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Abstract

Vitamin B;, (cobalamin) is essential for two mammalian enzymes:
methylmalonylCoA mutase and methionine synthase. To date, there are
nine described inborn errors of cobalamin metabolism which result in
methylmalonic aciduria and homocystinuria, either alone or in
combination. The most common, cblC, is caused by mutations in the
MMACHC gene and results in the combined metabolic phenotype. Our
laboratory has accumulated 339 cbIC patient fibroblast samples; of these,
50 had one or no pathogenic identified mutations in MMACHC. DNA from
these patients was subjected to Sanger sequencing of MMACHC. Four
novel mutations, c.566G>A, ¢.158T>C, ¢.292C>T and
c.551 554dupCTAC were found, along with an uncharacterized deletion
of exon 2 and a presumed regulatory mutation causing allelic dropout of
one allele. After this analysis, there still remained 13 samples with no
mutations identified. Sanger sequencing identified the common mutation
in LMBRDL1 in one patient, thus classifying it as cblF. Eleven had
mutations in the transcriptional co-regulator HCFC1 and one had a
homozygous missense mutation in its binding partner THAP11. These
patients were studied further as mutations in HCFC1 (cblX) and THAP11
resulted in a cblC phenocopy. Clinically they had a very severe
neurological phenotype and milder biochemical findings than classical
cblIC patients. Whole transcriptome profiling using RNA sequencing was

performed to compare cblX and the THAP11 mutant fibroblasts against



control samples. Down-regulation of several same genes was noted in
both cbIX and THAP11 cells, including MMACHC and TMOD2. TMOD2
has been implicated in neuronal maintenance and differentiation. In
conclusion, this thesis describes two novel genes causing inborn errors of

cobalamin metabolism and four novel mutations in MMACHC.



Résumé
La vitamine B1,, également appelée cobalamine, est essentielle au

fonctionnement de deux enzymes chez les mammiféres: la
methylmalonylCoA mutase et la méthionine synthase. A ce jour, neuf
erreurs innées du métabolisme de la cobalamine ont été décrites
entrainant soit une acidurie méthylmalonique soit une homocystinurie, soit
les deux combinées. L’erreur innée la plus commune du métabolisme de
la cobalamine, cbIC, est causée par des mutations du gene MMACHC et
aboutit a la manifestation d’un phénotype métabolique combiné. Notre
laboratoire a accumulé 339 échantillons de fibroblastes issus de patients
souffrant d’'un déficit de cblC; parmi eux, 50 possédaient soit une seule
des mutations pathogéniques identifiees du géne MMACHC soit aucune.
L'ADN de ces patients a été soumis au séquencage du gene MMACHC
par la méthode de Sanger. De nouvelles mutations ont été trouvées dont
guatre aboutissent a une ¢.566G>A, ¢.158T>C, ¢.292C>T ou a une
c.551_554dupCTAC ainsi qu’'une nouvelle délétion non caractérisée au
niveau de I'exon 2, et une mutation présumée avoir une fonction
régulatrice et qui provoque une perte allélique. Finalement, 13
échantillons ne présentent pas mutations de MMACHC. Parmi eux, un
appartenait a un patient ayant un déficit en cobalamine de type F (cblF) et
une mutation commune dans le gene LMBRDL1 tel que révélé par le
séquencage; onze avaient des mutations dans le co-régulateur
transcriptionnel HCFC1; et un autre présentait une mutation faux-sens
du gene THAP11, partenaire de liaison de HCFCL. Les patients avec des
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mutations des genes HCFC1 (cblX) et THAP11 sont des phénocopies
cblC, causé par déréglement de la transcription de ces deux géenes.
L'objectif suivant était d’étudier des patients présentant un défaut
de transcription causé par la mutation des génes HCFC1 et THAP11. Sur
le plan clinique, ces patients souffraient d’'un phénotype neurologique trés
sévére mais des résultats modérés aux tests biochimiques. Une étude
transcriptomique par séquencage d'ARN a été effectuée afin de comparer
des échantillons de fibroblastes avec mutations des genes HCFC1 (cbiX)
ou THAP11 a ceux provenant des contrdles. L’analyse a montré que dans
les cellules cblX et THAP11, I'expression d’'un méme groupe de génes
était diminuée incluant MMACHC et TMOD2, un gene impliqué dans le
maintien et la différenciation neuronale. En conclusion, cette these montre
pour la premiére fois que les mutations des génes HCFC1 et THAP11
cause une maladie héréditaire du métabolisme de la cobalamine ainsi que

guatre nouvelles mutations dans MMACHC.
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CHAPTER 1
Introduction

