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Abstract: Methylmalonic acidemia and homocystinuria cobalamin C (cblC) type is the most common
inborn error of the intracellular cobalamin metabolism, associated with multisystem involvement and
high mortality rates, especially in the early-onset form of the disease. Hemolytic uremic syndrome
(HUS) is a rare manifestation and needs to be distinguished from other causes of renal thrombotic
microangiopathy. We describe a case of a 3-month-old infant, with failure to thrive, hypotonia and
pallor, who developed HUS in the setting of cblC deficit, along with dilated cardiomyopathy, and pre-
sented delayed response to optic stimulation in visual evoked potentials, as well as enlarged bilateral
subarachnoid spaces and delayed myelination in brain magnetic resonance imaging. Renal damage
was reversed, while neurodevelopmental profile and eye contact improved after supplementation
with parenteral hydroxycobalamin, oral folic acid, betaine and levocarnitine. Homozygous mutation
of ¢.271dupA in the MMACHC gene was ultimately detected. In this report, we highlight the diag-
nostic challenges as well as the significance of early recognition and multidisciplinary management
of this unusual condition. A brief review of published case reports of early-onset cblC deficit and
related HUS is depicted, pointing out the initial clinical presentation, signs of renal damage and
outcome, MMACHC gene type of mutations and accompanying extra-renal manifestations.

Keywords: hemolytic uremic syndrome; thrombotic microangiopathy; cobalamic C defect; methyl-
malonic acidemia and homocystinuria; early-onset cblC deficit

1. Introduction

Combined methylmalonic acidemia and homocystinuria is an inherited disorder of
the intracellular cobalamin metabolism, due to mutations in several genes, including
MMACHC, MMADHC, LMBRD1, ABCD4, or HCFC1; each gene mutation corresponds to
a different type of the disease [1]. Cobalamin C (cblC) complementation type of the disease
is caused by mutations in the MMACHC gene, located on chromosome 1p34.1. The disease
is inherited in an autosomal recessive manner and is considered the most frequent inborn
error of intracellular cobalamin metabolism, with an incidence varying from 1/37,000
to 1/200,000 births among different populations [2]. Sequence analysis of MMACHC is
currently suggested as the first step in the genetic diagnosis of patients with biochemical
findings of combined methylmalonic acidemia and homocystinuria, while multigene panel
analysis is reserved for cases with non-diagnostic single-gene testing [1]. Pathogenetic
mechanism of this disorder consists of deficient decyanation of cyanocobalamin and down-
stream cytoplasmic blocking of cobalamin conversion into its two metabolically active
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forms, adenosylcobalamin and methylcobalamin. Adenosylcobalamin and methylcobal-
amin are essential cofactors of the enzymes methylmalonyl-coenzyme A (CoA) mutase
and methionine synthetase, located in cytoplasm and mitochondria, respectively. Com-
promised function of these enzymes due to cbIC deficiency leads to reduced degradation
of methylmalonyl-CoA to succinyl-CoA and reduced remethylation of homocysteine to
methionine. As a result, increased levels of homocysteine in plasma and of MMA in plasma
and urine are highly indicative biochemical markers of the disease [3].

The majority of cblC defect-related clinical symptoms occur during the neonatal
period or infancy (<12 months of age), corresponding to the early-onset form of the dis-
ease and accounting for approximately 90% of reported cases [4]. Nevertheless, signs of
this metabolic disorder may be present even in utero, while late-onset case-series during
childhood or adulthood have also been reported [2]. Disorder of intracellular cobalamin
metabolism due to cblC defects is characterized by a large-spectrum phenotype, reflecting
the impaired MMACHC expression and accumulated homocysteine and MMA in several
tissues, which varies by age of disease onset. Neuropsychiatric symptoms, progressive
cognitive decline and thromboembolic complications constitute the most common clinical
presentation in the late-onset forms of the disease, while multisystem disorders, comprising
of growth retardation, dysmorphic facial features and manifestations from various organs,
including central nervous system, eye, blood, vessels, heart, kidney, liver, gastrointestinal
tract and skin, are primarily present in the early-onset disease [3]. Unfavorable outcome
and mortality are most often observed in the early-onset type of the disease [5]. Early and
adequate treatment with parenteral hydroxycobalamin has been proven to be beneficial
for the resolution of hematological abnormalities and improvement in the systemic dis-
turbances of the disease [2]. Oral supplementation with betaine is also recommended for
reduction of plasma homocysteine levels, while additional therapy with levocarnitine and
folic acid are usually prescribed for enhancement of carnitine and methionine synthesis,
which may be impaired in these patients [2].

