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Abstract

Background: Disorders of the metabolism and absorption of vitamin B12 can lead to decrease in activity of
methionine synthetase and methylmalonate coenzyme A mutase (MMUT), which results in increased levels of
methylmalonic acid and homocysteine in blood and urine. Often, combined methylmalonic acidemia (MMA) and
homocysteinemia is misdiagnosed due to a lack of specific symptoms. The clinical manifestations are diverse, but
proteinuria as the initial presentation is rare.

Case presentation: Two cases of MMA with homocysteinemia in children are reported. Proteinuria were a primary
presenting symptom, followed by anemia and neurologic symptoms (frequent convulsions and unstable walking,
respectively). Screening of amino acids and acyl carnitine in serum showed that the propionyl carnitine:
acetylcarnitine ratio increased. Profiling of urinary organic acids by gas chromatography-mass spectrometry
revealed high levels of methylmalonic acid. Homocysteine content in blood was increased. Comprehensive genetic
analyses of peripheral blood-derived DNA demonstrated heterozygous variants of methylmalonic aciduria type C
and homocystinuria (MMACHC) and amnionless (AMN) genes in our two patients, respectively. After active
treatment, the clinical manifestations in Case 1 were relieved and urinary protein ceased to be observed; Case 2
had persistent proteinuria and was lost to follow-up.

Conclusions: Analyses of the organic acids in blood and urine suggested MMA combined with homocysteinemia.
In such diseases, reports of renal damage are uncommon and proteinuria as the initial presentation is rare.
Molecular analysis indicated two different genetic causes. Although the pathologic mechanisms were related to
vitamin B12, the severity and prognosis of renal lesions were different. Therefore, gene detection provides new
insights into inherited metabolic diseases.
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Background

Methylmalonic acidemia (MMA) involves abnormal me-
tabolism of amino acids and organic acids. It is caused
mainly by abnormal accumulation of metabolites such as
methylmalonic acid, 3-hydroxypropionic acid, and methyl
citric acid due to deficiency of methylmalonate coenzyme
A mutase (MMUT) or a defect in the metabolism of the
coenzyme cobalamin (Cbl). Cbl (also known as vitamin
B12) has four bioactive forms and several analogs [1].
Cyanocobalamin (CNCb]) is a stable and inexpensive syn-
thetic form used commonly for food fortification and oral/
parenteral supplementation [2]. Vitamin B12 is converted
into active adenosylcobalamin (AdoCbl) and methylcobala-
min (MeCbl) through enzymatic reaction in the cytoplasm
and mitochondria mainly, and participates in the metabol-
ism of amino acids [3]. AdoCbl is a cofactor for MMUT,
and its deficiency leads to accumulation of methylmalonic
acid and its precursors (e.g., propionic acid, methylcitric
acid, and other metabolites) in the body, a decrease in ac-
tivity of succinate dehydrogenase, and obstruction of gen-
eration of mitochondrial energy. MeCbl is a cofactor for
methionine synthetase, which catalyzes the re-methylation
of homocysteine to methionine. A lack of methionine syn-
thetase leads to homocysteine accumulation and consump-
tion of methionine and S-adenosylmethionine within the
cell [4-6]. The clinical manifestations are diverse, and
more common in blood and nervous system [7, 8]. Second-
ary renal damage has also been reported, but proteinuria as
the primary presenting symptom is rare. Here, we report
two cases of MMA with homocysteinemia in children with
proteinuria as a presenting sign. The genetic-mutation sites
were different, as were the pathogenesis and prognosis of
the disease.

