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Abstract

Background: Cobalamin (cbl) C is a treatable rare hereditary disorder of cbl metab-
olism with autosomal recessive inheritance. It is the most common organic acidemia,
manifested as methylmalonic academia combined with homocysteinemia. Early
screening and diagnosis are important. The mutation spectrum of the MMACHC gene
causing cblC varies among populations. The mutation spectrum in Chinese popula-
tion is notably different from that in other populations.

Methods: A PCR followed by high-resolution melting curve analysis (PCR-HRM)
method covering all coding exons of MMACHC gene was designed to verify 14
pathogenic MMACHC gene variants found in patients with cblC, including all com-
mon mutations in Chinese patients with cblC.

Result: By PCR-HRM analysis, 14 pathogenic variants of MMACHC showed dis-
tinctly different melting curves, which were consistent with Sanger sequencing. The
homozygous type of the most common mutation c.609G > A (p.Trp203Ter) can also
be analyzed by specially designed PCR-HRM.

Conclusion: The established PCR-HRM method for screening common pathogenic
MMACHC variants in Chinese patients with cblC has the advantages of high accuracy,
high throughput, low cost, and high speed. It is suitable for the large-sample screening
of suspected children with methylmalonic acidemia and carriers in population.
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1 | INTRODUCTION

A kind of disorder in intracellular cobalamin (cbl) metabo-
lism and belonging to organic academia, cblC is a rare ge-
netic metabolic disease with autosomal recessive inheritance
(Deodato, Boenzi, Santorelli, & Dionisi-Vici, 2006). It is
the most common type of methylmalonic acidemia (MMA)
combined with homocysteinemia (HC); its incidence is be-
tween 1:46,000 and 1:200,000 in European and American
countries (Cusmano-Ozog et al., 2007; Weisfeld-Adams
et al., 2010), and varies greatly from 1:3,220 to 1:21,488 in
China (Guo et al., 2018; Han et al., 2016; Zhou, Li, Wang,
Wang, & Gu, 2019). The clinical phenotypes of cbIC are
diverse and atypical, have varying degrees of severity and
usually involve multiple systems. The common symptoms
are feeding difficulties, growth retardation, anemia, throm-
bocytopenia, microcephaly, epilepsy, dementia, metabolic
abnormalities, and ophthalmic abnormalities. More than
90% of children with cblC are severe early onset cases in
infancy (Fischer et al., 2014; Rosenblatt et al., 1997), and
the most severe cases have severe clinical phenotypes just
after birth, which may even cause death; meanwhile, pa-
tients with delayed onset may have no morbidity for years
(Han et al., 2015).

CbIC is directly caused by the mutations in the MMACHC
gene (MIM#609831). In addition, itis reported in a literature that
PRDX1 (MIM# 176763), which is adjacent, reverse oriented to
and can cause “secondary epigenetic”’ mutation of MMACHC,
can also lead to cblC (Gueant et al., 2018).MMACHC is located
on chromosome 1p34.1 and contains five exons. The coding
sequence is located in exon 1-4 with a total length of 849 bp,
encoding a protein containing 282 amino acids (Lerner-Ellis
et al., 2006). At present, 100 pathogenic MMACHC variants
are known (Fischer et al., 2014; Hu, Mei, Liu, & Kong, 2018;
Lerner-Ellis et al., 2009; Liu et al., 2010). However, the mutants
of MMACHC greatly vary in incidence. The common mutations
of MMACHC in Chinese patients with cblC are ¢.609G > A
(p.-Trp203Ter), ¢.658_660delAAG (p.Lys220del), c.482G > A
(p-Argl61Gln), c.80A > G (p.GIn27Arg), and c.609G > A
(p-Trp203Ter) mutation alone accounts for almost half of all
the mutations (Hu et al., 2018; Liu et al., 2010). The sum of
the four most common mutations, ¢.609G > A (p.Trp203Ter),
¢.658_660delAAG (p.Lys220del), c.482G > A (p.Argl61Gln),
and ¢.80A > G (p.GIn27Arg), accounts for 72.52% of all patho-
genic variants of MMACHC (Our unpublished data).