Renal manifestations of the disease have rarely been observed, in either early or late-
onset forms, and mainly include renal thrombotic microangiopathy (TMA), eventually
leading to hemolytic uremic syndrome (HUS) [6]. Tubulointerstitial nephritis [7] and
proximal renal tubular acidosis have occasionally been reported [8]. Fibrin thrombi in
glomerular capillaries, endothelial swelling, thickening and detachment of glomerular
basement membrane are common renal pathology findings [6]. The pathogenetic mecha-
nism of renal TMA in the setting of cblC defect is not completely understood. Experimental
studies have shown that homocysteine may directly cause endothelial injury and stimulate
platelet prostaglandin synthetase, favoring vascular thrombosis [9,10]. Nevertheless, the
absence of renal injury in other inborn errors of intracellular cobalamin disorders with high
homocysteine levels indicate that other factors are probably required to induce renal TMA
in cblC disorders.

In the present report, we describe an unusual case of infantile renal HUS secondary to
cblC defects, emphasizing various diagnostic challenges. Moreover, we discuss the current
literature regarding the initial clinical symptoms, signs of renal damage and outcome,
the MMACHC type of genetic mutations and accompanied extra-renal manifestations of
patients with early-onset disease and associated renal damage.

2. Case Report

The index patient was a full-term male, born by a normal spontaneous vaginal delivery
to a G1P1 mother, with good clinical status at birth; Apgar scores were 8 and 9 at 1
and 5 min, respectively. His birth weight, height and head circumference were 2880 gr
(15th perc), 48 cm (15th perc) and 35 cm (50th perc), respectively. The pregnancy was
uncomplicated, while the prenatal growth and organ development were normal, according
to fetal ultrasounds. No parental consanguinity was reported, and family history was
negative for genetically determined disorders.
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According to the mother’s report, at two months of age, the infant presented with
failure to thrive, corresponding to a 10gr month weight gain, and was more somnolent and
paler than usual. One month later, the infant underwent serum and urine laboratory tests,
which revealed severe normocytic normochromic anemia (hemoglobin: 6 gr/dl, hemat-
ocrit: 16%, mean corpuscular volume: 95.7 fL, mean corpuscular hemoglobin: 33.7 pg),
of hemolytic non-immune origin (negative direct Coombs test, schistocytes: 4%, reticu-
locyte count: 9%, lactate dehydrogenase: 868 UI/L, total bilirubin: 2.21 mg/dL, direct
bilirubin:0.32 mg/dL) combined with thrombocytopenia (platelets:141,000/ uL), nephrotic
range proteinuria (urine protein to creatinine ratio: 4.7 g/g, albumin to creatinine ratio:
4100 mg/g), microscopic hematuria (blood cells: 30-35 per high power field) and normal
kidney function (serum urea: 22 mg/dL, serum creatinine: 0.29 mg/dL). Diagnosis of renal
TMA was established and the patient was admitted to hospital for further investigation.
At initial examination, the patient was pale and presented with high blood pressure (BP)
(BP: 134/83 mmHg, >99th perc), generalized central hypotonia of limbs, trunk and neck
associated with increased peripheral muscle tone and absence of eye contact.