1.1 Vitamin By,
1.1.1 Structure

Vitamin Bj, (cobalamin, Cbl) is an organometallic compound that is
required for human metabolism but is only synthesized by bacteria and
archaea®. The structure of Cbl was solved in 1955 by Dorothy Hodgkin
(Figure 1)2. It consists of a central cobalt atom that can have up to six
ligands bound to it: four are nitrogen atoms that are part of the planar
corrin ring; the a-axial ligand is a nitrogen from 5,6-dimethylbenzimidazole
(DMB) phosphoribosyl that is covalently bonded to the corrin ring; and the
B-axial ligand (R-group) varies. In the base-on conformation the DMB
group is bound to the central cobalt atom?®. In the base-off conformation
the DMB is displaced from the central cobalt atom®. Cbl has three
oxidation states: fully oxidized Co™™" (cob(lIl)alamin), Co™ (cob(I)alamin)
and the fully reduced Co* (cob(l)alamin)*. The pharmaceutical form of Cbl,
which does not occur in nature, is cyanocobalamin (CNCbl), which has a
cyanide group as the R-group. The natural derivatives include
hydroxocobalamin (OHCDbl), methylcobalamin (MeCbl), 5’-

deoxyadenosylcobalamin (AdoCbl) and glutathionylcobalamin®.
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Figure 1: The Molecular Structure of Cobalamin

The central cobalt atom is bound to the planar corrin ring, the 5,6-
dimethylbenzamidazole base in the lower axial position and the R group in
the upper axial position. This structure is in the base-on conformation.
Figure taken from Watkins and Rosenblatt, 2011".

1.1.2 Dietary Requirement of Cbl
Cbl is only synthesized by bacteria and archaea and must be obtained
through the diet from animal products, as plants do not use or store Chbl.
The recommended daily intake of Cbl for adults is 2.4pg per day®. Cbl is
necessary for human metabolism. Its derivatives are required by two
cellular enzymes: AdoCbl is necessary for the function of methylmalonyl

CoA mutase (MCM) and MeCbl is required by methionine synthase (MS).
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MCM converts methylmalonyl CoA, a product of the breakdown of
branched-chain amino acids, odd chained fatty acids and cholesterol, into
succinyl CoA, which can subsequently be used in the Krebs cycle. MS
converts the amino acid homocysteine into methionine by methylation®.
The Cbl metabolic pathway overlaps with that of folate. The enzyme MS
simultaneously catalyzes the reaction converting methyltetrahydrofolate
(MeTHF) to tetrahydrofolate (THF)®.

Cbl deficiency is caused by multiple factors. Since this vitamin is found
uniquely in animal products, a strict vegan diet without supplementation
can result in a deficiency’. Defects in absorption that ultimately result in a
Cbl deficiency such as pernicious anemia, decreased gastric acidity and
gastric bypass surgery will be discussed in section 1.2.1.

The clinical findings of Cbl deficiency are quite severe. Cbl deficiency
often results in a functional folate deficiency. Since the function of MS is
blocked, the cofactor MeTHF cannot be metabolized. The reaction
creating MeTHF through the enzyme MTHFR is irreversible under
physiologic conditions, which results in the accumulation of this
unavailable form of folate. This results in a “folate trap” and an absence of
the folate forms that are necessary for DNA synthesis®. This process is
very important in hematopoiesis, meaning a deficiency in Cbl often causes
megaloblastic anemia. In this condition, red blood cells are macrocytic due
to impaired production. The inhibition of DNA synthesis during the

differentiation of the hematopoetic stem cells results in cell growth without

16



division, therefore large macrocytic cells are released rather than small,
differentiated red blood cells’.

In adults, the hematological findings are often accompanied by
neurological abnormalities such as spinal cord or cerebral demyelination’,
which results in psychosis or memory loss®. These symptoms can be
reversible upon supplementation with Cbl. If a mother has asymptomatic
Cbl deficiency and is exclusively breast feeding, her infant can present
with findings such as irritability, feeding difficulties, anemia and
developmental delay. If diagnosis is too late, the developmental delay may

be permanent’.

