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Abstract
This review gives an overview of clinical characteristics, treatment and outcome of

nutritional and acquired cobalamin (Cbl; synonym: vitamin B12) deficiencies,

inborn errors of Cbl absorption and intracellular trafficking, as well as methylene-

tetrahydrofolate dehydrogenase (MTHFD1) and methylene tetrahydrofolate reduc-

tase (MTHFR) deficiencies, which impair Cbl-dependent remethylation. Acquired

and inborn Cbl-related disorders and MTHFR deficiency cause multisystem, often

severe disease. Failure to thrive, neurocognitive or psychiatric symptoms, eye dis-

ease, bone marrow alterations, microangiopathy and thromboembolic events are

characteristic. The recently identified MTHFD1 defect additionally presents with

severe immune deficiency. Deficient Cbl-dependent enzymes cause reduced

methylation capacity and metabolite toxicity. Further net-effects of perturbed Cbl

function or reduced Cbl supply causing oxidative stress, altered cytokine regulation

or immune functions are discussed.
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1 | INTRODUCTION

This review gives an overview of clinical characteristics,
treatment and outcome of nutritional and acquired cobalamin
(Cbl; synonym: vitamin B12) deficiencies, inborn errors of
Cbl absorption and intracellular trafficking, and methylene-
tetrahydrofolate dehydrogenase (MTHFD1) and methylene
tetrahydrofolate reductase (MTHFR) deficiencies, which
impair remethylation by disrupting the folate cycle func-
tions. Hypotheses on how metabolism translates to clinics
are presented and discussed. The article by Froese et al1 in
the same issue of this journal provides more information on
the biochemical and genetic background of the disorders.

2 | OVERVIEW OF CBL SUPPLY,
ABSORPTION, TRAFFICKING,
AND FUNCTIONS

Cbl is a water-soluble vitamin found mostly in animal prod-
ucts such as eggs, milk, meat, and fish. Absorption of Cbl
may fail due to acquired or inborn functional impairment of
the proteins and receptors involved in this process. In the
stomach, Cbl is released from food proteins and binds to
haptocorrin (HC; synonym: R-binder). In the intestine, this
complex is degraded and a Cbl-gastric intrinsic factor (GIF)
complex is formed, which is incorporated into ileal cells
through endocytosis by the cubam receptor. The cubam

Received: 11 August 2018 Revised: 25 September 2018 Accepted: 27 September 2018

DOI: 10.1002/jimd.12012

J Inherit Metab Dis. 2019;1–20. wileyonlinelibrary.com/journal/jimd © 2018 SSIEM 1

https://orcid.org/0000-0002-0590-678X
mailto:martina.huemer@kispi.uzh.ch
mailto:martina.huemer@lkhb.at
http://wileyonlinelibrary.com/journal/jimd


receptor consists of the two subunits cubilin (CUB) and
amnionless (AMN). Following export from ileal cells, Cbl is
bound by HC or transcobalamin (TC, encoded by TCN2)
and transported in the blood. Only TC-bound Cbl is able to
enter cells for metabolic utilization2–4 (Figure 1).

Inborn errors of Cbl absorption and intracellular traffick-
ing follow an autosomal recessive pattern of inheritance.
Mutations in genes encoding proteins involved in intracellu-
lar Cbl trafficking and cofactor synthesis are classified as

complementation groups (cblA, cblB, cblC, cblD, cblE,
cblF, cblG, and cblJ). These intracellular proteins consecu-
tively process Cbl to build the cofactors methyl-Cbl and
adenosyl-Cbl for remethylation of homocysteine (Hcy) to
methionine (Met) in the cytosol and intramitochondrial
isomerization of methylmalonyl-CoA to succinyl-CoA.

The essential sulfur-containing amino acid Met is metab-
olized by Met adenosyltransferase to S-adenosylmethionine
(AdoMet). Multiple methyltransferases are recipients of the

FIGURE 1 Cobalamin (Cbl) absorption (A) and intracellular processing (B). 5-MTHF= 5-methyltetrahydrofolate; AdoCbl=AdenosylCbl;
HC=haptocorrin; Hcy=homocysteine; IF=intrinsic factor; MRP1=multiple drug resistance protein 1; MUT=methylmalonylCoA mutase;
TC=transcobalamin
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TABLE 1 Overview of genetic and biochemical markers of nutritional, acquired and inborn Cbl-related disorders

Diseases/defects Gene
Phenotype MIM
number MMA tHcy Met Cbla Comments

Neonatal Cbl deficiency — — " " #/n # • NBS: C3; C3/C2 often "
• Differentiate from inborn error of Cbl

metabolism
• Maternal nutrition or gastrointestinal disease?

Nutritional Cbl deficiency — — " " #/n # • Exclude additional (eg, folate) deficiencies
• Holo-TC rises with oral Cbl load
• Differentiate from inborn errors of Cbl

metabolism

Cbl deficiency due to IF/gastric
parietal cell antibodies

— — " " #/n # • Prove antibody status
• Comorbidities?
• Holo-TC unchanged with oral Cbl load

Inborn errors of cobalamin absorption and systemic trafficking

Gastric intrinsic factor deficiency GIF
11q12.1

261000 " " #/n Often
#

• No antibodies against IF/gastric parietal cells
• Holo-TC unchanged with oral Cbl load
• Holo-TC increase with parenteral Cbl load
• Differentiate from other inborn errors of Cbl

metabolism!

Imerslund-Gräsbeck syndrome AMN
14q32.32
CUBN
10p13

261100 " " #/n Often
#

• Proteinuria (~50%)
• Holo-TC unchanged with oral Cbl load
• Differentiate from other inborn errors of Cbl

metabolism!

Transcobalamin deficiency TCN2
22q12.2

275350 " " #/n n • Holo-TC unchanged with oral or parenteral
Cbl load

• Differentiate from other inborn errors of Cbl
metabolism

Haptocorrin deficiency TCN1
11q12.1

— n n n # • Asymptomatic

Transcobalamin receptor CD320
19p13.2

613646 Mild
"

Mild
"

? n • Pathogenicity unclear
• Met not systematically documented, but

probably normal
• Differentiate from other inborn errors of Cbl

metabolism

Inborn errors of intracellular cobalamin metabolism and trafficking

cblA MMAA
4q31.21

251100 " n n n Isolated MMAurias:
• Differentiate from Mut dysfunction
• Differentiate between complementation

groups (fibroblast complementation or
genetic studies)

cblB MMAB
12q24.11

251110 " n n n

cblD-MMA MMADHC
2q23.2

277410 " n n n • Test for Cbl responsiveness

cblF LMBRD1
6q13

277380 " " #/n n Combined remethylation disorders:
• Differentiate between complementation

groups (fibroblast complementation or
genetic studies)

• Differentiate from acquired or nutritional Cbl
deficiency and inborn errors of Cbl
absorption

cblJ ABCD4
14q24.3

614857 " " #/n n

cblC MMACHC
1p34.1

277400 " " #/n n

cblD-MMAHcy MMADHC
2q23.2

277410 " " #/n n

cblD-Hcy MMADHC
2q23.2

277410 n " #/n n Isolated Cbl-related remethylation disorders:
• Exclude folate deficiency
• Exclude MTHFR deficiency
• Exclude other (eg, renal) diseases causing

hyperhomocysteinemia
• Differentiate between complementation groups

(fibroblast complementation or genetic studies)

cblE MTRR
5p15.31

236270 n " #/n n

cblG MTR
1q43

250940 n " #/n n
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methyl groups provided by transformation of AdoMet to
S-adenosylhomocysteine (AdoHcy). AdoHcy is metabolized
to Hcy, which is either irreversibly converted to cystathio-
nine and cysteine (transsulfuration pathway, defective in
classic homocystinuria due to cystathionine beta synthase
[CBS] deficiency) or remethylated to Met by methionine
synthase (MS; MTR), assisted by methionine synthase reduc-
tase (MSR; MTRR) and the cofactor methyl-Cbl. Synthesis
of methyl-Cbl depends on the provision of methyl groups by
5-methyltetrahydrofolate (5-MTHF) from the folate cycle.

Isolated failure of remethylation results from inborn
errors of the enzymes MS (in the cblG defect), MSR (in the
cblE defect), deficient processing of methyl-Cbl (in the
cblD-Hcy defect), or absence of the methyl group providing
substrate 5-MTHF in MTHFR deficiency. In these isolated
remethylation disorders, Hcy is elevated; Met may be low or
normal5. Dysfunction of MTHFD1, a trifunctional enzyme
encompassing 5,10-methylenetetrahydrofolate dehydroge-
nase, 5,10-methenyltetrahydrofolate cyclohydrolase, and
10-formyltetrahydrofolate synthetase results in reduced MS
activity but not consistently in elevation of Hcy6.

Defects in intracellular trafficking or synthesis of adenosyl-
Cbl, the cofactor for the enzyme methylmalonyl-CoA mutase
(MUT) in the cblA, cblB, or cblD-MMA defects cause impaired
isomerization of methylmalonyl-CoA to succinyl-CoA by MUT
and accumulation of methylmalonic acid (MMA). As remethy-
lation is unaffected, Met and Hcy are normal5,7–9.

Impaired nutritional supply, all inborn errors of Cbl
absorption and of the common part of intracellular Cbl pro-
cessing (the cblC, cblD-MMA/HCY, cblF, and cblJ defects)
result in deficient production of both methyl-Cbl and
adenosyl-Cbl. In these combined remethylation disorders,
Hcy and MMA are increased and Met may be low3,5. Insuf-
ficient remethylation results in a rise of AdoHcy causing
impaired methyl (or “one-carbon”) group supply for numer-
ous methylation reactions2,5. (Figure 1).

3 | DIAGNOSTIC WORKUP OF
CBL-RELATED DISORDERS

If a Cbl-related disorder is suspected, history taking should
systematically address (maternal) dietary habits, comorbidities,
medications, situations which trigger disease symptoms, and
family history (pedigree). To allow for appropriate treatment
decisions, correct identification of the underlying pathology
(acquired deficiency, inborn errors of absorption, or intracellu-
lar trafficking) is mandatory (Table 1 and Figure 2).

Methylmalonic acid (MMA) in (fresh or optimally
stored) urine or blood is the most sensitive marker of intra-
cellular, functionally relevant Cbl depletion with the limita-
tion that urinary MMA is unreliable in individuals with renal
functional impairment4,10.

Elevated propionylcarnitine (C3) and C3/acetylcarnitine
(C2) ratio are in use as markers for MMAurias and other
organic acidurias in newborn screening programs11. Plasma
tHcy is a useful but less sensitive parameter which may also be
elevated in for example, hypothyreoidism, renal function
impairment or folate deficiency. Met is less helpful; it is often
low but may also be in the (low) normal range in remethylation
disorders.

Serum Cbl concentrations are weak indicators for func-
tionally relevant intracellular Cbl deficiency. First, about
80% of Cbl is HC bound and thus not utilizable for the cells,
and second there is insufficient agreement on normal or
“safe” Cbl ranges3,12. Holo-TC represents the Cbl fraction
bound by TC and seems a helpful parameter to identify
problems of absorption and to differentiate them from nutri-
tional Cbl deficiency3,10,13. As a replacement for the tradi-
tional Schilling test that involved the use of radioactively
labeled Cbl, Bor et al have proposed an oral loading test
with holo-TC measurements before and 24 hours after three
9 μg doses of oral Cbl at 6 hour-intervals to test oral Cbl absorp-
tion capacity13. There are, however, concerns regarding

TABLE 1 (Continued)

Diseases/defects Gene
Phenotype MIM
number MMA tHcy Met Cbla Comments

Inborn errors of folate metabolism affecting remethylation

MTHFR deficiency MTHFR
1p36.22

236250 n " # or
n

• 5-MTHF low in cerebrospinal fluid
• Serum folate may be low
• Differentiate from isolated Cbl-related

remethylation disorders and MTHFD1
disease

MTHFD1 deficiency MTHFD1
14q23.3

617780 n "/n # or
n

• Differentiate from isolated Cbl-related
remethylation disorders and MTHFR
deficiency

Abbreviations: Cbl, cobalamin; Hcy, homocysteine; Holo-TC, holotranscobalamin; Met, methionine; MMA, methylmalonic acid; MTHF, methylenetetrahydrofolate;
MTHFD, methylenetetrahydrofolate dehydrogenase; MTHFR, methylene tetrahydrofolate reductase; Mut, methylmalonyl-CoA mutase; tHcy, total homocysteine.
aIn inborn errors of Cbl metabolism, Cbl levels may be low due to unrelated reasons. Low Cbl does not by principle exclude an inborn error in the downstream
pathway.
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specificity and sensitivity, availability of standardized assessment
methods and the unclear definition of normal ranges for holo-
TC14,15; but at present there is no general agreement on more
preferable parameters or algorithms 3,4. Inborn errors of intracel-
lular Cbl processing have traditionally been identified by com-
plementation studies in fibroblasts. Today, molecular genetic
studies are available for all presently known inborn errors of Cbl
absorption and intracellular processing. Complementation studies
though still have their value in the presence of unclear genetic
findings or when genetic testing for intracellular inborn errors of
Cbl processing is unavailable14,16 (Figure 2).

