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and homocystinuria, called cobalamin (cbl) C (cblC) deficiency. We report
26 patients with cblC deficiency with their phenotypes, genotypes, biochemical

parameters, and treatment outcomes, who were diagnosed and treated at our cen-
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1 | INTRODUCTION

Biallelic variants in MMACHC results in the combined
methylmalonic aciduria and homocystinuria, called
cobalamin (cbl) C (cblC) deficiency. cblC deficiency is
the most common disorder of intracellular cobalamin
metabolism."* Clinical presentation and age of onset of
cbIC deficiency is variable. Severe forms may present
with intrauterine growth restriction, microcephaly, neu-
rologic impairment, cytopenia, hemolytic uremic syn-
drome, metabolic crises, and dilated cardiomyopathy.**
In contrast, later onset forms may present with thrombo-
embolic events (eg, stroke), psychosis, and progressive
encephalopathy.”® Neurodevelopmental disorders®® and
ophthalmologic involvement (ie, maculopathy, retinopa-
thy)*'° are also common.

We performed a retrospective cohort study and
included all patients with cblC deficiency diagnosed and
followed at our institution. We report 26 patients with
respect to their phenotype, genotype, biochemical param-
eters, and treatment outcomes. Additionally, we compare
outcomes for patients identified after manifestation of
symptoms (SX group) to those patients identified asymp-
tomatically by either positive newborn screening (NBS)
or positive family history of an affected older sibling
(NB group) in our study.

2 | METHODS

This retrospective cohort study was approved by the
Research Ethics Board at The Hospital for Sick Children
(REB#1000053387). All patients with cblC deficiency
were included. Patients were divided into two groups to
compare treatment outcomes of patients treated symp-
tomatically and asymptomatically: group 1: SX group:
identified after manifestations of symptoms; and group 2:
NB group: identified during the asymptomatic period via
NBS or positive family history. Patients in both groups
were also divided into two groups to assess treatment out-
comes based on the age of onset and age at last assess-
ment: (a) SX group: the age at symptom onset <4 years
and >4 years of age. (b) NB group age at the last assess-
ment <4 years and >4 years of age.

Patient charts were reviewed for clinical features, bio-
chemical investigations, molecular genetic investigations,
neuroimaging, treatment modalities, and outcomes.

Statistical analysis was conducted using GraphPad
Software (San Diego, California) and R software (version
1.2.1335). Results are presented as mean + SD (range).
Unpaired two-tailed t-tests, Fisher's exact tests, Welch
two sample t-test (parametric test) and Kruskal-Wallis
rank sum test (non-parametric) were chosen to compare

JIMDreporrsx, sem ERVVA | ) ) M

outcomes between groups. A P-value of <.05 was consid-
ered to be statistically significant.

3 | RESULTS

There were 26 patients (14 males, 12 females) from
21 unrelated families (five families had two children with
cblC) diagnosed with cblC deficiency until April 2016
(time of the Research Ethics Board approval of this study)
at our institution. There were 11 patients in the SX group:
nine born prior to expanded NBS in 2006 and two were
born after NBS, but those two patients had false negative
NBS for propionylcarnitine (C3). There were 15 patients in
the NB group (13 identified by positive NBS for C3 and
two with false negative NBS for C3 with a family history
of an affected older sibling). Clinical, biochemical, geno-
type, and neuroimaging features and treatments and out-
comes are summarized in Table 1 (SX group) and Table 2
(NB group). NBS results and hematological results of SX
and NB group patients are listed in Table S1. Biochemical
investigations are summarized in Table 3. The clinical and
radiographic features of patients in the SX and NB groups
at the time of diagnosis (Figure 1A) and at the time of last
follow up (Figure 1B) are presented in Figure 1.