1.2 Cobalamin Absorption
Cbl is absorbed in the intestine, transported in the blood, and

metabolized in the cell. The absorption process can be seen in Figure 2.
Most dietary Cbl is bound to protein. The protein-bound Cbl is ingested,
and the acidity and proteolytic enzymes of the stomach cause the release
of Cbl. It then binds haptocorrin, a glycoprotein present in saliva and
gastric fluids'®. Haptocorrin is digested in the duodenum by pancreatic
proteases and Cbl subsequently binds intrinsic factor (IF), a glycoprotein
secreted by the parietal cells of the stomach. This IF-Cbl complex can
bind the cubam receptor in the distal ileum. The cubam receptor is made
of two proteins, cubilin and amnionless. The IF-Cbl complex is internalized
by receptor mediated endocytosis at the apical surface of enterocytes™.

Cbl exits enterocytes and subsequently enters the blood stream, where it
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Figure 2: Dietary Cobalamin Absorption

Cbl from food enters bound to protein, which it dissociates from in the
stomach and binds to haptocorrin (HC). Haptocorrin is digested by
pancreatic proteases, the Cbl is released and binds intrinsic factor (IF).
This complex binds the cubam receptor in the distal ileum and is released
into the circulation where it remains bound to both HC and transcobalamin
(TC). Figure modified from Stabler et al.’
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circulates bound to transcobalamin (TC)*2. TC-Cbl can bind the
transcobalamin receptor (TCbIR) on the cell and is engulfed by receptor-

mediated endocytosis.

1.2.1 Non-Heritable Defects of Cobalamin Absorption

There are several defects of Cbl absorption that are non-heritable.
These disruptions in absorption normally occur in the gastrointestinal tract.
For example, disruption of the binding of Cbl to intrinsic factor can cause
Cbl deficiency with a normal dietary intake. This can be caused by the
auto-immune condition pernicious anemia. In this disease, antibodies are
present against the gastric parietal cells or intrinsic factor causing their
destruction®. Another cause of Cbl malabsorption due to its inability to
bind IF, is quite common in the elderly. These patients do not have anti-IF
antibodies, which rules out pernicious anemia as a cause. This
malabsorption may be caused by atrophic gastritis, which results in
decreased gastric acidity’. In normal individuals, the acidic environment of
the stomach is necessary for the dissociation of Cbl from protein
complexes found in food. The Cbl then normally binds IF for absorption. In
patients with a less acidic gastric environment, there is inefficient
absorption of Cbl in the ileum due to the decreased binding of Cbl to IF.
Thirdly, Cbl malabsorption can be caused by gastrointestinal surgeries
such as total gastrectomy, ileal resection or gastric bypasses. These
surgeries can result in a loss of the parietal cells and/or loss of ileal cells

that are responsible for uptake of the IF-Cbl complex. Some patients that
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undergo these surgeries are prescribed proton-pump inhibitors, that result
in a lower gastric acidity resulting in even more efficient absorption of
Chl*®.

1.2.2 Heritable Defects of Cobalamin Absorption, Transport

and Cellular Uptake

There are several heritable defects that perturb either Cbl
absorption, transport or cellular uptake. All the disorders characterized to
date are very rare and exhibit an autosomal recessive mode of
inheritance. These patients, with the exception of certain TCbIR deficient
patients, do not have a cellular biochemical phenotype when measuring
the function of both Cbl-dependent enzymes. They do tend to have
excretion of both metabolites, methylmalonic acid (MMA) and
homocysteine. All the known conditions are described in more detail

below.

1.2.2.1 Imerslund-Grasbeck syndrome
Imerslund-Grasbeck syndrome (OMIM #261100) results in Chl

malabsorption in the ileum. It is a pediatric disorder and patients generally
present with megaloblastic anemia, neurological findings of variable
severity, and often proteinuria. The protein excretion is uniqgue among
inborn errors of cobalamin and distinguishes this disorder from nutritional
deficiencies or an absence of intrinsic factor. The patients’ symptoms are
reversible upon treatment with intramuscular (IM) Cbl injections, except for

the proteinuria®®. To date, patients have been described with mutations in
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each of the two genes that make up the cubam receptor, CUBN*® and

AMN?®,

1.2.2.2 Hereditary Intrinsic Factor Deficiency
Hereditary IF deficiency (OMIM #261000) is caused by mutations in

the GIF gene’’. The disease presentation is different from patients with
pernicious anemia as they have no antibodies to IF and their gastric

mucosa is normal*®

. Clinically, patients typically present in childhood with
megaloblastic anemia, however no proteinuria is present. This disorder is
also treated with parenteral Cbl supplementation, bypassing the

absorption in the ileum. Prompt treatment usually results in a reversal of

any clinical symptoms of Cbl deficiency the patient may have®’.