4 | ACQUIRED CBL DEFICIENCIES

4.1 | Acquired Cbl deficiencies: Background
and clinical presentation

Owing to the refined recycling and storage mechanisms for
Cbl, recommended dietary allowances are rather low with
0.4 μg/day in infants to 2.4 μg/day in adults12,17. Dietary Cbl
deficiency is most prevalent in areas of the world with
impaired supply or a tradition of low intake of food from
animal sources but has recently become more prevalent in
Western societies due to growing adherence to vegetarian
and vegan diets.

Acquired disorders of Cbl absorption such as
autoimmune-mediated gastritis or IF deficiency (pernicious
anemia) are predominantly observed in adults. In the elderly,

Cbl storage capacities decline, dietary Cbl supply is fre-
quently compromised and the incidence of morbidities asso-
ciated with Cbl deficiency rises3,15.

Recently, correlations between long-term cognitive per-
formance and growth of children and maternal Cbl levels as
well as a role for low Cbl in dementia of the elderly have
been described. These findings have prompted introduction of
the concept of mild, but possibly clinically relevant Cbl defi-
ciency and an intense debate about “safe levels” of Cbl3,15.

Adults with Cbl deficiency show the classical clinical
symptoms mostly only after prolonged vitamin deprivation.
Leading symptoms are megaloblastic anemia, hypersegmen-
tation of neutrophils, leukopenia, thrombocytopenia or pan-
cytopenia. Symmetric neuropathy, predominantly of the
lower limbs with paraesthesia, numbness and gait problems
and weight loss are frequent, often accompanied by acute or
chronic psychiatric symptoms (eg, depression, psychosis)
and insidious onset of impaired cognitive performance3–5,15.
Optic neuropathy and impaired vision have been reported18.
Combined spongy degeneration of the spinal cord due to
demyelination is characteristic but not always present3,4,15.
Neuropsychiatric complaints may be present in the absence
of hematological symptoms, making mean corpuscular vol-
ume and hemoglobin poor screening parameters for Cbl
deficiency3–5,15. In some studies, severity of megaloblastic
anemia correlated inversely with severity of neuropsychiatric
involvement19,20. MMA levels in urine are elevated, but the
range of its levels is wide and there is considerable overlap

tHcy: N, MMA: N

Cbl

tHcy: N, MMA

mut0; mut-; cblA; 
cblB; cblD-MMA

Consider 
early nutritional Cbl or 

TCN1 deficiency

Clinical suspicion of or newborn screening indicating Cbl-related disorder

Serum Cbl and folatea; plasma tHcy, plasma Met; plasma or urinary MMA, (acylcarnitine pattern)

tHcy: N, MMA: N
Cbl: N, Folate: N

No Cbl associated 
disorder

tHcy , MMA b

Cbl: N or

Nutritional, acquired Cbl deficiency 
or absorption problem

tHcy , MMA N

cblD-Hcy, cblE, cblG;
MTHFR deficiency; 

MTHFD1

cblC, cblD-MMA/Hcy, 
cblF, cblJ, TC deficiency

Proteinuria 

Genetic 
testing for 

AMN, 
CUBN

Genetic testing for
MTHFD1

Genetic testing. 
For Cbl-related disorders: 

+/-
complementation studies 

in fibroblastsd

Test for Cbl 
responsiveness

Genetic testing.
For Cbl-related disorders:

+/- 
complementation studies in 

fibroblasts

Holo-TC low
with 

parenteral
Cbl load

Genetic 
testing for 

TCN2

Holo-TC 
increase with 
enteral Cbl 

load; 
suggestive 

history

Nutritional 
deficiency

Genetic 
testing for 

AMN, 
CUBN; 

GIF, 
CD320

Genetic testing for 
TCN1 (clinically 
asymptomatic)

possible

Met low or normalc

Clinics compatible 

with MTHFD1 

FIGURE 2 Diagnostic algorithm for patients with a suspected cobalamin (Cbl)-related disorder
Dotted arrows indicate investigations that may be helpful but are not confirmatory. aFolate low, total homocysteine (tHcy) elevated: initiate workup
for folate supply or absorption problem. bIf none of the diseases downstream proven and clinics compatible, consider HCFC1 or THAP11 99. ctHcy
and Met elevated: consider cystathionine beta synthase deficiency (classical homocystinuria). dIf no Mut/Cbl-related defect, consider other genes
causing (mild to moderate) MMAuria 21,67
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with concentrations in inborn errors of Cbl absorption and
intracellular processing21.

The developing brain is extremely vulnerable to Cbl defi-
ciency, probably at least in part owing to its high methyl
group demand for myelin build-up22. Infants from mothers
with severe Cbl deficiency during pregnancy and breastfeed-
ing are at high risk of Cbl deficiency. Their Cbl stores of
normally about 25 μg at birth are diminished and, since
breastmilk and maternal blood Cbl concentrations are
closely related, cannot be replenished23,24. Infants usually
come to medical attention in their first months of life with
aversion to food, severe failure to thrive, developmental
regression, hypotonia and weakness, irritability and behav-
ioral changes, lethargy (in occasional cases even progressing
to coma), and eventually megaloblastic anemia. Brain atro-
phy may evolve with prolonged or severe defi-
ciency4,11,25,26. Although Cbl supplementation results in
rapid improvement, long lasting deficiency causes irrevers-
ible damage to the nervous system23,27,28.

It has therefore been suggested to include neonatal Cbl
deficiency into newborn screening panels with C3, C3/C2
ratio, Met and Met/phenylalanine ratio as first tier parame-
ters29. Gramer et al proposed second tier Hcy measurement
in dried blood spots when first tier testing is abnormal and
concluded that neonates with severe Cbl deprivation can be
detected without causing unreasonable costs or recall rates11.
It is known that patients with milder forms of inborn errors
of Cbl metabolism have been missed by similar screening
approaches30 and so most likely, not all clinically relevant
cases of maternal Cbl deficiency in the neonate will be
detectable using this algorithm. The post-analytical tools
offered by the Collaborative Laboratory Integrated Reports
project seem promising for a general improvement of new-
born screening for remethylation disorders30,31.

In children and adolescents, classic pernicious anemia
mediated by autoantibodies against gastric parietal cells or
IF is extremely rare. Since unrecognized Cbl deficiency may
take a devastating course, it must be considered in pediatric
patients with coeliac disease32, low Cbl intake due to avoi-
dance/unavailability of animal food sources, chronic intesti-
nal inflammation or parasite infection12, short bowel
syndrome33, prolonged proton pump inhibitor treatment or
following gastrointestinal surgery12,23.

4.2 | Acquired Cbl deficiencies: Treatment

Although acquired Cbl deficiency is common, there is no
general agreement on treatment algorithms. In a prospec-
tive study, a 4 months course of oral cyanocobalamin (CN-
Cbl) was effective in children with Cbl deficiency34. In
adults, oral administration of 1-2 mg Cbl daily corrected
anemia and neurologic symptoms as effectively as

intramuscular administration35. Intramuscular therapy,
however, seems to induce a more rapid improvement36 and
use of oral treatment has by some authors been proposed to
be reserved for less severe cases of Cbl deficiency10,23.
Accordingly, and due to additional concerns regarding
adherence to oral treatment and imminent long-term
sequelae following slow or incomplete treatment response,
the UK consensus favors intramuscular treatment10 and
also most patients in the United States are treated with
intramuscular Cbl15.

Outcome in treated patients is generally encouraging.
Improvement of anemia and neurological status starts within
weeks, but progress must be monitored carefully and treat-
ment adapted if response is slow or fails to appear. Early
diagnosis and treatment is essential since long-standing,
severe neurological disease tends to persist15,28. There have
been single pediatric cases with self-limited movement dis-
orders evolving when Cbl treatment for acquired deficien-
cies is started37.

5 | INBORN ERRORS OF CBL
ABSORPTION AND SYSTEMIC CBL
TRAFFICKING

5.1 | Inborn errors of Cbl absorption:
Pathways and clinical presentation

5.1.1 | Haptocorrin (R-binder) deficiency

Mutations in the TCN1 gene coding for HC or R-binder are
associated with lowered Cbl serum levels38. There seem,
however, to be sufficient levels of TC-bound Cbl able to
enter the cells because affected individuals generally remain
biochemically and clinically asymptomatic5,39,40.

5.1.2 | Gastric IF deficiency

Gastric IF deficiency (also called megaloblastic anemia
type 1 or congenital pernicious anemia) due to GIF muta-
tions is a very rare Cbl absorption defect. Mutations in GIF
result in functionally impaired or diminished IF or even in
its complete absence41,42 and consequently, Cbl concentra-
tions are low. In contrast to the much more frequent
autoimmune-mediated pernicious anemia of the adult, no
IF/parietal cell antibodies are present39,40. Disease onset is
predominantly in the preschool years but adolescent and
adult presentations are possible. Patients consistently show
macrocytic/megaloblastic anemia, often accompanied by
fatigue, failure to thrive and anorexia. In some patients,
neurological symptoms (eg, paraesthesia of the lower
limbs) neutropenia or thrombocytopenia have been
reported5,41.
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5.1.3 | Imerslund-Gräsbeck syndrome

Imerslund-Gräsbeck syndrome (IGS) can be caused by
mutations in the CUBN or the AMN gene, which code for
the subunits CUB and AMN of the cubam receptor. The
disease was originally described in small Finnish (CUBN
mutations)43 and Norwegian (AMN mutations)44 patient
groups but subsequently, more than 300 cases have been
published, many from Mediterranean and Arab
ancestry5,45,46.

The cubam receptor is expressed in ileal enterocytes to
bind the IF-Cbl complex and in the proximal renal tubules
where it is involved in the reabsorption of small protein
fractions such as apolipoprotein A-I, transferrin, vitamin
D-binding protein, and albumin from the glomerular ultra-
filtrate47. Endocytosis of the IF-Cbl complex mediated by
the cubam receptor is followed by intralysosomal salvage
of Cbl from IF. Export of Cbl from the ileal cell involves
activity of the multiple drug resistance protein 1 (MRP1)
receptor. Until now, probably due to functional overlap of
receptors of the MRP family, inborn errors of this receptor
interfering with Cbl availability have not been described.
In blood, Cbl is bound by TC and the TC-Cbl complex
enters the cells to reach the intracellular metabolic tar-
gets2,48. Based on a single case with IGS with major neu-
rological symptoms only responsive to exceedingly high
Cbl doses it has been suggested that AMN may have an
additional function in Cbl transport at the blood-brain-
barrier49.

Mutations causing dysfunction of the IF-Cbl complex
recognition site only, result in disturbed Cbl absorption with
elevated MMA and Hcy. Mutations hampering receptor
expression additionally cause impairment of proximal tubu-
lar reabsorption presenting as proteinuria.47.

Mostly, patients come to medical attention in preschool
years but manifestations in the first months of life and as
late as adolescence are possible. Megaloblastic anemia
accompanied by pallor and fatigue, aversion to food and
failure to thrive are predominant complaints; sometimes
recurrent gastrointestinal or upper airway infections as well
as neurological symptoms resembling peripheral neuropa-
thy have been noticed in patients with prolonged diagnos-
tic delay46,50.

