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Versatile enzymology and heterogeneous
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SUMMARY

Nutritional deficiency and genetic errors that impair the transport, absorption,
and utilization of vitamin B12 (B12) lead to hematological and neurological mani-
festations. The cblC disease (cobalamin complementation type C) is an autosomal
recessive disorder caused by mutations and epi-mutations in the MMACHC gene
and the most common inborn error of B12 metabolism. Pathogenic mutations in
MMACHC disrupt enzymatic processing of B12, an indispensable step before mi-
cronutrient utilization by the two B12-dependent enzymes methionine synthase
(MS) and methylmalonyl-CoA mutase (MUT). As a result, patients with cblC
disease exhibit plasma elevation of homocysteine (Hcy, substrate of MS) and
methylmalonic acid (MMA, degradation product of methylmalonyl-CoA, sub-
strate ofMUT). The cblC disordermanifests early in childhood or in late adulthood
with heterogeneous multi-organ involvement. This review covers current knowl-
edge on the cblC disease, structure–function relationships of the MMACHC pro-
tein, the genotypic and phenotypic spectra in humans, experimental disease
models, and promising therapies.
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INTRODUCTION

The cblC disease (cobalamin complementation type C) is the most common inborn error of vitamin B12

metabolism and presents combined homocystinuria and methylmalonic aciduria. This rare inherited disor-

der affects newborns, infants, and adults in a devastatingmanner. Its discovery goes back to S.H. Mudd and

H.L. Levy, who described and investigated the first case in 1969 (Mudd et al., 1969). The infant was remitted

to the Massachusetts General Hospital at four weeks of age with poor feeding, failure to thrive, lethargy,

and anemia and died at 7 1/2 weeks of age. A previously unrecognized pattern of amino acid concentra-

tions in plasma, urine, and tissue included homocystinemia(uria), cystathioninemia(uria), and hypomethio-

ninemia(uria) in combination with methylmalonic aciduria and drew attention to vitamin B12 metabolism. A

publication by McCully later in 1969 identified the same metabolic findings in a second patient with cblC

disease (McCully, 1969a). McCully reported that the cblC patient exhibited certain clinical similarities to a

patient with homocystinuria owing to cystathionine b-synthase (CBS) deficiency, and was first to propose

that the vascular complications common to both patients may be driven or mediated by elevated plasma

homocysteine (McCully, 1969a). This original proposal opened the field to the investigation of the role of

homocysteine in vascular disease well beyond the scope of inborn errors of metabolism, stimulating a

number of important epidemiological studies in the decades that followed (McCully, 2005).

Vitamin B12, also known as cobalamin, is synthesized by a limited number of archaeal and bacterial species

(Roth et al., 1996). Yet, it is essential to all cells in humans and animals, who therefore rely on its dietary

intake and a complex network of proteins for the transport, intestinal absorption, systemic distribution,

and cellular utilization of the micronutrient (Figures 1A and 1B). Mammals possess two cobalamin-depen-

dent enzymes, namely MS andMUT, localized in the cytosol andmitochondrion, respectively. Cytosolic MS

utilizes MeCbl as a cofactor and N5-methyltetrahydrofolate Me-THF) as a substrate to catalyze the methyl-

ation of Hcy to form methionine (Met), thus connecting the methionine and folate metabolic pathways

(Figure 1C). Mitochondrial MUT employs AdoCbl as a cofactor to catalyze the conversion of methylma-

lonyl-CoA into succinyl-CoA. Defective transformation of dietary cobalamin to the coenzymatically active
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Figure 1. Cellular processing and trafficking of dietary cobalamins

(A) Dietary intake and gastrointestinal absorption of cobalamin in humans. Dietary intake of B12 from animal foods like

milk, eggs, and meet incorporates different cobalamin forms, such as MeCbl, AdoCbl, and H2OCbl. Commercially

available supplements mainly contain CNCbl. Regardless of the specific chemical form, Cbl is released from dietary

proteins in the stomach and then binds to haptocorrin, a transport protein that is produced by the salivary glands and

protects cobalamin from gastric acid. Once in the duodenum, pancreatic proteases cleave haptocorrin, and Cbl binds to a

second transport protein-intrinsic factor. The intrinsic factor is required for receptor-mediated endocytosis in the terminal

ileum via the so-called cubam receptor, through which Cbl is taken up by the enterocytes. After lysosomal degradation of

intrinsic factor, and Cbl efflux mediated by multidrug resistance protein 1 (MDR1) in the basolateral membrane of the

enterocyte, the micronutrient reaches the bloodstream. Here cobalamin binds to its systemic transport apo-protein

transcobalamin (apo-TC) and distributed to all cells (holo-TC).

(B) Cellular uptake, processing, and utilization of cobalamin. TC-receptor-mediated endocytosis (TCR) enables cellular

uptake of circulating holoTC. Transcobalamin and its receptor undergo degradation in the lysosome (Gick et al., 2020),

and free Cbl is released from the organelle via the transporters CblF and CblJ. In the cytosol, Cbl undergoes processing

by MMACHC. The processing enzyme MMACHC catalyzes the removal of the upper axial ligand (b-ligand) of Cbls via a

multitude of b-deligase mechanisms. MMACHC-MMADHC interactions direct the cofactor to either cytosolic methionine

synthase (MS, CblG) or mitochondrial methylmalonyl-CoA mutase (MUT). Nutritional and functional cobalamin

deficiencies impair the function of MS and MUT and lead to elevations of total homocysteine (Hcy) and methylmalonic

acid (MMA).

(C) Role of Cbl in cellular metabolism. Cobalamin associated metabolic pathways include folate cycle, methionine cycle,

S-adenosyl methionine (SAM)-dependent methylation, and catabolism of odd-chain fatty acids and branched-chain

amino acids. Abbreviations: cobalamin derivatives (R-Cbl(III)), methylcobalamin (MeCbl), adenosylcobalamin (AdoCbl),

dihydrofolate (DHF), tetrahydrofolate (THF), methionine (Met), S-adenosyl homocysteine (SAH); deoxyuridine

monophosphate (dUMP); deoxythymidine monophosphate (dTMP), methylmalonyl-CoA (MMA-CoA), succinyl-CoA

(SUC-CoA). Figures adapted from Hannibal et al. (2016) and Green et al. (2017).
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forms MeCbl and AdoCbl, resulting in the loss of MS and MUT activities, provided the link between the

biochemical abnormalities found in the first cblC patient (Levy et al., 1970; Mudd et al., 1970, 1969).

In further studies, the failure to accumulate AdoCbl and MeCbl was confirmed (Mahoney et al., 1971).

AdoCbl is formed by the reduction and adenosylation inside mitochondria near the target enzyme MUT

(Mahoney et al., 1975). MeCbl was predicted to form directly near the cytosolic MS during the catalytic cycle

(Quadros and Jacobsen, 1995). Mellman et al. stated that a previously unidentified enzyme with the activity

of cob(III)alamin reductase affected the conversion of cyanocobalamin (CNCbl) and hydroxocobalamin

(HOCbl) into a common coenzyme precursor (Mellman et al., 1979). Cofactor requirement synthesis ap-

peared to be linked to b-ligand elimination and cobalt reduction. Studies on cell-extracts by Pezacka

et al. confirmed the cob(III)alamin reductase and cyanocobalamin b-ligand transferase deficiency in cblC

mutants and pointed to glutathionylcobalamin (GSCbl) as an intermediate in the synthesis of both

AdoCbl and MeCbl (Pezacka, 1993; Pezacka and Jacobsen, 1992; Pezacka et al., 1990). Early treatment pro-

posals based on the very first case included different cobalamin forms such as CNCbl and HOCbl, betaine,

choline, and supplementation with methionine (Levy et al., 1970; Mudd et al., 1970, 1969). These are still the

fundamental components of cblC disease treatment today (Huemer et al., 2017; Mudd et al., 1969).

Patients with disorders of isolated as well as combined versions of homocystinuria and methylmalonic

aciduria present with clinical and biochemical heterogeneity. Mahoney et al. proposed their differentiation

into complementation groups cblA, cblB, and cblC allocating the hypothesized underlying defects to

different branches of cobalamin processing in cells (Mahoney et al., 1975). The simultaneous defect in

AdoCbl and MeCbl synthesis to yield combined homocystinuria with methylmalonic aciduria was defined

as the cblC type. They proposed that cblC was an intracellular defect occurring before MS and MUT activ-

ity. The complementation groups defined by their expression in fibroblast heterokaryons belong to sepa-

rate gene loci and are inherited in an autosomal recessive manner (Gravel et al., 1975).

In 2006 Lerner-Ellis et al. identified the MMACHC gene encoding the cobalamin processing enzyme

responsible for cblC disease (Lerner-Ellis et al., 2006). The MMACHC gene maps to chromosome region

1p34.1 and consists of 5 exons and 10,736 bp. The mRNA is 849 bp in length and encodes a protein of

282 amino acids with a predicted molecular weight of 31.7 kDa.MMACHC does not form part of any known

gene family. It is well conserved among mammals, but no homologous gene or protein was found in other

eukaryotes or prokaryotes. Still, its C-terminal domain presents similarities to cobalamin-binding enzymes

in bacteria. A study examining 204 cblC individuals identified 42mutations among which variant 271dupA is

the most frequent, accounting for 40% of all pathogenic alleles. The transduction of wild-type MMACHC
iScience 25, 104981, September 16, 2022 3



Figure 2. Structure of cobalamin

R = -CN (Cyanocobalamin), -Me (Methylcobalamin), -OH (Hydroxocobalamin), 50deoxy-50-adenosyl (Adenosylcobalamin),

-OH2 (Aquacobalamin), -NO (Nitroxylcobalamin), L-Glutamyl-L-cysteinylglycine (Glutathionylcobalamin), L-Cys

(Cysteinylcobalamin).
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into 271dupA mutant fibroblasts restored cobalamin metabolism. The first genotype-phenotype correla-

tions were established pointing to associations between combinations of specific mutations and early or

late-onset disease. To date, approximately 1,000 patients have been identified worldwide, and the imple-

mentation of newborn screening allows an approximation of incidence ranging between 1/3,220 to ½00,000

in different populations (Wang et al., 2019). This review is focused on theMMACHC gene (OMIM *609831)

and the functions of its protein product MMACHC.

BIOCHEMICAL CHARACTERIZATION OF THE MMACHC PROTEIN

Biological chemistry of cobalamins

Structure of cobalamins

The isolation (Barker et al., 1960) and structural elucidation of cyanocobalamin (Hodgkin et al., 1956), with

the cyanide derivative being a vestige of the isolation process (Veer et al., 1950), and adenosylcobalamin

(cofactor B12) (Galen Lenhert and Hodgkin, 1961) provided valuable insights into the chemistry of cobala-

mins. Cobalamins contain a corrin-ring core with seven side chains (Figures 2A–2F). The corrin core consists

of four pyrrole rings joined by a C-CH3 methylene linker on opposite sides connecting the A, B, and C

pyrrole rings (Figures 2A–2D). The A and D pyrrole rings are connected by a trans-C-H linker, leading to

a helical geometry of the corrin ring. In comparison with the closely similar porphyrin ring, the corrin

ring lacks a bridging C-atom, contains reduced pyrrole rings, and is not aromatic. These characteristics

lend a degree of flexibility to the cobalamins. In natural cobalamins, the nitrogen atoms of the four pyrrole

rings are coordinated to a central cobalt atom, which is coordinated 6-fold in total. The other two ligands

that coordinate with the cobalt atom are the upper axial b-ligand and the lower axial nitrogen atom of a 5,6-

dimethylbenzimidazole group (a-ligand). The 5,6-dimethylbenzimidazole (DMBI) group connects to a
4 iScience 25, 104981, September 16, 2022
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ribose moiety which phosphorylates with the C17 side chain of the corrin ring. The side chains of the corrin

ring comprise a total of seven peripheral acetamide and propionamide side chains, which are important for

anchoring the cofactor within protein skeletons.

The biochemical reactions driven by cobalamins exploit the chemical versatility of three distinct structural

motifs of the cobalamin skeleton:

1. the equatorial corrin core, comprising the corrin ring, the cobalt ion, and the axial ligands, respon-

sible for the reactivity and electronic interactions of cobalamins;

2. the outer layer comprising of the nitrogen and oxygen atoms of the amide side chains and the nucle-

otide skeleton, which form inter and intramolecular hydrogen bonds influencing protein binding,

enzymatic activity, and solubility; and

3. an intermediate layer of aliphatic side chains affecting steric interactions.

Owing to the flexibility of the corrinoids that arises from a partially saturated corrin core and the side chains,

the effects of interactions between the aforementioned motifs can be readily transmitted from one part of

the cobalamin moiety to another (Pratt, 1972). The corrinoid ring folds upwards toward the upper axial

b-ligand, like the wings of a butterfly. The fold line bisects the corrin ring through the center of the trans

bridge joining the A and D rings on the western side, passing through the cobalt atom and onto the methyl

bridge between the B and C rings on the eastern side. The fold angle is influenced by the nature of the a-

and b-ligands. A shorter Co-Nax distance results in greater folding of the corrin ring (Pett et al., 2002).

Base-on/base-off configurations and redox states of cobalamins

At low pH, the DMBI base undergoes protonation to generate the base-off form of cobalamins.

Competition with strongly coordinating ligands, for example, cyanide (Zelder, 2008), which displace the

intra-molecularly coordinated DMBI, leads to the generation of the base-off form at neutral or alkaline

pH. The base-on/base-off equilibria of cobalamins are often represented as in Figure 3A. The Co-b-ligand

affects the base-on/base-off equilibria of the cobalamins through the trans and cis-effects (De March et al.,

2012). The presence of a strong s-donating b-ligand leads to stretching of the Co-Nax bond (structural trans

influence). The Co-Nax bond lengths show an excellent correlation with the pKbase-off values, suggesting

that the presence of a strong s-donating b-ligand favors the base-off form (Figure 3B) (De March et al.,

2012; Hassanin et al., 2009a). The Co-Nax bond stretching owing to the s-donating b-ligand is accentuated

in cobalamins in comparison with cobaloximes, octahedral cobalt complexes which are used as the func-

tional model for cobalamins. This indicates a steric cis-effect, whereby the folding of the corrin ring de-

creases as the Co-Nax bond length increases. For bulkier b-ligands as in thiolatocobalamins, which feature

a Co-S b-axial bond, Co-Nax bond lengths increase as the Co-S bond length decreases in the order

SC(NH2)2 > S2O3 > SO3, resulting from the cis-effect (Randaccio et al., 2006). However, ground state cis-

and trans-effects often do not translate to the kinetics of reactions involving axial ligand substitutions.

An example is the formation of stable thiolatocob(III)alamins on reactions with reduced thiols. Cobina-

mides are corrinoids lacking the dimethylbenzyimidazole moiety of cobalamin. Aquahydroxocobin(III)

amide undergoes reduction to cobin(II)amide in the presence of GSH (Dereven’kov et al., 2018). Glutathio-

nylcobalamin, formed by the reaction of GSH with hydroxocobalamin, in spite of possessing a bulky

b-ligand, does not undergo the aforementioned reduction.

Cobalamins as well as cobinamides and cobaloximes react with hydrogen sulfide (Salnikov et al., 2014; Too-

hey, 2017), which is suggested to play a mechanistic role in cobalamin-dependent methyl group transfer as

catalyzed by MS and radical S-adenosylmethionine methyl transfer (RSMT) (Toohey, 2017). Subsequent to

complex formation, inner-sphere electron transfer from sulfur to the cobalt atom leads to the reduction of

Co(III) to Co(II) and the formation of sulfur radicals (Salnikov et al., 2014). Dependent on acidic or alkaline

pH, aquacob(III)alamin reacts to form six-coordinate cob(II)alamin with the anion-radical SSH2
� or five-co-

ordinate cob(II)alamin, respectively. As proposed by Toohey, the sulfur atom could be displaced by a

methyl cation to form MeCbl or, alternatively, form part of the methyl transfer unit promoting the methyl-

ation of Hcy to Met on MS (Toohey, 2017). This may help to meet the requirements of strong reductants

in the accepted mechanism of MS, which require anaerobic conditions and the two methyl donors,

S-adenosylmethionine (SAM) and Me-THF, to form MeCbl from cob(II)alamin and cob(I)alamin,

respectively.
iScience 25, 104981, September 16, 2022 5



Figure 3. Base-on/base-off equilibria in cobalamins

(A) The base-on/base-off equilibria of cobalamins are governed by a combination of acid-base equilibria and

coordination equilibria. The acid-base equilibria feature the protonation of the lower DMBI base. Coordination to the

cobalt center by competing a-ligands determine the coordination equilibria of cobalamins. The overall equilibrium

constant is given as KBase-Off = (1 + KCo) KBz (Brown et al., 1984).