1.2.2.3 Transcobalamin Deficiency
Transcobalamin (TC) deficiency (OMIM #275350) is caused by

mutations in the TCN2 gene®®. Patients have elevations of both MMA and
homocysteine, with normal serum Cbl levels due to circulating Cbl being
predominantly bound to haptocorrin and not TC. Clinically, TC deficiency
manifests in infancy with failure to thrive, defective humoral and cellular
immunity, pancytopenia and megaloblastic anemia®®. The hematological
findings may result in misdiagnosing these patients with leukemia® or
Chl/folate deficiency®. The diagnosis can be confirmed by measuring the
synthesis of TC in the patient’s cultured fibroblasts®. If treatment with

weekly IM Cbl injections is initiated early enough, the patient’s symptoms
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are reversible. However, to avoid the symptoms reappearing, lifelong

compliance is required®.

1.2.2.4 Haptocorrin Deficiency
Haptocorrin deficiency is caused by mutations in the TCN1 gene®.

Mutations in TCN1 cause low serum Cbl levels, but the cellular
metabolism is not compromised since Chl must be bound to TC to be
endocytosed by the cells. The function of haptocorrin is still unclear®.
Haptocorrin deficiency is often asymptomatic and as such, is probably
under-reported. However there are several cases of adults with mutations
in haptocorrin that present with low serum Cbl, but no manifestations of
deficiency including having reference levels of methylmalonic aciduria
(MMAuria)?®28, This disorder, its effects and pathogenicity are still

unclear®.

1.2.2.5 Transcobalamin Receptor Deficiency
The Transcobalamin Receptor, encoded by the CD320 gene®

allows TC-bound cobalamin to enter the cell by receptor-mediated
endocytosis. To date, only two mutations have been reported causing
TCbIR deficiency (OMIM#613646); c.262_264delGAG (E88del)* and
c.297delA%. All patients have been picked up on newborn screen and are
asymptomatic. The only detectable phenotype is their biochemical findings
of isolated MMAuria or combined MMAuria and homocystinuria. All
patients with TCbIR deficiency have low cellular uptake of Cbl, measured

by the uptake of [>’Co]CNCbl. However the activity of MCM ranges from
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low to normal. There has been one patient reported with clinical findings in
addition to the biochemical phenotype. He presented with blindness and
central retinal artery occlusion, though whether this is an effect of the
TCbIR deficiency is unclear®. A study of an Irish cohort found the
p.E88del homozygous in one control and heterozygous in 35 out of a total
of 951 individuals giving a minor allele frequency of 0.02%. It is still unclear

whether or not TCbIR deficiency is a disease.

1.3 Intracellular Cobalamin Metabolism
In the cell, Cbl must be converted into its two cofactors, AdoCbl and

MeCbl. The cellular metabolism of Cbl is summarized in Figure 3. The TC-
Cbl complex is endocytosed, it enters the lysosomes where Cbl is
released. Cbl then travels across the lysosomal membrane into the
cytoplasm. This process is not yet well understood, but it is known to
require two lysosomal membrane proteins: LMBD1 and ABCD4**%® . In the
cytoplasm, Cbl binds to MMACHC and is then dealkylated or
decyanated®*®. This process causes the reduction of cob(lIl)alamin to
cob(Il)alamin. Next, MMADHC is thought to function as a branchpoint®,
sending the Cbl to the mitochondria via a putative mitochondrial
transporter or keeping it in the cytoplasm. In the cytoplasm, the
cob(Il)alamin is then methylated with a methyl group from MeTHF forming
MeCbl by MS and methionine synthase reductase (MSR). MS then
transfers this methyl group to homocysteine, forming methionine. In the

mitochondria, cobalamin adenosyltransferase (ATR) along with an

23



unknown cobalamin reductase converts cob(ll)alamin to cob(l)alamin. An
adenosyl group from adenosine triphosphate (ATP) is added and AdoCbl
is formed. ATR interacts with MCM, transferring AdoCbl to MCM which
catalyzes the conversion of methylmalonylCoA into succinylCoA for use in
the Krebs cycle*®. Another protein, MMAA, is necessary for the

association of AdoCbl with MCM and to protect the MCM-bound AdoChbl*.
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Figure 3: Intracellular Cobalamin Metabolism

