shandong,
China) and their parents were included in the spot
mutation analysis using peripheral blood samples. Dry
blood spots were obtained from 69 infants with MMA-
¢cbIC and one of the six hotspot mutations from January
2019 to January 2022 in Shandong, and those blood
spots were used to develop and validate a PCR-HRM
assay. Peripheral blood samples from 1,000 healthy
volunteers in Shandong province were obtained between
January 2019 to December 2021 as part of a study to
screen for MMACHC mutation carriers. All the samples
were collected with informed consent of the individual
or his/her parent/guardian. This study was approved
by the Institutional Ethics Committee of the Shandong
Medicinal Biotechnology Centre

2.2. Whole exome sequencing and analysis

Genomic DNA was extracted from peripheral blood
from 22 MMA-cblC pedigrees using the Vazyme
Blood DNA Kit (Vazyme, China). A sequencing library
was then constructed using the AmpliSeq™exome kit
(Thermo Fisher Scientific, USA). Ion torrent S5 (Thermo
Fisher Scientific, USA) was used to perform sequencing
according to the manufacturer's instructions. FASTQ
files were automatically generated from the sequenced
original image data by base calling. Read pairs were
concatenated and filtered to remove low-quality bases.
Read alignments were performed against the hgl9
reference genome. Variant calling and annotation was
performed using the CLC Genomics Workbench (Qiagen,
Germany) (9).

2.3. Establishment and optimization of the PCR-HRM
assay

PCR-HRM primers were designed using the software
Primer Express v3.0 in accordance with the reference
sequence of the MMACHC gene (NG _013378.2) in

NCBI. PCR primers specific for each hotspot mutation
were designed to yield 100-150-bp products with a Tm
between 58-60°C.

PCR-HRM was performed on a LightCycler 480
real-time PCR system (Roche Diagnostics, Germany).
The total volume of the PCR reaction was 20 uL,
including 10 pL of Roche Master Dye premix (2x),
1 pL of forward and 1 pL of reverse primers (4 pM)
and 25 ng of the genomic DNA template. The reaction
conditions were as follows: initial denaturation at 95°C
for 5 min, 45 cycles of denaturation at 95°C for 10 s,
annealing at 55°C for 15 s, and extension at 72°C for 10
s with fluorescence reading and single point acquisition
mode. After amplification, melting curve analysis
was performed in three steps: denaturation at 95°C
for 1 min, renaturation at 40°C for 1 min, followed
by continuous fluorescence reading mode at 65-95°C
with a rise rate of 0.02°C/s and data acquisition of 25
times/°C. Raw data were analyzed and normalized
using the software supplied with the PCR machine.
Negative controls were used as a reference curve to
generate difference plots. The normalized melting curve
and difference plots were then analyzed for mutation

genotype.

2.4. Sanger sequencing

Sanger sequencing was used to validate the accuracy of
HRM on an ABI-3730XL Genetic Analyser (Thermo
Fisher Scientific, USA). The results were analyzed using
the software Chromas.

3. Results

The flowchart for this study is shown in Figure 1.
Hotspot mutations were first evaluated in 22 patients
with MMA-cbIC and their parents using whole exome
sequencing. MMACHC mutations were found in both
alleles in all patients (Table 1). Of them, 16 children
were carriers of compound heterozygous variants and
the remaining 6 children carried compound homozygous
variants. In total, 9 known pathogenic variants in the
MMACHC gene were identified. The most frequent
mutation was ¢.609 G>A, which was detected in
half of the patients (50.0%, 11/22). The second most
common mutation, ¢.658 660delAAG, was detected in
10 (45.45%, 10/22). More than half of the pathogenic
mutations were classified as nonsense and frameshift
mutations.

The hotspot mutation list was then compared to two
previous studies of the MMACHC mutation spectrum
in Shandong Province (/,/0). The top hotspot mutations
in all three studies were ¢.609G>A, ¢.658 660delAAG,
c.80A>G, ¢.217C>T, ¢.567dupT, and c.482G>A,
representing 75.94% of MMACHC mutation sites.
Therefore, these top hotspot mutations could be used as
an ideal choice for massive carrier screening.
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Figure 1. Flowchart for this study.

Table 1. Detailed information on the 22 MMA pedigrees for exome sequencing in this study

No. Gene Nucleotide changes Amino acid changes Mutation type Source of variation Homo./Het.