Case presentation

Case 1

A 42-month-old Chinese boy (bodyweight, 16 kg; height,
102 cm) was admitted to the Department of Nephrology
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and Immunology of our hospital due to edema and
proteinuria. He underwent laboratory examination for
macrocytic anemia (hemoglobin, 58 g/L), proteinuria (2+
) and hematuria (103/HP). The 24-h urinary level of
microprotein increased to 75.7 mg/24 h (reference range:
2.6—16.6 mg/24 h). Anemia, proteinuria, and hematuria
continued after infusion of washed red blood cells
(RBCs), methylprednisolone administration, and anti-
infection treatment after hospital admission. Ten days
later, he suddenly developed frequent convulsions and
persistent hypertension. He was transferred to the inten-
sive care unit for tracheal intubation, and methylprednis-
olone pulsation treatment (300 mg/d for 3 days followed
by gradual reduction) and symptomatic treatment. The
convulsions ceased and hypertension was relieved, but
anemia, proteinuria, and hematuria persisted. Renal bi-
opsy was done. Under light microscopy, diffuse membra-
noproliferative lesions of the glomerulus were noted.
Also, changes in congestion of glomerular capillary
loops, some degeneration of tubular epithelial cells, and
intraluminal protein casts were documented (Fig. 1).
Immunofluorescence analyses showed diffuse granular
deposition of immunoglobulin M (IgM; 3+), Clq (+) and
fibrinogen (+) along the glomerular mesangium and
capillary loops (Fig. 2). Screening of amino acids and
acyl carnitine in blood showed that the propionyl carni-
tine:acetylcarnitine ratio increased to 0.29 (reference
range: 0.02-0.25). Also, profiling of organic acids in
urine by gas chromatography—mass spectrometry revealed
increased levels (in pmol/L) of methylmalonic acid (81.9;
reference range: 0.0-4.0) and methyl citrate (0.9; 0.0-0.8).
Further detection suggested the homocysteine content in
blood to be > 100 umol/L (reference range: 0.0-15.0 pmol/
L). The level of vitamin B12 was normal (263.4 pg/mL;
reference range: 200.0-900.0 pg/mL). Comprehensive gen-
etic analyses of peripheral blood-derived DNA revealed
compound heterozygous variants of the methylmalonic
aciduria type C and homocystinuria (MMACHC) gene,

Fig. 1 Renal biopsy under light microscopy. Diffuse membranoproliferative lesions of the glomerulus with changes in congestion of glomerular
capillary loops, some degeneration of tubular epithelial cells, and intraluminal protein casts
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mesangium and capillary loops

Fig. 2 Immunofluorescence analysis of renal biopsy. Diffuse granular deposition of IgM (34), C1q (+) and fibrinogen (+) along the glomerular

which suggested the diagnosis was Methylmalonic Acide-
mia and Homocystinuria (cblC type) (Table 1; Fig. 3).

Treatment was initiated with betaine (4.5 g/day, p.o.),
calcium folinate (5 mg/day, p.o.), methionine (0.2 g/day,
p.o0.), vitamin B12 (1 mg/day, i.m.), L-carnitine (1.5 g/day,
p.o.) as well as feeding with standard milk powder:milk
powder lacking methionine, threonine, valine and isoleu-
cine at a protein ratio of 1:1.

The hemoglobin level increased gradually, blood pressure
remained stable, and metabolites in blood and urine was
essentially normal. However, proteinuria and hematuria
persisted.

The treatment stated above was combined with myco-
phenolate mofetil (MMF; 250 mg/day, p.o.). After 3
months, proteinuria and hematuria reversed. The patient
had regular follow-up in the outpatient department and
medication adjustment according to follow-up results.

Table 1 Genetic testing of Case 1 and his parents

Case 2

A Chinese male aged 16years and 5 months (body-
weight, 89 kg; height, 169 cm) visited the Department of
Neurology in our hospital because of unstable walking of
2-week duration. When he was 2years of age, he had
been sent to a local hospital for examination because of
unwillingness to walk. Laboratory tests revealed megalo-
blastic anemia combined with proteinuria. Renal biopsy
had shown isolated proteinuria (specific disease not
known) but treatment had not been initiated. Anemia
and proteinuria persisted.