PCR followed by high-resolution melting curve analysis
(PCR-HRM/HRMA) is a relatively new method for detecting
gene variants. On the basis of the principle of conventional PCR,

new DNA saturated fluorescent dyes is added into a reaction
system for the detection of fluorescent signal changes in am-
plified products in real time. The method can distinguish DNA
fragments with different GC contents and lengths or with dou-
ble-strand complementarity (Montgomery, Sanford, & Wittwer,
2010). At present, HRM can be applied to point mutation, CNV
detection, SNP genotyping, identification of bacterial species,
screening of antibiotic resistant bacterial strains, and detection
of methylation level (Borun et al., 2014; Nagai et al., 2013; Sun
et al., 2018; Yin et al., 2013). HRM has a strong competitive
advantage and alternative potential in the clinical application
of large-scale population gene variants screening owing to its
high throughput, low cost, easy operation, and high sensitivity
and specificity. HRM detection methods have been established
for the respective causing genes MMAA (MIM# 607481) and
MMAB (MIM# 607568) of cblA and cbIB that are comple-
mentary to cblC diseases (Dempsey-Nunez et al., 2012; Illson
et al., 2013). The aim of this study is to validate and establish a
screening method for common pathogenic MMACHC variants
in Chinese patients with cblC by PCR-HRM.

2 | MATERIALS AND METHODS

2.1 | Sample

Our research has been approved by the ethics committee,
under the “Ethical Compliance.” During the screening of sus-
pected children by urine GC/MS and dried blood tablets MS/
MS, those identified with abnormal increase in MMA, ho-
mocysteine (HCY), and me-citrate (MCA) levels underwent
DNA extraction for genetic testing. Informed consent was
provided. PCR primers for the coding region and splicing site
of the MMACHC [GenBank, NG_013378.1, NM_015506.2]
gene were designed according to the methods described in
previous literature (Lerner-Ellis et al., 2006). PCR amplifica-
tion and Sanger sequencing were performed. The sequencing
results were compared with the normal MMACHC sequence
using Chromas software (Version 2.6.4) and NCBI BLAST
tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

22 | PCR-HRM

2.2.1 | PCR-HRM primer design

MMACHC gene sequence [NG_013378.1] was obtained
from NCBI genebank database, and the primers covering
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TABLE 1 PCR-HRM primers of MMACHC® gene
Length of  Scope of

Name Sequence (5'—3) Direction amplicon  screening® Mutation screened

EXla-F  TGTCCTTGAGACTTCATTCCC Forward 229 bp c.1-27 ~c.81 + 82 c.l A> G (p.MetlVal) c.80A > G

EXla-R GCAGGAACCCAGGAGGAT Reverse (Exon 1) (p-GIn27Arg) c.81 + 1G>A (p. ?)

EX2a-F CTGGGGCAAAAGTGTGAG Forward 255 bp c. 82-89 ~ c.211 None

EX2a-R  AGTCAGCATTCGGAGGTG Reverse (Exon 2)

EX2b-F  ACTCAGCACGCCTGCCAT Forward 180 bp c. 174 ~c.276 + 41  c.271dupA (p.Arg91Lysfs*14)

EX2b-R  TGGAGGAACTGGAGGCAG Reverse (Exon2)

EX3a-F TCGGACAAGGTCATAACTCC Forward 260 bp c.277- ¢.315C > G (p.Tyr105Ter) c¢.364dupC

EX3a-R  GCCTTTACCAGTCTATCTCAGC  Reverse 41~c429 +24 (p-His122Profs*17) ¢.394C > T

(Exon 3) (p-Argl32Ter)

EX4a-F  TGGCAGTTGACTTGGTGC Forward 241 bp c. 43044 ~ ¢.590 c.445_446insA (p.Cys149Ter)

EX4a2-R CAATCACGCCAGTGGAAA Reverse (Exon 4) c.482G > A (p.Argl61Gln) ¢.565C > T
(p-Argl89Cys)

EX4b-F  ACCGTATCGCCCTACTCG Forward 166 bp c. 581 ~c.710 ¢.609G > A (p.Trp203Ter) c.626dupT

EX4b-R GGCTTCTCTGAGGGCTGA REVETRe (Exon 4) (p-Thr210Aspfs*35) ¢.626—627del TG
(p-Val209Aspfs*35) c.658_660del
(p-Lys220del)

EX4c-F  GCCTACTTCTCCACTCCACC Forward 223 bp c. 681 ~c.849 + 13  None

EX4c-F  TACCACCATAAATCAGGGTCC  Reverse (Exon 4)

“Location of exons of MMACHC in the coding sequence: Exon 1—c.1 ~ 81; Exon 2—¢.82 ~ 276; Exon 3—¢.277 ~ 429; Exon 4—c.430 ~ 849.