Cobalamin is endocytosed into the lysosome, and then exported into the
cytoplasm where it is converted into methylcobalamin and used for
methionine synthase, or transported into the mitochondria where it is
converted into adenosylcobalamin and used for methylmalonylCoA
mutase. The proteins are labelled with their corresponding
complementation groups underneath.

1.3.1 Inborn Errors of Cellular Cobalamin Metabolism

To date, nine complementation groups have been described in Cbl
metabolism, along with their causal genes*'. The resulting disorders are
extremely rare and exhibit an autosomal recessive mode of inheritance®.
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These disorders typically present in infancy. They are often ascertained
through newborn screening, as they result in the presence of measurable
metabolites in the blood and urine. This most commonly occurs with a
detection of elevated C3 acylcarnitine by tandem mass spectrometry*.
However, some centers, such as the Quebec newborn screening program
directly measures MMA in urine samples using thin layer
chromatography®®. Newborn screening programs allow the detection of
asymptomatic patients, resulting in earlier treatment and prevention of the

onset of any clinical symptoms in some patients**.

1.3.1.1 Cellular Diagnosis
Somatic cell studies are used to evaluate enzyme function of MCM

and MS, determining if one or both of these enzymes are affected by the
defect. The function of these enzymes can be indirectly measured using
radioactive precursor molecules and measuring the level of incorporation
of the label into cellular macromolecules. [**C]propionate is used to assay
MCM* and [**C]MeTHF to assay MS*. These incorporations are also
measured in the presence of added OHCDbI which helps narrow down
which gene is defective. The distribution of Cbl can also be examined by
incubating cells in TC-bound [°"Co]-CNCbl. Using high performance liquid
chromatography (HPLC) the synthesis of AdoCbl, MeCbl and OHCDbI can
be measured*®. Low levels of AdoCbl or MeCbl point to a defect in the
production of the cofactor. If the level of Cbl taken up by the cell is low this

could mean a defect in uptake or retaining the Cbl in the patient’s cells*.
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The expected results of these tests will be briefly discussed for each
complementation group. If either propionate or MeTHF incorporation is
lower than the reference range, somatic cell complementation is
performed to determine which complementation group the patient belongs

to. This assay will be fully explained below.

1.3.1.2 Somatic Cell Complementation Analysis
At the McGill vitamin B;, laboratory, we have a panel of cells

belonging to all nine known complementation groups. To be able to
perform the somatic cell complementation analysis, the [**C]propionate or
[**C]MeTHF incorporations in the patient’s fibroblasts must be low. These
cell lines can then be fused with the unknown line with polyethylene glycol
(PEG) forming multinucleated heterokaryon cells. As a control, the two cell
lines are mixed together in the absence of PEG to give a baseline value®.
If after fusion there is an increase of propionate incorporation,
complementation is said to have occurred. This means that the two fused
cell lines have a different defective gene in the pathway since in
combination, a functional copy of both genes is produced. A depiction of

this assay can be seen in Figure 4.
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Figure 4. Somatic Cell Complementation Analysis

A) The unknown cell line with the biochemical phenotype is fused with a
cell line of a known complementation group. There are two possible
outcomes, depicted in B) and C). In B) there is a rescue in phenotype as
the defect in both fused cell lines is in different genes. As such, both
functional protein products are produced and the cell lines belong to
different complementation groups. In C) there is no rescue in phenotype
as the defect is in the same gene. No functional protein product is
produced and the cell lines belong to the same complementation group.
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The complementation test is not perfect. It can fail due to intragenic
complementation, when two mutants with mutations in the same gene
complement one another. This can happen if the mutations are in two
different functional domains that act as separate functional elements and
can rescue one another. For example, if two mutations are in different
domains of a homomultimeric protein and can assemble to form an
enzyme with partially corrected activity*’.