After hospital admission, he was treated with neuro-
trophic drugs, but symptoms were not alleviated. Rou-
tine, biochemical, culture and autoimmune encephalitis
antibody in cerebrospinal fluid were normal. Electroen-
cephalography was normal. The T1-weighted imaging
(T1WI) sequence of cranial magnetic resonance imaging

Gene MMACHC

Chromosomal location Chr1:45974647

Chr1:45966084

Nucleotide NM_015560. c.609(exon4)G > A NM_015560. c.80(exon1)A > G
Amino acid NM_015560. p.W203X,80(p.Trp203stop,80) NM_015560. p.Q27R(p.GIn27Arg)
Maternal genotype Wild type Heterozygous

Paternal genotype Heterozygous Wild type

Diagnosis

Methylmalonic Acidemia and Homocystinuria (cbIC type)
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Reference sequence
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Fig. 3 Gene sequences of Case 1 and his parents

Reference sequence

C TG GCG TG ATTG G ACTTACCG GG ATGC
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(MRI) showed decreased signals for the clivus and cra-
nial barrier. TIWI and T2WI sequences of MRI showed
uniform reduction of signals in the whole spinal column,
centrum and accessories. Screening for amino acids and
acyl carnitine using blood samples revealed the level of
propionyl carnitine (15.46 pmol/L; reference range:
0.38-3.6 umol/L) and the ratio of propionyl carnitine:
acetylcarnitine (0.48; reference range: 0.04—0.22) to be
increased. Also, profiling of urinary organic acids by gas
chromatography—mass spectrometry showed high levels
(in pmol/L) of 3-hydroxypropionic acid (13.07; reference
range: 0.0-1.1) and methylmalonic acid (50.82; 0.2-3.6).
The homocysteine concentration in serum was 85.6 pmol/L
(reference range: 0.0—15.0 umol/L). The level of vitamin
B12 was the lower limit of normal (231.2 pg/mL; reference
range: 200.0-900.0 pg/mL). Genetic analyses of peripheral
blood-derived DNA was undertaken and showed com-
pound heterozygous variants of the amnionless (AMN)
gene (Table 2) and suggested the diagnosis of Imerslund—
Gréasbeck syndrome (IGS). After 1 week of treatment com-
prising L-carnitine (3 g/day, p.o.), vitamin B12 (1 mg/day,
im.), vitamin B6 (30 mg/day, p.o.), folic acid (5mg/day,
p.o.), coenzyme Q10 (10 mg/day, p.o.) and betaine (3 g/day,
p.o.), the level of homocysteine in blood and methylmalonic

Table 2 Genetic testing of Case 2 and his parents

acid in urine decreased to normal ranges. The hemoglobin
level increased gradually and remained stable, but protein-
uria and unsteady walking persisted. The amino acids and
other metabolites in blood and urine were measured regu-
larly, and the dose and frequency of drugs adjusted accord-
ing to the results. After 4 months, the patient still had
proteinuria (2+) and then was lost to follow-up.

Discussion and conclusions
Disorders of inborn errors of cobalamin metabolism is
an inherited metabolic disease.

Various factors lead to MMA, where it is biomarker for
some inhirited metabolic disorders such as the deficiency
of MMUT or coenzyme Cbl, which results in abnormal
accumulation of metabolites however the latter can also
cause homocysteinemia. The global prevalence of MMA
has been reported to range between 0.0004 and 0.0021%
[9]. The incidence of MMA in neonatal screening in
China has been reported to be 0.0038—-0.025%, and MMA
with homocysteinemia is relatively common [9, 10].