5.1.4 | Transcobalamin deficiency

TCN2 mutations causing TC deficiency are a rare reason for
Cbl malabsorption; patients usually present in early infancy51.
As only TC- bound Cbl can enter the cell, TC deficiency
results in reduced intracellular availability of Cbl despite nor-
mal serum Cbl levels due to the majority of Cbl being bound
to HC. The disease usually manifests in infancy and thus ear-
lier than IGS or GIF deficiency. The main clinical symptoms

are macrocytic anemia, pancytopenia, failure to thrive, gastro-
intestinal complaints such as vomiting and diarrhea and neu-
rological symptoms such as hypotonia, delayed
developmental milestones or movement disorders. Immuno-
logical abnormalities (agammaglobulinemia, recurrent infec-
tions, low T-cell, B-cell, or IgG counts), glossitis and skin
rashes were noticed in a minority of patients52. Mild brain
atrophy and delayed myelination have also been observed53.

5.1.5 | Transcobalamin receptor deficiency

To date, fewer than 20 patients with a defect in the TC
receptor (TCR) caused by mutations in the CD320 gene
have been reported. The TCR transports the TC-Cbl com-
plex into the cell through endocytosis54. If this transport is
perturbed intracellular Cbl deficiency with mild to moderate
MMA and tHcy elevations result.

The CD320 knockout mouse shows behavioral and mor-
phological changes (anxiety, learning and memory deficits;
decreased brain mass) and serves as a model for brain pathol-
ogy in intracellular Cbl deprivation55,56. In a single case of a
7-week-old boy with CD320 mutations, his bilateral central
retinal artery occlusions were attributed to elevated tHcy
concentrations of 17 μmol/L57. THcy concentrations of this
size are considered “mildly elevated” and it is highly debate-
able whether they explain this complication.

Several asymptomatic individuals with CD320 mutations
have been identified by elevation of C3 in extended newborn
screening58–60. Long-term follow-up of these individuals
revealed that they remained asymptomatic. However, some
received Cbl treatment, which may have masked the natural
course. Alternative Cbl transportation into cells may explain
this favorable clinical outcome and the mild elevation of
tHcy and MMA but based on the small number of published
cases and missing information on clinical background and
treatment in some58, final conclusions on the morbidity asso-
ciated with the TCR defect cannot yet be drawn.

5.2 | Inborn errors of Cbl absorption:
Treatment and outcome

With appropriate treatment, disorders of Cbl absorption have
a favorable prognosis. Unfortunately, treatment algorithms
in practical use are very variable, making it difficult to delin-
eate evidence-based treatment recommendations. Generally,
lifelong parenteral Cbl treatment is recommended for GIF
deficiency61, IGS46 and TC deficiency51,52. Cbl doses and
intervals need to be individually titrated. Some patients have
achieved complete clinical and biochemical remission trea-
ted with as little treatment as 1 mg intramuscular OH-Cbl
twice per year61. Two siblings with GIF deficiency (one
asymptomatic with elevated MMA, one symptomatic in his
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first year) have responded favorably to oral treatment41.
Nevertheless, from a cohort of 19 patients older than 6 years
with TC deficiency, only the one patient treated with oral
Cbl had impaired intellectual function while patients on intra-
muscular hydroxo (OH)- or CN-Cbl (mostly 1 mg weekly)
had a favorable neurocognitive outcome52. Proteinuria in IGS
patients does not respond to Cbl supplementation but gener-
ally does not proceed to severe renal dysfunction46. Long-
term monitoring of IGS patients should include potential
dependent problems due to the loss of specific carrier proteins
for example, vitamin D deficiency47.

6 | INBORN ERRORS OF
INTRACELLULAR CBL
TRAFFICKING AND FUNCTION

6.1 | Isolated Cbl-dependent methylmalonic
acidurias: Pathways and clinical presentation

In these disorders, intramitochondrial isomerization of
methylmalonyl-CoA to succinyl-CoA is impaired and as a
result MMA accumulates; plasma tHcy and Met concentra-
tions are normal. Mutations in the MUT gene encoding the
enzyme MUT may cause complete (mut0) or partial (mut−)
deficiency. MUT activity is also impaired by compromised
supply of the cofactor AdoCbl. Cbl is adenosylated by the
MMAB protein (encoded by MMAB) and subsequently, as
AdoCbl, attached to MUT by the MMAA (MMAA)
protein62–64. Mutations in the MMAA gene cause cblA and
mutations in the MMAB gene cblB disease. Mutations in the
MMADHC gene affecting the correct mitochondrial import
of MMADHC result in deficient adenosyl-Cbl synthesis
causing cblD-MMA disease with preserved methyl-Cbl
synthesis65,66.

In mut0 and cblB, MMA is massively elevated to between
approximately 5000 and 10 000 mmol/mol creatinine in urine
and 100 to 1000 μmol/L in blood. Concentrations show a
wider range and may be lower (500 to >10 000 mmol/mol
creatinine in urine or <100 μmol/L in blood) in mut−, cblA,
some cblB and in cblD-MMA patients21,67.

Depending on the genotype, MMAurias may present in
the neonate or as late-onset disease. Typically, patients with
complete enzyme deficiency present with a neonatal sepsis-
like, intoxication-type picture with metabolic acidosis. The
clinical condition deteriorates rapidly, encephalopathy, respi-
ratory distress, and secondary hyperammonemia evolve and
if untreated, coma and even death can result. Late-onset
cases present at any age with heterogeneous clinical symp-
toms such as developmental delay, movement disorders, sei-
zures, failure to thrive, renal disease and episodes of
vomiting and acidosis. Late-onset disease correlates with
prolonged diagnostic delay8,9,62,68.

Mild to moderate, sometimes intermittent MMA eleva-
tions due to methylmalonyl-CoA epimerase (MCEE) defi-
ciency, mutations in genes encoding the alpha (SUCLA2) or
beta (SUCLG1) subunits of succinyl-CoA ligase, and mild,
so-called “benign” MMAuria21,67,69 are to be considered if
no Cbl- or MUT-related disorder is present (beyond the
scope of this review).

6.2 | Isolated Cbl-dependent methylmalonic
acidurias: Treatment and outcome

In the acutely ill patient, metabolic acidosis and hyperammo-
nemia must immediately be targeted, usually by combined
dietary and pharmacological treatment and if required, extra-
corporal detoxification. Long-term treatment with low natu-
ral protein diet, often in combination with precursor-free
amino acids, and carnitine generally stabilizes the condition
but especially patients with Cbl non-responsive disease may
suffer from recurrent metabolic crises triggered for example,
by infections and poor long-term outcome. Chronic kidney
disease due to mitochondrial functional impairment is a fre-
quent late complication of MMA elevation8,9,62,68,70.

Cbl responsiveness is assessed by monitoring the
response of MMA levels to parenteral OH-Cbl (CN-Cbl is
less effective) in a standardized setting21,62. Most patients
with cblA disease, many with CblB disease and some with
the mut− phenotype are responsive to Cbl68. Cbl respon-
siveness is a main but not the only factor determining clini-
cal outcome, which is poorer in patients with mut0 and
cblB disease compared to mut− and cblA disease8,9,62,68.
For the long-term treatment of Cbl responsive patients, paren-
teral OH-Cbl is the treatment of choice. The dose of paren-
teral OH-Cbl required to keep MMA concentrations in the
targeted range needs to be adjusted individually. In selected
cases, parenteral OH-Cbl may in part or even completely be
replaced by oral Cbl preparations62 (Table 2).

7 | CBL-DEPENDENT
REMETHYLATION DISORDERS,
MTHFR AND MTHFD DEFICIENCY

7.1 | Biochemical parameters

THcy concentrations are highly elevated with mean
(median) concentrations between 119 ± 43 (109) and
131 ± 69 (123) μmol/l in Cbl-dependent remethylation dis-
orders and even higher (mean 182 ± 91; median
179 μmol/L) in MTHFR deficiency71. In MTHFD1 defi-
ciency normal or moderately elevated (up to 50 μmol/L)
tHcy concentrations have been observed6. Plasma Met levels
usually are low but may also be normal.

8 HUEMER AND BAUMGARTNER



Plasma MMA concentrations >100 μmol/L have been
reported in the cblC defect72,73. Urinary MMA levels range
from about 500 to >10 000 mmol/mol creatinine in patients
with cblC, cblD, and cblF disease21; for the cblJ defect, simi-
lar ranges may be expected.

7.2 | Combined Cbl-dependent remethylation
disorders: Pathways and clinical presentation

This group of diseases encompasses the cblF (LMBRD1)74,
cblJ (ABCD4)75, cblC (MMACHC)76 and cblD-MMA/HCY
(MMADHC)77 complementation groups. After salvage from

TABLE 2 Age at presentation, treatment and outcome in Cbl-associated diseases, MTHFR deficiency and the MTHFD1 defect (for references
see text)

Abbreviations: Cbl, cobalamin; IF, intrinsic factor; IGS, Imerslund-Gräsbeck syndrome; MMA, methylmalonic acid; MTHFD1, methylenetetrahydrofolate dehydroge-

nase; MTHFR, methylene tetrahydrofolate reductase.
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TC in the acid environment of the lysosome, Cbl is exported
into the cytosol by the LMBD1 and ABCD4 proteins.
Within the cytosol, the MMACHC protein binds, dealky-
lates, and decyanides Cbl78,79. The MMADHC protein tar-
gets the MMACHC-Cbl complex to process Cbl to its
cofactor function sites in the cytosol and/or the
mitochondria63,80.

7.2.1 | The cblF, cblJ, and combined cblD-
MMAHcy defects

The cblF, cblJ, and combined cblD-MMAHcy defects are
extremely rare with each less than 20 published cases. Cur-
rent knowledge, based on the small number of reported
cases, suggests that the clinical patterns of cblF and cblJ dis-
ease are very similar. Feeding problems and failure to thrive
often with onset in the first year accompanied by develop-
mental delay, macrocytic anemia and in single cases pancy-
topenia, respiratory failure, congenital heart defects and
progressive hyperpigmentation or stomatitis have been
reported71,75,81,82.

First symptoms in the combined cblD-MMAHcy defect
may manifest from infancy to adolescence. Clinical pheno-
types are variable with adolescence-onset megaloblastic ane-
mia, leukopenia, thrombocytopenia, psychomotor
retardation and seizures83 or mental retardation, behavioral
problems and muscular hypotonia in an adolescent with an
asymptomatic sibling84 or neonatal seizures, encephalopathy
and macrocytic anemia77.

7.2.2 | The cblC defect

The cblC defect is the most frequent combined remethyla-
tion disorder with more than 500 reported patients5,71,85,86.
Early-onset cblC disease (present in up to 89% of cases) has
been defined as disease onset before 12 months; 75% of
children manifest within their first 4 months and many in
their first days of life71,85. Early-onset disease is associated
with the c.271dupA mutation, which occurs with frequencies
between 40% and 55%76,85,87 in most and 85% in the Italian-
Spanish-Portuguese cohort described by Richard et al88.
Lerner-Ellis et al89 have provided an overview of the muta-
tions in cblC disease.

The main symptoms in early-onset disease are feeding
difficulties and failure to thrive, muscular hypotonia, devel-
opmental impairment, metabolic crisis with acute encepha-
lopathy, seizures and acidosis. Hydrocephalus, atypical
hemolytic uremic syndrome (aHUS), and pulmonary artery
hypertension may be presenting symptoms of microangiopa-
thy. Glomerulopathy and chronic renal failure may follow
aHUS or develop independently. In some children, congeni-
tal heart disease (malformation or cardiomyopathy) and

intrauterine growth restriction reflect prenatal damage. Ane-
mia or neutropenia/pancytopenia are frequent. Nystagmus
and/or visual impairment due to retinopathy or optic atrophy
have been observed in between 20% and 70% of children
with early-onset cblC disease85,90–93. Brain imaging often
shows atrophy and white matter disease85,94. Fulminant,
often lethal manifestations with early-onset aHUS and pul-
monary hypertension have been reported, some with delayed
or missed diagnosis95.

In late-onset disease, eye disease is generally absent91,93.
Acute or chronic microangiopathic renal or pulmonary dis-
ease95,96, behavioral or psychiatric problems, insidious cog-
nitive impairment, peripheral neuropathy and ataxia,
combined degeneration of the spinal cord, macrocytic ane-
mia, stroke and thrombosis are characteristic
presentations71,85,86,97.

Recently, a new genetic background has been unraveled
in two early-onset and one late-onset patients with the bio-
chemical, clinical and complementation group phenotype of
cblC disease. These patients were heterozygote carriers of an
MMACHC mutation on one allele and an epimutation on the
other allele, which resulted from mutations in the neighbor-
ing PRDX1 gene forcing antisense transcription of
MMACHC, promoter hypermethylation and MMACHC
silencing98.