*MMACHC [GenBank, NG_013378.1, NM_015506.2]

four coding exons were designed by DNA MAN software
(Version 6.0.3.99). The length of all amplification prod-
ucts was between 166 and 260 bp (Table 1). The prim-
ers were synthesized by Suzhou Jinweizhi Biotechnology
Co., Ltd.

2.2.2 | PCR-HRM analysis

PCR-HRM analysis involves three steps: PCR reaction, melt-
ing of amplicons, and gene scanning analysis. All the reac-
tions were completed in a closed tube within 2 hr.

The instrument was Roche LightCycler®480 high-through-
put real-time fluorescence quantitative PCR system (Roche
Diagnostics, Penzberg, Germany, 96 wells). The running
software was LightCycler® 480 Gene Scanning Software
(Version 1.5). Biotium Forget-Me-Not™ EvaGreen® qPCR
Master Mix Kit (# 31042-1) was used for the analysis. The
total volume of the PCR reaction was 20 pl, including 10-pl
premix (2x), 1-pl forward and 1-pl reverse primers (10 pM),
and 25-ng genomic DNA template. The EvaGreen was a satu-
rated dye, which can completely bind to double-stranded DNA
but not to single-stranded DNA. The reaction conditions were
as follows: initial denaturation at 95°C for 5 min; 48 cycles
of denaturation at 95°C for 5 s, annealing at 58°C for 10 s,
and extension at 72°C for 20 s with fluorescence reading and

single-point acquisition mode. The subsequent melting anal-
ysis process of PCR amplification products includes 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: the rise rate is 0.02°C/s, and data acquisition is 25
times/°C (once every 0.04°C rise in temperature). The fluo-
rescence data changed with time to form the original melting
curve. In the whole PCR-HRM analysis, the repeatability of
the experiment was ensured by setting the three repetitive
wells in all the reactions.

Gene scanning analysis performed on the final fluores-
cence data consisted of three steps: first, the melting curve
was standardized. The fluorescence value of dsDNA was
set at 100%, and the fluorescence value of ssDNA after
complete melting was set at 0%. Second, the complete de-
naturation point of dsDNA of all the standardized curves
was moved to the same location according to the tempera-
ture axis. Finally, the differences among the melting curves
of the genotypes were enlarged through a differentiation
operation performed with the scanning software, and final
difference plots were obtained. The experimental groups
of different genotypes were distinguished obviously. DNA
Sanger sequencing was necessary for the identification
of specific mutations in the samples with melting curves
different from those of wild-type and control mutations
(Figure S1).
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TABLE 2 Pathogenic variants of MMACHC® gene verified in this study

No. c¢DNA change Amino acid change Exon (EX) Variant type Allele frequency?® Percentage®

1 cl1A>G p-MetlVal EX1 Missense 2 3.23%

2 c.80A > G p-GIn27Arg EX1 Missense 7 11.29%

3 c8l+1G>A ? Intronl Splicing site 1 1.61%

4 c.271dupA p-Arg91Lysfs*14 EX2 duplication/frameshift 1 1.61%

5 c315C>G p-Tyr105Ter EX3 Nonsense 2 3.23%

6 ¢.364dupC p-His122Profs*17 EX3 Duplication 1 1.61%

7 c.394C>T p.-Argl132Ter EX3 Nonsense 3 4.84%

8 c.445_446insA p.Cys149Ter EX4 Nonsense 2 3.23%

9 c.482G > A p.Argl61GIn EX4 Missense 5 8.06%

10 c.565C>T p.Argl89Cys EX4 Missense 1 1.61%

11 c.609G > A p-Trp203Ter EX4 Nonsense 26 41.94%

12 ¢.626dupT p-Thr210Aspfs*35 EX4 Deletion/frameshift 2 3.23%

13 €.626-627delTG p-Val209Aspfs*35 EX4 Deletion 1 1.61%

14 ¢.658_660del p.Lys220del EX4 Deletion 8 12.90%

*From our previously published data (Wang, Li, et al., 2019), this is the result of 64 alleles from 32 patients with cbIC.