Methylmalonic Acidemia and Homocystinuria (cbIC)
Combined MMA and homocysteinemia is an inherited
metabolic disease related to a disorder of metabolism of

Gene AMN

Chromosomal location

Nucleotide

Amino acid NM_030943. p.G254E
Maternal genotype Wild type

Paternal genotype Heterozygous

Diagnosis

Chr14: 103395992
NM_030943. c.761G > A

Chr14: 103395855
NM_030943. c.742C>T
NM_030943. p.Q248*
Heterozygous

Wild type

Imerslund-Grasbeck syndrome
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vitamin B12. According to genetic defects, cblC, cbID,
cblF, cblX and cbl] types have been found, and cblC ap-
pears to be more common [3, 10, 11]. Impaired synthesis
of intracellular AdoCbl and MeCbl due to a MMACHC
mutation located in the p34 coding region of staining 1
has been shown to reduce the activity of methionine
synthase and MMUT, resulting in accumulation of
methylmalonic acid and homocysteine in vivo [12, 13].
MMACHC has a length of 10,736 bp and contains four
coding exons and one noncoding exon, and encodes a
polypeptide of 282 amino acids [9]. In China, most
variants are clustered in exons 3 and 4, and c.609G > A
(p-W203X) is the most frequent cblC mutation [9, 14].
Case 1 presented with proteinuria, hematuria, megalo-
blastic anemia, frequent convulsions and persistent hyper-
tension. Metabolite detection in blood and urine samples
showed MMA combined with homocysteinemia. Further
genetic analyses showed two heterozygous MMACHC
variants, c.80A>G (p.Q27R, from his mother) and
¢.609G > A (p.W203X, from his father), which were con-
sistent with cblC type.

Imerslund-Grasbeck syndrome (IGS)

IGS is a rare autosomal-recessive genetic disease charac-
terized by poor absorption of Cbl within the intestine
[15, 16]. Hereditary malabsorption of Cbl has been re-
ported to involve three genes: variants of cubilin (CUBN)
and/or AMN lead to IGS, and GIF variants lead to in-
trinsic factor deficiency (IFD). Clinically, the difference
between IGS and IFD is that proteinuria is present in
IGS [4, 17]. The endocytic receptor cubam is formed by
the 460-kDa protein cubilin (gene product of CUBN)
and the 45-kDa transmembrane protein amnionless
(gene product of AMN). Cubam and amnionless are part
of the intrinsic factor—cobalamin complex. The latter
shows high expression in the distal intestinal tract and
proximal renal tubules, and has important roles in the
absorption of Cbl within the intestine and reabsorption
of urinary protein in the kidney. Hence, a CUBN muta-
tion on chromosome 10 and/or AMN on chromosome
14 can lead to IGS [18-20]. Genetic analyses of periph-
eral blood-derived DNA in Case 2 revealed two hetero-
zygous variants of AMN, ¢.742C > T (p.Q248* from his
mother) and ¢.761G > A (p.G254E, from his father), in
accordance with IGS. Namour F et al. reported a case
with similar clinical manifestation and laboratory exam-
ination in France, in which genetic tests showed
composite heterozygosity of ¢.742C > T, p.GIn248X and
c.208-2A > G [18]. Also, ¢.761G > A (p.G254E) has been
reported in other countries [17].