(B) Correlation between the Co-Nax bond length and the pKbase-off of cobalamins with various b-ligands owing to the

trans-effect (De March et al., 2012).
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Cobinamide, a drug in the advanced stages of development for cyanide poisoning, reduced sulfide toxicity

and sulfide-induced oxidative stress in cells and whole animals, showing promise as a specific therapy for

sulfide poisoning (Jiang et al., 2016). Boss et al. have shown that cobinamide was significantly more effica-

cious than hydroxocobalamin when compared at equal mg/kg dosages (Bebarta et al., 2017). Hydroxoco-

balamin or/and cobinamide are also the rational choices for treating methyl mercaptan (Hendry-Hofer
6 iScience 25, 104981, September 16, 2022



Figure 4. Shuttling of cobalamins between the cob(III)alamin, cob(II)alamin, and cob(I)alamin redox states

(*versus NHE, 22�C) Adapted from Butler and Kräutler (2006)
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et al., 2020) and azide (Tat et al., 2021) poisoning. Aquacobalamin forms a complex with isoniazid (isonico-

tinic acid hydrazide) (Tumakov et al., 2017), which is one of the most effective antituberculosis drugs. Many

papers were also devoted to the influence of the other nitrogen-containing compound – N,N-dimethylbi-

guanide, known as the oral diabetes medicine metformin on cobalamin deficiency (Chapman et al., 2016).

Although the exact mechanism is unknown, metformin’s ability to cause vitamin B12 deficiency is well estab-

lished, and physicians should be cognizant of the increased incidence of vitamin B12 deficiency in long-term

users of metformin (Green et al., 2017).

Coordination states and spectral properties of cobalamins in biological systems

Three coordination states of cobalamins exist under physiological conditions (cob(III)alamin, cob(II)alamin,

and cob(I)alamin corrins). The number of axial ligands decreases with a decrease in coordination number

with a few exceptions. Thus, recent spectroscopic studies revealed that cobalamins reduced by dithionite

exhibited a unique property distinct from other cob(II)alamin (Mieda-Higa et al., 2020; Salnikov et al., 2011).

It is shown that cob(II)alamin forms a relatively stable six-coordinated complex with sulfur dioxide anion

radical SO2
� having strong reducing properties. Indeed, dithionite (sulfur dioxide anion radical) produces

the catalytically incompetent cob(II)alamin (Allen and Wang, 2014; Gagsteiger et al., 2022). Insights on the

importance of the upper axial ligand in cobalamin structure and reactivity can be derived from a compar-

ison of the structure of cob(II)alamin-SO2
� with the other important complex – nitrosylcobalamin NOCbl

(Hannibal et al., 2007; Hassanin et al., 2009b), which is readily formed when cob(II)alamin reacts with nitric

oxide. Pallares and Brunold have shown (Pallares and Brunold, 2014) that NOCbl is best described as a

hybrid of Co(III)�NO� and Co(II)�NO, resonance structures. In contrast, the description of the structure

of the complex of cobalamin with superoxide (superoxocobalamin) as Co(III)�O2
� is adequate owing to

the larger oxidizing power of O2 versus NO (Pallares and Brunold, 2014). Thus, the structure of cobalamins

depends on the redox properties of the upper axial ligand.

Cyanocobalamin and other oxidized cobalamins (cob(III)alamins) are red in their base-on configuration,

whereas cob(II)alamins are generally orange-brown in color. The base-on form of the paramagnetic free

radical, cob(II)alamin, results from one-electron reduction of cob(III)alamin. Reduction leads to the forma-

tion of the diamagnetic cob(I)alamin form, which is emerald green in color. The colors of the three

cobalamin coordination states also depend on the concentration and range, for example, for cob(I)alamin

between black and light green. Thermodynamically, the cobalt center of cobalamins is stabilized against

cob(III)alamin/cob(II)alamin reduction by strongly nucleophilic, coordinating, or basic ligands (Butler and

Kräutler, 2006). Hence, the values for reduction potentials for cob(III)alamin/cob(II)alamin redox couples

are greater for the base-on form in comparison with the base-off forms of cobalamins. The redox potentials

for cob(II)alamin/cob(I)alamin are lower than those for cob(III)alamin/cob(II)alamin. The redox potential of

cob(II)alaminbase-on/cob(I)alamin and cob(II)alaminbase-off/cob(I)alamin have been reported to be �0.61 V

and �0.50 V (both values vs NHE, 22�C), respectively (Figure 4) (Lexa and Saveant, 1976).

Thus, it would seem that the reduction cob(II)alamin/cob(I)alamin is thermodynamically uphill with physio-

logical reducing agents. Yet, these reactions occur in the presence of the dual flavoenzymemethionine syn-

thase reductase (Olteanu and Banerjee, 2003;Wolthers and Scrutton, 2004) and also byMMACHC (see next

sections). One mechanism for the formation of cob(I)alamin involves the removal of nucleophiles from the

coordination sphere of the cobalt atom, leading to the formation of the tetracoordinated cob(II)alamin

form. This increases the redox potential of the cob(II)alamin/cob(I)alamin couple (Liptak and Brunold,

2006). Another mechanism based on DFT calculations postulates the formation of a pseudo pentacoordi-

nated cob(I)alamin transition state involving one or two hydrogen bonds involving the cobalt ion. The

pseudo-pentacoordinated cob(I)alamin transition state is more thermodynamically favorable than a
iScience 25, 104981, September 16, 2022 7



Figure 5. UV-visible spectra of cobalamins and structure of MMACHC-bound MeCbl

(A) UV-visible spectra of the predominant cobalamin forms in the cell – H2OCbl, AdoCbl, and MeCbl. Base-on spectra

were taken in water, base-off spectra in 0.1 N HCl.

(B) Structure of MeCbl bound to human MMACHC (PDB ID 3SC0) and UV-visible spectra of MeCbl in the base-on form in

buffer compared with the base-off form when bound to recombinant human MMACHC.
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tetracoordinated cob(I)alamin (Kumar et al., 2012; Kumar and Kozlowski, 2011). Trends in the redox trans-

formation of cobalamins have been extensively studied and reviewed elsewhere (Butler and Kräutler, 2006;

Dereven’kov et al., 2016; Johns et al., 2015; Lehene et al., 2021; Lexa and Saveant, 1976; Pugina et al., 2018;

Salnikov et al., 2021).

Cobalamins have characteristic absorption spectra described as g-, D/E�, and ab-bands between 300 and

600 nm (Figure 5, panel a). The spectra arise owing to thep-p*, d-d transitions of the cobalt ion, and charge

transfer transitions of and between the b-ligand, corrin ring, and the equatorial ligands. High molar

extinction coefficients of up to 3 3 104 M�1 cm�1 have been reported for the absorption spectra of various

cobalamins (Beaven and Johnson, 1955; Chemaly, 2008). The absorption spectra of cobalamins, which is

characteristic of the oxidation state of the cobalt atom and the b-ligand, have been used to study the re-

action kinetics of various cobalamins in their free forms and when bound to cognate transport proteins,

chaperones, and enzymes (Froese et al., 2012; Kim et al., 2009, 2008; Koutmos et al., 2011). Most cobal-

amin-dependent enzymes bind the cobalamins in the base-off configuration, where the lower a-ligand

DMBI base is tucked away from the cobalt center of the corrin ring (Banerjee et al., 2021). Such is the

case of MMACHC, whose base-off transitions have been confirmed via X-ray crystallography and UV-visible

spectrometry (Kim et al., 2009; Koutmos et al., 2011) (Figure 5, panel b). Some proteins also bind to the free

cobalt center arising from the protonation of the DMBI base via coordination to a histidine residue forming

the base-off/His-on form of cobalamins. The coordination chemistry of the cobalt center and the function-

ality of the cobalamin-binding proteins often dictate the bound form of cobalamins. In plasma, cobalamins

are associated with transcobalamin II, which selectively binds biologically relevant undegraded cobalamins

in the base-on form (Wuerges et al., 2006). The cobalamin-dependent enzymes methionine synthase binds

cob(II)alamin in the base-off/His-on form (Drennan et al., 1994). In the mitochondrial branch, where cob(II)

alamin is converted into the cofactor form AdoCbl by the enzyme adenosyltransferase (ATR), the cob(II)ala-

min is bound in a unique tetra-coordinated base-off form (Stich et al., 2005). In contrast, the mitochondrial

cobalamin-dependent enzyme MUT binds cobalamins in the base-off/His-on form (Padmakumar et al.,

1995). The binding of cobalamins to apoenzymes is paramount to their cofactor activity and is dictated
8 iScience 25, 104981, September 16, 2022



Figure 6. Mechanism of heterolytic cleavage of the Co-C bond in cobalamins

The cob(I)alamin generated by reduction acts as a strong nucleophile that can be used to synthesize a wide array of

cobalamins. Adapted from Butler and Kräutler (2006)
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by the cleavage of the Co-C bond of the b-ligand. In AdoCbl-dependent enzymes, the cleavage of the

Co-C bond occurs homolytically, generating a free radical cob(II)alamin and a radical form of the exiting

b-ligand (Banerjee, 1997). The reaction is reversible and the cob(III)alamin form is regenerated via a free

radical addition of the adenosyl moiety to the cob(II)alamin. This mechanism explains how enzyme-pro-

cessed cobalamins are efficient free radical scavengers. In contrast, MeCbl-dependent enzymes require

the Co-C bond to be cleaved heterolytically (Figure 6). The dealkylation by heterolytic cleavage of the

Co-C bond occurs by a nucleophilic attack at the cobalt atom leading to the substitution of the b-ligand.

The reaction proceeds via a two-step SN2 mechanism, where the immediate product generated is a base-

off alkyl-substituted corrin, which subsequently changes to its base-on form (Banerjee, 1997). A host of alkyl

substituted corrinoids have also been synthesized by SN2 reactions following heterolytic cleavage of

cob(III)alamin corrins to the cob(I)alamin form electrochemically or by reducing agents (Kräutler, 2005;

Kräutler and Puffer, 2012; Suarez-Moreira et al., 2006).

Likewise, the formation of base-off Cbl species constitutes an important step in CNCbl reductive decyana-

tion. CNCbl reacts with reducing agents via slow DMBI dissociation followed by fast binding of reductant

and further electron transfer (Salnikov et al., 2013). Generated cob(II)alamin binds CN- relatively weakly

(Lexa et al., 1980), which results in CN- dissociation.

Enzymatic activity of MMACHC

The identification of the MMACHC gene in 2006 (Lerner-Ellis et al., 2006) enabled functional studies of its

encoded protein. Banerjee and coworkers pioneered the expression and purification of human recombi-

nant MMACHC protein and confirmed one of the originally proposed enzymatic activities, namely, CNCbl

b-decyanase (Kim et al., 2008). While this work failed to identify b-dealkylase activity, follow-up in vitro

studies with purified protein and cultured fibroblasts from cblC patients demonstrated that the two

most abundant dietary forms of cobalamin, namely, MeCbl and AdoCbl were also processed by the

MMACHC protein to yield reduced cobalamin under anaerobic conditions and aquacobalamin in the pres-

ence of oxygen (Hannibal et al., 2009; Kim et al., 2009). The dealkylation of dietary MeCbl and AdoCbl and

the decyanation of supplemental CNCbl in the cytoplasm lead to the formation of vital base-off reduced

cobalamin that can readily enter the catalytic cycles of recipient cobalamin-dependent enzymes MS and

MUT (Figure 7).

Initial studies using recombinant MMACHC showed that MMACHC-bound CNCbl undergoes reductive

decyanation that proceeds in the presence of NADPH yielding cob(II)alamin (Kim et al., 2008). The one-

electron reduction is catalyzed by dual flavoprotein oxidoreductases, human methionine synthase

reductase, or novel reductase 1. Crystallographic studies on the structure of MMACHC revealed that the

protein contains an N-terminal flavin binding domain. Follow-up in vitro studies with recombinant

MMACHC demonstrated decyanase activity in the presence of the reductants, NADPH and FMN/FAD

(Koutmos et al., 2011). It had been previously reported that reduced GSH was required for decyanation
iScience 25, 104981, September 16, 2022 9



Figure 7. b-deligation mechanism of MMACHC

Cyanocobalamin and alkylcobalamins undergo reduction to cob(II)alamin, which is channeled to methionine synthase (MS) or via adenosylcobalamin

transferase (ATR) to methylmalonyl-CoA mutase (MUT) to yield the respective biologically active forms, MeCbl and AdoCbl, respectively. Decyanation

requires flavin coenzymes FMN or FAD and NADPH. Dealkylation proceeds in the presence of glutathione (GSH) to generate a cob(I)alamin thatundergoes

oxidation to the cob(II)alamin cofactor form. The MMACHC bound cob(II)alamin binds to cysteine-261 of the adaptor protein MMADHC forming a protein-

linked thiolatocobalamin (Li et al., 2020b).
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of CNCbl by cell extracts (Pezacka et al., 1990). In vitro experiments using GSH under aerobic conditions

could not demonstrate thiol-catalyzed decyanase activity of MMACHC. However, under anaerobic condi-

tions and at high, albeit physiologically relevant concentrations of GSH, one-electron reductive decyana-

tion activity of the MMACHC was also demonstrated (Li et al., 2014a).

The elucidation of the decyanase activity of MMACHC illustrated how the dietary supplement CNCbl is

processed toward the cofactor form to supply MUT and MS. However, the mechanism for the utilization

of the alkylcobalamins MeCbl and AdoCbl, the dietary sources of cobalamins, remained elusive. In early

2009, Hannibal et al. showed that cultured cells could utilize a series of n-alkylcobalamin derivatives to

form the biologically viable cobalamin cofactors, MeCbl and AdoCbl (Hannibal et al., 2009). cblC cell lines

however lacked the ability for biotransformation of alkylcobalamins to MeCbl and AdoCbl (Hannibal et al.,

2009). Studies using recombinant MMACHC provided further evidence that the MMACHC possesses

cobalamin dealkylase activity coupled to a thiol oxidase activity (Kim et al., 2009). Alkylcobalamins bound

toMMACHC undergo reduction to cob(I)alamin in a dealkylation reaction involving GSH. The reaction pro-

ceeds via a nucleophilic displacement of the alkyl moiety by the thiolate group, resulting in the formation of

the corresponding alkylated GSH (Figure 7).

The catalytic versatility of MMACHC is illustrated by the discovery of additional substrates and electron

sources that generate the essential bioactive intermediate base-off cob(II)alamin or its precursor cob(I)ala-

min. Thiolatocobalamins including glutathionylcobalamin have been shown to be more viable substrates

for several cobalamin-dependent enzymes (Pezacka et al., 1990). In this study, glutathionylcobalamin

showed faster rates of b-deligation than other cobalamin substrates. In vitro studies showed that thiolato-

cobalamins are antioxidant/anti-inflammatory agents that inhibit manifestations of oxidative stress (Birch

et al., 2009). Thiolatocobalamins exhibited superior inhibition of intracellular peroxide production, sup-

ported the maintenance of the intracellular GSH pool, and prevented cell death from necrosis and

apoptosis in cell lines exposed to homocysteine and hydrogen peroxide. Further, the thiolatocobalamins

used in the study were non-toxic even at supraphysiological concentrations. In enzymatic studies involving
10 iScience 25, 104981, September 16, 2022
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recombinant bovine MMACHC protein with glutathionylcobalamin as substrate, higher b-dethiolation

rates in comparison with other cobalamin congeners, have been reported (Jeong et al., 2014). These find-

ings have generated renewed interest in the use of thiolatocobalamins as possible drug candidates in dis-

eases involving a defective cobalamin metabolism. In recent studies on the enzymatic activity of MMACHC

and pathogenic mutants of MMACHC using synthetic thiolatocobalamins as substrates, a 4-fold increase in

rates for b-deligation in comparison with MeCbl has been reported (Wingert et al., 2021). Additionally,

these synthetic thiolatocobalamins featuring a reductant b-ligand joined to the cobalamin scaffold, un-

dergo spontaneous b-deligation when MMACHC-bound in the absence of GSH. Thiolatocob(III)alamins

have been also shown to be generated via protein–protein interactions between the MMACHC and

MMADHC proteins (Li et al., 2020b). The MMADHC protein is a partitioning or adaptor protein that directs

the delivery of the active cofactor cob(II)alamin to MS and MUT. A cysteine b–ligand supplied by the

MMADHC protein to MMACHCbound cob(II)alamin is responsible for MMACHC-MMADHC interactions

(Li et al., 2020b). This protein–protein interaction results in the channeling of the cofactor form of cobala-

mins to the mitochondrial MUT and the cytosolic MS compartments, respectively (Figure 7).

MMACHC also performs reductive b-deligation of substrates not featuring a cobalt-carbon or cobalt-sul-

fur bond. For example, MMACHC possesses nitrite reductase activity (Mascarenhas et al., 2020). It

catalyzes the denitration of nitrocobalamin leading to the formation of intermediate cob(II)alamin,

which further oxidizes under aerobic conditions to form aquacobalamin. MMACHC bound cob(I)alamin

catalyses the reduction of nitrite to nitric oxide with the formation of cob(II)alamin. This reaction is

then followed by the rapid formation of nitrosylcobalamin by the combination of the cob(II)alamin

and nitrosyl free radical species. A summary of the reactions catalyzed by MMACHC is provided in

Figure 8.