"MMACHC [GenBank, NG_013378.1, NM_015506.2]

2.2.3 | PCR-HRM analysis of the
Homozygous type of the most common
mutation ¢.609G > A (p.Trp203Ter)

The c.609G > A (p.Trp203Ter) mutation accounted for almost
half of all MMACHC mutations, but about 40% of them were
homozygous. Thus, screening the homozygous ¢.609G > A
(p-Trp203Ter) mutation is necessary. PCR-HRM analysis
cannot distinguish homozygous mutations from wild-type
mutations; this problem is addressed by adding a certain pro-
portion of wild type to the specimen to be examined (Er et al.,
2012). Therefore, we added 25% (quality) wild-type template
(homozygous to wild-type ratio is 3:1) to the homozygous
c.609G > A (p.Trp203Ter) mutation template to form a
mixed-type experimental group. The wild-type, heterozy-
gous, and homozygous ¢.609G > A (p.Trp203Ter) mutations
were used as control groups, and then PCR-HRM analysis
was carried out according to part (2).

3 | RESULTS
3.1 | Rapid identification of pathogenic
MMACHC variants by PCR-HRM analysis

A total of 62 (14 variants) pathogenic variants were detected
in 32 children with cblC, as shown in our previously pub-
lished data (Wang, Li, et al., 2019) (Table 2). Among them,
mutations ¢.609G > A (p.Trp203Ter), c.658_660delAAG
(p.Lys220del), c.482G > A (p.Argl61Gln), and c.80A > G
(p.GIn27Arg) were the most common in this study. Except
¢.364dupC (p.His122Profs*17), which is a novel mutation,

the mutations were reported previously, and the mutation
spectrum was consistent with previous reports (Hu et al.,
2018; Liu et al., 2010).

PCR-HRM analysis of MMACHC gene in this study
showed that 14 heterozygous pathogenic variants were sig-
nificantly different from those of wild-type control (Figure 1).
No mutation was verified in the coverages of the EX2a and
EX4c primers, but their difference plots were clearly distin-
guished from other genotypes in the same group (Figure Ic,
d, i and j). PCR-HRM exhibited 100% accuracy in the screen-
ing common pathogenic variants of MMACHC in the Chinese
population.

3.2 | Identification of homozygous
¢.609G > A (p.Trp203Ter) by PCR-HRM

Heterozygous ¢.609G > A (p.Trp203Ter) mutation can
be distinguished from the wild type, but the homozygous
c.609G > A (p.Trp203Ter) mutation showed almost the
same difference plot as the wild type. Mixed-type dif-
ference plot is different from heterozygous type, wild
type, and homozygous type, but between the two groups
(Figure 2). This result showed that 25% (quality) wild-
type samples can be added to the samples to be tested
in advance in the screening of homozygous ¢.609G > A
(p-Trp203Ter) mutation in unknown samples. If the sam-
ples to be tested are wild type, it will still be wild type
after adding the wild-type samples. If the samples to be
tested are homozygous, it will become the above-men-
tioned mixed-type after the addition of the wild-type sam-
ples and become detectable.
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graphs

a5
Temperature [*C)

Temperature [*C)