Renal lesion
¢blC involves abnormal metabolism of vitamin B12 and
IGS involves malabsorption of vitamin B12. Both can
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lead to a decrease in the activity of methionine synthe-
tase and MMUT, which results in increased levels of
methylmalonic acid and homocysteine in blood and
urine. The clinical manifestations of cblC can be divided
into three periods: prenatal, infantile and non-infantile,
in which infantile presentation is most common [12].
Hemolytic uremic syndrome (HUS) has been reported
for the cblC type [21-24]. Homocysteine promotes the
development of microvascular thrombosis by damaging
endothelial cells, increased expression of procoagulants,
induction of fibrinogen activation, and stimulation of
pro-inflammatory signaling pathways, which are closely
related to HUS in cblC [25]. Mathilde L et al. reported
that most patients presented with renal thrombotic
microangiopathy (TMA) with acute renal failure in cblC
deficiency-associated kidney lesions, and suggested that
all patients with renal TMA should be screened for
metabolic disorders of Cbl [26]. Angel F et al. observed
vitamin-B12 deficiency to be common among patients
with hyper-homocysteinemia and thrombosis [27]. Renal
biopsy in Case 1 showed glomerulopathy to be the main
pathologic change. Specifically, diffuse membranoproli-
ferative lesions of the glomerulus with deposition of IgM
(3+), Clq (+) and fibrinogen (+) along the glomerular
mesangium and capillary loops. IGS is associated with
non-progressive proteinuria which, in general, does not
affect renal function. Data from clinical trials have sug-
gested that a reduction of urinary protein reabsorption
due to defects in expression of cubilin and amnionless,
followed by proteinuria, are not related to kidney disease
[15, 28, 29]. Boina AA et al. [4] reported that, after treat-
ment with vitamin B12 in children with IGS, the RBC
count and metabolic parameters returned to normal,
whereas proteinuria persisted. However, a CUBN muta-
tion was found in a multicenter study of childhood
corticosteroid-resistant nephrotic syndrome, and one
case progressed to end-stage renal disease [30]. Some
scholars have found that the homocysteine concentra-
tion in plasma decreases and the homocysteine level in
urine increases in patients or models of nephrotic syn-
drome [31, 32], which is probably related to some direct
urinary loss of homocysteine due to albumin binding.
We suspect that the increased homocysteine level causing
proteinuria in our cases may have been related to increased
urinary excretion of albumin-bound homocysteine.

Treatment and prognosis

The main treatment of MMA with homocysteinemia
involves high-dose intramuscular injections of hydroxo-
cobalamin, which can decrease the concentrations of
homocysteine and methylmalonic acid, and increase the
synthesis of methionine [12, 33]. At present, application
of MeCbl and AdoCbl does not aid prevention/treat-
ment of Cbl deficiency, and CNCbl is thought to be a
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more stable and inexpensive form and suited for oral
supplementation and parenteral treatment [2, 12].
Betaine also enhances re-methylation of homocysteine
to methionine, thereby reducing the level of homocyst-
eine [31]. Levocarnitine can facilitates excretion of pro-
pionyl groups and prevents carnitine deficiency;
levocarnitine can usually be given at 50-200 mg/kg/day
[12]. Folic acid and other supplements, such as MeCbl
and pyridoxine, are used as adjunct therapy. Protein
restriction can be employed to lower the load of amino
acids into the propionate oxidation pathway and de-
crease production of methylmalonic acid by partially
blocking the MMUT step. However, such protein re-
striction induces deficiency of methionine and essential
branched-chain amino acids, which can have negative
effects on the growth and development of the brain [31].
In our cases, metabolite levels in blood and urine were
essentially normal after active treatment of betaine,
calcium folinate, methionine, vitamin B12, L-carnitine as
well as dietary management. However, proteinuria
persisted. MMF and glucocorticoid was applied in Case
1. About 3 months later, proteinuria reversed. He had a
good prognosis, regular follow-up in the outpatient
department, and medication adjustment according to
follow-up results. However, Case 2 had persistent pro-
teinuria and was lost to follow-up.

A disorder of the metabolism and absorption of Cbl
can lead to MMA combined with homocysteinemia. The
clinical manifestations are diverse and non-specific. If
unexplained proteinuria accompanied by megaloblastic
anemia and neurologic involvement are present, inher-
ited metabolic diseases should be considered. Although
the pathologic mechanisms were related to Cbl, the se-
verity and prognosis of renal lesions were quite different.
Molecular analysis is very important for the diagnosis,
treatment and prognosis of such diseases.