Another salient aspect of the b-deligation chemistry of cobalamins is the generation of the physiologically

active cob(II)alamin form. As evidenced from in vitro studies, the b-deligated cobalamins undergo transfor-

mation into aquacobalamin and remain bound toMMACHC. MMACHC-bound aquacobalamin undergoes

reduction to cob(II)alamin in the presence of NADH and riboflavin (Dereven’kov et al., 2020). The reduction

involves formation of a NADH,Co(III) complex which further decomposes to cob(II)alamin andNADH+. This

study provided mechanistic and kinetic insights into the transformation of MMACHC-bound aquacobala-

min to the cob(II)alamin form that can be readily utilized by MUT and MS.

The bovine homolog of MMACHC has been expressed and purified (Jeong et al., 2011). Bovine MMACHC

shares 88% sequence identity with human MMACHC. Bovine recombinant MMACHC binds to cobalamins

in the base-off configuration and is stabilized thereby. Studies with purified recombinant bovine MMACHC

demonstrated that binding of GSH to MMACHC increases the protein’s affinity for cobalamins (Jeong and

Kim, 2011). Furthermore, bound GSH protects base-off aquacobalamin from catalyzing the oxidation of

GSH to formGSSG (Jeong et al., 2011). Altogether, the binding of GSH toMMACHC is vital to its enzymatic

function. Also, it enhances MMACHC thermal stability and protects the enzyme from deleterious electron-

transfer uncoupling. This suggests that redox control could play a role in the regulation of MMACHC

longevity in the cell (Jeong et al., 2011; Jeong and Kim, 2011; Park et al., 2012).

Early crystallographic studies on the structure of the MMACHC suggested that Arg230, Arg161, and

Arg206 as putative amino acid residues in the GSH binding domain of MMACHC (Froese et al., 2012).

Missense mutations at the Arg161 residue are the most common cause of MMACHC disease

(Froese et al., 2009). The Arg161 residue acts as an anchor for GSH binding by the interaction between

the guanidinium group of arginine and the carboxamide group of the cysteine residue in GSH (Ruetz

et al., 2017). However, these studies lacked the analysis of the structure of GSH bound toMMACHCprotein.

Recent crystallographic studies with the anti-vitamin B12 2,4-diflurophenylethylcobalamin has provided

newer insights into the differences between the holo-form and the GSH-bound form of MMACHC. Binding

of GSH to MMACHC increases the binding affinity toward the anti-vitamin and induces a complete shift to

its base-off form (Ruetz et al., 2017). The crystal structure reveals a network of H-bond interactions between

all three peptide moieties of GSH (Glu, Gly, and Cys) and hydrophobic stacking interactions with the Gly

moiety in the GSH binding pocket of MMACHC. The study also identified additional residues Tyr215,

Asp77, and Asp80 that form H-bonds with GSH.
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Figure 8. A summary of the reactions catalyzed by mammalian MMACHC (citations are provided in the text)
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STRUCTURAL CHARACTERIZATION OF THE MMACHC PROTEIN

High-resolution X-ray crystal structures of apo-MMACHC, holo-MMACHC, and the MMACHC-bound anti-

vitamin B12 derivative are available (Froese et al., 2012; Koutmos et al., 2011; Ruetz et al., 2017). The first

structure of MMACHC published by Koutmos et al. (2011) showed that MMACHC comprises anN-terminal

flavodoxin nitro-reductase domain, which can use FMN or FAD to catalyze the reductive decyanation of

CNCbl (Koutmos et al., 2011) and a large cavity suitable for cobalamin binding in its base-off configuration

(Figure 9, panel a). Studies in solution demonstrated dimerization of the MMACHC protein in the presence

of FMN and to a lesser extent Cbl (Froese et al., 2012). MMACHC does not harbor a canonical Cbl-binding

site as described in MS or MUT. The base-off configuration of MMACHC,Cbl leaves the fifth-coordination
12 iScience 25, 104981, September 16, 2022



Figure 9. The structures of apo-MMACHC, MMACHCdMeCbl, and MMACHCdAdoCbl

(A) Structure of MMACHC,MeCbl (3SC0, teal/dark red (Koutmos et al., 2011) in its base-off configuration. A surface

representation illustrating the vast solvent accessibility of the Cbl moiety is provided in the inset

(B) Overlay of the structure of MMACHC,MeCbl and apo-MMACHC (3SBZ, gray; Koutmos et al., 2011). MeCbl binding

influences the conformation of three loop regions, namely 103–115, 196–203, and 231–238 (black for apo-MMACHC and

pink for MMACHC,MeCbl)

(C) Structure of MMACHC,AdoCbl (3SOM, yellow/orange; Froese et al., 2012). Residues Arg161, Arg206, and Arg230

necessary for GSH binding are shown as pink sticks. The citrate molecule within the GSH binding site is also shown in pink

(D) Overlay of the structures of MMACHC,MeCbl and MMACHC,AdoCbl. The overall fold of MMACHC is very similar

regardless of the distinct b-ligand of MeCbl and AdoCbl. The three flexible loops are sensitive to the absence or presence

of the cobalamin moiety but not to the chemical structure of its b-axial ligand. Illustrations adapted from Hannibal and

Jacobsen (2017)

ll
OPEN ACCESS

iScience
Review
position unoccupied (Koutmos et al., 2011), which also differs from the base-off/His-on mode observed in

Cbl-dependent enzymes. A cblC patient carrying a deletion in amino acid residue Gln131 exhibited nearly

zero MMACHC enzymatic activity (Backe et al., 2013). Analysis of the crystal structure shows that Gln131

hydrogen bonds with the Cbl moiety. Deletion of Gln131 is predictably disruptive toward adequate Cbl

positioning to drive catalysis (Backe et al., 2013). Likewise, cobalamin binding influences MMACHC confor-

mation. Binding of MeCbl to MMACHC modifies the conformation of the protein in three different loops

around the B12 cavity (Figure 9, panel b). The structure of MMACHC bound to AdoCbl showed that the

overall fold of MMACHC,AdoCbl is similar to that of MMACHC,MeCbl (Froese et al., 2012) (Figure 9,

panels c and d). Results from the study also revealed a highly conserved dimerization cap for the b-axial

50-adenosyl ligand and an GSH-binding pocket featuring a triad of Arg residues up above the b-axial ligand

position(Froese et al., 2012). The study elucidated an important structure-function relationship in residues

proposed to be critical for anchoring GSH in catalytically relevant positions, namely, Arg161, Arg206, and

Arg230 (Figure 9, panel c, yellow sticks) are sites for point mutations that cause cblC disease.

The crystal structure showed that the predicted region for GSH binding held a citrate molecule from the

solvent (Figure 9, panel c, green) (Froese et al., 2012). Functional studies showed poor solubility of variant

Arg206Gln indicative of a structural role for this residue, and reduced GSH binding and dealkylase activity
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of mutants Arg161Gln and Arg230Gln (Froese et al., 2012). In-depth biophysical characterization of

MMACHC Arg161G and Arg161Q showed that Arg161 is essential to maintain the enzyme productively

coupled toward Cbl processing and preventing futile redox cycling (Gherasim et al., 2015).

Residues Arg161 and Arg206 also appear to play important roles in supporting the interaction of MMACHC

with MS (Fofou-Caillierez et al., 2013). Molecular modeling and docking studies predict that a loop of MS

interacts with residues Arg161 and Arg206 of MMACHC (Fofou-Caillierez et al., 2013). Because Arg161 and

Arg206 are vastly accessible to the solvent (Figure 9, panel c), they could engage in protein–protein inter-

actions. The structural analysis also revealed a partially disordered C-terminus inMMACHC (Koutmos et al.,

2011).

Crystallization of human MMACHC bound to the catalytically inactive anti-vitamin cobalamin derivative

permitted investigations on the active site of humanMMACHCwith boundGSH (Ruetz et al., 2017). Besides

the amino acid residues identified earlier, the study revealed that residues Tyr215, Asp77, and Asp80 form

H-bonds with GSH (Ruetz et al., 2017). In terms of solvent accessibility, 70% of the GSHmolecule is enclosed

within the protein structure and another 20% hindered by the cobalamin molecule. While the sulfur center

of GSH is positioned near the bound Cbl, the calculated Co-S atom distance (6.3 Å) as well as the CH3-S

atom distance of bound MeCbl modeled as a substrate (4.9 Å) do not align with the geometric constraints

for the currently proposed SN2 mechanism of GSH-driven dealkylation of Co-C cobalamins (Ruetz et al.,

2017). The authors also observed that bound GSH does not display additional bonding contacts that would

induce SH group deprotonation, thereby increasing its nucleophilic character (Ruetz et al., 2017). From the

above observations, one possibility is that different b-axial ligands of the cobalamin molecule itself could

influence Co-b-ligand-S proximity as well as the overall electronic properties of the bound GSH.

An isoform of MMACHC truncated at its C-terminus is predominantly expressed in mice (Koutmos et al.,

2011). Unlike the murine counterpart, analysis of MMACHC expression in human material, namely,

HEK93 cells and MCH46 fibroblasts, showed that MMACHC has an apparent molecular weight of

32 kDa, very close to the predicted value of its full-length size (31.9 kDa, 282 amino acid residues)

(Deme et al., 2012). The role of the C-terminus in human MMACHC remains unsolved but its dispensable

nature in mice suggests species-specific differences in structure-function relationships.
PATHOGENIC MUTATIONS OF THE MMACHC GENE

Mutation spectrum and genotype-phenotype correlations

The NCBI ClinVar database reports 286 genetic variants in theMMACHC gene, of which 91 are classified as

pathogenic or likely pathogenic. The predominant mutations are single nucleotides (62%) followed by

short duplications (19%) and deletions (18%) (Landrum et al., 2018). Yet, for a substantial number of muta-

tions reported in studies and case reports their listing in NCBI ClinVar is still pending. An overview of the

currently known disease-associated mutations is provided in Table 1.

In 2006, Lerner-Ellis et al. identified 42 different mutations among 204 cblC individuals (Lerner-Ellis et al.,

2006). In 2009, a study with 118 cblC patients revealed 34 different mutations among which 7 were new var-

iants (Lerner-Ellis et al., 2009). Since then, research groups worldwide have identified additional mutations

and contributed to investigating genotype-phenotype associations and distinct population frequencies.

The genotypes and disease frequency differ significantly between populations (Lerner-Ellis et al., 2006).

French Canadian, Cajun, Indian, Chinese, Middle Eastern, and European populations appear to be

affected with higher frequency, still for many regions, representative data are limited. The most common

mutation is c.271dupA (p.Arg91LysfsTer14). It accounts for more than 40% of pathogenic alleles in Cauca-

sian patients and is prevalent throughout different ethnic groups. The duplication of a single nucleotide in

exon 2 predicts a change in the amino acid sequence from arginine to lysine at position 91 followed by a

premature termination codon 14 sites downstream owing to a frameshift and thus to a truncated protein

lacking the cobalamin binding site. In homozygous states and in several compound heterozygous combi-

nations, c.271dupA is associated with early onset disease. c.394C>T (p.Arg132Ter) is the secondmost prev-

alent mutation in Caucasian patients and results in a premature stop codon at position 132 (Lerner-Ellis

et al., 2009). Still the partially mild late-onset phenotype and observation of relatively increased mRNA

levels may indicate rescue from nonsense-mediated decay and thus a residual function of the protein.

Likewise, c.331C>T (p.Arg111Ter) is a nonsense mutation within exon 3 and located on a CpG hotspot.
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Table 1. Mutations in the MMACHC genea

Mutation Protein change Mutation type

Phenotype/

population Frequencyb References

c.1A>G p.Met1Val Missense

Initiation codon

change

South Asian,

Latino

0.4–3.6% (Lerner-Ellis et al., 2009;

Liu et al., 2010; Wang et al., 2019)

c.1A>T p.Met1? Missense

Initiation

codon change

0.1–0.2% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.2T>G p.Met1Arg Missense

Initiation

codon change

c.2T>C p.Met1Thr Missense

Initiation

codon change

c.3G>A p.Met1Ile Missense

Initiation

codon change

South Asian,

European

2.5% (Lerner-Ellis et al., 2009, 2006)

c.14_24del p.Val5fs Deletion

Frameshift

0.1% (Lerner-Ellis et al., 2009), not in ClinVar

c.48_49del p.Cys17fs Deletion

Frameshift

c.72C>A p.Tyr24Ter Nonsense

Premature stop

c.80A>G p.Gln27Arg Missense

Exon-intron

boundary

Splice variant?

East Asian,

founder effect

0.3–9.1% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010; Wang et al., 2019)

c.81G>A p.Gln27 = Synonymous

Exon-intron

boundary

Splice variant?

(Guéant et al., 2018)

c.81 + 1G>A ? Missense

Splice donor

0.1–1.8% (Lerner-Ellis et al., 2009, 2006;

Wang et al., 2019)

c.81 + 2T>G ? Missense

Splice donor

(Richard et al., 2009)

c.82-1G>A ? Missense

Splice acceptor

0.3% (Lerner-Ellis et al., 2009)

c.82-9_12del ? Deletion

Splice variant?

0.3–0.5% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.89G>A p.Trp30Ter Nonsense

Premature stop

c.90G>A p.Trp30Ter Nonsense

Premature stop

(Richard et al., 2009)

c.99del p.Glu33fs Deletion

Frameshift,

premature stop

0.6% (Liu et al., 2010), not in ClinVar

c.122dup p.Pro42fs Duplication

Frameshift

0.3% (Lerner-Ellis et al., 2009),

not in ClinVar

c.122del p.Leu41fs Deletion

Frameshift

(Continued on next page)
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Table 1. Continued

Mutation Protein change Mutation type

Phenotype/

population Frequencyb References

c.123dup p.Pro42fs Duplication

Frameshift

c.126_141del p.Leu43fs Deletion

Frameshift

0.1% (Lerner-Ellis et al., 2009),

not in ClinVar

c.145G>C p.Ala49Pro Missense 0.1% (Lerner-Ellis et al., 2009)

c.146_154del p.Ala49_Val52

delinsVal

Indel 0.6% (Liu et al., 2010), not in ClinVar

c.158T>C p.Leu53Pro Missense

c.178dup p.Asp60fs Duplication

Frameshift

c.182G>C p.Arg61Pro Missense

c.202C>T p.Gln68Ter Nonsense

Premature stop

c.217C>T p.Arg73Ter Nonsense

Premature stop

CpG hotspot

Early onset? 0.6–2.2% (Lerner-Ellis et al., 2009,

2006; Liu et al., 2010)

c.248dup p.Ala84fs Duplication

Frameshift,

premature stop

0.6% (Liu et al., 2010), not in ClinVar

c.270dup p.Arg91Ter Nonsense

Premature stop

c.271dup p.Arg91fs Duplication

Frameshift,

premature stop

Early onset;

Different ethnic

groups, primarily

European

0,6–48% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010; Wang et al., 2019)

c.271_272AG[2] p.Glu92fs Insertion

Frameshift

c.276G>A p.Glu92= Silent

Splice variant

Reno-pulmonary

phenotype

(Kömhoff et al., 2013)

c.276G>T p.Glu92Asp Missense

Splice variant

Reno-pulmonary

phenotype;

Dutch/German,

founder effect

(Kömhoff et al., 2013)

c.277-3_303del p.Ser93_Gln143del Deletion

Splice variant?