HRM analysis of pathogenic variants of MMACHC gene from different patients with cblC. (a—b) Melting curves and difference
plots of c.1A > G (p.Met1Val), ¢.80A > G (p.GIn27Arg), c.81 + 1G>A (p. ?), and EX1a WT. (c—d) Melting curves and difference plots of
c.271dupA (p.Arg91Lysfs*14), EX2a and EX2b WTs. (e—f) Melting curves and difference plots of ¢.315C > G (p.Tyr105Ter), c.364dupC
(p-His122Profs*17), ¢.394C > T (p.Argl132Ter), and EX3a WT. (g-h) Melting curves and difference plots of c.445_446insA (p.Cys149Ter),
c.482G > A (p.Argl61Gln), ¢.565C > T (p.Argl89Cys), and EX4a WT. (i—j) Melting curves and difference plots of ¢.609G > A (p.Trp203Ter),
¢.626dupT (p.Thr210Aspfs*35), ¢.626-627delTG (p.Val209Aspfs*35), ¢.658_660del (p.Lys220del), EX4b WT, and EX4c WT. The mutations
represented by different colors in melting curves and difference plots are shown in the upper right corner of the difference graphs in each group of
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FIGURE 2 HRM analysis of homozygous ¢.609G > A (p.Trp203Ter) mutation of MMACHC gene. (a) Normalized and shifted melting
curves of EX4b WT, heterozygous ¢.609G > A (p.Trp203Ter), homozygous ¢.609G > A (p.Trp203Ter), and mixed-type ¢.609G > A
(p-Trp203Ter). (b) Normalized and temp-shifted differentiation plots of the same genotypes. The mutations represented by different colors in the

graph are shown in the upper right corner of the difference plots

4 | DISCUSSION

The disorders of intracellular cbl metabolism are caused by
a variety of protein defects in cbl transport and processing
pathways, including MMACHC, MMADHC, LMBRDI,
and ABCD4. cblC caused by MMACHC defect is the most
common, accounting for 80% of all MMA combined with
HC (Sloan, Carrillo, Adams, & Venditti, 2018). According
to the age of onset, cblC can be divided into early onset and
late onset types. Those less than 1 year are early onset type,
and those older than 4 years are late onset type (Rosenblatt
et al., 1997). As one of the few treatable genetic diseases,
cblC can achieve obvious therapeutic effect by early supple-
mentation of vitamin B, and L-carnitine, and some clinical
phenotypes can be reversed (Wang, Li, et al., 2019; Wang,
Zhao, et al., 2019). Therefore, the establishment of a rapid
screening method for the pathogenic variants of MMACHC
gene has important clinical significance, especially for pa-
tients with late onset cblC, which are difficult to detect be-
cause of the absence of typical clinical symptoms.

The mutation spectrum of MMACHC gene varies greatly
among different populations. The common mutations of the
MMACHC gene in Caucasian patients with cblC are com-
pletely different from those in the Chinese population. The
most common pathogenic variants are c.271dupA (p.Ar-
g91Lysfs*14), ¢.394C > T (p.Argl32Ter), and ¢.331C > T.
The c.271dupA (p.Arg91Lysfs*14) mutation accounts for
almost half of all mutations (Lerner-Ellis et al., 2009). The
most common mutations in Chinese patients with cblC are
¢.609G > A (p.Trp203Ter), c.658_660delAAG (p.Lys220del),
c.482G > A (p.Argl61Gln), c.80A > G (p.GIn27Arg), and
the ¢.609G > A (p.Trp203Ter) mutation accounts for almost
half of all these mutations (Hu et al., 2018; Liu et al., 2010).
In this study, a PCR-HRM method was established for the
analysis of the common pathogenic variants of the MMACHC
gene in Chinese patients with cblIC. It can distinguish the mu-
tants from wild types. The results of HRM were consistent
with those of Sanger sequencing, and the accuracy was 100%.

When the mutations were added as controls in PCR-HRM, the
specific mutations were determined directly. The MMACHC
gene has a relatively short coding sequence, and 849 bp is
distributed in four exons. Given that the gene can be fully
covered by seven pairs of PCR-HRM primers, the screening
method is efficient, fast and economical. The ¢.609G > A
(p-Trp203Ter) and c.271dupA (p.Arg91Lysfs*14) mutations
mainly cause severe early onset cblC (Liu et al., 2010) and are
the most common and high-proportion mutations in Chinese
and Caucasian patients with cblC, respectively. Thus, they
can be screened separately in clinical practice if necessary.
Spanish researchers previously performed HRM analysis
on c.271dupA (p.Arg91Lysfs*14) mutation in diagnostics
(Richard et al., 2009). In this study, a PCR-HRM method for
detecting heterozygous ¢.609G > A (p.Trp203Ter) mutation
was established for the first time. Given that homozygous
¢.609G > A (p.Trp203Ter) mutation is difficult to detect and
has high proportion, this study verified the PCR-HRM detec-
tion method through a special experimental design (Figure
S1).