Abbreviations

MMUT: Methylmalonate coenzyme A mutase; MMA: Methylmalonic
acidemia; MMACHC: Methylmalonic aciduria type C with homocystinuria;
AMN: Amnionless; Cbl: Cobalamin; CNCbl: Cyanocobalamin;

AdoCbl: Adenosylcobalamin; MeCbl: Methylcobalamin; RBCs: Red blood cells;

cblC: Methylmalonic acidemia and homocystinuria; TTWI: T1-weighted imaging;
MRI: Magnetic resonance imaging; MMF: Mycophenolate mofetil; IGS: Imerslund-
Grasbeck syndrome; CUBN: Cubilin; IFD: Intrinsic factor deficiency; HUS: Hemolytic
uremic syndrome; TMA: Thrombotic microangiopathy

Acknowledgments

We thank all the patients, families, and referring physicians who participated
in this study. We also thank the Children’s Hospital of Soochow University,
Guangzhou Jinyu Medical Laboratory Center, Jiajian Check Medical Testing
Corporation, and Beijing Zhiyin Oriental Conversion Medical Research Center
for their support. We thank the native English-speaking scientists of Elixigen
(Huntington Beach, CA, USA) for editing our manuscript.

Authors’ contributions

RYC conceived and designed the study, coordinated the research, and wrote
the manuscript. XZL designed and commented on the manuscript draft. QL
helped to draft the manuscript. YZ, YYS and QYX coordinated collection of
DNA samples, undertook genetic counseling and analyzed those data. XMZ

Page 6 of 7

provided pathology data and analyzed those data. LQC, HYW and XQC
provided specialist advice and participated in the drafting and design of the
manuscript. All authors approved the final version of the manuscript.

Funding

This study was funded by National Natural Science Foundation of China
(81370787) and Jiangsu province Clinical Medical Science and Technology
Commission (SBL2014030237). The funders commented on the draft
manuscript.

Availability of data and materials

Data were collected from Children’s Hospital of Soochow University,
Guangzhou Jinyu Medical Laboratory Center, Jiajian Check Medical Testing
Corporation, and Beijing Zhiyin Oriental Conversion Medical Research Center.
The datasets generated and/or analysed during the current study are
available in the NCBI repository, [SRR12586543; SRR12586542; SRR12586541;
SRR12586540.]. These materials described in the manuscript, including all

relevant raw data are available upon request.

Ethics approval and consent to participate

Procedures in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research committee.
Administrative permissions were acquired by our team to access the data
used in research. Written informed consent was obtained from all study
participants including the parents or legal guardians of any participant under
the age of 16.

Consent for publication

Written informed consent for publication of identifying images or other
personal or clinical details was obtained from all study participants including
the parents or legal guardians of any participant under the age of 18.

Competing interests
The authors declare no conflict of interest.

Author details

'Department of Nephrology and Immunology, Children’s Hospital of
Soochow University, Suzhou, Jiangsu, China. 2Department of Pathology,
Children’s Hospital of Soochow University, Suzhou, Jiangsu, China.
3Department of Endocrinology, Children’s Hospital of Soochow University,
Suzhou, Jiangsu, China. “Department of Neurology, Children’s Hospital of
Soochow University, Suzhou, Jiangsu, China.

Received: 13 September 2019 Accepted: 10 September 2020
Published online: 21 September 2020

References

1. Wang H, Shou Y, Zhu X, Xu Y, Shi L, Xiang S, Feng X, Han J. Stability of
vitamin B12 with the protection of whey proteins and their effects on the
gut microbiome. Food Chem. 2019;276:298-306.

2. Obeid R, Fedosov SN, Nexo E. Cobalamin coenzyme forms are not likely to
be superior to cyano- and hydroxyl-cobalamin in prevention or treatment
of cobalamin deficiency. Mol Nutr Food Res. 2015;59(7):1364-72.

3. Froese DS, Gravel RA. Genetic disorders of vitamin B(1)(2) metabolism: eight
complementation groups—eight genes. Expert Rev Mol Med. 2010;12:e37.

4. Boina AA, Ogier DBH, Kozyraki R, Passemard S, Fenneteau O, Lebon S, Rigal
O, Mesples B, Yacouben K, Giraudier S, et al. How can cobalamin injections
be spaced in long-term therapy for inborn errors of vitamin B(12)
absorption? Mol Genet Metab. 2012;107(1-2):66-71.