0.6% (Liu et al., 2010), not in ClinVar

c.285dup p.Glu96fs Duplication

Frameshift

c.292C>T p.Gln98Ter Nonsense

Premature stop

c.310_313del p.Asp104fs Deletion

Frameshift

c.315C>G p.Tyr105Ter Nonsense

Premature stop

1.3–3.6% (Liu et al., 2010; Wang et al., 2019)

c.328_331del p.Asn110fs Deletion

Frameshift,

premature stop

Hispanic/Latino 1.9–2.0% (Lerner-Ellis et al., 2009, 2006)

(Continued on next page)
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Table 1. Continued

Mutation Protein change Mutation type

Phenotype/

population Frequencyb References

c.331C>T p.Arg111Ter Nonsense

Premature stop

CpG hotspot

Early onset

French Canadian,

Acadian, Cajun,

European, Palestinian

7,4–8.8% (Lerner-Ellis et al., 2009, 2006)

c.347T>C p.Leu116Pro Missense 0.5–0.6% (Lerner-Ellis et al., 2009,

2006; Liu et al., 2010)

c.352del p.Gln118fs Deletion

Frameshift,

premature stop

0.5–1% (Lerner-Ellis et al., 2009, 2006)

c.364dup p.His122fs Duplication

Frameshift

1.8% (Wang et al., 2019)

c.365A>G p.His122Arg Missense 0.2–0.3% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.365A>T p.His112Leu Missense 1.3% (Liu et al., 2010), not in ClinVar

c.382_384TAC[2] p.Tyr130del Deletion

In-frame

c.384del p.Tyr129fs Deletion

Frameshift

c.388T>C p.Tyr130His Missense 0.4–0.5% (Lerner-Ellis et al., 2009, 2006)

c.388_390del p.Tyr130del Deletion

In-frame

0.8–1.5% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.389A>G p.Tyr130Cys Missense 0.3% (Lerner-Ellis et al., 2009)

c.391C>T p.Gln131Ter Nonsense

Premature stop

0.1–0.2% (Lerner-Ellis et al., 2009, 2006)

c.392_394del p.Gln131del Deletion

In-frame

One late-onset case (Backe et al., 2013)

c.394C>T p.Arg132Ter Nonsense

Premature stop

CpG hotspot

Late onset, good

response to treatment;

Indian, Pakistani,

Middle Eastern, European

5,5–13,7% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010; Wang et al., 2019)

c.398_399del p.Gln133fs Deletion

Frameshift,

premature stop

0.1–0.6% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010)

c.415_416delinsTA p.Pro139Ter Nonsense

Premature stop

c.420G>A p.Trp140Ter Nonsense

Premature stop

0.3–0.5% (Lerner-Ellis et al., 2009, 2006)

c.427C>T p.Gln143Ter Nonsense

Premature stop

(He et al., 2020)

c.429 + 1G>C ? Missense

Splice variant

c.435_436del p.Ser146fs Deletion

Frameshift,

premature stop

0.3–0.5% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.440G>A p.Gly147Asp Missense Early onset 1.4–2.2% (Lerner-Ellis et al., 2009, 2006)

c.440G>C p.Gly147Ala Missense Native American 0.5–0.7% (Lerner-Ellis et al., 2009, 2006)

c.441_442TG[2] p.Cys149fs Insertion

Frameshift

(Continued on next page)

ll
OPEN ACCESS

iScience 25, 104981, September 16, 2022 17

iScience
Review



Table 1. Continued

Mutation Protein change Mutation type

Phenotype/

population Frequencyb References

c.445_446insA p.Cys149Ter Insertion

Premature stop

0.6–3.6% (Liu et al., 2010; Wang et al., 2019),

not in ClinVar

c.448_449delinsCC p. Ile150Pro Indel (Guan et al., 2020), not in ClinVar

c.449T>A p.Ile150Lys Missense

c.450_479dup p.Ile150_Ala

159dup/p.His

151_Ile160dup

Duplication

In-frame

0.1–0.2% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.452A>G p.His151Arg Missense Late onset,

mild phenotype

0.2% (Liu et al., 2010), not in ClinVar

c.457C>T p.Arg153Ter Nonsense

Premature stop

CpG hotspot

0.6–1.5% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010)

c.464G>A p.Gly155Glu Missense

c.467G>A p.Gly156Asp Missense 0.1–0.2% (Lerner-Ellis et al., 2009, 2006)

c.468_469del p.Trp157fs Deletion

Frameshift,

premature stop

0.1–0.5% (Lerner-Ellis et al., 2006),

not in ClinVar

c.471G>A p.Trp157Ter Nonsense

Premature stop

0.1% (Lerner-Ellis et al., 2009)

c.471G>C p.Trp157Cys Missense 0.1–0.2% (Lerner-Ellis et al., 2009, 2006)

c.481C>G p.Arg161Gly Missense Early onset 0.1–0.2% (Lerner-Ellis et al., 2009, 2006)

c.481C>T p.Arg161Ter Nonsense

Premature stop

CpG hotspot

0.6–1.6% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010)

c.482G>A p.Arg161Gln Missense

CpG hotspot

Late onset,

mild phenotype;

Multi-ethnic, East

Asian, founder effect

1,8%7.3% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010; Wang et al., 2019)

c.484G>T p.Gly162Trp Missense Pulmonary hypertension (Gündüz et al., 2014), not in ClinVar

c.487_489del p.Val164del Deletion

In-frame

0.3% (Lerner-Ellis et al., 2009),

not in ClinVar

c.497dup p.Pro167fs Duplication

Frameshift

c.500del p.Pro167fs Deletion

Frameshift,

premature stop

0.1–0.2% (Lerner-Ellis et al., 2009, 2006)

c.507_519del p.Glu170fs Deletion

Frameshift,

premature stop

0.1% (Lerner-Ellis et al., 2009)

c. 536_537insAT p.His180fs Insertion

Frameshift,

premature stop

East Asian 0.1% (Lerner-Ellis et al., 2009),

not in ClinVar

c.541_548del p.Asp181fs Deletion

Frameshift

c.544T>C p.Cys182Arg Missense 0.1% (Lerner-Ellis et al., 2009)

c.545_546GT[1] p.Val183fs Insertion

Frameshift

(Continued on next page)
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Table 1. Continued

Mutation Protein change Mutation type

Phenotype/

population Frequencyb References

c.547_548del p.Val183fs Deletion

Frameshift,

premature stop

Early onset?

Middle Eastern

1.4–2.0% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.551_554dup p.Arg186fs Frameshift,

premature stop

(Bourque et al., 2021)

c.565del p.Arg189fs Deletion

Frameshift,

premature stop

0.2–0.4% (Lerner-Ellis et al., 2009, 2006)

c.565C>A p.Arg189Ser Missense 0.2–0.4% (Lerner-Ellis et al., 2009, 2006)

c.565C>T p.Arg189Cys Missense 1.8% (Wang et al., 2019)

c.567dup p.Ile190fs Duplication

Frameshift,

premature stop

0,1–3.8% (Lerner-Ellis et al., 2009;

Liu et al., 2010)

c.568insT Insertion

Frameshift

(Weisfeld-Adams et al., 2010),

not in ClinVar

c.574del p.Leu192fs Deletion

Frameshift

c.578T>C p.Leu193Pro Missense 0.4–0.7% (Lerner-Ellis et al., 2009, 2006)

c.599G>A p.Trp200Ter Nonsense

c.600G>A p.Trp200Ter Nonsense

Premature stop

0.2–0.3% (Lerner-Ellis et al., 2009, 2006),

not in ClinVar

c.603_604del p.Asp202fs Deletion

Frameshift

c.608G>A p.Trp203Ter Nonsense

Premature stop

Hispanic 1,0–1.5% (Lerner-Ellis et al., 2009, 2006)

c.609G>A p.Trp203Ter Nonsense

Premature stop

East Asian,

founder effect

1,8–48,1% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010; Wang et al., 2019)

c.615C>A p.Tyr205Ter Nonsense

Premature stop

0.6% (Liu et al., 2010)

c.615C>G p.Tyr205Ter Nonsense

Premature stop

1.6–2.7% (Lerner-Ellis et al., 2009, 2006)

c.616C>T p.Arg206Trp Missense

CpG hotspot

0.5–0.6% (Lerner-Ellis et al., 2009, 2006;

Liu et al., 2010)

c.616del p.Arg206fs Deletion

Frameshift

c.617G>A p.Arg206Gln Missense

c.617G>C p.Arg206Pro Missense 0.3–0.5% (Lerner-Ellis et al., 2009, 2006)

c.619dup p.Asp207fs Duplication

Frameshift

c.624_625TG[1] p.Val209fs Duplication

Frameshift

c.626dup p.Thr210fs Duplication

Frameshift,

premature stop

0.6–3.6% (Liu et al., 2010; Wang et al., 2019)

c.626_627del Deletion

Frameshift,

premature stop

1.8% (Wang et al., 2019), not in ClinVar

(Continued on next page)
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Table 1. Continued

Mutation Protein change Mutation type

Phenotype/

population Frequencyb References

c.649_650del p.Glu217fs Deletion

Frameshift

c.658_659del p.Lys200del Deletion

Frameshift,

premature stop

0.2% (Lerner-Ellis et al., 2006)

c.658_660del p.Lys220del Deletion

In-frame

East Asian,

founder effect

0.3–13.9% (Lerner-Ellis et al., 2009;

Liu et al., 2010; Wang et al., 2019)

c.666C>A p.Tyr222Ter Nonsense

Premature stop

0.7–1.8% (Lerner-Ellis et al., 2009, 2006)

c.688C>T p.Arg230Ter Nonsense

Premature stop

c.792_818del p.Ser264_Pro272del Deletion

In-frame

0.1% (Lerner-Ellis et al., 2009)

aMutations in the MMACHC gene listed in ClinVar as pathogenic or likely pathogenic (May 12, 2021) or reported in the following publications: Lerner-Ellis et al.

(2006, 2009), Liu et al. (2010), Wang et al. (2019), Guéant et al. (2018), Richard et al. (2009), Kömhoff et al. (2013), Hoff Backe et al. (2013), Guan et al. (2020), Gündüz

et al. (2014), and Weisfeld-Adams et al. (2010).
bFrequency among pathogenic alleles found in cohorts studied by Lerner-Ellis et al. (2006, 2009), Liu et al. (2010), Guéant et al. (2018,) and Wang et al. (2019).
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Hypermutability owing to CpG site methylation explain their relatively high frequency as well as their recur-

rence in different populations. In contrast to nearby mutation c.394C>T, variant c.331C>T is associated

with early onset.

The mutation spectrum in East Asian cohorts differs fundamentally from Caucasians (Wang et al., 2019). Liu

et al. discovered c.609G>A (p.Trp203Ter) as the most common pathogenic mutation in cblC patients from

China. c.609G>A accounts for 47% of pathogenic alleles in Northern and up to 75% in southern China and is

associated with early onset disease (Liu et al., 2010). Haplotype analysis suggests a non-recent founder ef-

fect for c.609G>A as well as for c.658_660del and c.80A>G. The in-framemutation c.658_660del (p.Lys220-

del) accounts for >13%, the two missense mutations c.482G>A (p.Arg161Gln) and c.80A>G (p.Gln27Arg)

account for >5% of pathogenic alleles in Chinese patients (Wang et al., 2019). c.452A>G has been associ-

ated with late onset and a relatively mild phenotype. Also, c.482G>A (p.Arg161Gln) is mainly but not exclu-

sively found in late-onset patients.

Correlation to the early or late onset and disease severity could be established for some of the most com-

monmutations. Meanwhile, associations to clinical features are more complex and small numbers of highly

heterogeneous patients make it difficult to draw conclusions. Among the remarkable features of cblC dis-

ease, severe reno-pulmonary phenotypes were reported (Kömhoff et al., 2013). c.276G>A (p.Glu92 = ) and

c.276G>T (p.Glu92Asp) affect the last nucleotide of exon 2 on the exon-intron boundary and likely result in

aberrant splicing. They were solely discovered in Dutch and German patients with combined renal throm-

botic microangiopathy and pulmonary hypertension suggesting a founder effect on one hand and a spe-

cific vascular pathogenicity on the other hand, which remains to be elucidated in further detail. Besides, in

Chinese patients, the mutation c.80A>G was associated with diffuse lung disease (Liu et al., 2020). Also,

several case reports revealed a high prevalence of renal impairment in patients compound heterozygous

for c.271dupA (early termination) and c.389A>G (p.Tyr130Cys; missense mutation within the cobalamin

binding site) (Cornec-Le Gall et al., 2014; Higashimoto et al., 2020; Lemoine et al., 2018; Lerner-Ellis

et al., 2009). Patients differed in the age of onset from infancy to presentation during adult life. Even among

three siblings with the same mutations, clinical manifestations were highly heterogeneous (Higashimoto

et al., 2020). One presented with severe neurological deterioration, one with a moderate renal phenotype

and the third was clinically asymptomatic but presented with biochemical alterations (Higashimoto et al.,

2020). Good responsiveness to treatment with HOCbl appeared to be a common feature of this genotype

(Cornec-Le Gall et al., 2014; Higashimoto et al., 2020; Lemoine et al., 2018). Altogether, clinical heteroge-

neity among cblC patients is not fully explained by specific mutations. Different haplotypes,
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polymorphisms, trans-acting factors and environmental factors such as diet that influences epigenetics may

contribute to phenotype complexity in ways that are yet to be identified (Lerner-Ellis et al., 2009).

Pathogenic mutations in other genes: cblC-like disorders

During the past few years, pathogenic mutations in genes functionally unrelated to MMACHC such as

PRDX1 (peroxiredoxin 1, an enzyme), HCFC1 (host cell factor 1, a transcriptional regulator), THAP11

(THAP Domain-Containing Protein 11, a transcriptional regulator) and ZNF143 (Zinc finger protein 143, a

transcriptional regulator) were found to cause combined methylmalonic acidemia and homocystinemia

mimicking classic cblC disease (Guéant et al., 2018; Pupavac et al., 2016; Quintana et al., 2017; Yu et al.,

2013). MMACHC expression depends on versatile transcription factors such as THAP11, which forms a

complex with the co-regulator HCFC1. Yu et al. discovered mutations in the HCFC1 gene (OMIM

*300019, Xq28) in 14 of 17 male patients who were initially diagnosed with cblC deficiency without present-

ing MMACHC mutations. This specific set of mutations in HCFC1 was designated as ‘‘cblX’’ disease (Yu

et al., 2013). One of the remaining patients was later diagnosed with a homozygous mutation in the

THAP11 gene (OMIM *609119, 16q22.1) and designated as ‘‘cblX-like.’’ Mutations within the highly

conserved kelch domain of HCFC1 mediating protein–protein interactions or within the DNA-binding

THAP-domain of THAP11 are suggested to cause cblX and cblX-like phenotypes owing to the downregu-

lation of MMACHC expression (Quintana et al., 2017; Yu et al., 2013). The structural domain affected by

HCFC1 mutations is relevant in determining whether or not the patient may present with disrupted cobal-

amin metabolism. A study with five patients identified exon 10 skipping mutations in the basic domain of

HCFC1 (Wongkittichote et al., 2021). The basic domain of HCFC1 (amino acids 478–875) is located

downstream of the Kelch domain and is important for proteolytic maturation of HCFC1. The mutation

was predicted to yield a truncated protein with in-frame deletion of amino acids 536–601 (Wongkittichote

et al., 2021). These patients exhibited characteristic features of X-linked intellectual developmental disor-

der, without metabolic disturbances of cobalamin metabolism (Wongkittichote et al., 2021).

Studies performed on a mouse model of HCFC1 and THAP11 deficiency (Hcfc1 A115V/Y and Thap11 F80L/

F80L) revealed a dual phenotype that recapitulated characteristics of cblC disease and ribosomopathies

(Chern et al., 2022). ZNF143 is another wide-ranging transcriptional activator known to interact with

HCFC1 and THAP11. To date, one patient compound heterozygous for two variants in ZNF143 (OMIM

*603433, 11p15.4) was reported with a slightly different cellular phenotype to cblC, yet with typical clinical

manifestations (Pupavac et al., 2016). In 2018, Guéant et al. described the first epimutation resulting in cblC

disease in three patients. A primary mutation located in the PRDX1 gene (OMIM *176763, 1p34.1) causes

antisense transcription of MMACHC resulting in secondary hypermethylation of the promotor region and

subsequent silencing of MMACHC (Guéant et al., 2018). Since then, a number of works identified epi-mu-

tations in MMACHC (Cavicchi et al., 2021; Guéant et al., 2022; Oussalah et al., 2022; Zhang et al., 2021),

including in compound heterozygous form, suggesting that their occurrence is probably more frequent

than previously estimated. An important consideration is that transcriptional regulators modify the expres-

sion of multiple genes, not just MMACHC, and therefore, the clinical phenotype of patients with cblC-like

disorders likely represents the compound effects of abnormal expression of multiple genes, as recently

demonstrated in a rodent model of cblC-like disease (Chern et al., 2022).

Biochemical findings in pathogenic MMACHC variants: Enzymatic activity, thermal stability,

redox cycling, and protein–protein interactions

Enzymatic activity and loss of function

As described in earlier sections of this review, the MMACHC protein is strikingly versatile regarding its sub-

strates and catalyzed reactions. MMACHC binds to different naturally occurring cobalamins such as

AdoCbl, MeCbl, HOCbl, and CNCbl as well as synthetic straight-chain alkylcobalamins (Hannibal et al.,

2009). However, certain synthetic variants of cobalamin with highly stable Co-b-ligand bonds are not sub-

strates for catalysis by MMACHC and have been denominated anti-vitamin B12 (Ruetz et al., 2017).