HCFC1 deficiency (“cblX” defect), an X-linked disorder
with the biochemical phenotype of a combined remethyla-
tion disorder with elevated MMA and tHcy (albeit lower
than in classical cblC disease) has been detected in a small
number of patients and is an important differential diagnosis
to be considered. Yu et al99 describe 17 males with a very
severe, early-onset neurological phenotype with intractable
epilepsy and profound intellectual impairment in the major-
ity of patients and choreoathetosis, microcephaly, metabolic
crises and blindness in single cases. Mutations in HCFC1, a
coregulator of MMACHC transcription were detected and
decreased MMACHC mRNA and protein production proved
in patient fibroblasts. THcy and MMA elevations were mod-
erate99. In the process of regulating the expression of
MMACHC and other proteins, HCFC1 interacts with the
domain-containing transcription factor THAP. Recently, a
homozygous potentially pathogenic variant was discovered
in the THAP11 gene in a patient with the HCFC1 phenotype
and no mutations detectable in MMACHC or HCFC1100.

7.3 | Isolated Cbl-related remethylation
defects and MTHFR deficiency: Pathways and
clinical presentation

The very rare isolated remethylation disorders cblE (MSR
defect; MTRR)101, cblG (MS defect MTR)102 and cblD-Hcy
(MMADHC)77 are clinically similar to the cblC defect and
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also have considerable overlap with MTHFR deficiency
(MTHFR)103. Due to the small numbers of cases, valid
genotype-phenotype correlations cannot be delineated. An
overview of mutations in 24 cblE and cblG patients has been
provided elsewhere104.

CblE and cblG disease directly affect the activity of the
enzyme MS and its activating coenzyme MSR. Cbl is trans-
ferred to MS by concerted action of the MMACHC and
MMADHC proteins. MS converts Hcy to Met by a two-step
methyl group transfer, first from 5-MTHF to Cbl forming
methyl-Cbl and secondly from methyl-Cbl to Hcy. Cbl is
highly reactive and if inadvertently oxidized, MSR is
required to restore Cbl for methyl-Cbl formation78,105. The
clinical similarity of the diseases is explained by the interde-
pendence of the involved proteins and the shared pattern of
impaired remethylation. In cblD-Hcy disease, Cbl is not ade-
quately processed to its target; in cblG disease, MS is absent
or dysfunctional; in cblE disease, Cbl cannot be reduced by
MSR for its use by MS. In MTHFR deficiency, methyl
groups are not provided78,105.

7.3.1 | The cblD-Hcy, cblE, and cblG defects

Clinically, failure to thrive, feeding problems, developmen-
tal delay and cognitive impairment, muscular hypotonia,
macrocytic anemia, seizures and microcephaly are frequent
in the clinically indistinguishable cblE and cblG defects.
Nystagmus, impaired visual acuity, strabismus, neutropenia,
aHUS, cardiac disease and psychiatric or behavioral prob-
lems have been observed in some patients. Disease onset has
a peak in the first months of life (median 3 months in a
series of 24 cblE/cblG patients104,106–108. Patients with
cblD-Hcy present similarly71. A lethal course was reported
in a female with hydrocephalus109.

7.3.2 | MTHFR deficiency

In the presence of FAD (cofactor) and NADPH (electron
donor), MTHFR catalyzes the reduction of
5,10-methylenetetrahydrofolate to 5-methyl-tetrahydrofolate,
the substrate and methyl donor for MS. Most of the muta-
tions causing MTHFR deficiency are private; an overview of
mutations has recently been provided elsewhere110. Poly-
morphisms in the MTHFR gene have been related to com-
mon diseases for example, cardiovascular or psychiatric
diseases but are not causative for the severe form of MTHFR
deficiency discussed here110.

In MTHFR deficiency there is no folate trap and there-
fore no macrocytic anemia. In addition, the typical microan-
giopathic aHUS or renal disease as seen in the Cbl-related
disorders has not been observed in a series of 50 MTHFR

patients71. Single cases presenting with hydrocephalus have
been observed in an earlier series111.

Neurologically however, MTHFR presents quite simi-
larly to the Cbl-related disorders. Early-onset patients
(n = 30) in an international registry showed feeding prob-
lems, muscular hypotonia and developmental or cognitive
impairment. Some patients developed seizures and signs of
acute encephalopathy, stroke and thrombosis or eye disease
(reported as nystagmus, retinal hemorrhage or visual impair-
ment)71. Apnea had been reported in some cases in an earlier
series111. Late-onset patients present with cognitive decline,
thrombosis, psychiatric symptoms, seizures or movement
disorders71,112. Patients with MTHFR deficiency have low
5-MTHF levels in cerebral spinal fluid and it is presently
unclear whether this has any correlation with (neurological)
outcome113, albeit in a MTHFR−/− mouse model, intrauter-
ine provision of 5-MTHF increased survival114.

8 | CBL-RELATED
REMETHYLATION DISORDERS AND
MTHFR DEFICIENCY: TREATMENT
AND OUTCOME

The recently published guidelines on clinical management
of remethylation disorders16 recommended against protein
restricted dietary treatment in remethylation disorders,
because it may aggravate Met deficiency and perturb amino
acid homoeostasis8,9. Nitrous oxide is an inhibitor of MS
and contraindicated in patients with any type of remethyla-
tion disorder115,116.

8.1 | Cbl-dependent combined remethylation
disorders: Treatment and outcome

8.1.1 | cblC disease: Treatment and outcome

MMACHC binds OH-Cbl with more affinity than cyanocobal-
amin and its function is to decyanate Cbl. Therefore CN-Cbl is
an ineffective treatment for cblC disease117. Oral OH-Cbl
alone is ineffective in almost all cases 118. Thus, parenteral
OH-Cbl, mostly started with 1 mg/d is the current standard of
treatment. In the cblC defect, doses have been increased to
high dose treatment by some119,120 or individually tailored
to the lowest tHcy and MMA concentrations achievable by
others. Treatment reduces MMA and tHcy significantly within
days121 but normal values are rarely achieved (only in some
late-onset cases).

Betaine treatment effectively increases Met and decreases
Hcy. Betaine and Hcy are methylated to Met and dimethyl-
glycine by the enzyme betaine Hcy S-methyltransferase
in the liver. In the Cbl-dependent defects, betaine
(200-250 mg/kg/day) is often added, to Cbl treatment122 to
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optimize tHcy and rarely Met, which is usually normalized
by OH-Cbl.

Carnitine is given frequently to support MMA excretion
in combined remethylation disorders but MMA concentra-
tions are generally well controlled by adequate OH-Cbl
treatment and a positive effect of carnitine on outcome has
never been proved16.

Late-onset patients often show excellent clinical and bio-
chemical response to treatment, but delayed diagnosis and
long disease duration may cause irreversible damage to the
central and peripheral nervous system. Early-onset cblC
patients have a significant reduction of tHcy and MMA,
mortality and morbidity. Metabolic crises are extremely rare
under treatment.

Visual symptoms (retinopathy and nystagmus, optic atro-
phy) generally start early and progress despite treatment;
many patients are blind in the second decade of life93,94.
Cognitive impairment remains unchanged or even deterio-
rates with time despite treatment and many patients develop
behavioral problems 97,123,124 (Table 2).

8.1.2 | The cblF, cblJ, and cblD-MMA/Hcy
defects

For many years, differentiation between the cblC defect and
the extremely rare other combined remethylation defects
was not possible or took considerable time. Therefore, most
patients with the cblF, cblJ, and cblD-MMA/Hcy received
the same treatment recommended for cblC patients.

In the majority of patients with cblF disease response to
parenteral OH-Cbl treatment has been encouraging. In single
individuals, however, persistence of developmental and
feeding problems or sudden death was observed125. Most
cblJ and cblD-MMA/Hcy patients received OH-Cbl, some-
times also betaine and carnitine. The number of documented
cases is too small for meaningful analysis of the response to
treatment in these disorders16.

8.2 | Isolated Cbl-related remethylation
disorders: Treatment and outcome

8.2.1 | The cblE, cblG, and cblD-Hcy defects

Patients with the cblE, cblG, and cblD-Hcy defects have
mostly been treated according to the algorithm used in the
cblC defect with the exception that carnitine is usually not
prescribed as there is no elevated MMA.

Most patients with cblE, cblG and cbl-Hcy disease have
been treated with OH-Cbl with good clinical response with
respect to mortality and nonneurological morbidity104. A
patient with the cblD-Hcy defect presenting in her first
months with hypotonia, developmental delay, impaired
visual tracking and hydrocephalus however died despite

OH-Cbl, betaine and folinic acid treatment109. As in cblC
disease, neurocognitive and behavioral problems, nystagmus
and visual acuity impairment persist or progress. Some
patients additionally received betaine or pyridoxine. Due to
the extremely variable doses and regimes, the impact of
these drugs on outcome cannot be quantified71. There is
insufficient knowledge about the efficacy of CN-Cbl, other
Cbl preparations or oral treatment in the cblE, cblG, and
cblD-Hcy defects (Table 2).

8.3 | MTHFR deficiency: Treatment and
outcome

In MTHFR deficiency, betaine is the recommended treat-
ment. A dose of >100 mg/kg/d has been proved to reduce
and even prevent mortality and morbidity. Response to early
betaine treatment is excellent; any delay of treatment
resulted in a less favorable outcome126.

Cbl treatment is not generally required in MTHFR defi-
ciency but Cbl levels should be maintained within normal
ranges. Folic acid should not be applied in MTHFR defi-
ciency because it may aggravate 5-MTHF deficiency in the
brain113. Treatment with folinate or 5-MTHF has been con-
sidered successful in single cases but a generally positive
effect on patients' outcome has not been proved. Met supple-
mentation should not be necessary with adequate betaine
treatment16 (Table 2).

9 | MTHFD1 DEFICIENCY

9.1 | MTHFD1 deficiency: Pathway and
clinical presentation

The MTHFD1 gene codes for the cytoplasmic trifunctional
enzyme MTHFD, which catalyzes the three steps of
5,10-MTHF formation via the synthesis of 10-formyl-THF
and 5,10-methenyl-THF127. 5,10-methylene-THF is sub-
strate to MTHFR and involved in serine synthesis6,128. Less
than 10 patients with this rare inborn errors of folate
metabolism have so far been reported. Clinically, patients
consistently showed megaloblastic anemia. Some patients
presented with pancytopenia, aHUS, mental retardation,
retinopathy, and epilepsy; others with severe combined
immunodeficiency with lymphopenia, defective cell
mediated and humoral immunity causing severe or even
lethal infections. THcy was moderately elevated only in
some patients (maximum 50 μmol/L); serum Cbl and
folate levels were normal and MMA was minimally ele-
vated in a single patient, probably due to unrelated
reasons6,128.
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9.2 | MTHFD1 deficiency: Treatment and
outcome

Folic and folinic acid, in a single patient combined with
betaine and Cbl treatment has been successfully applied in
MTHFD deficiency. Folinic acid restored the impairment of
the immune system in two patients and is considered an
important, treatable differential diagnosis for combined
immune deficiencies. Making the diagnosis may avoid over-
treatment for example, with bone marrow transplantation128.
Other patients had a favorable response to folic acid treat-
ment. Despite treatment with folinic acid, betaine (and Cbl)
in one patient progressive maculopathy with retinal atrophy
developed and 5-MTHF concentrations in CSF remained
low but the child was cognitively well developed with nor-
mal brain imaging. Because folinic acid (and folic acid)
stimulated Met synthesis in patients' fibroblasts it was sug-
gested that responsive patients probably have some residual
enzyme activity allowing the formation of 5,10-MTHF in a
substrate-enriched environment6 (Table 2).

10 | PATHOPHYSIOLOGICAL
CONSIDERATIONS AND OPEN
QUESTIONS

Although there is broad variability of severity, the multisys-
tem phenotypes of nutritional Cbl deficiency, inborn errors
of Cbl absorption and inborn errors of intracellular Cbl pro-
cessing show considerable overlap (Figure 3).