5. Castro R, Rivera |, Blom HJ, Jakobs C, Tavares DAI. Homocysteine
metabolism, hyperhomocysteinaemia and vascular disease: an overview. J
Inherit Metab Dis. 2006;29(1):3-20.

6. Watkins D, Rosenblatt DS. Lessons in biology from patients with inherited
disorders of vitamin B12 and folate metabolism. Biochimie. 2016;126:3-5.

7. Carrillo-Carrasco N, Venditti CP. Combined methylmalonic acidemia and
homocystinuria, cbIC type. Il. Complications, pathophysiology, and
outcomes. J Inherit Metab Dis. 2012;35(1):103-14.

8. KanglL, LiuY, Shen M, Liu Y, He R, Song J, Jin Y, Li M, Zhang Y, Dong H,
et al. A study on a cohort of 301 Chinese patients with isolated
methylmalonic acidemia. J Inherit Metab Dis. 2020;43(3):409-23.



Chen et al. BMC Medical Genetics

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2020) 21:183

Wang F, Han L, Yang Y, Gu X, Ye J, Qiu W, Zhang H, Zhang Y, Gao X, Wang
Y. Clinical, biochemical, and molecular analysis of combined methylmalonic
acidemia and hyperhomocysteinemia (cbIC type) in China. J Inherit Metab
Dis. 2010;33(Suppl 3):5435-42.

Zhou X, Cui Y, Han J. Methylmalonic acidemia: current status and research
priorities. Intractable Rare Dis Res. 2018;7(2):73-8.

Keyfi F, Abbaszadegan MR, Sankian M, Rolfs A, Orolicki S, Pournasrollah M,
Alijanpour M, Varasteh A. Mutation analysis of genes related to
methylmalonic acidemia: identification of eight novel mutations. Mol Biol
Rep. 2019,46(1):271-85.

Carrillo-Carrasco N, Chandler RJ, Venditti CP. Combined methylmalonic
acidemia and homocystinuria, cbIC type. I. Clinical presentations, diagnosis
and management. J Inherit Metab Dis. 2012;35(1):91-102.

Hannibal L, DiBello PM, Jacobsen DW. Proteomics of vitamin B12
processing. Clin Chem Lab Med. 2013;51(3):477-88.

Hu S, Mei S, Liu N, Kong X. Molecular genetic characterization of cblC
defects in 126 pedigrees and prenatal genetic diagnosis of pedigrees with
combined methylmalonic aciduria and homocystinuria. BMC Med Genet.
2018;19(1):154.

Grasbeck R. Imerslund-Grasbeck syndrome (selective vitamin B(12)
malabsorption with proteinuria). Orphanet J Rare Dis. 2006;1:17.

Aparicio LC, de Lucas CC, Jimenez F, Anton MP. Imerslund-Grasbeck
syndrome: megaloblastic anaemia with proteinuria. An Pediatr (Barc). 2014;
80(2):e62-3.

Tanner SM, Sturm AC, Baack EC, Liyanarachchi S, de la Chapelle A. Inherited
cobalamin malabsorption. Mutations in three genes reveal functional and
ethnic patterns. Orphanet J Rare Dis. 2012;7:56.

Namour F, Dobrovoljski G, Chery C, Audonnet S, Feillet F, Sperl W, Gueant
JL. Luminal expression of cubilin is impaired in Imerslund-Grasbeck
syndrome with compound AMN mutations in intron 3 and exon 7.
Haematologica. 2011;96(11):1715-9.

Larsen C, Etzerodt A, Madsen M, Skjodt K, Moestrup SK, Andersen C.
Structural assembly of the megadalton-sized receptor for intestinal vitamin
B12 uptake and kidney protein reabsorption. Nat Commun. 2018;9(1):5204.
Udagawa T, Harita Y, Miura K, Mitsui J, Ode KL, Morishita S, Urae S, Kanda S,
Kajiho Y, Tsurumi H, et al. Amnionless-mediated glycosylation is crucial for
cell surface targeting of cubilin in renal and intestinal cells. Sci Rep. 2018;
8(1):2351.