All patients had molecular genetic confirmation of
cblC deficiency. Sequencing of MMACHC identified
11 pathogenic or likely pathogenic variants (10 known and
one novel; nine truncating and two missense). Ten
patients had homozygous and 16 patients had compound
heterozygous variants. The most common variant was the
pathogenic ¢.394C > T (p.Argl32¥) variant, which was
identified in the homozygous state in 5 of 11 patients in
the SX group and in 2 of 15 patients in the NB group, and
in the heterozygous state in 3 of 15 patients in the NB
group. All of those patients had Indian or Pakistani ethnic
background. The second most common variant was also
pathogenic, c.271dupA (p.Arg91Lysfs*14) variant, which
was identified in the heterozygous state in 1 of 11 patient
in the SX group, in the homozygous state in 2 of 15 patients
in the NB group, and in the heterozygous state in 2 of
15 patients in the NB group. Parents were heterozygous
for the variants identified in their children. The ethnic
background of those patients was panethnic including
Afghani, Pakistani, Northern, and Southern European. All
variants are listed in Tables 1 and 2.

All  patients were treated with parenteral
hydroxycobalamin (average dose of 3 mg/d, range
1-7.5 mg/d) and folic acid (average dose of 5 mg/d, range
1-10 mg/d) (Table S1). All patients (except one symptom-
atic patient) were treated with betaine. In the SX group,
the average betaine dose was 194 mg/kg/d (range
90-352 mg/kg/d) and in the NB group the average betaine
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dose was 242 mg/kg/d (range 209-262 mg/kg/d). L-
Carnitine was supplemented in nine out of 11 of the SX
group patients and in 14 out of 15 of the NB group
patients at an average dose of 50 mg/kg/d (range
7.5-219 mg/kg/d). None of the patients had a protein-
restricted diet. There were no significant treatment differ-
ences between the SX and NB groups.

3.1 | Clinical features and treatment
outcomes of cblC patients in the SX
group (n =11)

The clinical and radiographic features at the time of diagnosis
(Figure 1A) and at the time of last follow up (Figure 1B) are
presented in Figure 1. The average age of symptom onset was
373 + 44 months SD (range 1-104 months). The diagnosis
was confirmed at an average age of 65+ 54 months SD
(range 1-154 months). The age of stroke was neonatal, 6 and
8 years in three patients, respectively. Hematologic abnormal-
ities included megaloblastic anemia (n = 5) and thrombocyto-
penia (n = 1). Renal involvement was demonstrated by
hemolytic uremic syndrome (n = 1) and thrombotic micro-
angiopathy (n = 1) at the time of diagnosis.

At the last assessment, the average age of patients in
the SX group was 12.5 + 4.3 years SD (range 3.5-18 years).
Two patients were transferred to an adult metabolic center
at 18 years of age. Five patients (out of six) became seizure
free, and one patient developed a new onset seizure. Hypo-
tonia improved in two patients. One patient developed
thrombotic microangiopathy confirmed via kidney biopsy.

Eight patients in the SX group had onset of symptoms
<4 years of age (five of those <1 year of age). The average
time between the symptom onset and the diagnosis was
2.6 years in this subgroup. Three patients had a homozy-
gous ¢.394C > T variant (onset 9 months, 1-2 years, and
3.7 years, respectively).

Three patients in the SX group had onset of symp-
toms >4 years of age. The average age of onset was
8.2 years and the average time between the symptom
onset and the diagnosis was 2.1 years. Two of these
patients had homozygous ¢.394C > T variants.

Ten out of 11 patients in the SX group were older
than 4 years of age at the time of last assessment.

3.2 | Clinical features and treatment
outcomes of cblC patients in the NB
group (n =15)

The clinical and radiographic features at the time of diag-
nosis (Figure 1A) and at the time of last follow up
(Figure 1B) are presented in Figure 1. At the time of last

[YpFe =l WILEY_|

follow up, the average age was 4.1 + 2.1 years SD (range
9 months —7.6 years).

Seven patients were <4 years at the last assessment.
Normal outcome was present in two patients and
maculopathy in one patient. Global developmental delay
(GDD) and cognitive dysfunction (n = 2) or speech delay
(n = 2) were present in four patients. Anemia was pre-
sent in one patient. Failure to thrive was present in one
patient. None of the patients had seizures.

Eight patients were >4 years of age at the last assess-
ment. Normal outcome was present in two patients and
maculopathy in one patient. GDD and cognitive dysfunc-
tion was present in six patients. Seizure was present in
one patient.

3.3 | Comparison of biochemical
features between the SX and NB groups at
diagnosis and on treatment at the last
assessment

We summarized biochemical investigations and com-
pared SX and NB groups at the time of initial diagnosis
prior to initiation of the treatment in Table 3.