10.1 | Bone marrow, anemia, and
pancytopenia

In the majority of patients with Cbl-related diseases affecting
remethylation, megaloblasts and erythrocyte precursors with
asynchronously maturated cytoplasm and nuclei are detected
in bone marrow. Patients present with macrocytic anemia,
often accompanied by neutropenia or pancytopenia4. Pathol-
ogy of the bone marrow, a high-turnover tissue, has been
explained by impaired MS activity causing accumulation of
intracellular 5-MTHF (the so-called “folate trap”) with sub-
sequent disruption of nucleotide synthesis. As there is no
folate trapping in MTHFR the absence of bone marrow
symptoms in this defect is explained by this mechanism113.

10.2 | Neurocognitive impairment

The second frequently affected organ system is the nervous
system. Clinically there is a broad spectrum from acute
encephalopathy for example, in early-onset cblC disease to
chronic central symptoms such as muscular hypotonia,
developmental delay, seizures, and cognitive impairment.
Psychiatric symptoms may develop for example, in late-
onset cblC disease or nutritional deficiency, as may periph-
eral neuropathy10,72,73,85,104.

A most striking and incompletely understood feature is
the complex of feeding problems and failure to thrive in
remethylation disorders and Cbl deficiency. Aversion to
food and neurological symptoms in an infant should alert the
clinician toward Cbl-related diseases and MTHFR defi-
ciency as should neurological and/or hematological and/or
renal disease and/or thromboembolic event accompanied by
failure to thrive (in infants and children) or unexplained
weight loss (in adults)16,72,73,94. Failure to thrive and aver-
sion to foods in infants with Cbl-related disease have been
attributed to muscular hypotonia and problems to process
(especially solid) foods25. While this mechanism may con-
tribute to the phenotype in infants, it does not explain its
prevalence in older patients. Based on studies in rats Scalab-
rino proposes that a non-enzymatic effect of Cbl depletion
lies in the upregulation of cytokines such as tumor necrosis
factor alpha (TNFα)129. High TNFα levels correlate with
less and slower weight gain130. That feeding problems are
reversible in the vast majority of patients under treatment
argues in favor of an adjustable, flexible process as cytokine
regulation certainly is, but this interesting theory has not yet
been widely tested.

Morphological hallmarks of Cbl-related diseases are
brain atrophy and white matter disease of brain and spinal
cord, the latter being rather affected in the chronic nutritional
or acquired absorption problems or late-onset inborn errors
of Cbl metabolism. Patients show combined degeneration of

Thrombo-

embolism,
stroke

Anaemia,

Pancytopenia;

immune 

dysfunction

Micro-

angiopathy

(aHUS, 

pulmonary

hypertension,

hydrocephalus)

Psychiatric / 

behavioural 

symptoms
Cbl

Chronic 
neurocognitive

impairment;

white matter 
disease

Eye disease; 

nystagmus

Feeding

problems

Acute 
neurological 

disease

FIGURE 3 Principal symptoms in cobalamin (Cbl)-related
disorders

HUEMER AND BAUMGARTNER 13



the spinal cord, characterized by a sometimes rapidly pro-
gressive spongy vacuolation of the white matter4,72,73,85.

White matter disease has been explained by perturbed
myelin synthesis due to low methylation capacity when
remethylation of Hcy to Met is impaired131. The link
between remethylation pathway and methylation has over
the last years been explored in more detail revealing that
AdoHcy levels seem to best indicate methylation impair-
ment. In tissues of mice heterozygous for CBS, lowering of
the AdoMet:AdoHcy ratio correlated with impaired methyla-
tion capacity only if caused by a rise of AdoHcy and not by
a decrease of AdoMet132.

There is, however an argument against the idea that low
remethylation capacity alone determines myelin breakdown
or decreased synthesis in the fact that in classical homocysti-
nuria (CBS deficiency) AdoHcy is also high but white mat-
ter disease is uncommon129,133,134. Scalabrino observed in
the CNS of Cbl-deficient rats that myelin damage may be
caused by upregulation of TNFα and myelinotoxic growth
factors and suppression of protective cytokines and growth
factors (eg, epidermal growth factor)129. Besides Cbl and
epidermal growth factor, prions are also involved in myelin
maintenance. Prion levels and synthesis are regulated by Cbl
in concert with epidermal growth factor and Cbl deficiency
may cause altered prion distribution mediated by TNFα
activation135.

Others have hypothesized that beyond myelin synthesis
there are other methylation processes, which may determine
neurocognitive outcome. Methylation is not only regulated
by multiple players but also affects several important down-
stream functions such as creatine synthesis and DNA meth-
ylation. The hypothesis that creatine depletion and
guanidinoacetate toxicity due to impaired methyl group sup-
ply for creatine synthesis could be involved in neuropathol-
ogy was not supported by the finding of normal creatine
peaks in magnetic resonance spectroscopy studies and
absence of excess guanidinoacetate in 12 patients with
remethylation disorders136. Choline compound depletion,
which may contribute to white matter disease and brain atro-
phy, was noted but potential pathomechanisms are incom-
pletely understood136. The unexpectedly high AdoMet
levels in the presence of low Met and high tHcy in this
cohort were interpreted as possibly reactive to methyltrans-
ferase inhibition136 but no correlation of AdoMet with
AdoHcy, a known, potent inhibitor of methyltransferases,
including DNA methyltransferase 1137 was detected136.
Beyond AdoHcy, MS/MSR activities also correlate with
DNA methylation138. DNA methylation is essential for nor-
mal development as it is a basic epigenetic process regulat-
ing transcription139 but precisely how it modulates cognitive
development is not yet understood136.

Neurocognitive symptoms have also been attributed to
direct Hcy and MMA toxicity. Homocysteinemia is associ-
ated with developmental delay134 and has been shown to
provoke seizures in rats140,141. In rat neurons and pheochro-
mocytoma cells as well as in human neuroblastoma cells, by
binding of copper (Cu2+), one of the metal prosthetic groups
of cytochrome c oxidase, Hcy causes decreased activity and
stability of cytochrome c oxidase, increase of reactive oxy-
gen species (ROS) and apoptosis. This effect was rescued by
Cu2+ supplementation142.

MMA toxicity in the brain and peripheral nervous system
may be mediated by accumulation of aberrant fatty acids,
which are incorporated into myelin. However, tHcy and
MMA values generally decrease to moderate concentrations
under treatment and their toxicity may contribute to neuro-
cognitive symptoms before treatment but does not suffi-
ciently explain the progressive or at best stable
developmental delay in inborn errors of intracellular Cbl
processing71,143.

10.3 | Microangiopathy and
thromboembolism

Microangiopathic disease, encompassing aHUS, pulmonary
artery hypertension and hydrocephalus144 is mainly a feature
of inborn errors of intracellular Cbl processing but aHUS
has also been reported in single cases of MTHFD1 defi-
ciency6 and nutritional Cbl deficiency145. Hydrocephalus
has been described in MTHFR deficiency111. Onset is often
early in life and the course may be dramatic or even lethal
but milder adult presentations are also possible. Since it is
well known that Hcy toxicity damages the endothelium and
is involved in thromboembolic events134 it has been
assumed that Hcy may also have a part in the pathophysiol-
ogy of microangiopathy. However, in analogy to the discus-
sion on neurocognitive damage, the fact that there is no
microangiopathy in CBS deficiency makes this theory quite
implausible95.

Recently, interactions with additional genes have been
proposed to be required to start the microangiopathy cas-
cade. This suggestion is based on variable severity and age
at onset of aHUS in cohorts with different genetic back-
grounds. Furthermore, in some children genetic alterations
affecting the complement component C5, which is involved
in the pathophysiology of aHUS, have been detected95.

Another line of thought implies that collective action of
high Hcy and MMA and low Met exerts a “multitoxic”
effect95. MMA (along with dicarboxylic acids like
2-methylcitrate and propionyl-CoA) induces mitochondrial
dysfunction, which has been connected to the chronic renal
phenotype in MUT-related isolated MMAurias70,146. There
is, however, currently no clinical evidence for a similar
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mechanism of mitochondrial perturbation in microangiopa-
thies in Cbl-related diseases.

It could also be hypothesized that dysregulation of the
immune system as observed in MTHFD1 deficiency or cyto-
kine imbalances as discussed by Scalabrino129 are starting
points for activation of the complement cascade and acute
microangiopathy. Presently, however, the exact pathogenesis
remains unclear.

10.4 | Eye disease and visual impairment

Another open question is the pathophysiology behind the
ophthalmological complications, mainly of intracellular
defects of Cbl processing, but also in single cases of TC and
MTHFR deficiency71,147.

In nutritional Cbl deficiency, optic atrophy has been
observed4,148. Injury to retinal ganglion cells causes a super-
oxide burst that induces apoptosis. It has recently been
shown in a model for optic atrophy that superoxide can
effectively be bound and neutralized by Cbl resulting in
enhanced survival of retinal ganglion and neuronal cells18.

Hcy (mediated by vascular damage) and MMA
(in analogy to the optic neuropathy seen in MUT-associated
disease) toxicities cannot explain the typical maculopathy,
retinopathy, nystagmus, and abnormal visual acuity in
remethylation disorders93,149. Eye disease in CBS deficiency
with highly elevated Hcy is fundamentally different (ectopia
lentis) and MMA-associated optic atrophy is a long-term
complication in a mitochondrial disease with significantly
higher MMA concentrations62,93.

In remethylation disorders, retinal damage shows no cor-
relation with white matter disease or brain atrophy91 and
often begins early in life93. Elevated ROS have been demon-
strated in patients with remethylation disorders88,150,151.
Decreased reduced and total glutathione (a potent antioxi-
dant) and elevated oxidized glutathione have been observed
in 18 treated cblC patients151. Glutathione has a protective
effect on retinal pigment epithelium cells, which are highly
vulnerable to oxidative stress91, and this pathway may be
involved in the retinopathy of remethylation disorders.

11 | CONCLUSIONS

Acquired and inborn Cbl-related disorders, and MTHFR
deficiency cause multisystem, often severe disease. Failure
to thrive, neurocognitive or psychiatric symptoms, eye dis-
ease, bone marrow alterations, microangiopathy and throm-
boembolic events are characteristic. The recently identified
MTHFD1 defect presents with additional severe immune
deficiency.

Symptoms may be explained by depleted enzymatic
functions of Cbl, causing for example, deficient methylation

capacity and metabolite toxicity but net-effects of perturbed
Cbl function or reduced supply resulting in oxidative stress,
altered cytokine regulation or immune functions gain more
and more attention as probable causative agents and
functions.

ACKNOWLEDGMENTS

This work was supported by radiz, the Rare Disease Initia-
tive Zurich, a Clinical Research Priority Program from the
University of Zurich (to M.H. and M. R. B.) and the Swiss
National Science Foundation (SNSF 31003A_156907)
(to M.R.B.). We gratefully acknowledge the long-standing
support provided by Brian Fowler. We would like to honor
the memory of James Weisfeld-Adams who has contributed
outstanding research on the remethylation disorders.

CONFLICTS OF INTEREST

M.H. and M.R.B. declare no conflicts of interest regarding
the contents of this manuscript. M.H. has received research
grants from Nutricia and SOBI and honoraria for lectures or
scientific advice from Nutricia, Recordati Rare Disease
Foundation, Shire and Sanofi Genzyme. M.R.B. declares
that the University Children's Hospital Zurich has received
educational and research grants from Actelion, Genzyme
and Nutricia Metabolics and has received support for the E-
HOD Registry/Cystadane surveillance program from Orphan
Europe.

AUTHOR CONTRIBUTIONS

M.H. has planned and written the manuscript. M.R.B. has
critically revised the manuscript and has given significant
intellectual input to its structure and content.

ORCID

Martina Huemer https://orcid.org/0000-0002-0590-678X

REFERENCES

1. Froese DS, Fowler B, Baumgartner MR. Vitamin B12, folate and
the methionine remethylation cycle - biochemistry, pathways and
regulation. J Inherit Metab Dis. 2019.

2. Nielsen MJ, Rasmussen MR, Andersen CBF, Nexø E,
Moestrup SK. Vitamin B12 transport from food to the body's
cells – a sophisticated, multistep pathway. Nat Rev Gastroenterol
Hepatol. 2012;9:345-354.

3. Smith AD, Warren MJ, Refsum H. Vitamin B12. Adv Food Nutr
Res. 2018;83:215-279.

4. Stabler S. Vitamin B12 deficiency. NEJM. 2013;368:149-160.

HUEMER AND BAUMGARTNER 15

https://orcid.org/0000-0002-0590-678X
https://orcid.org/0000-0002-0590-678X


5. Watkins D, Rosenblatt DS. Inborn errors of cobalamin absorption
and metabolism. Am J Med Genet C Semin Med Genet. 2011;15:
33-44.