Among the initial diagnostic tests, normal ADAMTS13 activity (ADAMTS13 activ-
ity: 96%) was indicative of absence of congenital thrombotic thrombocytopenic purpura
(TTP). Typical hemolytic uremic syndrome (HUS) was excluded based on an absence of
diarrhea history, negative polymerase chain reaction (PCR) for Shiga-toxins 1 and 2 and no
growth of Escherichia coli O157:H7 or other pathogen in fecal specimen cultures. Normal
serum C3 (serum C3: 0.75 g/L, reference range: 0.4-0.92 g/L), C4 (serum C4: 0.17 g/L,
reference range: 0.1-0.37 g/L), and C5b-9 levels (serum C5b-9: 214 ng/mL, reference
value <250 ng/mL) disassociated possible diagnosis from an alternative complement path-
way dysregulation. In parallel, the high serum homocysteine level (serum homocysteine:
148 umol/L, reference value <14 pmol/L) together with absence of cobalamin (cbl) (serum
hydroxycobalamin level: 1119 pg/mL, deficient<211 pg/mL) and folate (serum folate
23.9 ng/mL, deficient <14 ng/mL) deficiency were suggestive of an inborn error of in-
tracellular cobalamin metabolism. Treatment with hydroxycobalamin (1 mg/day, i.m.),
betaine (1 g/day, p.o.), folic acid (5 mg/day, p.o.) and L-carnitine (1g/day p.o.) was
initiated and screening of urinary organic acids was performed. High urinary methyl-
malonic acid (MMA) levels (urinary MMA / creatinine: 3482mmol/mmol, reference value
<2.5 mmol/mmol) were indicative of combined methylmalonic acidemia and homocystin-
uria, cblC type. Of note, serum methionine levels were within the normal range (serum
methionine: 28 pmol/L, reference value <40 pmol/L). The diagnosis was finally con-
firmed with whole exome sequencing analysis, which revealed homozygous mutation of
c.271dupA (P.Arg91Lysfs*14) in the MMACHC gene. Both parents were heterozygous for
the same mutation.

During the first week of hospitalization, serum urea and creatinine were slightly
increased (serum urea max: 87 mg/dL, serum creatinine max: 0.71 mg/dL), indicating
acute kidney injury (AKI). Both values returned to normal one week following treatment
onset. Of note, diuresis was conserved with stable urine output around 3.5 mL/kg/h,
while ultrasound imaging revealed normal size, hyperechogenic kidneys with normal
corticomedullary differentiation. The patient also developed left ventricular dilated car-
diomyopathy without pulmonary hypertension and with good myocardial contractility.
Specifically, heart ultrasound revealed left ventricular internal dimension in diastole of
3 cm and left ventricular ejection fraction of 70%. Carvedilol (0.3mg x 2/day p.o) and
furosemide were added to his treatment. Brain magnetic resonance imaging showed large
bilateral subarachnoid spaces with ventricular system of normal size and delayed white
matter myelination. Visual evoked potential testing demonstrated delayed response to
optical stimulation. Of note, no signs of maculopathy were evidenced at ophthalmologic
evaluation. Finally, we observed an abrupt fall of urinary MMA, which decreased to normal
values approximately two weeks after treatment onset, whereas serum homocysteine levels
slowly reduced, as illustrated in Figure 1. Vitamin B12 levels remained above 2000 pg/mL.
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Figure 1. Progression of serum homocysteine and urinary methylmalonic acid levels after initiation of treatment with

hydroxycobalamin, betain, folic acid and L-carnitine.

During the 9-month follow-up period, the patient preserved normal renal function.
Proteinuria was resolved, while intermittent microscopic hematuria remained. Dilated
cardiomyopathy regressed and relevant medication was, ultimately, discontinued. Both
neurodevelopmental profile and eye contact gradually improved.