At the time of the diagnosis, 5 out of 11 patients in
the SX group had normal plasma propionylcarnitine
(C3), whereas all patients in the NB group (n = 15) had
an elevated plasma C3 (range 1.9-22 pmol/L). Six out of
11 patients in the SX group had normal methionine,
whereas 11 of the NB group patients had low methio-
nine levels (Table 3). The plasma C3 and met-
hylmalonic acid (MMA) levels were significantly
higher in the NB group than the SX group. Other bio-
chemical studies were not significantly different
between the two groups.

All cblC deficiency patients had statistically signifi-
cant improvement in their biochemical markers, with the
exception of urine MMA levels on treatment (Table 3).
The plasma C3 levels were significantly higher in the NB
group compared to SX group on treatment, despite the
fact that there was no significant difference between the
total and free carnitine levels between the two groups.
Homocysteine levels were significantly higher in the SX
group.

3.4 | Comparison of genotype and
clinical and biochemical treatment
outcomes

None of the patients with the ¢.394C > T (p.Argl32¥) var-
iant had developed maculopathy or retinopathy at the
time of their last assessment.
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FIGURE 1
features of patients with cblC

Clinical

deficiency at the time of
diagnosis, A, and at the time of

last assessment, B, are depicted.

SX group, patients identified
after manifestations of
symptoms; NB group, patients
identified in neonatal period or
due to positive family history

[ SX group (n=11) ] [
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Patients with cblC deficiency (n=26) ]

® E

(A) (

NB group (n=15) ]

[ Initial assessment ]

Clinical features:
Small for gestational age (n=2)

v

Initial brain MRI findings (n=9
Cerebral atrophy (n=8)
Thin corpus callosum (n=3)
Abnormal white matter (n=2)
Ischemic stroke (n=3)

Cysts (n=1)

Clinical features
GDD (n=11)
Regression (n=8)
FTT (n=2)
Hypotonia (n=2)
Seizures (n=6)
Stroke (n=3)
Dyskinesia (n=1)
Anemla/hematologlvunvolvement (n=6)

Initial brain MRI findings (n=2):
Subdural and right cerebral hemorrhage (n=2)

B) [ Last assessment ]
Clinical features:
ID (n=8)
LD (n=1)
Seizures (n=1)
Visual involvement (n=5)
Anemia (n=3)
Anemia (n=4) Domalliesd)

4

v

Brain MRI brain at last assessment (n=10)
Cerebral atrophy (n=10)
Ventriculomegaly (n=1)

Thin corpus callosum (n=5)
Abnormal white matter (n=2)
Hemorrhage (n=1)

(
Clinical features
ID (n=11)
Seizures (n=2; one new onset)
Paralysis due to stroke (n=2)
Ataxia (n=1)
Visual involvement (n=4)
SNHL (n=1)

Brain MRI at last assessment (n=9)
Normal (n=4)
Cerebral atrophy (n=2)
Ventriculomegaly (n=1)

Thin corpus callosum (n=1)
Left temporal lobe cyst (n=1)
Ischemic lesion (n=1)
Hemosiderin deposits (n=1)

In patients with a homozygous or compound hetero-
zygous ¢.394C > T (p.Argl32¥) variant (n = 10), the aver-
age homocysteine level was 12.49 + 15 SD (range 15-60),
whereas in patients with other genotypes (n = 16), the
average homocysteine level was 42.94 + 18.4 SD (range
22-88) at the last assessment. There was no statistically
significant difference (Welch two sample t-test [paramet-
ric test] P-value = .2032 and Kruskal-Wallis rank sum
test [non-parametric] P-value = .4114) between patients
with a homozygous or compound heterozygous
€.394C > T (p.Argl32*) variant, and patients with other
genotypes in homocysteine levels on treatment.