1 MMACHC c.80A>G p.GIn27Arg Missense Father Het.
¢.609G>A p-Trp203Ter Nonsense Mother

2 MMACHC ¢.658 660delAAG p.Lys220del Deletion Parents Homo.

3 MMACHC c.217C>T p.Arg73Ter Nonsense Father Het.
¢.658-660delAAG p.Lys220del Deletion Mother

4 MMACHC ¢.658-660delAAG p.Lys220del Deletion Parents Homo.

5 MMACHC ¢.609G>A p.Trp203Ter Nonsense Father Het.
c.622_627delTG p.Val209fs Frame shift Mother

6 MMACHC c.445 _446delTG p.Cys149fs Frame shift Father Het.
c.615C>A p.Tyr205Ter Nonsense Mother

7 MMACHC c.482G>A p-Argl61Gln Missense Father Het.
¢.567dupT p.1le190fs Frame shift Mother

8 MMACHC c.482G>A p.Argl61Gln Missense Parents Homo.

9 MMACHC ¢.609G>A p-Trp203Ter Nonsense Parents Homo.

10 MMACHC ¢.658 660delAAG p.Lys220del Deletion Parents Homo.

11 MMACHC ¢.609G>A p.Trp203Ter Nonsense Father Homo.

12 MMACHC ¢.609G>A p-Trp203Ter Nonsense - Het.
¢.658 660delAAG p.Lys220del Deletion Mother

13 MMACHC ¢.609G>A p.Trp203Ter Nonsense - Het.
c.658 660delAAG p.Lys220del Deletion -

14 MMACHC c.445 _446delTG p.Cys149fs Frame shift Father Het.
¢.609G>A p.Trp203Ter Nonsense Mother

15 MMACHC ¢.609G>A p-Trp203Ter Nonsense Father Het.
¢.658 660delAAG p.Lys220del Deletion Mother

16 MMACHC c.80A>G p.GIn27Arg Missense Father Het.
¢.609G>A p-Trp203Ter Nonsense Mother

17 MMACHC c.217C>T p.Arg73Ter Nonsense Mother Het.
¢.658 660delAAG p-Lys220del Deletion Father

18 MMACHC ¢.609G>A p-Trp203Ter Nonsense Mother Het.
¢.626 627delTG p.Val209fs Frame shift -

19 MMACHC c.445_446delTG p.Cys149fs Frame shift Mother Het.
c.615C>A p-Tyr205Ter Nonsense Father

20 MMACHC c.482G>A p.Argl61Gln Missense Mother Het.
¢.567dupT p.1le190fs Frame shift Father

21 MMACHC ¢.609G>A p-Trp203Ter Nonsense Mother Het.
¢.658 660delAAG p.Lys220del Deletion Father

22 MMACHC c.481C>T p.Argl61Ter Nonsense Mother Het.
c.658 660delAAG p.Lys220del Deletion Father

www.irdrjournal.com



32

Intractable & Rare Diseases Research. 2023; 12(1):29-34.

Specific primers for the six hotspot mutations
were then designed (Table 2), and a rapid PCR-HRM
technique was established to detect mutations in 6 cases
of MMA-cblIC (Table 3). As shown in Figure 2, the
melting peak and melting curve of each hotspot mutation
site differed significantly different from the others, and
those of the mutant and wild genotypes of each site were
clearly distinct. The established PCR-HRM assay is fast,
completed in half an hour, and data are easily analyzed
using the software provided with the real-time PCR
system.

To evaluate the accuracy of PCR-HRM techniques,
PCR-HRM assays were performed on samples from 69
infants confirmed to have MMA-cblC and at least one
of the six hotspot mutations. A total of 88 alleles of six
selected MMACHC hotspot mutations were found. The
PCR-HRM results were in 100% agreement with the
Sanger sequencing of the complete exons (Table 4).

Finally, pilot screening for carriers of MMACHC
hotspot mutations was performed on 1,000 healthy

volunteers, and 34 MMACHC hotspot mutations were
identified (Table 5). Therefore, results revealed a
carrying rate of 3.4% for MMACHC in the Shandong
population.

Table 3. PCR-HRM primers for MMACHC hotspot
mutation sites

Mutatlon Name Sequence (5'-3")

site

c.80A>G  MMACHC-1F CAGAGCTGAAGCAGAAGATCGA
MMACHC-IR  CCCTAGAACAGCAGGAGGGATA

c217C>T MMACHC-2F CACGCCTGCCATGTTTGAC
MMACHC-2R  CCAGATGGTAGGCCACACACT

¢.567dupT MMACHC-3F CCAGGGATAGAGGTGCCAGAT
MMACHC-3R  TCACGCCAGTGGAAATTGAAG

c.482G>A MMACHC-4F CCAGCGCATATCAGGTGTGT
MMACHC-4R  ATCCCTGGCAGCAGCACTAC

€.658_660 MMACHC-5F CCTACTCGAAGGCTTCAATTTCC

delAAG MMACHC-5R  CCGGGGAGGGAGAACTAGG

c.609G>A MMACHC-6F AGCTGACCGTATCGCCCTACT
MMACHC-6R  AGTAGGCCTTCTGCTCTTCTGAGT

Table 2. Statistics on pathogenic MMACHC mutation sites according to the results of exosome sequencing and a literature

review

This study (N = 44)
Mutation site

LiY" (N=128) Wang F ) (N =94)