MMACHC catalyzes the removal of the upper axial ligand by reductive decyanation or nucleophilic deal-

kylation. Reductive decyanation requires NADPH and FMN/FAD as cofactors and produces cob(II)alamin

and cyanide. Nucleophilic dealkylation depends on GSH, which binds near the upper-axial ligand of cobal-

amin within an arginine-rich pocket of MMACHC. Products are the respective GSH thioether and cob(I)ala-

min, which rapidly oxidizes to cob(II)alamin and serves as intermediate for the further synthesis of the active

coenzymes AdoCbl and MeCbl (Kim et al., 2009, 2008). Additionally, GSH-dependent decyanation and

reduction of H2OCbl occur under oxygen-depleted conditions (Li et al., 2014a).
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Aside from its catalytic function, MMACHC is described as a ‘‘trafficking chaperone’’ in reference to its role

in intracellular cofactor trafficking and the stabilization of the cobalamin molecule in its base-off configu-

ration (Kim et al., 2008). The DMBI of the corrin ring is coordinated to the central cobalt in the base-on

conformation or un-coordinated in the base-off coordination. The base-off configuration of cobalamins

does not occur under neutral or near-neutral physiological conditions of pH. Yet, the two Cbl-dependent

enzymes MS and MUT utilize base-off, reduced cobalamin as the preferred cofactor state to enter their

respective catalytic cycles. The known reactivity of cobalamin in its three oxidation states further suggests

the need for protective targeted transport before delivery to MS and MUT. MMACHC stabilizes the base-

off conformation of different cobalamin derivatives. It is predicted to interact with the lysosomal

transporters LMBRD1 and ABCD4 to receive the cobalamin cargo at its passage from lysosome to cytosol

(Banerjee, 2006; Banerjee et al., 2009; Coelho et al., 2012; Hannibal et al., 2013; Kim et al., 2008). Down-

stream, the interaction of MMACHC with MMADHC (the cobalamin complementation group D, cblD,

gene ID MMADHC) facilitates the allocation of cobalamin to cytosolic MS or mitochondrial MUT (Froese

et al., 2015; Gherasim et al., 2013; Plesa et al., 2011). Thus, current experimental evidence suggests that

MMACHC plays a central role in chaperoning the cobalamin molecule from its exit from the lysosome to

its delivery to recipient enzymes MS and MUT.

Pathogenic mutations affect the expression and function of the MMACHC protein in different ways. De-

pending on the location and type of mutation, impairments include defective binding to cobalamin and

GSH, reduced thermal stability, increased redox cycling (thiol oxidase activity), and impaired protein–

protein interactions with adaptor protein MMADHC.

Defective substrate binding

Several missense mutations are located within the cobalamin binding site of MMACHC and are predicted

to compromise the binding and metabolism of cobalamin (Gherasim et al., 2015). Earlier studies demon-

strated that fibroblasts from cblC patients lack the capacity to dealkylate any alkylcobalamins (Hannibal

et al., 2009). In vitro studies with human recombinant MMACHC showed that mutant p.Gly147Asp

(c.440G>A), which causes a severe early-onset phenotype non-responsive to supplementation therapy,

does not bind CNCbl or HOCbl (Froese et al., 2009). In the same study, p.Arg161Gln was shown to impair

CNCbl binding and decyanation, but not HOCbl binding. Subsequent studies revealed that the loss of

arginine within the GSH binding pocket decreases GSH-binding by 25 to 40-fold and impairs dealkylation,

but not decyanation (Froese et al., 2012; Gherasim et al., 2015). Rates of MeCbl dealkylation diminished by

6- and 10-fold in the late-onset mutation p.Arg161Gln (c.482G>A) and the early-onset mutation p.Arg161-

Gly (c.481C>G), respectively.

Thermal lability

Certain mutations such as those occurring at residue Arg161 render the MMACHC protein less stable to

temperature (Froese et al., 2010). Reduced thermal stability is partially counteracted by cobalamin bind-

ing (Froese et al., 2010). In vitro, wild-type MMACHC denatured at a surprisingly low, nearly physiological

temperature (Thermal melting point, Tm = 39�C), but stabilized when binding to cobalamins, especially

with AdoCbl and MeCbl. In comparison, p.Arg161Gln mutant MMACHC exhibited a slight, but signifi-

cant decrease in its melting temperature with half of the protein unfolding at 37�C. Similar to wild-

type MMACHC, the mutant protein underwent stabilization upon binding to AdoCbl, MeCbl, and HOCbl

(and less so by CNCbl). Yet, Arg161 variants required several-fold higher concentrations of cobalamins to

counter thermal destabilization. Gherasim et al. extended these observations and revealed even lower

denaturation temperature in the early-onset mutation p.Arg161Gly (Tm = 38.1�C) than in late-onset mu-

tation p.Arg161Gln (Tm = 43.4�C) and wild-type protein (Tm = 46.6�C) (Gherasim et al., 2015). Thus,

mutant MMACHC proteins that may exhibit normal expression, may have however a significantly reduced

half-life in cells, thereby giving rise to a state of MMACHC deficiency. These findings together with the

fact that the concentration of free cobalamin in cells is predicted to be negligible may explain the

responsiveness of such cblC patients (c.482G>A, p.Arg161Gln) to high-dose HOCbl treatment. Yet, a

benefit of treatment with AdoCbl and MeCbl based on more effective stabilization compared with

HOCbl did not bear out in the clinical context (Froese et al., 2010; Gherasim et al., 2015). Park et al.

described stabilization of bovine MMACHC not only by cobalamin, but also by GSH (Park and Kim,

2012). This observation may provide a putative link between the mutational changes of Arg161 and ther-

mal instability by impaired GSH binding.
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Oxidative stress and increased futile redox cycling

Oxidative stress is considered an important element in the pathophysiology of several metabolic diseases

(Jacobsen and Hannibal, 2019). Evidence of oxidative stress as part of the pathomechanism of cblC exists

from in vitro studies with purified recombinant proteins, cells, and by examination of urinary markers of

oxidative damage.

In vitro studies with recombinant MMACHC from Caenorhabditis elegans (ceMMACHC) by Li et al. re-

vealed a catalytically competent decyanase and dealkylase enzyme with the surprising finding of a robust

thiol oxidase activity (Li et al., 2017, 2014b). In human MMACHC, the seemingly latent thiol oxidase activity

is suppressed in wild-type protein but uncovered by some mutations affecting the GSH binding site (e.g.

p.Arg161Gln and p.Arg161Gly). Thiol oxidation is coupled to dealkylation or decyanation of cobalamins

and leads to futile redox cycling with consumption of GSH and O2, to form GSSG, and stabilization of

reduced cobalamin. The striking stabilization of highly reactive cob(I)alamin and cob(II)alamin in human

MMACHC has been seen under strict anaerobic conditions. In the presence of oxygen, catalysis by human

wild-type MMACHC produces H2Ocbl as the predominant species (Kim et al., 2009).

Mechanistic studies performed with ceMMACHC showed that cob(I)alamin or cob(II)alamin initiate the

futile redox cycle at the expense of reduced GSH and oxygen (Gherasim et al., 2015; Li et al., 2017). GSCbl,

a proposed intermediate, might react with a second GSHmolecule to form GSSG and set free cob(I)alamin

to reenter the redox cycle. Human wild-type MMACHC is suggested to favor cob(III)alamin a-ligated to

H2O, and thus, withdraw it from reentering the redox cycle. Conversely, ceMMACHC exhibits a more

compact active site than human MMACHC and might favor GSH to locate closer to the b-face of Cbl. In

pathogenic mutations p.Arg161Gln and p.Arg161Gly, the exchange of the positively charged residues in

the arginine-rich binding pocket by the smaller glutamine or glycine residue may destabilize O2
.-, hinder

further oxidation and thereby stabilize cob(II)alamin (Gherasim et al., 2015; Li et al., 2017). Simultaneously,

it may enhance binding of a secondGSHmolecule adjacent to the proposed GSCbl intermediate, resulting

in GSSG formation. The confirmation of the reaction mechanism requires further investigation. For

example, Li et al. recently discovered chlorocobalamin (ClCbl) as a new intermediate of the thiol oxidase

activity of ceMMACHC (Li et al., 2020a). In the presence of KCl and GSH, an unexpected ceMMACHC-

bound cob(II)alamin form was captured and then identified as Cl-cob(II)alamin by spectroscopic and

computational analyses. ClCbl might facilitate GSH-dependent ligand switching for the formation of

GSCbl. GSSG formation increased drastically in a biphasic manner dependent on the concentration of

KCl as well as KBr, but not so with KI and KF. Yet, KCl concentration in commonly used buffers is significantly

higher than in the cellular environment. Whether this reactivity also occurs with wild-type humanMMACHC

and especially in pathogenic mutants known to engage in thiol oxidase reactions remains to be elucidated.

At the cellular level, cblCmutant fibroblasts suffer from increased apoptosis likely owing to the overproduction

of reactive oxygen species (ROS) (Richard et al., 2009). Pastore et al. demonstrated an imbalance of reduced

and oxidizedGSH represented by theGSH/GSSG ratio in cblC lymphocytes (Pastore et al., 2014). In contrast to

its elevated precursor molecule Hcy, GSH was shown to be decreased by 82%, likely by increased consump-

tion. GSH is one of the principal cellular non-protein antioxidants and cofactor to several proteins involved in

detoxification. Thus, its deficiencymay lead to the incapacity of direct and indirect detoxification and oxidative

damage. Within the scope of a global analysis of cblC cell proteome, Hannibal et al. revealed a deficient

detoxification of ROS and xenobiotics by GSH-dependent proteins (Hannibal et al., 2011). Among various

downregulated proteins were three isoforms of glutathione-S-transferases (GST) that catalyze GSH-depen-

dent conversion of xenobiotics and protects against oxidative stress. Downregulation of GST could mainly

be restored by HOCbl supplementation. In contrast, peroxiredoxins PRDX1, 2, and 6 were downregulated

in cobalamin supplemented fibroblasts losing their protective function against oxidative stress by detoxifica-

tion of peroxides. Consequently, dysregulation in the proteomemay also contribute to oxidative damage and

aggravation of cblC manifestations (Hannibal et al., 2011).

In comparison with other metabolic disorders, cblC patients exhibit especially high readouts of biomarkers

of oxidative damage in urine (McGuire et al., 2009). In a study by McGuire et al., F2-isoprostanes, di-tyro-

sine, and antioxidant activity representing the overall redox state by lipid peroxidation, protein oxidation,

and antioxidant capacity, respectively, were measured in urine samples of various inborn errors of meta-

bolism and controls. Urinary isoprostanes were proposed as readily available and stable non-invasive bio-

markers of oxidative stress in vivo (Kadiiska et al., 2005). All three parameters were significantly altered in
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the patient cohort and consistently showed the highest alterations in cblC patients (McGuire et al., 2009). In

a longitudinal dataset, oxidative stress markers showed good concordance with biochemical control and

acute decompensation in patients with maple syrup urine disease. Monitoring oxidative stress markers in

urine may be a promising tool for disease monitoring in inborn errors of metabolism.

Protein–protein interactions with MMADHC and formation of a multiprotein complex with MS

MMACHC interacts with other proteins to ensure the protected and targeted transport of the scarce and

reactive cobalamin within the cell. It appears to accept newly internalized cobalamins as they exit the lyso-

some via the transporter LMBRD1 and the ATP-binding cassette (ABC) transporter ABCD4 (Banerjee, 2006;

Banerjee et al., 2009; Coelho et al., 2012; Hannibal et al., 2013; Kim et al., 2008). After processing of the

cobalamins by removal of the upper ligand, the interaction of MMACHC with MMADHC allows delivery

of the coenzymes to their target enzymes MS in cytosol and MUT in mitochondria. MMADHC is the main

interaction partner of MMACHC. Mutations in the MMADHC gene lead to the rare, but strikingly

heterogeneous cblD disease presenting with either isolated methylmalonic aciduria (cblD-MMA) or homo-

cystinuria (cblD-HC), or a combination of both (cblD-MMA/HC) (Coelho et al., 2008; Froese et al., 2015).

Genotype-phenotype correlations revealed that the N-terminal domain of MMADHC is required for the

mitochondrial route, whereas domains within the C-terminus contribute to the cytosolic route. Consis-

tently, a putative mitochondrial targeting sequence was identified within the N-terminal domain (Coelho

et al., 2008). Then, adenosyltransferase (cblB, MMAB), methylmalonyl-CoA mutase (MUT) and presumably

its chaperone (CblA) may function as a transfer complex. Yet, the details of cobalamin delivery to and into

themitochondria remain unknown. TheMMADHC protein possesses motifs with homology to the bacterial

and the MMACHC nitroreductase fold and to bacterial ABC-transporter, yet it does not directly process

cobalamins and lacks ATPase activity or any other known enzymatic activity (Gherasim et al., 2013). Like-

wise, the presence of MMADHC does not modify b-deligation of cobalamins by MMACHC. According

to Gherasim et al. MMADHC serves an adapter role that orchestrates cobalamin-loaded MMACHC toward

delivery of the micronutrient to the cytosolic or mitochondrial routes that ultimately produce the cofactors

MeCbl and AdoCbl, respectively (Gherasim et al., 2013). Experiments with cultured cblC fibroblasts of the

isolated as well as the combined forms of the MMADHC defect showed a clear impairment of cobalamin

partitioning in the cell leading to the imbalanced partition of MeCbl and AdoCbl with respect to the

pattern of cobalamin forms observed in cells from healthy controls (Gherasim et al., 2013). The defect in

one pathway, either the mitochondrial for N-terminal mutations or the cytosolic for C-terminal mutations,

led to overproduction of the cofactor of the alternative pathway. In cells from healthy controls, MeCbl syn-

thesis and MS function seem to be prioritized reflecting in 42% of total cellular cobalamin presenting as

MeCbl. In cells from MMADHC patients with isolated homocystinuria up to 76% of the total intracellular

cobalamin pool presented as AdoCbl. Concurrently, studies with isotopically labeled [57Co]-MeCbl

confirmed that MMACHC-dependent dealkylation is not affected by MMADHC mutations, but instead,

major effects are observed downstream in cofactor partition (Gherasim et al., 2013).

Plesa et al. demonstrated the complexation of MMACHC and MMADHC in vitro and vivo by surface plas-

mon resonance and a bacterial two-hybrid system, respectively (Plesa et al., 2011). The interface involved

the two modified nitroreductase folds, the cobalamin binding site of MMACHC and the homologue within

the C-terminal domain of MMADHC. In a similar manner, but with less affinity, MMACHC can form

homodimers when binding cobalamins, which might provide the protection of the active center for proper

cobalamin processing. Several pathogenic mutations on both sites have been shown to impair the interac-

tion of MMACHC and MMADHC. Froese et al. demonstrated that the common MMACHC mutation

p.Arg161Gln (c.482G>A) diminished complex formation, whereas the artificial deletion of residues 109–

111 completely inhibited complexation (Froese et al., 2015). Meanwhile, recombinant MMADHC mutants

lacking different portions of the unstructured N-terminus, were not impaired in complex formation with

MMACHC as shown in native electrophoresis (Gherasim et al., 2013). The finding that the N-terminal 115

residues are not necessary for MMACHC-MMADHC-complex formation goes along with the identification

of putatively involved short peptides between residues 142 and 290 in the C-terminal domain of MMADHC

(Gherasim et al., 2013; Plesa et al., 2011). The MMACHC-MMADHC heterodimer may form before dealky-

lation or decyanation and is favored by the presence of bound cobalamins and excess GSH, i.e. catalytic

conditions (Froese et al., 2015; Gherasim et al., 2013).

Work by Li et al. uncovered a previously unrecognized feature of MMADHC: direct binding to free H2Ocbl

and toMMACHC-bound cob(II)alamin (Li et al., 2020b). Binding of H2Ocbl byMMADHCoccurs via residues
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Cys261/Cys262 that serve as sulfur ligand donor for the formation of a transient thiolato-cob(III)alamin

complex with a rarely seen Co�S bond anchored on the protein. In the case of the interaction between

MMADHC and cob(II)alamin,MMACHC, a cob(II)alamin thiolate complex is formed. Although rare exam-

ples of labile Co(II)-corrinoid-thiolate complexes are known (Cockle et al., 1972; Dereven’kov et al., 2018,

2017), intraprotein Co(II)-S interaction is significantly tighter. Both MMACHC-bound cob(II)alamin or

MMADHC-bound cob(III)alamin could initiate the formation of the interprotein complex between

MMACHC and MMADHC, yet kinetics favor the former in line with the established cobalamin processing

sequence. These new insights may give an explanation to the mechanism of cobalamin translocation be-

tween the active sites of the enzymes along its metabolic pathway.

MMACHC also interacts with cobalamin acceptor protein MS. Residues in different regions of MMACHC

including the disease-relevant R161 have been predicted to be involved in this interaction (Fofou-Caillierez

et al., 2013). The complexation of MMACHC with truncated MS was found to affect upstream decyanation

of CNCbl and HOCbl production by MMACHC, whereas AdoCbl production was increased. Therefore, MS

is proposed as one more central player in the regulation of cobalamin distribution between the MeCbl and

AdoCbl branch. Bassila et al. further investigated the formation of amultiprotein interactome involvingMS,

MMACHC, MMADHC, and methionine synthetase reductase (MSR; Bassila et al., 2017). Studies in patient

fibroblasts and siRNA-transfected HepG2 cells confirmed interactions of MS-MSR, MS-MMACHC and

MMACHC-MMADHC and revealed interactions of MSR-MMACHC, MSR-MMADHC, and MS-MMADHC.