6. Burda P, Kuster A, Hjalmarson O, et al. Characterization and
review of MTHFD1 deficiency: four new patients, cellular delin-
eation and response to folic and folinic acid treatment. J Inherit
Metab Dis. 2015;38(5):863-872.

7. Kräutler B. Biochemistry of B12-cofactors in human metabolism.
Subcell Biochem. 2012;56:323-346.

8. Manoli I, Myles JG, Sloan JL, et al. A critical reappraisal of die-
tary practices in methylmalonic acidemia raises concerns about
the safety of medical foods. Part 2: cobalamin C deficiency.
Genet Med. 2016a;18(4):396-404.

9. Manoli I, Sloan JL, Venditti CP. Isolated methylmalonic acide-
mia synonym: isolated methylmalonic aciduria. In: Adam MP,
Ardinger HH, Pagon RA, et al., eds. GeneReviews® [Internet].
Seattle, WA: University of Washington, Seattle; 2016b;
1993–2018. August 2005 16 (updated 1 December 2016).

10. Hunt A, Harrington D, Robinson S. Vitamin B12 deficiency.
BMJ. 2014;g5226:349.

11. Gramer G, Abdoh G, Ben-Omran T, et al. Newborn screening for
remethylation disorders and vitamin B12 deficiency-evaluation
of new strategies in cohorts from Qatar and Germany. World J
Pediatr. 2017;13:136-143.

12. Stabler SP, Allen RH. Vitamin B12 deficiency as a worldwide
problem. Annu Rev Nutr. 2004;24:299-326.

13. Bor MV, Cetin M, Aytaç S, Altay C, Nexo E. Nonradioactive
vitamin B12 absorption test evaluated in controls and in patients
with inherited malabsorption of vitamin B12. Clin Chem. 2005;
51:2151-2155.

14. Hannibal L, Lysne V, Bjørke-Monsen AL, et al. Biomarkers and
algorithms for the diagnosis of vitamin B12 deficiency. Front
Mol Biosci. 2016;27(3):27.

15. Salinas M, Flores E, López-Garrigós M, Leiva-Salinas C. Vita-
min B12 deficiency and clinical laboratory: lessons revisited and
clarified in seven questions. Int J Lab Hematol. 2018;40(Suppl
1):83-88.

16. Huemer M, Diodato D, Schwahn B, et al. Guidelines for diagno-
sis and management of the cobalamin-related remethylation dis-
orders cblC, cblD, cblE, cblF, cblG, cblJ and MTHFR deficiency.
J Inherit Metab Dis. 2017;40(1):21-48.

17. Institute of Medicine. Food and Nutrition Board. Dietary Refer-
ence Intakes: Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,
Vitamin B12, Pantothenic Acid, Biotin, and Choline.
Washington, DC: National Academy Press; 1998.

18. Chan W, Almasieh M, Catrinescu MM, Levin LA. Cobalamin-
associated superoxide scavenging in neuronal cells is a potential
mechanism for vitamin B12-deprivation optic neuropathy.
Am J Pathol. 2018;188(1):160-172.

19. Healton EB, Savage DG, Brust JC, Garrett TJ, Lindenbaum J.
Neurologic aspects of cobalamin deficiency. Medicine. 1991;70:
229-245.

20. Lindenbaum J, Healton EB, Savage DG, et al. Neuropsychiat-
ric disorders caused by cobalamin deficiency in the absence
of anemia or macrocytosis. N Engl J Med. 1988;318:1720-
1728.

21. Fowler B, Leonard JV, Baumgartner MR. Causes of and diagnos-
tic approach to methylmalonic acidurias. J Inherit Metab Dis.
2008;31(3):350-360.

22. Lövblad K, Ramelli G, Remonda L, Nirkko AC, Ozdoba C,
Schroth G. Retardation of myelination due to dietary vitamin
B12 deficiency: cranial MRI findings. Pediatr Radiol. 1997;27:
155-158.

23. Bjørke-Monsen AL, Ueland PM. Cobalamin status in children.
J Inherit Metab Dis. 2011;34:111-119.

24. Dror DK, Allen LH. Vitamin B-12 in human milk: a systematic
review. Adv Nutr. 2018;9:358S-366S.

25. Dror DK, Allen LH. Effect of vitamin B12 deficiency on neuro-
development in infants: current knowledge and possible mecha-
nisms. Nutr Rev. 2008;66(5):250-255.

26. Singh G, Le D, Schnabl K, Leaker MT, Steele M, Sparkes RL.
Vitamin B12 deficiency in infancy: the case for screening.
Pediatr Blood Cancer. 2016;63:740-742.

27. Roschitz B, Plecko B, Huemer M, Biebl A, Foerster H, Sperl W.
Nutritional infantile vitamin B12 deficiency: pathobiochemical
considerations in seven patients. Arch Dis Child Fetal Neonatal
Ed. 2005;90:F281-F282.

28. Whitehead VM. Acquired and inherited disorders of cobalamin
and folate in children. Br J Haematol. 2006;134:125-136.

29. Marble M, Copeland S, Khanfar N, Rosenblatt DS. Neonatal
vitamin B12 deficiency secondary to maternal subclinical perni-
cious anemia: identification by expanded newborn screening.
J Pediatr. 2008;152(5):731-733.

30. Keller R, Chrastina P, Pavlíková M, et al. Newborn screening for
homocystinurias: recent recommendations versus current prac-
tice. J Inherit Metab Dis. 2018 Jun 15. doi: 10.1007/s10545-018-
0213-0. [Epub ahead of print]

31. McHugh D, Cameron CA, Abdenur JE, et al. Clinical validation
of cutoff target ranges in newborn screening of metabolic disor-
ders by tandem mass spectrometry: a worldwide collaborative
project. Genet Med. 2011;13:230-254.

32. Forrest EA, Wong M, Nama S, Sharma S. Celiac crisis, a rare
and profound presentation of celiac disease: a case report. BMC
Gastroenterol. 2018;18:59.

33. Fuchssteiner H, Nigl K, Mayer A, et al. Nutrition and IBD-
consensus of the Austrian working group of IBD (inflammatory
bowel diseases) of the ÖGGH. Z Gastroenterol. 2014;52(4):
376-386.

34. Bahadir A, Reis PG, Erduran E. Oral vitamin B12 treatment is
effective for children with nutritional vitamin B12 deficiency.
J Paediatr Child Health. 2014;50(9):721-725.

35. Vidal-Alaball J, Butler CC, Cannings-John R, et al. Oral vitamin
B12 versus intramuscular vitamin B12 for vitamin B12 defi-
ciency. Cochrane Database Syst Rev. 2005;20(3):CD004655.

36. Langan RC, Goodbred AJ. Vitamin B12 deficiency: recognition
and management. Am Fam Physician. 2017;96(6):384-389.

37. Grattan-Smith PJ, Wilcken B, Procopis PG, Wise GA. The neuro-
logical syndrome of infantile cobalamin deficiency: developmen-
tal regression and involuntary movements. Mov Disord. 1997;12:
39-46.

38. Carmel R, Parker J, Kelman Z. Genomic mutations associated
with mild and severe deficiencies of transcobalamin I (haptocor-
rin) that cause mildly and severely low serum cobalamin levels.
Br J Haematol. 2009;147:386-391.

39. Carmel R. Gastric juice in congenital pernicious anemia contains
no immunoreactive intrinsic factor molecule: study of three kin-
dreds with variable ages at presentation, including a patient first
diagnosed in adulthood. Am J Hum Genet. 1983a;35:67-77.

16 HUEMER AND BAUMGARTNER

https://doi.org/10.1007/s10545-018-0213-0
https://doi.org/10.1007/s10545-018-0213-0


40. Carmel R. R binder deficiency: a clinically benign cause of
cobalamin pseudo-deficiency. JAMA. 1983b;250:1886-1890.

41. Ferrand A, Siu VM, Rupar CA, et al. Biochemical and hemato-
logic manifestations of gastric intrinsic factor (GIF) deficiency: a
treatable cause of B12 deficiency in the old order Mennonite pop-
ulation of southwestern Ontario. JIMD Rep. 2015;18:69-77.

42. Gordon MM, Brada N, Remacha A, et al. A genetic polymor-
phism in the coding region of the gastric intrinsic factor gene
(GIF) is associated with congenital intrinsic factor deficiency.
Hum Mutat. 2004;23:85-91.

43. Imerslund O. Idiopathic chronic megaloblastic anemia in chil-
dren. Acta Paediatr Scand. 1960;49:S1-S115.

44. Gräsbeck R, Gordin R, Kantero I, Kuhlback B. Selective vitamin
B12 malabsorption and proteinuria in young people: a syndrome.
Acta Med Scand. 1960;167:289-296.

45. Beech CM, Liyanarachchi S, Shah NP, et al. Ancient founder
mutation is responsible for Imerslund-Gräsbeck syndrome among
diverse ethnicities. Orphanet J Rare Dis. 2011;6:74.

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

47. Storm T, Zeitz C, Cases O, et al. Detailed investigations of proxi-
mal tubular function in Imerslund-Gräsbeck syndrome. BMC
Med Genet. 2013;14:111.

48. Beedholm-Ebsen R, van de Wetering K, Hardlei T, Nexø E,
Borst P, Moestrup SK. Identification of multidrug resistance pro-
tein 1 (MRP1/ABCC1) as a molecular gate for cellular export of
cobalamin. Blood. 2010;115:1632-1639.

49. Luder AS, Tanner SM, de la Chapelle A, Walter JH. Amnionless
(AMN) mutations in Imerslund-Gräsbeck syndrome may be asso-
ciated with disturbed vitamin B12 transport into the CNS.
J Inherit Metab Dis. 2008;31:493-496.

50. Krzemie�n G, Turczyn A, Szmigielska A, Roszkowska-Blaim M.
Vit B12 deficiency in children (Imerslund-Gräsbeck syndrome in
two pairs of siblings). Dev Period Med. 2015;19:351-355.

51. Schiff M, Ogier de Baulny H, et al. Should transcobalamin defi-
ciency be treated aggressively? J Inherit Metab Dis. 2010;33(3):
223-229.

52. Trakadis YJ, Alfares A, Bodamer OA, et al. Update on transcoba-
lamin deficiency: clinical presentation, treatment and outcome.
J Inherit Metab Dis. 2014;37(3):461-473.

53. Nashabat M, Maegawa G, Nissen PH, et al. Long-term outcome
of 4 patients with transcobalamin deficiency caused by 2 novel
TCN2 mutations. J Pediatr Hematol Oncol. 2017;39(8):e430-
e436.

54. Quadros EV, Nakayama Y, Sequeira JM. The protein and the
gene encoding the receptor for the cellular uptake of
transcobalamin-bound cobalamin. Blood. 2009;113(1):186-192.

55. Arora K, Sequeira JM, Hernandez AI, Alarcon JM, Quadros EV.
Behavioral alterations are associated with vitamin B12 deficiency
in the transcobalamin receptor/CD320 KO mouse. PLoS One.
2017;12(5):e0177156.

56. Lai SC, Nakayama Y, Sequeira JM, et al. The transcobalamin
receptor knockout mouse: a model for vitamin B12 deficiency in
the central nervous system. FASEB J. 2013;27(6):2468-2475.

57. Karth P, Singh R, Kim J, Costakos D. Bilateral central retinal
artery occlusions in an infant with hyperhomocysteinemia.
J AAPOS. 2012;16(4):398-400.

58. Hannah-Shmouni F, Cruz V, Schulze A, Mercimek-Andrews S.
Transcobalamin receptor defect: identification of two new cases
through positive newborn screening for propionic/methylmalonic
aciduria and long-term outcome. Am J Med Genet A. 2018;176:
1411-1415.

59. Quadros EV, Lai SC, Nakayama Y, et al. Positive newborn
screen for methylmalonic aciduria identifies the first mutation in
TCblR/CD320, the gene for cellular uptake of transcobalamin-
bound vitamin B12. Hum Mutat. 2010;31:924-929.

60. Sarafoglou K, Rodgers J, Hietala A, Matern D, Bentler K.
Expanded newborn screening for detection of vitamin B12 defi-
ciency. JAMA. 2011;305(12):1198-1200.