In patients with a homozygous or compound hetero-
zygous ¢.394C > T (p.Argl32*) variant, average plasma
MMA level was 4.49 + 3.48 SD (range 1.9-13), whereas in
patients with other genotypes, the average plasma MMA
level was 7.57 + 5.87SD (range 1.6-22) at the last assess-
ment. There was no statistically significant difference
(Welch two sample t-test [parametric test] P-value = .1067
and Kruskal-Wallis rank sum test [non-parametric| P-
value = .1534) between patients with a homozygous or
compound heterozygous ¢.394C > T (p.Argl32*) variant,
and patients with other genotypes in homocysteine levels
on treatment.
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We also looked at the genotype, homocysteine level and
hydroxycobalamin dose. In patients with a homozygous
€.394C > T (p.Argl32*) variant, the hydroxycobalamin dose
range was 0.0178 to 0.133 mg/kg/d and the homocysteine
level range was 27 to 60. Interestingly, the highest homocys-
teine was found in the patient with the lowest
hydroxycobalamin dose. Two patients with a homozygous
¢.271dupA (p.Arg91Lysfs*14) variant had a similar dose and
homocysteine levels. In all other patients with different
genotypes, the hydroxycobalamin dose range was 0.011 to
0.375 mg/kg/d and the homocysteine level range was 15 to
88. The lowest homocysteine (15) was reported in the
patient with 0.29 mg/kg/d hydroxycobalamin dose. Due to
the different doses and genotypes, we were not able to apply
any statistical methods.

3.5 | Comparison of outcomes in the SX
and NB groups

Interestingly, GDD, cognitive dysfunction, seizure his-
tory, stroke history seemed to be more common in the SX
group then the NB group. Also cerebral atrophy and thin
corpus callosum in brain MRI seemed to be more com-
mon in the SX group then the NB group. Outcomes
seemed better in the NB group of cblC deficiency
patients, compared to the SX group of cblC deficiency
patients, both at the time of diagnosis and at the time of
last assessment.

4 | DISCUSSION
We present outcomes of 26 patients with disorders of
intracellular cobalamin metabolism as a retrospective
cohort study including small number of patients. Early
treatment seems to improve clinical outcomes. In the NB
group, there seems to be no significant disease progres-
sion during follow up. Initiation of the treatment in the
neonatal period seems to result in better neu-
rodevelopmental outcomes and less cerebral atrophy in
brain MRI in the NB group compared to the SX group.
Anemia and retinopathy were not preventable with the
early treatment in SX and NB groups. When comparing
siblings, identified by symptoms and positive family his-
tory, the latter had normal outcomes with early treat-
ment (ages 9 months and 4.5 years). We did not find
statistically significant differences between genotype and
homocysteine and MMA levels as a response to treat-
ment. Our limited data support a beneficial effect of early
treatment to achieve favorable outcomes.

The two most common pathogenic variants were
€.394C > T (p.Argl32*) and c.271dupA (p.Arg91Lysfs*14)

in MMACHC (see Table S1). The pathogenic ¢.394C > T
(p-Argl32*) variant is reported frequently in Indian and
Middle Eastern populations and is associated with a later
disease onset.'"'* Approximately 25% of patients with
this variant present between 4 and 10 years old and about
50% of patients present between 10 and 20 years old.'"*
Interestingly, three of the SX patients with homozygous
€.394C > T (p.Argl32*) variant had early age of onset in
our study cohort in contrast to previous reports. NBS was
reported to be negative in patients with this variant previ-
ously.">'* The two NB patients (phenotypically normal at
their last follow up at 9 months and 4.4 years of age) with
a homozygous ¢.394C > T variant were identified via pos-
itive family history but had a negative NBS. In our study,
the phenotype associated with a homozygous ¢.394C > T
ranged from asymptomatic to symptomatic. The patho-
genic c.271dupA (p.Arg91Lysfs*14) variant is the most
frequent variant in Caucasians, and is associated with an
early disease onset (<1 year).? Outcomes of Chinese
patients with homozygous ¢.609G > A MMACHC variant
reported recently in several studies.'>'” In the largest
study, neurodevelopmental outcomes were normal in
10 patients identified by NBS and treated from the age of
15 days."® The ¢.609G > A MMACHC variant was identi-
fied in five patients (either homozygous or compound
heterozygous, one patient from the SX group and four
patients from the NB group) in our study. Only five
patients in the NB group had normal neu-
rodevelopmental outcome in our study. Although our
patient numbers are small, there seems to be no apparent
phenotype and genotype correlation in our study com-
pared to the patients reported in the literature with differ-
ent MMACHC variants.