3. Discussion

HUS is defined as the laboratory triad of non-autoimmune hemolytic anemia, throm-
bocytopenia and AKI, indicating the presence of renal TMA. Differential diagnosis in
the neonatal period and infancy principally involves TTP due to congenital ADAMTS13
deficiency, atypical HUS related to alternative complement pathway dysregulation and
HUS secondary to Streptococcus pneumonia or Influenza A/HINT infection [11]. Less frequent
causes are typical HUS triggered by Shiga toxin-producing Escherichia coli (STEC) infection,
cblC disorder and diacylglycerol kinase ¢ (DKGE) gene mutation [11]. Taking into ac-
count the severity of this condition and the variable therapeutic management depending
on the causative pathogenetic mechanism, a comprehensive diagnostic workup is neces-
sary for prompt diagnosis of the underlying disease, as performed in the index patient.
Therefore, in case of neonatal/infantile HUS, plasma homocysteine and plasma/urine
methylmalonic acid level measurements are highly suggested in order to eliminate cblC
defect. Nevertheless, symptoms of cblC defect may initially occur at an older age, while
potential misdiagnosis as atypical HUS may result in unnecessarily prolonged treatment
with complement blockage factor, delayed diagnosis and subsequent severe complications,
such as pulmonary hypertension and relapse of AKI [12,13]. Interestingly, cblC defect has
also been identified in a few patients with alternative complement pathway disorders,
including an infant with low complement factor H (CFH) activity [14], a child with CFH
mutation [15], a child with encoding membrane cofactor protein (CD46) mutation [16]
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and a young adult with CFH antibody-mediated HUS [17]. Therefore, it seems prudent
to perform the widely available and low-cost homocysteine assay as part of the HUS
diagnostic workup, regardless of age-onset, and even in cases with defined genetic or
acquired alternative complement pathway dysregulation.

Renal damage in the setting of cblC disorder remains a rare condition in the neonatal
period and infancy and has only occasionally been described in the literature. We therefore
reviewed clinical and laboratory findings of 19 reported cases of early-onset cblC disorder
and related renal TMA (Figure 3), more than half of which (52.6%) occurred during post-
neonatal period [14,18-28].

Most patients were born at term and had a low to normal birth weight (median value:
2780 gr, range: 1760—3490 gr). Interestingly, parental consanguinity was not commonly
reported (five cases in total). The main initial clinical presentations involved failure to
thrive, hypotonia and lethargy, often associated with gastrointestinal symptoms and, occa-
sionally, with seizures. It is worth mentioning that all three criteria of HUS were fulfilled
on admission in only seven (36.8%) patients (Figure 4). In detail, while non-autoimmune
hemolytic anemia was present in all cases, thrombocytopenia was observed in 13 (68.4%)
and AKIin 9 (47.4%) patients, respectively. This observation raises attention for considering
cblC defect-related renal TMA in all cases of microangiopathic hemolytic anemia, regard-
less of thrombocytopenia absence or serum creatinine rise. Moreover, careful search for
proteinuria and hematuria is recommended in such cases, for early diagnosis of glomerular
damage in the setting of possible renal TMA, as in the example of the patient previously
described. In the case-series analysis, 14 (73.7%) patients progressed to renal failure, while
oliguria and dialysis were reported in 7 (36.8%) and 5 (26.3%) cases, respectively. Setting
aside cases with fatal outcome (7 patients, 36.8%), the renal outcome was favorable in all
reported cases, suggesting that early administration of targeted treatment may reverse
renal damage.

Molecular diagnosis of the disease is necessary in clinical practice both for confirma-
tion of cblC type, as well as genetic counseling for future pregnancies. The MMACHC gene
sequence in large patient series has shed light on possible phenotype-genotype correlations
of the disease [29]. In general, frameshift mutation c.271dupA is present in approximately
40% of reported cblC defect cases in the Caucasian population, mostly observed in early-
onset cases, succeeded by the nonsense mutation ¢.331C > T [29,30]. Homozygosity or
compound heterozygosity for these two mutations constitutes the main genotype of early-
onset disease [31]. Likewise, homozygous c.271dupA mutation was observed in most
infants with HUS-related cblC disorder in this case series analysis. It is noteworthy that no
case of ¢.331C > T mutation was recorded. In general, a correlation between genotype and
age-onset is evidenced, with nonsense mutation ¢.394C > T representing the main mutation
in mild late-onset disease [29]. Moreover, specific mutations are more common in certain
ethnicities. For instance, nonsense mutation ¢.666C > A is commonly observed in patients
with Italian origin, as was the origin of the one patient with the same identified mutation
in the present review [29]. Furthermore, nonsense mutation c.481C > T was reported in one
Turkish patient and one patient of Oriental origin [19,28,31] and homozygous missense
mutation c. 484G > T in two other Turkish patients [14,20]. Interestingly, the latter mutation
was not included in the common pathogenic variants of the disease. The role of these
mutations in the various disease manifestations among different ethnicities, as well as the
predisposition of c. 484G > T mutation for renal TMA, needs to be further investigated.
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Ref  Mutation