61. Boina Abdallah A, Ogier de Baulny H, et al. How can cobalamin
injections be spaced in long-term therapy for inborn errors of
vitamin B(12) absorption? Mol Genet Metab. 2012;107:66-71.

62. Baumgartner MR, Hörster F, Dionisi-Vici C, et al. Proposed
guidelines for the diagnosis and management of methylmalonic
and propionic acidemia. Orphanet J Rare Dis. 2014;9:130.

63. Fettelschoss V, Burda P, Sagné C, et al. Clinical or ATPase
domain mutations in ABCD4 disrupt the interaction between the
vitamin B12-trafficking proteins ABCD4 and LMBD1. J Biol
Chem. 2017;292(28):11980-11991.

64. Plessl T, Bürer C, Lutz S, Yue WW, Baumgartner MR,
Froese DS. Protein destabilization and loss of protein-protein
interaction are fundamental mechanisms in cblA-type methylma-
lonic aciduria. Hum Mutat. 2017;38(8):988-1001.

65. Stucki M, Coelho D, Suormala T, Burda P, Fowler B,
Baumgartner MR. Molecular mechanisms leading to three differ-
ent phenotypes in the cblD defect of intracellular cobalamin
metabolism. Hum Mol Genet. 2012;21:1410-1418.

66. Suormala T, Baumgartner MR, Coelho D, et al. The cblD defect
causes either isolated or combined deficiency of methylcobala-
min and adenosylcobalamin synthesis. J Biol Chem. 2004;
279(41):42742-42749.

67. Keyfi F, Talebi S, Varasteh AR. Methylmalonic acidemia diagno-
sis by laboratory methods. Rep Biochem Mol Biol. 2016;5(1):
1-14.

68. Hörster F, Baumgartner MR, Viardot C, et al. Long-term out-
come in methylmalonic acidurias is influenced by the underlying
defect (mut0,mut-, cblA, cblB). Pediatr Res. 2007;62:225-230.

69. Abily-Donval L, Torre S, Samson A, et al. Methylmalonyl-CoA
epimerase deficiency mimicking propionic aciduria. Int J Mol
Sci. 2017;18(11):2294.

70. Zsengellér ZK, Aljinovic N, Teot LA, et al. Methylmalonic acid-
emia: a megamitochondrial disorder affecting the kidney. Pediatr
Nephrol. 2014;29(11):2139-2146.

71. Huemer M, Diodato D, Martinelli D, et al. Phenotype, treatment
practice and outcome in the cobalamin-dependent remethylation
disorders and MTHFR deficiency: data from the E-HOD registry.
J Inherit Metab Dis. 2018 Sep 3. doi: 10.1007/s10545-018-0238-
4. [Epub ahead of print]

72. Carrillo-Carrasco N, Chandler RJ, Venditti C. Combined methyl-
malonic acidemia and homocystinuria, cblC type. I. Clinical pre-
sentations, diagnosis and management. J Inherit Metab Dis.
2012a;35(1):91-102.

73. Carrillo-Carrasco N, Venditti CP. Combined methylmalonic acid-
emia and homocystinuria, cblC type. II. Complications, patho-
physiology, and outcomes. J Inherit Metab Dis. 2012b;35(1):
103-114.

HUEMER AND BAUMGARTNER 17

https://doi.org/10.1007/s10545-018-0213-0
https://doi.org/10.1007/s10545-018-0213-0


74. Rutsch F, Gailus S, Suormala T, Fowler B. LMBRD1: the gene
for the cblF defect of vitamin B12 metabolism. J Inherit Metab
Dis. 2011;34(1):121-126.

75. Coelho D, Kim JC, Miousse IR, et al. Mutations in ABCD4 cause
a new inborn error of vitamin B12 metabolism. Nat Genet. 2012;
44(10):1152-1155.

76. Lerner-Ellis JP, Tirone JC, Pawelek PD, et al. Identification of
the gene responsible for methylmalonic aciduria and homocysti-
nuria, cblC type. Nat Genet. 2006;38(1):93-100.

77. Coelho D, Suormala T, Stucki M. Gene identification for the
cblD defect of vitamin B12 metabolism. N Engl J Med. 2008;
358(14):1454-1464.

78. Banerjee R, Gherasim C, Padovani D. The tinker, tailor, soldier
in intracellular B12 trafficking. Curr Opin Chem Biol. 2009;
13(4):484-491.

79. Kim J, Gherasim C, Banerjee R. Decyanation of vitamin B12 by
a trafficking chaperone. Proc Natl Acad Sci U S A. 2008;105(38):
14551-14554.

80. Froese DS, Kopec J, Fitzpatrick F, et al. Structural insights
into the MMACHC-MMADHC protein complex involved in
vitamin B12 trafficking. J Biol Chem. 2015;290(49):29167-
29177.

81. Rutsch F, Gailus S, Miousse IR. Identification of a putative lyso-
somal cobalamin exporteraltered in the cblF defect of vitamin
B12 metabolism. Nat Genet. 2009;41(2):234-239.

82. Takeichi T, Hsu CK, Yang HS, et al. Progressive hyperpigmenta-
tion in a Taiwanese child due to an inborn error of vitamin B12
metabolism (cblJ). Br J Dermatol. 2015;172(4):1111-1115.

83. Soylu Ustkoyuncu P, Kendirci M, Kardas F, Gokay S, Per H,
Kacar Bayram A. Neutropenia and increased mean corpuscular
volume (MCV) with abnormal neurological findings: a case of
cobalamin d deficiency. J Pediatr Hematol Oncol. 2019; 41(1):
e54-e56. doi: 10.1097/MPH.0000000000001120.

84. Goodman SI, Moe PG, Hammond KB, Mudd SH,
Uhlendorf BW. Homocystinuria with methylmalonic aciduria:
two cases in a sibship. Biochem Med. 1970;4:500-515.

85. Fischer S, Huemer M, Baumgartner M, et al. Clinical presenta-
tion and outcome in a series of 88 patients with the cblC defect.
J Inherit Metab Dis. 2014;37(5):831-840.

86. Rosenblatt DS, Aspler AL, Shevell MI, Pletcher BA,
Fenton WA, Seashore MR. Clinical heterogeneity and prognosis
in combined methylmalonic aciduria and homocystinuria (cblC).
J Inherit Metab Dis. 1997;20:528-538.

87. Nogueira C, Aiello C, Cerone R, et al. Spectrum of MMACHC
mutations in Italian and Portuguese patients with combined
methylmalonic aciduria and homocystinuria, cblC type. Mol
Genet Metab. 2008;93(4):475-480.

88. Richard E, Jorge-Finnigan A, Garcia-Villoria J, et al. Genetic and
cellular studies of oxidative stress in methylmalonic aciduria
(MMA) cobalamin deficiency type C (cblC) with homocystinuria
(MMACHC). Hum Mutat. 2009;30(11):1558-1166.

89. Lerner-Ellis JP, Anastasio N, Liu J, et al. Spectrum of mutations
in MMACHC, allelic expression, and evidence for genotype-
phenotype correlations. Hum Mutat. 2009;30:1072-1081.

90. Bonafede L, Ficicioglu CH, Serrano L, et al. Cobalamin C defi-
ciency shows a rapidly progressing maculopathy with severe pho-
toreceptor and ganglion cell loss. Invest Ophthalmol Vis Sci.
2015;56(13):7875-7887.

91. Brooks BP, Thompson AH, Sloan JL, et al. Ophthalmic manifes-
tations and long-term visual outcomes in patients with cobalamin
C deficiency. Ophthalmology. 2016;123(3):571-582.

92. Gizicki R, Robert MC, Gomez-Lopez M, et al. Long-term visual
outcome of methylmalonic aciduria and homocystinuria, cobala-
min C type. Ophthalmology. 2014;121:381-386.

93. Weisfeld-Adams JD, Mc Court EA, Diaz GA, Oliver SC. Ocular
disease in the cobalamin C defect: a review of the literature and a
suggested framework for clinical surveillance. Mol Genet Metab.
2015;114:537-546.

94. Martinelli D, Deodato F, Dionisi-Vici C. Cobalamin C defect:
natural history, pathophysiology, and treatment. J Inherit Metab
Dis. 2011;34(1):127-135.

95. Beck BB, van Spronsen F, Diepstra A, Berger RM, Kömhoff M.
Renal thrombotic microangiopathy in patients with cblC defect:
review of an under-recognized entity. Pediatr Nephrol. 2017;
32(5):733-741.

96. Grangé S, Bekri S, Artaud-Macari E, et al. Adult-onset renal
thrombotic microangiopathy and pulmonary arterial hypertension
in cobalamin C deficiency. Lancet. 2015;386(9997):1011-1012.

97. Huemer M, Scholl-Bürgi S, Hadaya K. Three new cases of late-
onset cblC defect and review of the literature illustrating when to
consider inborn errors of metabolism beyond infancy. Orphanet J
Rare Dis. 2014;15(9):161.

98. Guéant JL, Chéry C, Oussalah A, et al. APRDX1 mutant allele
causes a MMACHC secondary epimutation in cblC patients. Nat
Commun. 2018;9(1):67.

99. Yu HC, Sloan JL, Scharer G, et al. An X-linked cobalamin disor-
der caused by mutations in transcriptional coregulator HCFC1.
Am J Hum Genet. 2013;93(3):506-514.

100. Quintana AM, Yu HC, Brebner A, et al. Mutations in THAP11
cause an inborn error of cobalamin metabolism and developmen-
tal abnormalities. Hum Mol Genet. 2017;26(15):2838-2849.

101. Wilson A, Leclerc D, Rosenblatt DS, Gravel RA. Molecular basis
for methionine synthase reductase deficiency in patients belong-
ing to the cblE complementation group of disorders in folate/-
cobalamin metabolism. Hum Mol Genet. 1999;8(11):2009-2016.

102. Leclerc D, Wilson A, Dumas R, et al. Cloning and mapping of a
cDNA for methionine synthase reductase, a flavoprotein defec-
tive in patients with homocystinuria. Proc Nat Acad Sci U S A.
1998;95:3059-3064.

103. Rozen R. Molecular genetics of methylenetetrahydrofolate reduc-
tase deficiency. J Inherit Metab Dis. 1996;19:589-594.

104. Huemer M, Bürer C, Ješina P, et al. Clinical onset and course,
response to treatment and outcome in 24 patients with the cblE or
cblG remethylation defect complemented by genetic and in vitro
enzyme study data. J Inherit Metab Dis. 2015;38(5):957-967.

105. Bassila C, Ghemrawi R, Flayac J, et al. Methionine synthase and
methionine synthase reductase interact with MMACHC and with
MMADHC. Biochim Biophys Acta. 2017;1863(1):103-112.

106. Labrune P, Zittoun J, Duvaltier I, et al. Haemolytic uraemic syn-
drome and pulmonary hypertension in a patient with methionine
synthase deficiency. Eur J Pediatr. 1999;158:734-739.

107. Müller P, Horneff G, Hennermann JB. A rare inborn error of
intracellular processing of cobalamin presenting with microce-
phalus and megaloblastic anemia: a report of 3 children. Klin
Pädiatr. 2007;219:361-367.

108. Steen C, Rosenblatt DS, Scheying H, Braeuer HC,
Kohlschütter A. Cobalamin E (CblE) disease: a severe

18 HUEMER AND BAUMGARTNER

https://doi.org/10.1007/s10545-018-0213-0


neurological disorder with megaloblastic anaemia, homocysti-
nuria and low serum methionine. J Inherit Metab Dis. 1997;20:
705-706.

109. Miousse IR, Watkins D, Rosenblatt DS. Novel splice site muta-
tions and a large deletion in three patients with the cblF inborn
error of vitamin B12 metabolism. Mol Genet Metab. 2011;102:
505-507.

110. Froese DS, Huemer M, Suormala T, et al. (2016) mutation update
and review of severe methylenetetrahydrofolate reductase defi-
ciency. Hum Mutat. 2016;37(5):427-438.

111. Huemer M, Mulder-Bleile R, Burda P. Clinical pattern, mutations
and in vitro residual activity in 33 patients with severe
5, 10 methylenetetrahydrofolate reductase (MTHFR) deficiency.
J Inherit Metab Dis. 2016;39(1):115-124.