Cornec-Le GE, Delmas Y, De Parscau L, Doucet L, Ogier H, Benoist JF,
Fremeaux-Bacchi V, Le Meur Y. Adult-onset eculizumab-resistant hemolytic
uremic syndrome associated with cobalamin C deficiency. Am J Kidney Dis.
2014,63(1):119-23.

Menni F, Testa S, Guez S, Chiarelli G, Alberti L, Esposito S. Neonatal atypical
hemolytic uremic syndrome due to methylmalonic aciduria and
homocystinuria. Pediatr Nephrol. 2012;27(8):1401-5.

Chen M, Zhuang J, Yang J, Wang D, Yang Q. Atypical hemolytic uremic
syndrome induced by CbIC subtype of methylmalonic academia: a case
report and literature review. Medicine (Baltimore). 2017,96(43):e8284.

De Simone L, Capirchio L, Roperto RM, Romagnani P, Sacchini M, Donati
MA, de Martino M. Favorable course of previously undiagnosed
Methylmalonic Aciduria with Homocystinuria (cblC type) presenting with
pulmonary hypertension and aHUS in a young child: a case report. Ital J
Pediatr. 2018:44(1):90.

Morath MA, Horster F, Sauer SW. Renal dysfunction in methylmalonic acidurias:

review for the pediatric nephrologist. Pediatr Nephrol. 2013,28(2):227-35.
Lemoine M, Grange S, Guerrot D. Kidney disease in cobalamin C deficiency.
Nephrol Ther. 2019;15(4):201-14.

Remacha AF, Souto JC, Pinana JL, Sarda MP, Queralto JM, Marti-Fabregas J,
Garcia-Moll X, Fernandez C, Rodriguez A, Cuesta J. Vitamin B12 deficiency,
hyperhomocysteinemia and thrombosis: a case and control study. Int J
Hematol. 2011,93(4):458-64.

Montgomery E, Sayer JA, Baines LA, Hynes AM, Vega-Warner V, Johnson S,
Goodship JA, Otto EA. Novel compound heterozygous mutations in AMN
cause Imerslund-Grasbeck syndrome in two half-sisters: a case report. BMC
Med Genet. 2015;16:35.

Wahlstedt-Froberg V, Pettersson T, Aminoff M, Dugue B, Grasbeck R.
Proteinuria in cubilin-deficient patients with selective vitamin B12
malabsorption. Pediatr Nephrol. 2003;18(5):417-21.

Wang F, Zhang Y, Mao J, Yu Z, Yi Z, Yu L, Sun J, Wei X, Ding F, Zhang H,
et al. Spectrum of mutations in Chinese children with steroid-resistant
nephrotic syndrome. Pediatr Nephrol. 2017;32(7):1181-92.

31

32.

33.

Page 7 of 7

Arnadottir M, Hultberg B, Berg AL. Plasma total homocysteine concentration
in nephrotic patients with idiopathic membranous nephropathy. Nephrol
Dial Transplant. 2001;16(1):45-7.

Aminzadeh MA, Gollapudi P, Vaziri ND. Effect of nephrotic syndrome on
homocysteine metabolism. Nephrol Dial Transplant. 2011,26(4):1244-7.
Manoli I, Myles JG, Sloan JL, Carrillo-Carrasco N, Morava E, Strauss KA,
Morton H, Venditti CP. A critical reappraisal of dietary practices in
methylmalonic acidemia raises concerns about the safety of medical foods.
Part 2: cobalamin C deficiency. Genet Med. 2016;18(4):396-404.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Case presentation
	Conclusions

	Background
	Case presentation
	Case 1
	Case 2

	Discussion and conclusions
	Methylmalonic Acidemia and Homocystinuria (cblC)
	Imerslund-Gräsbeck syndrome (IGS)
	Renal lesion
	Treatment and prognosis
	Abbreviations

	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