Sex CS Term

[18,31] c.271dupA n/a NO Full

[18] n/a n/a NO Full
[18] n/a n/a YES n/a
[21]  c271dupAF  YES Full
[22] n/a F  YES Full
[23] n/a M NO Term
[24] «c271dupA F n/a n/a
[25] n/a F  n/a Term
[26] ¢271dupA M n/a Full
[26] ¢271dupA M n/a Late

2590

2320

nfa

3200

2780

2670

3350

2100

2870

2940

2 weeks

perinatal

perinatal

12 days

6.5 weeks

3 months

28 days

32 days

28 days

31 days

Initial
presentation
Failure to thrive,
hypotonia,
lethargy,
diarrhea,
vomiting
Failure to thrive,
hypotonia,
lethargy,
vomiting,
gastrointestinal
bleeding,
dermatitis
Failure to thrive,
hypotonia,
lethargy,
diarrhea

Failure to thrive,
hypotonia,
lethargy

Seizure

Failure to thrive,
vomiting
Failure to thrive,
hypotonia,
seizure

n/a

Failure to thrive,
hypotonia,
lethargy

Failure to thrive,
hypotonia,
lethargy,

vomiting

WBC failure

Resp  Heart

+

+

+
Cardiomyopathy
Cardiomegaly,
cardiac failure

+ Cardiac failure

Left ventricular
dilation,
cardiac failure

Increased cardiac
mass, cardiac
failure

Initial findings:
nystagmus
Follow up:
impaired vision,
optic atrophy,
no retinopathy

Initial finding:
no eye contact
Follow up:
retinal
degeneration,

Follow up: global
developmental
delay,
ventriculomegaly,
diffuse atrophy of
white matter,
abnormal
myelination
Initial findings:
microcephaly,
myoclonus,
subdural
hematoma

cortical blindness Follow up:

Intermittent
nystagmus,
macular
pigmental
retinopathy
Retinitis
pigmentosa

Initial findings:
no retinal
dysfunction,
normal visual
pathways
Follow up:
nystagmus
Initial findings:
no retinal
dysfunction,
normal visual
pathways
Follow up:
nystagmus

developmental
delay
Microcephaly

Communicating
hydrocephalus

Major
leucodystrophic
changes

Follow up: slight
developmental
delay

Follow up: slight
developmental
delay

Other
manifestations

Death

Gastrointestinal +
bleeding,

liver

dysfunction

Gastrointestinal +
bleeding,

liver

dysfunction

Bloody diarrhea -

+

Bloody diarrhea +

Liver +
dysfunction

Figure 2. Dermographic parameters, perinatal history, initial presentation, extra-renal manifestations, type of MMACHC

mutation and outcome of patients with early-onset cyanocobalamin C defect and hemolytic uremic syndrome. BW: birth

weight, CNS: central nervous system, CS: consanguinity, WBC: white blood cells, MRI: magnetic resonance imaging, Resp

failure: respiratory failure.



Children 2021, 8,112

7 of 10

Ref Mutation Sex CS Term

BW Age

Initial

(gr) onset Presentation

Low Resp Heart
WBC Failure

Death

[26] c.271dupA M

[26] ¢.271dupA,M
C.666C> A

[27] n/a M

[28] c481C>T, F
cA457C>T

[19] c481C>T F

[19] c.271dup AM

[19] c.484G>T F

[14] c484G>T M

c271dupA M

Failure to -
thrive,
hypotonia,
lethargy,
vomiting

n/a Early 2330 21 days

Failure to +
thrive,
hypotonia,
lethargy,
vomiting

n/a Late 3490 15 days

NO Full 2860 25 days Failure to
thrive,
hypotonia,

lethargy

NO Late
preterm

n/a 5 weeks Failure to +
thrive,
lethargy,

hypotonia

YES Late
preterm

1760 5 months Seizure, +
pallor,
diarrhea

NO Early 2000 3 months Malaise, + +
diarrhea,
hypotonia,
periorbital
edema
n/a 5 months Diarrhea, +

fatigue

YES Full

NO Full n/a 6 months Pallor, +
lethargy,
vomiting,
respiratory
distress
2880 3 months Failure to - -
thrive,
hypotonia,
lethargy,
pallor