112. Rommer PS, Zschocke J, Fowler B, et al. (2017) manifestations
of neurological symptoms and thromboembolism in adults with
MTHFR-deficiency. J Neurol Sci. 2017 Dec 15;383:123-127.

113. Schiff M, Blom HJ. Treatment of inherited homocystinurias.
Neuropediatrics. 2012;43(6):295-304.

114. Li D, Karp N, Wu Q, et al. Mefolinate (5-methyltetrahydrofo-
late), but not folic acid, decreases mortality in an animal model
of severe methylenetetrahydrofolate reductase deficiency.
J Inherit Metab Dis. 2008;31(3):403-411.

115. Erbe RW, Salis RJ. Severe methylenetetrahydrofolate reductase
deficiency, methionine synthase, and nitrous oxide—a cautionary
tale. N Engl J Med. 2003;349:5-6.

116. Selzer RR, Rosenblatt DS, Laxova R, Hogan K. Adverse effect
of nitrous oxide in a child with 5,10-methylenetetrahydrofolate
reductase deficiency. N Engl J Med. 2003;349:45-50.

117. Froese DS, Healy S, McDonald M, et al. Thermolability of
mutant MMACHC protein in the vitamin B12-responsive cblC
disorder. Mol Genet Metab. 2010;100:29-36.

118. Frattini D, Fusco C, Ucchino V, Tavazzi B, Della Giustina E.
Early onset methylmalonic aciduria and homocystinuria cblC type
with demyelinating neuropathy. Pediatr Neurol. 2010;43:
135-138.

119. Carrillo-Carrasco N, Sloan J, Valle D, Hamosh A, Venditti CP.
Hydroxocobalamin dose escalation improves metabolic control in
cblC. J Inherit Metab Dis. 2009;32:728-731.

120. Matos IV, Castejón E, Meavilla S, et al. Clinical and biochemical
outcome after hydroxocobalamin dose escalation in a series of
patients with cobalamin C deficiency. Mol Genet Metab. 2013;
109:360-365.

121. Dionisi-Vici C, Martinelli D, Ceravolo F, Boenzi S, Pastore A.
Optimizing the dose of hydroxocobalamin in cobalamin C (cblC)
defect. Mol Genet Metab. 2013;109:329-330.

122. Schiff M, Benoist JF, Tilea B, Royer N, Giraudier S, Ogier de
Baulny H. Isolated remethylation disorders: do our treatments
benefit patients? J Inherit Metab Dis. 2011;34:137-145.

123. Beauchamp MH, Anderson V, Boneh A. Cognitive and social
profiles in two patients with cobalamin C disease. J Inherit Metab
Dis. 2009;32:327-334.

124. Weisfeld-Adams JD, Bender HA, Miley-Åkerstedt A,
et al. Neurologic and neurodevelopmental phenotypes in young chil-
dren with early-treated combined methylmalonic acidemia and homo-
cystinuria, cobalamin C type.Mol Genet Metab. 2013;110:241-247.

125. Baumgartner MR. Vitamin-responsive disorders: cobalamin,
folate, biotin, vitamins B1 and E. Handb Clin Neurol. 2013;113:
1799-1810.

126. Diekman EF, de Koning TJ, Verhoeven-Duif NM, Rovers MM,
van Hasselt PM. Survival and psychomotor development with
early betaine treatment in patients with severe methylenetetrahy-
drofolate reductase deficiency. JAMA Neurol. 2014;71:188-194.

127. Fox JT, Stover PJ. Folate-mediated one-carbon metabolism.
Vitam Horm. 2008;79:1-44.

128. Ramakrishnan KA, Pengelly RJ, Gao Y, et al. Precision molecu-
lar diagnosis defines specific therapy in combined immunodefi-
ciency with megaloblastic anemia secondary to MTHFD1
deficiency. J Allergy Clin Immunol Pract. 2016;4(6):1160-1166.

129. Scalabrino G. The multi-faceted basis of vitamin B12 (cobalamin)
neurotrophism in adult central nervous system: lessons learned
from its deficiency. Prog Neurobiol. 2009;88(3):203-220.

130. Yukawa M, Brown-Chang J, Callahan HS, Spiekerman CF,
Weigle DS. Circulating TNF alpha receptor levels identify older
adults who fail to regain weight after acute weight loss. J Nutr
Health Aging. 2010;14(8):716-720.

131. Surtees R, Leonard J, Austin S. Association of demyelination with
deficiency of cerebrospinal fluid S-adenosylmethionine in inborn
errors of methyl-transfer pathway. Lancet. 1991;338:1550-1554.

132. Caudill MA, Wang JC, Melnyk S, et al. Intracellular S-
adenosylhomocysteine concentrations predict global DNA hypo-
methylation in tissues of methyl-deficient cystathionine beta-
synthase heterozygous mice. J Nutr. 2001;131:2811-2818.

133. Brenton JN, Matsumoto JA, Rust RS, Wilson WG. White matter
changes in an untreated, newly diagnosed case of classical homo-
cystinuria. J Child Neurol. 2014;29(1):88-92.

134. Morris AA, Kožich V, Santra S, et al. Guidelines for the diagno-
sis and management of cystathionine beta-synthase deficiency.
J Inherit Metab Dis. 2017;40(1):49-74.

135. Scalabrino G, Veber D. Myelin damage due to local quantitative
abnormalities in normal prion levels: evidence from subacute
combined degeneration and multiple sclerosis. J Neurol. 2014;
261(8):1451-14560.

136. Debray FG, Boulanger Y, Khiat A, et al. Reduced brain choline
in homocystinuria due to remethylation defects. Neurology.
2008;71(1):44-49.

137. Ponnaluri VKC, Estève PO, Ruse CI, Pradhan S. S-
adenosylhomocysteine hydrolase participates in DNA methyla-
tion inheritance. Mol Biol. 2018;430(14):2051-2065.

138. Orozco LD, Morselli M, Rubbi L, et al. Epigenome-wide associa-
tion of liver methylation patterns and complex metabolic traits in
mice. Cell Metab. 2015;21(6):905-917.

139. Jin B, Li Y, Robertson KD. DNA methylation superior or subordi-
nate in the epigenetic hierarchy? Genes Cancer. 2011;2(6):607-617.

140. Kubová H, Folbergrová J, Mares P. Seizures induced by homo-
cysteine in rats during ontogenesis. Epilepsia. 1995;36:750-756.

141. Mares P, Folbergrová J, Langmeier M, Haugvicová R,
Kubová H. Convulsant action of D,L-homocysteic acid and its ste-
reoisomers in immature rats. Epilepsia. 1997;38:767-776.

142. Linnebank M, Lutz H, Jarre E, et al. (2006) binding of copper is
a mechanism of homocysteine toxicity leading to COX defi-
ciency and apoptosis in primary neurons, PC12 and SHSY-5Y
cells. Neurobiol Dis. 2006;23(3):725-730.

143. Hannibal L, Blom HJ. Homocysteine and disease: causal associa-
tions or epiphenomenons? Mol Aspects Med. 2017;53:36-42.

144. Greitz D. Paradigm shift in hydrocephalus research in legacy of
Dandy's pioneering work: rationale for third ventriculostomy in
communicating hydrocephalus. Childs Nerv Syst. 2007;23:487-489.

HUEMER AND BAUMGARTNER 19



145. Andrès E, Affenberger S, Zimmer J, et al. Current hematological
findings in cobalamin deficiency. A study of 201 consecutive
patients with documented cobalamin deficiency. Clin Lab Hae-
matol. 2006;28(1):50-56.

146. Morath MA, Okun JG, Müller IB, et al. Neurodegeneration and
chronic renal failure in methylmalonic aciduria—a pathophysio-
logical approach. J Inherit Metab Dis. 2008;31:35-43.

147. Dharmasena A, Calcagni A, Kerr AR. Retinopathy in inherited
transcobalamin II deficiency. Arch Ophthalmol. 2008;126:
141-142.

148. Azenha C, Costa JF, Fonseca P. You are what you eat: ophthalmolog-
ical manifestations of severe B12 deficiency. BMJ Case Rep. 2017.
pii: bcr-2016-218558. https://doi.org/10.1136/bcr-2016-218558.

149. Ku CA, Ng JK, Karr DJ, et al. Spectrum of ocular manifestations
in cobalamin C and cobalamin a types of methylmalonic acide-
mia. Ophthalmic Genet. 2016;37(4):404-414.

150. Gherasim C, Ruetz M, Li Z, Hudolin S, Banerjee R. Pathogenic
mutations differentially affect the catalytic activities of the human
B12-processing chaperone CblC and increase futile redox
cycling. J Biol Chem. 2015;290(18):11393-11402.

151. Pastore A, Martinelli D, Piemonte F, et al. Glutathione metabo-
lism in cobalamin deficiency type C (cblC). J Inherit Metab Dis.
2014;37:125-129.

How to cite this article: Huemer M, Baumgartner MR.
The clinical presentation of cobalamin-related disorders:
From acquired deficiencies to inborn errors of absorption
and intracellular pathways. J Inherit Metab Dis. 2019;
1–20. https://doi.org/10.1002/jimd.12012

20 HUEMER AND BAUMGARTNER

https://doi.org/10.1136/bcr-2016-218558
https://doi.org/10.1002/jimd.12012

	 The clinical presentation of cobalamin-related disorders: From acquired deficiencies to inborn errors of absorption and in...
	1  INTRODUCTION
	2  OVERVIEW OF CBL SUPPLY, ABSORPTION, TRAFFICKING, AND FUNCTIONS
	3  DIAGNOSTIC WORKUP OF CBL-RELATED DISORDERS
	4  ACQUIRED CBL DEFICIENCIES
	4.1  Acquired Cbl deficiencies: Background and clinical presentation
	4.2  Acquired Cbl deficiencies: Treatment

	5  INBORN ERRORS OF CBL ABSORPTION AND SYSTEMIC CBL TRAFFICKING
	5.1  Inborn errors of Cbl absorption: Pathways and clinical presentation
	5.1.1  Haptocorrin (R-binder) deficiency
	5.1.2  Gastric IF deficiency
	5.1.3  Imerslund-Gräsbeck syndrome
	5.1.4  Transcobalamin deficiency
	5.1.5  Transcobalamin receptor deficiency

	5.2  Inborn errors of Cbl absorption: Treatment and outcome

	6  INBORN ERRORS OF INTRACELLULAR CBL TRAFFICKING AND FUNCTION
	6.1  Isolated Cbl-dependent methylmalonic acidurias: Pathways and clinical presentation
	6.2  Isolated Cbl-dependent methylmalonic acidurias: Treatment and outcome

	7  CBL-DEPENDENT REMETHYLATION DISORDERS, MTHFR AND MTHFD DEFICIENCY
	7.1  Biochemical parameters
	7.2  Combined Cbl-dependent remethylation disorders: Pathways and clinical presentation
	7.2.1  The cblF, cblJ, and combined cblD-MMAHcy defects
	7.2.2  The cblC defect

	7.3  Isolated Cbl-related remethylation defects and MTHFR deficiency: Pathways and clinical presentation
	7.3.1  The cblD-Hcy, cblE, and cblG defects
	7.3.2  MTHFR deficiency


	8  CBL-RELATED REMETHYLATION DISORDERS AND MTHFR DEFICIENCY: TREATMENT AND OUTCOME
	8.1  Cbl-dependent combined remethylation disorders: Treatment and outcome
	8.1.1  cblC disease: Treatment and outcome
	8.1.2  The cblF, cblJ, and cblD-MMA/Hcy defects

	8.2  Isolated Cbl-related remethylation disorders: Treatment and outcome
	8.2.1  The cblE, cblG, and cblD-Hcy defects

	8.3  MTHFR deficiency: Treatment and outcome

	9  MTHFD1 DEFICIENCY
	9.1  MTHFD1 deficiency: Pathway and clinical presentation
	9.2  MTHFD1 deficiency: Treatment and outcome

	10  PATHOPHYSIOLOGICAL CONSIDERATIONS AND OPEN QUESTIONS
	10.1  Bone marrow, anemia, and pancytopenia
	10.2  Neurocognitive impairment
	10.3  Microangiopathy and thromboembolism
	10.4  Eye disease and visual impairment

	11  CONCLUSIONS
	11  ACKNOWLEDGMENTS
	  CONFLICTS OF INTEREST
	  AUTHOR CONTRIBUTIONS

	  REFERENCES