All interactions were severely affected by the absence of either MS, MMACHC, or MSR, but not so by

MMADHC mutations. These experimental findings suggest the formation of a tripartite complex between

MMACHC, MS, and MSR, in which each protein would enhance the interactions between the others for

optimal MeCbl synthesis. This may add to the explanation of shared biochemical features and pathophys-

iologic basis between the respective genetic defects of MS (cblG), MSR (cblE), MMACHC, and MMADHC.
SUBCELLULAR LOCALIZATION OF THE MMACHC PROTEIN

Considering the biochemical phenotype of cblC and the known localization of MS andMUT, MMACHCwas

predicted to localize in the cytoplasm, whereas MMADHC should co-localize in cytoplasm and mitochon-

dria enabling fractionated distribution of cobalamin. Mah et al. demonstrated the dispersed presence of

MMACHC throughout cytoplasm and its absence in mitochondria by immunofluorescence, confirming

the findings by subcellular fractionation and immunoblotting of GFP (green fluorescent protein)-fused

MMACHC as well as by the presence of endogenous MMACHC protein in the cytosol but not in the mito-

chondria of human fibroblasts (Mah et al., 2013). These results were in contrast with previous studies

showing MMACHC localization to the mitochondrion, namely, mitochondrial expression of MMACHC in

mice and HeLa cells (Deme et al., 2012; Pagliarini et al., 2008). Yet, these earlier findings involved the

use of a truncated variant of MMACHC lacking the firstN-terminal 57 amino acids. This lab-made truncation

artificially generated a probable mitochondrial targeting sequence that is otherwise lacking in the full-

length, native wild-type MMACHC protein. Thus, MMACHC is unambiguously localized to the cytosol.
CLINICAL OVERVIEW

Clinical findings

Patients with cblC disease present with a variety of clinical symptoms with different ages of onset and severity

(Huemer et al., 2017; Rosenblatt et al., 1997). Themost severe cases are acutely ill in the first months of life, and

most patients are diagnosed within the first year of life. Some already present with intrauterine growth restric-

tion (IUGR) or nonimmune hydrops fetalis. The first symptoms are generally feeding difficulties and lethargy

followed by progressive neurological deterioration, including seizures. Also, severe pancytopenia or a non-

regenerative megaloblastic anemia may be present. cblC disease is a multisystem disease progressing to

renal failure, hepatic dysfunction, cardiomyopathy, pulmonary hypertension, and other symptoms owing to

widespread microangiopathy including retinopathy. Overall, the combination of neurologic and/or hemato-

logic and/or ophthalmologic symptoms should always raise the suspicion of a remethylation disorder as

stated by Huemer et al. (2017). While most patients present early with this severe multisystem phenotype,

a small number of cblC patients were not diagnosed until after the first year of life and some as late as the

end of the fourth decade of life (Huemer et al., 2017; Lerner-Ellis et al., 2006). In late-onset patients, neurologic

abnormalities prevail, major clinical findings include confusion, disorientation, and gait abnormalities as well

as incontinence. Macrocytic anemia was seen in only about a third of the older patients. Mild forms of the dis-

ease presenting with cardiorenal and cardiopulmonary symptoms and more generally, those with late-onset
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Table 2. Age-specific manifestations of cblC diseasea

In utero/Neonatal (0–28 days) Infants (1–12 months) Children (1–12 years) Adolescents and adults

Intrauterine growth restriction (IUGR)

Fetal hydrops

Feeding difficulties

Encephalopathy:

Apnea

Lethargy

Seizures

Muscular hypotonia

Microcephaly

Hydrocephalus

Nystagmus

Anemia:

Thrombocytopenia

Pancytopenia

Megaloblastic anemia

Renal impairment:

Hemolytic uremic

syndrome (HUS) with

hematuria and proteinuria

Cardiomyopathy

Congenital heart disease

Pulmonary hypertension

Facial dysmorphia

Feeding difficulties

Failure to thrive:

poor growth and/or

weight gain

Acute encephalopathy:

Apnea

Impaired consciousness

Chronic encephalopathy:

Lethargy

Seizures

Muscular hypotonia

Acute behavior changes

Developmental retardation,

regression

Maculopathy (‘‘bull’s eye’’),

retinopathy and/or optic atrophy:

Nystagmus

Visual inattention

Anemia

Renal impairment

Pulmonary hypertension

Metabolic decompensation

Acute encephalopathy

Chronic encephalopathy:

Lethargy

Seizures

Muscular hypotonia or spasticity

Acute behavior changes

Personality changes

Developmental retardation,

regression

or dementia

Subacute degeneration

of the spinal cord (SCD):

Paresthesia, incontinence

ataxia/spasticity, limb

weakness (legs > arms)

Visual loss, blindness

Anemia

Thromboembolic events:

Recurrent venous thrombosis

Pulmonary embolism

Cerebrovascular events

Renal impairment

Pulmonary hypertension

Acute encephalopathy

Chronic encephalopathy:

Lethargy

Neuropsychiatric disturbances

Acute behavior changes

Personality changes

Developmental retardation,

regression

or dementia

SCD

Anemia

Thromboembolic events

Renal impairment

Pulmonary hypertension

Marfanoid features

aAccording to Huemer et al. (2017), Carrillo-Carrasco et al. (2012), and Sloan et al. (2008).
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cblC, are ascertained by clinical symptoms (Kalantari et al., 2022) (i.e. not by laboratory markers during

newborn screening, and/or genetic testing) and thus, many years may transcur without diagnosis and treat-

ment, and in some cases, undertreatment. It is unknown whether these symptoms would ever manifest in pa-

tients with adequate treatment, but based on published information, this appears unlikely. Age- and system-

specific manifestations of cblC disease are listed in Tables 2 and 3, respectively.

Central and peripheral neurologic signs include decreased consciousness and apnea, seizures, microce-

phalia and hydrocephalus, late developmental disorders, cognitive impairment, personality changes, psy-

chosis as well as abnormal muscle tone, movement disorders, and subacute combined degeneration of the

spinal cord (SCD) (Carrillo-Carrasco and Venditti, 2012; Huemer et al., 2017; Sloan et al., 2008). SCD owing

to vitamin B12 deficiency affects motor functions, continence, as well as deep and surface sensibility. SCD

owing to B12 deficiency typically presents paresthesia, decreased proprioception, hypo-/hyperreflexia, and

limb weakness, which can progress to spasticity.

Megaloblastic anemia, a classic feature of nutritional vitamin B12 deficiency, together with pancytopenia or

even agranulocytosis is reported in 10–25% of cblC cases (Huemer et al., 2017). Megaloblastosis of the

bone marrow may present with hypersegmented peripheral neutrophils, macrocytes, and thrombocyto-

penia (Panchabhai et al., 2016; Rao et al., 2020; Routh and Koenig, 2014). Recurrent infections owing to

an impaired immune system have been reported, albeit as a rare presentation (Huemer et al., 2017).

Ophthalmologic manifestations occur with high incidence in the cblC disease (Carrillo-Carrasco and Ven-

ditti, 2012; Huemer et al., 2017) and visual impairment affects up to 50% of infant patients. Yet, it is un-

known why some but not all cblC patients present with or develop ophthalmological problems. The

phenotype is an unusual retinopathy consisting of perimacular hypopigmentation surrounded by a hy-

perpigmented ring and a more peripheral salt- and pepper retinopathy sometimes accompanied by

nystagmus, microcephaly, and hydrocephalus. Vision loss shows a limited response to current treatment

and may progress to complete blindness. Meanwhile, ophthalmological complications are rarely seen in

late-onset cblC disease.
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Table 3. Symptoms and signs of cblC disease according to the organ system and frequencya

General symptoms

Feeding difficulties, failure to thrive +++

Small for gestational age +

Intrauterine growth restriction (IUGR) +

Temperature instability/hypothermia +

Metabolic acidosis and/or

hyperammonemia

+

Neurologic

Developmental disorder/cognitive

impairment

+++

Encephalopathy, acute or chronic

Seizures +++

Movement disorder and/or muscular

hypotonia

+++

Neuropsychiatric symptoms including

behavioral disorders, personality changes,

speech difficulties, psychosis, and/or

dementia

++

Decreased consciousness, lethargy and/or

apnea

Subacute degeneration of spinal cord (SCD) ++

presenting as paresthesia, incontinence,

ataxia, spasticity, and/or progressive limb

weakness (legs>arms)

++

Hydrocephalus ++

Microcephaly ++

Hematologic

Megaloblastic anemia ++

Pancytopenia/thrombocytopenia/

neutropenia

++

Recurrent severe infections (+)

Ophthalmologic +++

Maculopathy, retinopathy, and/or optic

atrophy

Inability to fixate, nystagmus, and/or

vision loss up to blindness

Renal

Haemolytic uraemic syndrome (HUS) ++

Glomerulopathy +

Tubulointerstitial nephropathy +

Thrombotic microangiopathyb +

Cardiopulmonary

Cardiomyopathy ++

Cardiac malformation +

Interstitial pneumonia +

Pulmonary hypertension +

(Continued on next page)
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Table 3. Continued

Vascular

Thromboembolic events: deep venous

thrombosis, pulmonary thrombosis,

cerebrovascular events

+

Gastrointestinal

Liver steatosis +

Vomiting ?

Diarrhea ?

Stomatitis/glossitis ?

Gastritis/enteropathy ?

Others

Facial dysmorphism +

Skeletal deformity (+)

Marfanoid features ?

Dermatitis/rash/hyperpigmentation +

Hydrops fetalis +

Metabolic decompensation ?

a+++ frequent (25–50%of cases), ++ infrequent (10–25% of cases), + occasional (<10% of cases), (+) single case reports,

adapted from Huemer et al. (2017).
bAn increasing number of case reports suggest that this presentation is sporadic but certainly not infrequent.
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Microangiopathy and vascular complications such as recurrent venous thrombosis, pulmonary thrombosis,

and cerebrovascular events play a substantial role in the morbidity and mortality in cblC patients. Hyperho-

mocysteinemia is generally considered as a risk factor for arteriosclerosis and established factor for morbidity

and mortality in patients with classic homocystinuria (cystathionine beta-synthase (CBS) deficiency, OMIM

#236200) (McCully, 1969b; Morris et al., 2017). High levels of total plasma Hcy (tHcy, > 45 mM) have been asso-

ciated with the occurrence of vascular complications in cblC disease as well (Carrillo-Carrasco and Venditti,

2012; Huemer et al., 2017). Normal tHcy level range between 5 and 15 mmol/L, whereas untreated cblC pa-

tients frequently present with elevations >50–100 mmol/L. Therapies aimed at lowering elevated tHcy in pa-

tients at risk for or with manifest cardiovascular disease as a means to prevent further cardiovascular events

have been largely unsuccessful (Armitage et al., 2010; Løland et al., 2010; Martı́-Carvajal et al., 2009). However,

the lack of evidence in support of the effectiveness of Hcy reduction for the prevention of cardiovascular

events in healthy patients with mildly elevated tHcy cannot be directly extrapolated to cohorts highly affected

by vascular events owing to inborn hyperhomocysteinemia wherein plasma Hcy frequently reaches concen-

trations >100 mM. Successful treatment and prevention of CBS deficiency (Morris et al., 2017; Yap, 2003)

such as case reports documenting the resolution of microangiopathy under treatment endorse homocysteine

lowering interventions in cblC disease (Huemer et al., 2014; Profitlich et al., 2009b; Van Hove et al., 2002).

Adequate treatment to reduce elevated tHcy remains a key approach to reducing and preventing vascular

complications in cblC patients (Carrillo-Carrasco and Venditti, 2012; Huemer et al., 2017, 2014). However

elevated plasma metabolite concentrations usually do not completely normalize.

While patients with cblC disease are predisposed to renal dysfunction, its occurrence is overall rare. Renal

involvement in cblC commonly presents intravascular hemolysis, hematuria, proteinuria, oliguria, and hy-

pertension (Beck et al., 2017). In a study that reviewed an aggregate cohort of 36 cblC patients with renal

involvement, the authors identified that about two-thirds of affected cblC patients exhibited atypical he-

molytic uremic syndrome (aHUS) based on thrombotic microangiopathy (TMA) (Beck et al., 2017). HUS,

characterized by the triad of hemolytic anemia, uremia, and thrombopenia, may lead to renal failure and

require dialysis. Mortality is high among patients with renal manifestations (44%) and aggravates with

neurologic (56%) or cardiopulmonary (79%) co-involvement. Furthermore, pulmonary hypertension has

been described as an isolated manifestation as well as in combination with renal disease in several cblC

patients of different ages (Iodice et al., 2013; Kömhoff et al., 2013). Right ventricular failure is a severe

complication of pulmonary hypertension with poor prognosis. The report of four new cases of chronic

lung disease presenting with diffuse alveolar hemorrhage and pulmonary microangiopathy further
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Table 4. Key laboratory parametersa

Parameter Normal rangeb Untreated cblC

tHcy (plasma) 5–15 mM [[

MMA (plasma) <0.27 mM [[

MMA (urine) <3 mg/gCr [[

Methionine (plasma) 13–42 mM z/Y

Vitamin B12 (plasma) 170–800 pg/mL z/[

aAdapted by Carrillo-Carrasco et al. (2012) and Beck et al. (2017).
bVaries across laboratories and age.
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amplifies the range of pulmonary complications in cblC disease (Liu et al., 2020). Aside from secondary car-

diac decompensation, congenital cardiac malformations and cardiomyopathy are also relevant features of

cblC disease and demand cardiac evaluation on a regular basis (Carrillo-Carrasco and Venditti, 2012).

Structural heart defects were seen in 5 of a cohort of 10 cblC patients (Profitlich et al., 2009b). The anomalies

included left ventricular non-compaction, atrial and ventricular septal defects, dysplastic pulmonary valve,

andmitral valve prolapse. In addition, pulmonary embolism led to cor pulmonale in one patient. Even in the

presence of normal ventricular function, cardiac screening is particularly important regarding the high risk

for thromboembolic events accompanying cblC disease. While the pathogenic mechanisms of many of

those symptoms are not fully understood, some can be clearly attributed to systemic microangiopathy.

Disease progression and prognosis are as heterogeneous as their manifestations. Historically, the cblC dis-

ease is perceived to have poor long-term outcomes and a reported overall mortality of 30% (Rosenblatt

et al., 1997). Prompt diagnosis and treatment can improve mortality and morbidity outcomes, especially

if treatment starts before the establishment of chronic neurological impairment. More recent estimates

suggest a decreased mortality rate of 11.4% (Fischer et al., 2014), however long-term outcome remains un-

certain. Treatment significantly improves hematologic abnormalities and may prevent renal impairment

and hydrocephalus (He et al., 2020). Meanwhile, the impact on the neurological outcome varies and is

very poor concerning eye disease (Huemer et al., 2017).

Diagnostic methods

Biomarkers of cblC disease

Timely diagnosis is crucial to initiate adequate treatment and prevent complications. Diagnostics should

proceed promptly upon clinical suspicion of a remethylation disorder, elevated tHcy, or an abnormal

newborn screening (NBS) (Carrillo-Carrasco et al., 2012; Huemer et al., 2017). Treatment should not be de-

layed after diagnostic confirmation. The biochemical hallmarks of the cblC disease are elevated concentra-

tions of tHcy and urinary/plasma MMA that are brought about by impaired biosynthesis of MeCbl and

AdoCbl, respectively. Additionally, serum vitamin B12 and folate, plasma methionine, and the blood acyl-

carnitine profile should bemeasured to delineate the differential diagnoses. Typical laboratory findings are

summarized in Table 4 tHcy is the preferred biomarker for a follow-up.

Confirmation of the diagnosis is primarily done by molecular genetic analysis and coenzyme formation

analysis in dermal fibroblasts obtained from skin biopsy. Coenzyme formation analysis by incorporation

of [14C]-propionate and [14C]-N5-methyltetrahydrofolate into amino acids and then cellular macromole-

cules, give valuable information on cofactor synthesis in the absence of a known pathogenic mutation

and on vitamin responsiveness in vitro (Huemer et al., 2017; Watkins and Rosenblatt, 2013).