Instruments for HRM were first developed in 2000
(Wittwer, 2010). Since then, HRM modules have been added
to many real-time quantitative PCR instruments. HRM-only
instruments, such as HR-1 and LightScanner, have high accu-
racy, sensitivity, and specificity for mutation scanning. At the
same time, new alternative saturated dyes have been intro-
duced, such as LC Green ® Plus (Idaho), Syto9 (Invitrogen)
and EvaGreens (Biotum). The development of analysis soft-
ware has resulted in the improvement of HRM resolution
(Montgomery et al., 2010). HRM has high resolution and can
accurately distinguish fluorescence signal changes caused
by the substitution of a single base in an amplicon (Reed,
Kent, & Wittwer, 2007). Therefore, HRM is not limited by
mutation base sites and types, it can scan unknown muta-
tions and perform genotyping for known mutations. HRM
analysis allows single closed-tube operation and complete
the experiment within 2 hr, showing its significant advan-
tages of high-throughput and fast operation. Ideal screening
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methods for genetic diseases in large populations should be
highly sensitive, specific, high throughput, fast, inexpen-
sive, easy to implement, and automated. HRM is one of the
best screening methods for screening point mutation-based
diseases, especially single-gene diseases. (Fu et al., 2018).
This screening method greatly reduces the need to validate
sequencing for patients and help exclude a large number of
risk-free patients (Chambliss, Resnick, Petrides, Clarke, &
Marzinke, 2016). HRM is as fast, economical and sensitive as
conformation sensitive capillary electrophoresis (CSCE), and
has better sensitivity and specificity for mutation scanning
than denatured high-performance liquid chromatography
(dHPLC), particularly in the identification of homozygous
sequence variants (Simko, 2016). Although next-generation
sequencing (NGS) has become the primary tool for genetic
and genomic analysis; this approach is expensive, and the
huge data it generates poses great challenges to bioinformatic
analysis. The cost of equipment, labor, reagents, and supply
for HRM analysis is much lower than that of NGS (Cousins
et al., 2012).

HRM has many advantages and is still developing, but
it also has shortcomings. For example, studies have shown
that PCR-HRM cannot distinguish some homozygous
variants from wild-type variants (Chambliss et al., 2016)
and different heterozygotes may produce similar melting
curves (Wittwer, 2009). In the process of establishing the
screening method for ¢.609G > A (p.Trp203Ter) mutation,
we found that homozygous ¢.609G > A (p.Trp203Ter) and
its wild type produce the same melting curve. This prob-
lem is caused by the defect in the technology itself and
can only be improved by changing the experimental de-
sign. The solution is to add a certain amount of wild-type
sample into the sample to be tested. If the sample tested is
homozygous, the homozygous and heterozygote samples
will form heteroduplexes, which will make the melting
curve different from the melting curves of the wild-type
and heterozygous samples, but this approach may in-
crease the amount of work (Er et al., 2012). For detecting
¢.609G > A homozygotes, other detection methods such as
restriction fragment length polymorphism (RFLP) analy-
sis and single-strand conformation polymorphism (SSCP)
analysis can also be used, but the labor and time cost of
these two methods is greater than PCR-HRM. Allele-
specific oligonucleotide (ASO) can also be used, but com-
pared with PCR-HRM, however, its economic cost is much
higher due to the probes. HRM analysis can be improved
by other approaches, for example, adding a certain pro-
portion of DMSO before or after the PCR. This approach
can increase detection sensitivity, and DMSO can be ap-
plied to any platform. Organic solvents, such as betaine
and formamide used as PCR modifiers, may also improve
HRM analysis (Song, Castellanos-Rizaldos, Bejar, Ebert,
& Makrigiorgos, 2015). Because Sanger sequencing is

Open Access,

the gold standard of gene detection, and HRM is a screen-
ing technology, the positive screening results of HRM for
the pathogenic variant need to be confirmed by Sanger
sequencing.

In conclusion, this study established a screening method
for common MMACHC mutations in Chinese patients with
cblC by detecting the DNA samples of children with cbIC.
This method has the advantages of economy, rapidity, high
throughput, and high accuracy. It is suitable for the large-sam-
ple rapid screening of suspected children with methylmalonic
acidemia and the rapid screening of population carriers.
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