Allele number Allele frequency

Allele number

Allele frequency Allele number Allele frequency

¢.609G>A 13 29.55% 43 33.59% 52 55.43%
¢.658_660del AAG 13 29.55% 13 10.16% 12 13.04%
¢.567dupT 2 4.55% 6 4.69% 2 2.17%
c.80A>G 2 4.55% 15 11.72% 1 1.09%
¢217C>T 2 4.55% 1 0.78% 1 1.09%
c.482G>A 4 9.10% 19 14.84% 1 1.09%
Total 36 81.85% 97 75.99% 69 73.91%
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Figure 2. Performance of the established PCR-HRM technique in detecting mutations of the MMACHC gene. (A) The melting curves and
peaks of hotspot mutation sites. (B) The melting peaks of six hotspot mutations in patients with MMA-cbIC.
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Table 4. Analysis of MMACHC mutation sites in 69 infants
with MMA

Table 5. Analysis of MMACHC mutation sites in 1000
healthy volunteers

Mutation site Number (%) Allele frequency (%) Mutation site Number Carriage rate (%) Allele frequency (%)
¢.80A>G 12 13.64 c.80A>G 3 0.3 8.82
c.217C>T 1 1.14 c.217C>T 3 0.3 8.82
¢.567dupT 10 11.36 ¢.567dupT 1 0.1 2.94
c.482G>A 11 12.50 c.482G>A 5 0.5 14.7

c.658 660delAAG 19 21.59 c.658 660delAAG 10 1 29.41
¢.609G>A 35 39.77 ¢.609G>A 12 1.2 35.29

Total alleles 88 100 Total alleles 34 34 100

4. Discussion

In autosomal recessive or X-linked recessive
inheritance, all carriers have compound heterozygous
pathogenic variants but do not exhibit any phenotypic
characteristics. The aim of carrier screening is to identify
asymptomatic individuals carrying the causative variant
at an carly stage so that appropriate fertility counselling
can be provided. Tay-Sachs disease was the first genetic
disease for which population-based carrier screening was
implemented, and research has provided clear evidence
that such efforts can dramatically reduce its incidence
(11-14).

The causative gene for MMA-cblC was first
identified as MMACHC by Lerner-Ellis ef al. in 2006.
According to the Human Gene Mutation Database
(HGMD), 127 MMACHC mutation sites have been
reported (/5). MMACHC mutations vary by country and
region. For example, c271dupA accounts for about 50%
of MMACHC mutations in European populations, while
¢.331C>T is common in French-Canadian mixed-race
populations and ¢.394C>T in Middle Eastern populations
(16,17). In 2010, Liu et al. analyzed mutations of the
MMACHC gene in children with MMA-cblC in China
(18). The high incidence of the ¢.80A>G, C.609G>A
and 658 660delAAG mutations, which account for more
than 50% of the MMA alleles, may be related to the early
founder effect of the Chinese population. The ¢.217C>T
and ¢.482G>A mutations are also common in groups of
Chinese patients with MMA-cblC, which may be related
to the CpG island in the human genome (/9). Although
Shandong has a significantly higher incidence of MMA
compared to other regions, the current analysis revealed
that the spectrum of MMACHC mutations in Shandong
is consistent with previous findings in the Chinese
population. In light of the assay's substantial coverage
of hot spot mutations, using a PCR-based screening
technique with low throughput and a low cost is feasible.

This study found an MMACHC carriage rate of 34
per 1,000 in the Shandong population, similar to the
finding in an earlier study (210/6800) (/0). Compared
to existing carrier screening techniques, the PCR-
HRM technique established here is suitable for large-
scale screening of pathogenic MMACHC gene carriers
to reduce the incidence of MMA-cblC in Shandong
Province because of its high efficiency, accuracy, low

cost, short time, and limited workload in analyzing
results. However, widespread promotion of this strategy
for carrier screening still faces many challenges,
including public awareness and education, informed
consent, interpretation of results, and genetic counselling.
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