Differential diagnosis of cblC disease

As clinical manifestations are unspecific and nutritional deficiencies as well as other rare inborn errors of

metabolismmay present with similar features, differential diagnoses are of central importance. In neonates

and breast-fed infants, availability of cobalamin or folate may be impaired by maternal deficiency of these

micronutrients owing to inadequate intake or malabsorption (Fowler et al., 2008; Huemer et al., 2017; Sco-

lamiero et al., 2014). Disorders of extracellular cobalamin and folate metabolism include transcobalamin

(TC)-deficiency (Trakadis et al., 2014) and autoimmune and genetic disorders such as pernicious anemia

or hereditary folate malabsorption (Huemer et al., 2017; Watkins and Rosenblatt, 2012; Whitehead,

2006). Intracellular cobalamin and folate metabolism may also be affected by drugs such as nitrous oxide
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or antifolate agents (Hannibal et al., 2016; Huemer et al., 2017). In nutritional cobalamin deficiency, vitamin

B12 is decreased, whereas cblC disease vitamin B12 levels are normal or elevated. Low to normal plasma

methionine concentrations indicate remethylation disorders, whereas elevatedMet is seen in classic homo-

cystinuria owing to CBS deficiency. Hematologic manifestations can resemble severe iron deficiency, some

infectious diseases, or myeloproliferative disorders (Huemer et al., 2017). Furthermore, several rare meta-

bolic disorders can also present with hematologic and/or neurologic symptoms, for instance, mitochon-

drial respiratory chain disorders, orotic aciduria, and branched chain organic acidemias among others

(Huemer et al., 2017). In general, the assessment of a combination of biomarkers, as described in Table 4,

leads to the accurate and sensitive identification of cblC disease.

Prenatal diagnosis

Prenatal diagnostics may be carried out in individual high-risk cases (Carrillo-Carrasco et al., 2012; Huemer

et al., 2017). Molecular genetic analysis then is performed on amniotic cells or chorionic villi samples. A recent

study proposed haplotype-based non-invasive prenatal diagnosis (NIPD) as a promising alternative (Han et al.,

2019). Metabolites in maternal urine or amniotic fluid may be measured as follow-up during pregnancy. Early

treatment was found to improve long-term outcomes in cblC patients, as the identification of the MMACHC

gene molecular genetic analysis offers reliable and feasible confirmation diagnosis. Currently, newborn

screening (NBS) for cblC is performed, for instance, in the USA, Portugal, some regions of China (Zhou

et al., 2019) and in a prospective pilot project in Germany (Gramer et al., 2017; Nogueira et al., 2017; Weis-

feld-Adams et al., 2010; Zhou et al., 2018). Still, NBS remains a subject of discussion as the sensitivity of avail-

able markers is not optimal and small cohorts impede the supply of strong evidence required for nationwide

interventions. C3 acylcarnitine together with the C3/C2 ratio are considered feasible primary markers and C17

might be a promising alternative (Malvagia et al., 2015). Methionine is less sensitive, but frequently decreased

and might be included in diagnostic algorithm (Gramer et al., 2017; Weisfeld-Adams et al., 2010). In confirma-

tion diagnostics, second-tier biomarkers tHcy andmethylmalonic acid (MMA) should bemeasured to increase

the specificity and differentiate from other inborn errors of metabolism (Huemer et al., 2017, 2015). The un-

equivocal distinction of nutritional cobalamin deficiency versus genetic disorders that yield combined Hcy

and MMA elevation requires the measurement of additional biomarkers after NBS analysis.

cblC disease monitoring

Regular follow-up is required over the course of disease to monitor and adapt the treatment and ensure

early recognition of possible complications. Sloan et al. proposed evaluation once or twice a month in in-

fancy and to lengthen the intervals to half a year during childhood and to a yearly basis later on (Sloan et al.,

2008). Screening for ophthalmologic, neurologic, cardiopulmonary, and renal manifestations should be

performed at the time of diagnosis and in regular intervals depending on the phenotype.
Therapeutic strategies

Treatments are designed to improve both clinical and biochemical abnormalities. Parental HOCbl has

shown better responses than CNCbl in vitro and in vivo. Still, some patients present with partially or

non-responsive phenotypes. Further investigation on different cobalamin derivatives, such as thiolatoco-

balamins (Wingert et al., 2021), and their interaction with specific mutants of MMACHC show promise to

improve therapeutic strategies which have changed very little during the last decades. Moreover, experi-

ences and data for treatment in asymptomatic patients diagnosed by NBS to date are very limited, espe-

cially for late-onset genotypes. A single-center study from Philadelphia revealed decreased mortality, but

constantly poor long-term outcomes, especially for neuropsychological and ocular impairment in patients

diagnosed by NBS (Ahrens-Nicklas et al., 2017). The severity of impairment was correlated more closely to

initial metabolic alterations reflecting in utero and pretreatment damage than to long-termmetabolic con-

trol. Prospective investigations on larger cohorts, late-onset phenotypes, and prenatal treatment may help

to prevent manifestations and complications of cblC in the future. A summary of current therapeutic stra-

tegies is given below and in Table 5.

Hydroxocobalamin

Treatment with parenteral HOCbl should be initiated as soon as a remethylation disorder is suspected.

Guidelines provided by Huemer et al. (2017) and Carrillo-Carrasco et al. (2012) established a recommended

initial dose of 1 mg HOCbl daily via IV, IM, or SQ injections. For long-term treatment, the dose and fre-

quency should be individually titrated and IM injections provide an effective as well as a feasible way of
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Table 5. Treatment recommendationsa

Drug Dose Target parameter

Hydroxocobalamin

(i.v., i.m., s.c.)

0.3 mg/kg/day (standard for infants)

1 mg/day (standard for infants)

25 mg/day (high-dose for adults)

Titrate, consider less frequent administration

after stabilization

Reduce MMA and tHcy, normalize Met

Betaine (p.o.) 250 mg/day Reduce tHcy, normalize Met

Folinic acid (p.o.) Consider 5–15 mg/day

L-Carnitine (p.o.) Consider 50–200 mg/kg/day

Methionine (p.o.) If required Normalize Met

Avoid: nitrous oxide, protein restriction.
aAdapted by Carrillo-Carrasco et al. (2012) and Beck et al. (2017).
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administration. If patients require anticoagulation, low-weight heparin has been reported as an effective

and safe treatment concomitant to HOCbl IM injections. More generally, it has been suggested that

high-dose regimens that raise plasma HOCbl concentrations far above normal plasma levels are effective

in achieving metabolic control, i.e. reduction of Hcy and MMA. Carrillo-Carrasco et al. could show a dose-

dependent improvement of the biochemical markers, particularly plasma MMA, via dose escalation from

1mg to 20mgHOCbl/day (Carrillo-Carrasco et al., 2009). Results from an intervention by Scalais et al. using

formulations of HOCbl of 5, 25, or 50 mg/mL, given daily, also showed the reduction of biomarker metab-

olites Hcy and MMA and improvement of neurocognitive and motor symptoms in cblC patients (Scalais

et al., 2019). In three infants homozygous for c.271dupA dose intensification allowed biochemical control

with a sensitive decrease of tHcy and better neurological and ophthamological outcomes compared with

cblC patients on standard treatment (Scalais et al., 2019). An investigation by Higashimoto et al. on the

optimal dosage of HOCbl for adult cblC patients demonstrated metabolic control and enhanced improve-

ment of neuropsychological symptoms with 25 mg HOCbl/day and was able to maintain clinical and meta-

bolic control with weekly administration (Higashimoto et al., 2020). Clinical response to therapy remains

highly variable in terms of organ damage and genotypes and thus requires further investigation. Although

rare, side-effects of HOCbl treatment include reversible discoloration of skin and urine, hypersensitivity

and photosensitivity, nausea, headache, and infusion-site reactions (Carrillo-Carrasco et al., 2012). Overall,

published studies on dose-escalation with HOCbl suggest biochemical and clinical improvements, yet, the

use of doses in the upper limits of the above-mentioned studies should be considered carefully in the

context of life-long therapy, as is the case of cblC patients. Human beings compete with their own gut mi-

crobiome for the use of vitamin B12. Thus, the gut microbiome is thought to play an important role in B12

deficiency (Rowley and Kendall, 2019; Sokolovskaya et al., 2020). Bacterial overgrowth in the small intestine

can deplete dietary B12 levels and B12 deficiency is known to occur in patients with inflammatory bowel dis-

ease (IBD), including Crohn disease and ulcerative colitis (Allen and Stabler, 2008; Ward et al., 2015). Some

intestinal bacteria can strip B12 from transport protein intrinsic factor, a property only recently reported

(Wexler et al., 2018). The colon houses the greatest abundance of bacteria and archaea in humans, with

cobalamin and non-cobalamin analogs themselves modulating the bacterial growth; hence, large oral

doses of B12 will alter the gut microbial composition. Colonic bacteria produce structural analogs of vitamin

B12 (Allen and Stabler, 2008; Sokolovskaya et al., 2020) that have been reported to inhibit the two B12-

dependent enzymes in rodents (Stabler et al., 1991) and humans (Bito et al., 2020; Sokolovskaya et al.,

2021, 2019). These B12 analogs traverse the gut epithelium and their presence in blood has, in a few cases,

been correlated with severe neurological impairment (Carmel et al., 1988). An examination of microbiome

composition and the presence of B12 and B12 analogs in the feces, cells, and plasma of cblC patients under

different dose regimens of HOCbl administration is necessary to evaluate the long-term impact of ultra-

high doses of HOCbl.

Betaine, folate, and carnitine

Oral betaine is recommended to reduce Hcy under conditions when Met is low (Carrillo-Carrasco et al., 2012;

Huemer et al., 2017). Betaine enables the hepatic MeCbl-independent remethylation of Hcy to Met via

betaine homocysteine-methyltransferase and thus reduces hyperhomocysteinemia. All cblC patients are rec-

ommended to receive betaine, usually doses of 250 mg/kg/day are prescribed but may be titrated higher
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according to Hcy and Met levels. It is well tolerated and normally does not cause side effects, yet, one case of

epileptic seizures and two of cerebral edema in the association of highly increasedMet were reported (Devlin

et al., 2004; Enns et al., 1999; Yaghmai et al., 2002). Supplementation with oral folic or folinic acid is commonly

used in cblC disease (Ahrens-Nicklas et al., 2017; Bourque et al., 2021; Carrillo-Carrasco et al., 2012). It is

thought to bypass the folate trap owing to decreasedMS activity. In practice, folic acid is usedmore frequently,

although folinic acid provides the benefit of passing the blood-brain barrier more efficiently. Alternatively,

methylfolate might also be administered as used in methylenetetrahydrofolate reductase deficiency

(MTHFR deficiency, OMIM #236250) (Huemer et al., 2017). As cblC patients may present a low level of Met

and carnitine synthesis depends on Met, supplementation with Met and L-carnitine may be considered.

L-carnitine promotes the excretion of propionyl groups and hence MMA reduction. Folate compounds as

well as L-carnitine, Met and other supplements such as valine are generally very well tolerated, yet clinical

benefit remains unclear as case numbers are low and long-term data is missing.

Treatment of complications

While treatment of the underlying biochemical abnormalities in cblC disease is crucial to prevent and/or

manage severe complications, certain complications may require close monitoring and additional treat-

ment. Cardiovascular risk factors such as dyslipidemias should be evaluated and treated (Carrillo-Carrasco

et al., 2012). Resolution of cor pulmonale secondary to pulmonary embolism after acute treatment with

heparin, milrinone, furosemide, dioxin, and sildenafil has been described (Profitlich et al., 2009a). Aspirin

is not included in common treatment but has been used safely and may be considered when the risk for

thromboembolic events is increased. Pulmonary hypertension in cblC patients has been addressed with

targeted drugs and symptomatic treatment, yet improvement was mainly seen after initiation and intensi-

fication of causal treatment with HOCbl (Gündüz et al., 2014; Iodice et al., 2013; Kömhoff et al., 2013). In

acute kidney disease renal replacement therapy has to be discussed (Beck et al., 2017; Morath et al.,

2013). Metabolic decompensations are relatively rare and usually improve under the administration of

dextrose-containing fluids and standard medication (Ahrens-Nicklas et al., 2017). Seizures, which does

not respond to HOCbl treatment, may be complex to treat. In patients presenting with hydrocephalus, chir-

urgic intervention, i.e. paraventricular shunts, should be considered if neurological development is

impaired and may also improve epileptic symptoms (He et al., 2020).

Dietary management

Protein-restricted diets are a fundamental pillar of treatment in many metabolic diseases. In cblC disease,

special diets (also known as ‘‘medical foods’’) have been prescribed to improve weight gain and lower

MMA concentrations. However, incomplete protein diets failed to prove better long-term outcomes and

can cause iatrogenic amino acid imbalance, especially hypomethioninemia (Ahrens-Nicklas et al., 2017;

Manoli et al., 2016). Of concern, the study identified a correlation between the intake of medical food

and impaired head growth, even though a causal link cannot be drawn based on the available data. In com-

parison with severe isolated methylmalonic acidurias, the cblC disease presents lower MMA levels and rare

acute metabolic decompensation. Thus, dietary restriction of propionate precursors may have limited ben-

efits and possibly aggravate Met deficiency. Protein restriction and specifically Met-free formulas designed

for isolatedmethylmalonic aciduria should therefore be avoided as stated by Huemer et al. (Ahrens-Nicklas

et al., 2017; Huemer et al., 2017). Prolonged fasting and dehydration may trigger metabolic decompensa-

tion and should be avoided as well (Sloan et al., 2008). Concerning general anesthesia, nitrous oxide (N2O),

a known MS inhibitor, must be avoided as a fatal adverse effect was reported in a patient with MTHFR defi-

ciency (Selzer et al., 2003). When needed, propofol is considered a safe alternative (Ktena et al., 2015).

Prenatal treatment

Prenatal treatment attempts with high-dose HOCbl and folic acid administered to pregnant women with an

affected fetus are reported in only a few cases with divergent results (Huemer et al., 2005; Trefz et al., 2016).

So far, neither HOCbl nor betaine have been associated with any fetal or neonatal adverse effects (Huemer

et al., 2017).

Advances in therapy

As our understanding of the intricate molecular mechanisms of disease progression deepens, new thera-

pies may emerge. Different cobalamin derivatives are under investigation to improve intracellular cofactor

supply. Thiolatocobalamins as promising drug candidates have been shown to undergo facilitated
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b-deligation and serve as antioxidant agents in vitro (Birch et al., 2009; Wingert et al., 2021). Another inter-

esting example is the investigation of the SIRT1 agonist SRT1720. Ghemrawi et al. suggested that

decreased expression of SIRT1 in cblC and cblG cells leads to ER stress. In addition, decreasedmethylation

and phosphorylation alter RNA trafficking and splicing of mainly neurologically relevant gene products

(Ghemrawi et al., 2019). Methylation, phosphorylation, and localization of RNA binding proteins (RBPs)

were measured in treated and untreated patient and control cells. SRT1720 as well as cobalamin and

SAM restored multiple parameters of ER stress andmislocalization of RBPs andmRNA. In the mousemodel

of cblG disease, SRT1720 treatment restored SIRT1 expression in the hippocampus and demonstrated to

improve learning ability. Thus, SIRT1 agonists might provide an alternative treatment for non-responsive

neuropsychiatric symptoms in cobalamin deficiencies. Wang et al. proposed to use stop codon read-

through as a therapeutic option in cblC patients with mutations leading to premature stop to codons

and nonsense-mediated decay (Wang et al., 2019). Small molecules, for example, aminoglycoside antibi-

otics, were found to enhance readthrough of stop codons during translation and enable the production of

untruncated proteins with a normal or residual function (Dabrowski et al., 2018). Different substances such

as chloramphenicol and gentamicin were investigated in cellular models of lysosomal storage diseases and

methylmalonic aciduria but their use has not yet been extended to cblC disease (Buck et al., 2009; Quoos

Mayer et al., 2013). Mutations c.609G > A (p.W203Ter) and c.394C > T (p.Arg132Ter) with high prevalence in

Chinese and Indian-Pakistani populations, respectively, cause stop codons within exon 4 and could be tar-

gets for stop codon readthrough approaches (Kaur et al., 2021; Wang et al., 2019). Enzyme replacement

therapy is not available for disorders of intracellular cobalamin metabolism so far. An et al. investigated

systemic mRNA as alternative replacement therapy in a mouse model for methylmalonic aciduria owing

to MUT deficiency (An et al., 2017). Codon-optimized hMMUTmRNA was encapsulated in bio-degradable

lipid nanoparticles (LNP) and administered in increasing doses and repetitions. MUT was successfully ex-

pressed and localized in mitochondria of hepatocytes and showed to improve metabolite levels, growth,

and survival in mice. The effect persisted for over a week and even at repeated doses, no signs of hepato-

toxicity, immune response, or inflammation were noted. mRNA replacement might be a promising

approach for various metabolic disorders, although there are still challenges to overcome, among others

the blood brain barrier for CNS delivery in the case of cblC. The discovery of CRISPR/Cas9 genome editing

is a promising advance toward curative therapies for inborn errors of metabolism including various entities

with devastating manifestations where current treatments are ineffective (Doudna and Charpentier, 2014;

Schneller et al., 2017). Adeno-associated virus (AAV) is used as a vector for gene transfer and site-specific

endonucleases as zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), or

CRISPR/Cas9 enable targeted editing. First in vivo studies were performed in mouse models of hemophilia

B (Barzel et al., 2015; Li et al., 2011; Sharma et al., 2015), hereditary tyrosinemia type I (Nygaard et al., 2016;

Pankowicz et al., 2016; Yin et al., 2016, 2014), ornithine transcarbamylase deficiency (Yang et al., 2016), lyso-

somal storage disorders (Sharma et al., 2015), and glycogen storage disease (Landau et al., 2016) showing

successful expression of the inserted genes and improved biochemical and clinical parameters as outlined

in the review by Schneller et al. (2017). Nonetheless, there is still a long way from bench to bedside. In

several of the studies, the efficacy was still low and safety will have to be proven by ruling out risks of

genotoxicity by insertional mutagenesis and immune activation.