Several recent studies reported neurodevelopmental
outcomes in children identified with cblC deficiency on
NBS.>®!® Weisfeld-Adams described 13 patients with early
onset disease (oldest 7 years of age), who had GDD/ID
(n = 11), hypotonia (n = 11), nystagmus (n = 8), and thin
corpus callosum and white matter abnormalities in brain
MRI (n = 9)° Hypotonia and nystagmus were more com-
mon in that study compared to our study cohort. Interest-
ingly, 11 of those patients had a protein restricted diet;
whereas none of our patients had a protein restricted diet.
It is unclear if a protein restricted diet alters the disease
progression in cblC deficiency. Ahrens-Nicklas described
12 patients who had feeding difficulties (83%) and anemia
(17%) at the time of NBS retrieval.” At the time of their last
visit (mean age 6.6 + 5.4 years SD, range 7 months to
16 years), 87% of those patients had GDD/ID and 75% had
retinopathy. Peak homocysteine level was in the neonatal
period in the majority of those patients, and study investi-
gators reported this as the strongest predictor of neu-
rodevelopmental outcomes. Homocysteine levels were
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highest at the time of the diagnosis in our study cohort.
Patients with peak homocysteine levels <200 pmol/L seem
to have more severe phenotype compared to patients with
homocysteine levels 300 to >400 pmol/L based on our
observation. In a recent study, 18 patients with cbIC defi-
ciency underwent neurodevelopmental assessments. The
study showed progressive deterioration of the neuro-
development, identified after 24 months of age.® It seems
that our patient outcomes may be more favorable com-
pared to previous studies.

Interestingly, we had two patients with cblC defi-
ciency in the SX group who had normal NBS for C3 and
identified symptomatically by metabolic investigations.
Their siblings were diagnosed in the neonatal period due
to their positive family history of cblC deficiency. Their
NBS for C3 was also negative. Thirteen patients were
identified by positive NBS for C3 in the NB group.
Despite cblC deficiency is not a primary target NBS dis-
ease in our Provincial Newborn Screening Program, posi-
tive NBS for C3 allowed us to diagnose and treat patients
with cblC deficiency in the neonatal period to improve
neurodevelopmental outcomes. It seems that C3 is not
able to identify all patients with cblC deficiency via NBS.
In addition to C3, homocysteine should be added into
NBS, to identify all patients with cbIC deficiency in the
neonatal period.

Our study has several limitations: (a) This is a retro-
spective chart review study and patients were followed
over a period of 18 years by different metabolic physi-
cians who may have slightly different practice styles;
(b) There was no prospective and objective neuropsycho-
logical evaluation to assess neurodevelopmental and
neurocognitive outcomes and to compare treatment out-
comes between the SX group and NB group of cblC
patients; (c) Some of the patients in the NB group had no
clinical features during the last assessment; however,
their average age was 2.8 years (range 9 months to
4.8 years). It may be still too early to see neu-
rodevelopmental delays in those patients; (d) There were
several additional patients diagnosed after our study
period ended in April 2016; however, they were not
included into the study as our Research Ethics Board
only approved this retrospective study up to April 2016.
(e) Our data include different treatment regimen, differ-
ent doses of hydroxycobalamin and different times for
the initiation of treatment and does not allow us to com-
pare the groups, genotypes and different doses of
hydroxycobalamin. Despite these limitations, the number
of patients from a single metabolic center and their out-
comes are valuable and add additional knowledge regard-
ing cblC deficiency.

In summary, we present 26 patients with cblC defi-
ciency and their treatment outcomes in details in our

JIMDrerorrsx, sem ERVVA | ) )V M

study. Due to small number of patients with different
genotypes and different hydroxycobalamine dose, it is dif-
ficult to compare outcomes of patients identified symp-
tomatically or by NBS. There might be favorable
outcomes in patients identified and treated in the neona-
tal period, however large number of patients with appli-
cation of objective outcome measures would be helpful to
show, if identification of patients by NBS would improve
neurodevelopmental outcomes.
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Additional supporting information may be found online
in the Supporting Information section at the end of this
article.
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group of patients with cblC deficiency.
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