NO Full

Other
manifestations
Increased cardiac Initial findings: no Follow up: slight -
mass, cardiac retinal dysfunction, developmental
failure normal visual delay
pathways
Follow up:
nystagmus
Normal Initial findings: no  Follow up: slight -
retinal dysfunction, developmental
normal visual delay
pathways
Follow up:
nystagmus
Reduced left Initial findings: Initial findings: Desquamative -
ventricular macular pigmentary external diaper
function, retinopathy and hydrocephalus, dermatitis
congestive hypertensive immature
cardiac failure retinopathy cortical
Follow up: development,
intermittent visual Dandy Walker
attention, cortical ~ vermis variant
visual impairment, Follow up:
resolved developmental
retinopathy, normal delay
electroretinogram
Normal Initial findings: Initial findings: -
echocardiography bilateral post- microcepahly,
equatorial retinal ~ extensive
haemorhages intraventricular
blood and
subdural
haematoma
Follow up:
developmental
delay
Normal Initial findings: Initial findings: -
echocardiography optic nerve atrophy microcephaly,

Follow up:
horizontal
nystagmus and
strabismus, good
eye contact
Patent foramen
ovale and mild
increased left
ventricular
trabeculation
Hypertrophic
cardiomyopathy,
cardiac failure
Dilated
cardiomyopathy,
cardiac failure

Normal

Dilated
cardiomyopathy

Initial findings:
delayed response to
optic stimulations
Follow up:
improved eye
contact

brain atrophy
Follow up: slight
developmental
delay

Triventricular +
hydrocephaly

Normal -

Normal MRI -

Initial findings: -
large bilateral

subarachnoid

spaces, delayed

myelination

Follow up:

developmental

delay

Figure 3. Dermographic parameters, perinatal history, initial presentation, extra-renal manifestations, type of MMACHC

mutation and outcome of patients with early-onset cyanocobalamin C defect and hemolytic uremic syndrome. BW: birth

weight, CNS: central nervous system, CS: consanguinity, WBC: white blood cells, MRI: magnetic resonance imaging, Resp

failure: respiratory failure.
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Number of patients

19
14 14
M Initial anemia Initial thrombocytopenia Initial acute kidney injury
m Proteinuria Hematuria ® Renal Failure
m Oligura Dialysis m Favorable renal outcome
m Death

Figure 4. Renal manifestations at initial presentation and during the course of the disease of reported 19 patients with

early-onset cobalamin C defect and hemolytic uremic syndrome.

Long-term multidisciplinary management of cblC disorder is important, especially
in cases of early-onset of the disease, because of potential multisystem involvement and
variable response to hydroxycobalamin treatment [2]. Most commonly affected organs, as
highlighted in our review, involve the central nervous system, the heart and eye. Hypotonia,
lethargy, microcephaly and seizures were the most common neurological manifestations,
while central nervous system imaging findings included hydrocephalus, white matter
involvement ranging from myelination delay to leukodystrophy and brain atrophy. Most
frequently reported cardiac manifestations were dilated and hypertrophic cardiomyopathy,
which may subsequently lead to heart failure. Nystagmus, strabismus and impaired eye
contact were the main ocular clinical signs of the disease reported, while pigmented macular
changes, macular degeneration, retinal dysfunction, delayed and reduced scotopic and
photopic responses in visual evoked potentials, and, less frequently, optic nerve atrophy
were encountered in some patients. Other disease manifestations included leucopenia
(9 patients), gastrointestinal bleeding (5 patients), liver dysfunction (3 patients), dermatitis
(2 patients) and respiratory failure (9 patients) necessitating mechanical ventilation.

4. Conclusions

Combined methylmalonic acidemia and homocystinuria is a potentially severe con-
dition, which should be considered in cases of neonatal or infantile HUS. Renal damage
may be present despite initial normal kidney function. Early diagnosis and treatment with
parenteral hydroxycobalamin as well as a multidisciplinary approach are crucial for the
optimal outcome of this rare disorder.
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