CELLULAR AND ANIMAL MODELS OF CBLC DISEASE

Induced pluripotent stem cells (iPSCs)

Specific and disease-relevant cellular assays are a key instrument for in vitro modeling of pathogenesis as

well as therapeutic response. Recently, Guan et al. created the first iPSC line from a cblC patient that was

compound heterozygous for MMACHC mutations (Guan et al., 2020). C.482G>A (p.Arg161Gln) is one of

the most common mutations in East Asian patients and associated with late-onset and mild phenotype,

whereas the second mutation, c.448_449delinsCC, to date is not reported elsewhere. Peripheral blood

mononuclear cells were reprogrammed by transfer and transient expression of non-integrated episomal

plasmids carrying the factors OCT4, SOX2, KLF4, C-MYC, and BCL-XL. The iPSCs obtained by this method

showed pluripotency and differentiation potential for all three germ layers. As of now, more cellular models

of different pathogenic mutations will be of interest to elucidate the basis of clinical heterogeneity among

cblC patients and to test new therapeutic drug candidates.

Zebrafish

Work by Sloan et al. identified the first fully viable and stable animalmodel of cblCdiseasewith zebrafish (Sloan

et al., 2020). Knockdown of theMmachcgenebymorpholino antisense oligonucleotides resulted in severe and
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lethal embryonic phenotype. Germline mutants with two differently modified alleles were then created by us-

ing zinc finger nucleases (ZNFs) targeting exon 2, the location of the most common pathogenic mutation

c.271dup1 in humans. Mmachc mutant zebrafish showed survival of the embryonic stage but died in an early

juvenile stage after severe growth retardation and developmental delay. Analysis of Mmachc expression in

wild-type fish revealed the highest expression in early embryogenesis with a rapid decrease thereafter, fol-

lowed by a return to increased expression during the juvenile period. This time course of gene expression co-

incides with the death of cblCmutant fish in the early juvenile period. A protective effect ofmaternalMMACHC

is discussed for early development (Chern et al., 2020; Sloan et al., 2020). In adult zebrafish,Mmachc expression

is highest in the liver, muscle, kidney, and spinal cord, the latter ones reflecting organs typically affected by

cblC disease. Biochemical parameters demonstrated a similarity of the animal model to findings in human

cblC patients with increased MMA levels, decrease in Met, and abnormal GSH/GSSG ratio as an indicator

of oxidative stress. Investigation of ophthalmologic features, characteristic of cblC disease, revealed further

analogies rendering the mutants as suitable models to study the pathogenesis of visual impairment in the

cblC disorder. After a normal embryonic period, retinopathy with a thin outer nuclear layer, shortened outer

segment of cones, decreased number of rods, and thin optic nerves were observed consistent with findings in

cblC patients (Traboulsi et al., 1992). mRNA analysis unveiled the dysregulation of multiple genes involved in

photoreception and cholesterol metabolism. Thus, further questions were raised concerning the underlaying

mechanism and the suggestion of possibly altered RNA trafficking (Ghemrawi et al., 2019). Similar to humans,

cblC zebrafish showed very limited response to CNCbl therapy, whereas standard treatment with HOCbl

improved biochemical markers, despite the less successful reversal of growth anomalies. Notably, MeCbl

had little effect on biochemical markers but was most effective to restore growth. Despite limitations owing

to possibly quite different uptake, transport, andmetabolismof cobalamin in fish, responses were comparable

with trends seen in cblC patients (Sloan et al., 2020). Quintana et al. performed experiments on hcfc1b and

thap11morphant zebrafish to elucidate the principles of cblX and cblX-like disease confirming relevant down-

regulation of Mmachc expression in both (Quintana et al., 2014). Hcfc1, thap11, and Mmachc genes were

shown to play a crucial role in craniofacial and brain development. Craniofacial dysmorphia is not a cardinal

manifestation of neither cblC, cblX, nor cblX-like, but was described in all three entities and could be repro-

duced by knockdown of each of the three genes in zebrafish. In addition, human MMACHC mRNA was

able to restore the craniofacial phenotype in hcfc1b morphant zebrafish. Yet, many known mutations in hu-

mans do not cause craniofacial defects, which is suggested to correlate with the level ofMMACHC expression

and function (Quintana et al., 2017, 2014).
Lethality in mice

Mmachc is conserved inmice and is known to express in a tissue- and developmental stage-specificmanner

(Lerner-Ellis et al., 2006; Pupavac et al., 2011; Smith et al., 2019). Using in situ hybridization in mouse em-

bryos, Pupavac et al. discovered cell-type specific expression of Mmachc in cardiovascular, respiratory,

renal, and nervous systems (Pupavac et al., 2011). Contrarily, the interaction partnerMmachc was uniformly

expressed throughout all tissues. Mainly, Mmachc expression was stronger in endoderm than in mesen-

chyme except for a strong presence in headmesenchyme. These patterns correlate with typical organman-

ifestations of cblC disease, for example, the high prevalence of structural heart defects including atrial and

ventricular septum defects based on altered endocardial cushion development (Profitlich et al., 2009b).

Reporting on left ventricular non-compaction (LNVC), Tanpaiboon et al. stressed the role ofMmachc in car-

diac pathogenesis and suggested the contribution of mitochondrial dysfunction and global dysregulation

of cytoskeletal proteins, two phenomena independently associated with both cblC and LNVC (Hannibal

et al., 2011; Richard et al., 2009; Tanpaiboon et al., 2012). Besides, expression in head mesenchyme sup-

ports a special role of Mmachc in cranial development reflected in microcephaly and facial dysmorphia

of some cblC patients and also in recent findings in mutant zebrafish and mouse embryos (Chern et al.,

2020; Sloan et al., 2020). The observed malformations in combination with the reported expression pattern

indicate a still unclear, but a unique role of Mmachc during embryogenesis.

Overall, the generation of a viable and clinically relevant mammalian model of cblC disease has remained a

challenge. Moreno-Garcia et al. created mice heterozygous and homozygous for a loss-of-function allele by

gene trapping (Moreno-Garcia et al., 2014). Heterozygous mice were viable and fertile, presented reduced

MMACHC protein expression compared with wild-type animals, and increased plasma concentrations of

MMA and Hcy, thus confirming a significant disruption of MMACHC function. In contrast, homozygous mu-

tants were not viable and vanished in an early embryonic stage after impaired transformation from morula

to blastocyst, with the disabled formation of the trophectoderm needed for hatching and implantation.
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Thus,Mmachc plays a crucial role in early embryonic development and mutations may lead to even more se-

vere phenotypes in mice than in humans. These observations also pose the question of comparability and fi-

delity of animal models in representing cblC disease in humans. Nevertheless, during the last two years, four

promising new mouse models were developed. In 2019, Ma et al. documented the first murine model of cblC

disease created by CRISPR/Cas9 (Ma et al., 2019). The mutant mice carried homozygous mutation c.609G>A

encodingp.Trp203Ter, which is a common variant amongEast Asian patients. The cblCmutantmicewere tran-

siently viable andpresentedwith a typical increase of propionyl carnitine. Further assessment of the phenotype

of this cblC animal model is awaited with great interest. Chern et al. created twomouse models, a conditional

null as well as a gain-of-function model (Chern et al., 2020). A floxedMmachc allele was generated by CRISPR/

Cas9 to enable temporal and tissue-specific knockout.Mmachc flox/flox mice presented viable, fertile, and with

unaffectedphenotypes.MmachcD/Dwere createdbyCremediated deletion and crossbreedingbut died in the

embryonic stage (Chern et al., 2020) as also seen in the Mmachc GT/GT model of Moreno-Garcia et al. (2014).

OneMmachc D/D embryo recovered at E15.5 exhibited growth restriction, anophthalmia, cranial dysmorphia,

and right ventricular hypoplasia (Chern et al., 2020) reiterating features reported in the zebrafishmodel as well

as in singular human patients (Sloan et al., 2020). In the second model, overexpression was gained by a CAG

(cytomegalovirus/b-actin) enhancer-promoter followed by an IRES-GFP-pA cassette and verified by elevated

mRNA expression and protein levels in GFP fluorescence andWestern blot analysis, respectively (Chern et al.,

2020). Not only were Mmachc-OE+/tg mice viable, fertile and showed no abnormalities, but also transgenic

Mmachctm1.1/tm1.1; Mmachc-OE+/tg mice were rescued from embryonic lethality. Mmachctm1.1/tm1.1;

Mmachc-OE+/tg mice were smaller and presented with elevated MMA and Hcy levels and though may serve

as a disease model. Interestingly, two viableMmachctm1.1/tm1.1 weanlings were rescued frommothers carrying

the overexpressed allele suggesting a maternal-effect rescue as also discussed for the zebrafish model. To

address the pathogenesis of the striking ocular phenotypes in cblC patients, Kiessling et al. generated the first

organ- and tissue-specific mouse model (Kiessling et al., 2021). Mmachcflox/flox; Pax6Cre mice, named

retinaDMmachc mice, are depleted of Mmachc expression in the peripheral, but not in the central retina, as of

embryonic day E10.5. Analysis of retinal samples showed that this functional knockdown presented typical

metabolic alterations such as a significant increase in MMA and folate-dependent purine synthesis intermedi-

ates AICA-riboside and SAICA-riboside. Surprisingly, no ocular defects were found in the transgenic mice,

suggesting that peripheral murine retinal neurons do not depend on local expression ofMmachc for survival,

tissue-integrity, and function. One interpretation of this outcome is that local deficiencymay be rescued by the

bordering cells, which could be controlled by additional knowdown as intended in follow-up by the research

team. If rather caused by systemic than by local effects, non-responsiveness of ocular defects to treatment re-

mains unclear. Also, ocular development may arise earlier than Cre expression initiates Mmachc depletion.

Further investigations are awaited as the peripheral retina is just one first piece affected in the puzzle of ocular

phenotypes including the central macula, optical nerve, and even lense and iris.

On a more positive note, an important breakthrough in our understanding of cblC-like disorders emerged

from the characterization of a mouse model of HCFC1/THAP11 deficiency (Chern et al., 2022). The mouse

model was created to carry pathogenic humanmutations, namely, Hcfc1A115V/Y and Thap11F80L/F80L) (Chern

et al., 2022). The HCFC1/THAP11 mutant animals exhibited elevations of plasma Hcy and MMA, greatly

reduced biosynthesis of cofactors MeCbl and AdoCbl, as well as defective development as previously

noted in cblC disease (Chern et al., 2022). In addition, the study uncovered a previously unrecognized

impairment in the expression of genes that encode ribosome protein subunits with important roles during

embryonic development (Chern et al., 2022). In sum, this study was the first to demonstrate that this cblC-

like disorder (for these specific genes, also known as cblX disease) presents a dual phenotype consistent

with hallmarks of cblC disease and ribosomopathies.

While recapitulation of the homozygous phenotypes of human disease has proven unattainable in mice,

further studies on these animal models will permit valuable insights into the role of Mmachc in early life,

especially during early development and organ-specific pathogenesis. These studies may guide therapeu-

tic options that could be applicable in utero and perhaps in the pre-conceptional phase in cases where

parents attempting a new pregnancy are known carriers of a defective Mmachc gene.
CURRENT LIMITATIONS AND FUTURE STUDIES

The complex molecular consequences of MMACHC mutations that lead to cblC disease remain enigmatic.

Huemer et al. proposed five main hypotheses for the pathogenesis of cobalamin-related remethylation

disorders: direct toxicity of metabolites, missing products, impaired methylation capacity, oxidative stress,
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and impaired non-enzymatic protein functions (Huemer et al., 2017). Whether metabolites in plasma such as

Hcy and MMA are disease-causing mediators, or bystander biomarkers remains unclarified (Hannibal and

Blom, 2017). For instance, Hcy is a known risk factor for arteriosclerosis and thrombotic events and Hcy

lowering treatment can prevent vascular complications in cblC patients. However, other manifestations do

not respond to Hcy normalization and are not sufficiently explained by the direct toxicity of metabolites.

Research over the last decade uncovered significant functional versatility of the MMACHC protein, including

the biochemical characteristics of its mutants, in vitro oxidative stress owing to futile redox cycling, dysregu-

lation of gene expression, and proteomic changes in seemingly unrelated biochemical pathways. iPSCs that

could be differentiated into organ-relevant cell types promise to give insights into tissue-specific alterations

in cellular cobalamin trafficking, signaling, proliferation, and differentiation, and biochemical response to

drugs. Refined animal models may help to further understand the role of the MMACHC gene during organ-

ogenesis and the fundaments of the striking clinical heterogeneity. Pathogenesis and treatment response

may be investigated in the scope of specific organs as well as their systemic interactions for specific pathogenic

mutations. Approximately 1,000 patients worldwide have beendiagnosedwith cblCdisease in the last 50 years

(Wang et al., 2019). International cooperation is essential to obtain representative and adaptable insights in

light of the limited case numbers. Guidelines provide best-practice orientation for a more standardized and

comparable management. Despite improvements regarding timely diagnosis, early treatment and overall sur-

vival, neurological, and ophthalmological dysfunctions remain unsolved. The incorporation of cblC disease

biomarkers into newborn screening will support the earliest possible interventions and facilitate the initiation

of prospective studies. Prenatal diagnosis and prenatal treatment trials may play a central role in learning how

to prevent in utero damage and long-term sequelae. Synthetic cobalamin derivatives that can bypass

MMACHC-driven processing may be useful to treat genotypes where residual MMACHC protein expression

and/or enzymatic activity are nearly zero.
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Dreumont, N., Flayac, J., Pupavac, M., Paoli, J.,
Alberto, J.M., Coelho, D., Camadro, J.M., et al.
(2013). Interaction between methionine synthase
isoforms andMMACHC: characterization in cblG-
variant, cblG and cblC inherited causes of
megaloblastic anaemia. Hum. Mol. Genet. 22,
4591–4601. https://doi.org/10.1093/hmg/
ddt308.

Fowler, B., Leonard, J.V., and Baumgartner, M.R.
(2008). Causes of and diagnostic approach to
methylmalonic acidurias. J. Inherit. Metab. Dis.
31, 350–360. https://doi.org/10.1007/s10545-008-
0839-4.

Froese, D.S., Zhang, J., Healy, S., and Gravel, R.A.
(2009). Mechanism of vitamin B12-responsiveness
in cblC methylmalonic aciduria with
homocystinuria. Mol. Genet. Metab. 98, 338–343.
https://doi.org/10.1016/j.ymgme.2009.07.014.

Froese, D.S., Healy, S., McDonald, M., Kochan,
G., Uppermann, U., Niesen, F.H., and Gravel, R.A.
(2010). Thermolability of mutant MMACHC
protein in the vitamin B12- responsive cblC
disorder 100. https://doi.org/10.1016/j.ymgme.
2010.02.005.

Froese, D.S., Krojer, T., Wu, X., Shrestha, R.,
Kiyani, W., Von Delft, F., Gravel, R.A.,
Oppermann, U., and Yue, W.W. (2012). Structure
of MMACHC reveals an arginine-rich pocket and
a domain-swapped dimer for its B12 processing
function. Biochemistry 51, 5083–5090. https://doi.
org/10.1021/bi300150y.

Froese, D.S., Kopec, J., Fitzpatrick, F., Schuller,
M., McCorvie, T.J., Chalk, R., Plessl, T.,
Fettelschoss, V., Fowler, B., Baumgartner, M.R.,
and Yue, W.W. (2015). Structural insights into the
MMACHC-MMADHC protein complex involved
in vitamin B12 trafficking. J. Biol. Chem. 290,
38 iScience 25, 104981, September 16, 2022
29167–29177. https://doi.org/10.1074/jbc.M115.
683268.

Gagsteiger, J., Jahn, S., Heidinger, L., Gericke, L.,
Andexer, J.N., Friedrich, T., Loenarz, C., and
Layer, G. (2022). A cobalamin-dependent radical
SAM enzyme catalyzes the unique
Ca-methylation of glutamine inmethyl-coenzyme
M reductase. Angew. Chem. Int. Ed. Engl.
e202204198. https://doi.org/10.1002/anie.
202204198.

Galen Lenhert, P., and Hodgkin, D.C. (1961).
Structure of the 5,
6-dimethylbenzimidazolylcobamide coenzyme.
Nature 192, 937–938. https://doi.org/10.1038/
192937a0.

Ghemrawi, R., Arnold, C., Battaglia-Hsu, S.-F.,
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