Second-site non-complementation occurs when mutations at two
loci can interact and produce a mutant phenotype in double
heterozygotes, even though they have mutations in separate genes. This
can occur if the mutant proteins interact to produce non-functional
complex that interferes with the wild-type form, if the mutant form of one
protein sequesters the wild type form of the other in question resulting in a
depletion, or if the simultaneous reduction of both protein product levels
results in an insufficiency leading to a phenotype®’.

There have been previous examples from our laboratory of the
complementation test giving misleading results. Initially, variant 2 of the
cblD complementation group was thought to be a distinct subtype, cblH,
as it did not complement with cblA, cbIB or mut fibroblast lines and did not
complement a panel of 28 cblA lines**8. However, had the cells been
fused with classic cblID lines, a lack of complementation would have been
observed. This was a problem with the experimental interpretation rather

than the complementation assay itself. There is also interallelic
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complementation in cblA and mut patients, as not all patients within these
classes are capable of complementing one another®*°. If a patient’s
fibroblast line’s [**C]propionate incorporation or [**C]MeTHF
incorporations are too elevated to perform complementation analysis then
this can also give misleading results. We recently described a patient who
could not be diagnosed by this method; however gene sequencing
revealed two mutations in the MMAB gene, meaning this patient did in fact
belong to the cblB complementation group. This patient likely has a mild
biochemical phenotype and thus cannot be diagnosed by this method*°.
The complementation test is useful but has its drawbacks.
Transformation rescues are considered to be the gold standard for
assigning mutants or patients into groups*’. They consist of inserting the
wild type copy of the gene of interest into the mutants and looking for a
rescue in phenotype. If the inserted gene and the mutated gene have very
similar functions, and can replace one another, this insertion may correct
the phenotype even though they are different genes. Also, if the gene
product is very dependent on dosage, insertion of an endogenous product
can have negative effects in its own. It is important to define the genetic
mutations responsible in conjunction with the complementation test to

avoid being misled.

1.3.1.3 Methylmalonic Aciduria
Decreased [“*C]propionate incorporation can be due to the absence

of AdoCbl, or a block in MCM itself'. There are three complementation
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groups in this category: cblA (OMIM #251100), cblB (OMIM #251110) and
mut (OMIM #251000). They are caused by mutations in the MMAA
(MMAA protein)>!, MMAB (ATR)*? and MUT (MCM)>® genes respectively.
Patients from these complementation groups are characterized by
MMAuria, and low levels of AdoCbl, though certain mut patients can have
normal AdoChbl.

cblA patients often present in infancy with symptoms such as
lethargy, failure to thrive, respiratory distress and vomiting™*. They tend to
have Cbl-responsive MMAuria, resulting in higher survival rates and better
clinical outcomes than the other MMA complementation groups®>.
Regardless of response to therapy, late onset renal and neurological
symptoms have been reported®®. cbIB patients show similar presentation
as chlA, however only about half of patients are responsive to Cbl therapy
which results in more severe clinical outcomes and decreased survival®®.

Patients with defects in the Cbl-dependent enzyme MCM can be
classified into two subtypes; patients with residual enzyme function are
mut ~ and those with no enzyme function are mut®*’. Phenotypic variability
is high, though mut® tend to be much more severely affected and present
within the first week of life>*. Patients may present with a severe

phenotype of acidosis, multiorgan failure and death®®

, with milder episodes
of acidosis™® or no clinical symptoms®°. Chronic kidney disease is often
seen® along with neurocognitive impairment which tends to be more

severe in earlier onset patients®. Mut patients do not respond to therapy>*
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due to the defect being in the enzyme itself and not in the synthesis of the
AdoCbl cofactor.

There are other causes of MMAuria outside of the metabolism of
Cbl. There have been patients with mutations in MCEE, the gene
encoding the enzyme methylmalonylCoA epimerase, which converts D-
methylmalonic acid into the L- isoform useable by MCM (OMIM
#251120)°*% Patients exhibit mild MMAuria and a mildly reduced
[**C]propionate incorporation, though the clinical phenotype is variable.
Some patients are asymptomatic while others have presented with
hypotonia, ataxia, metabolic acidosis and/or seizures®®®, This variability
in phenotype is even seen across patients with the same MCEE
genotype®. The lack of a uniform clinical phenotype is consistent with
previous observations that methylmalonylCoA spontaneously racemizes
without the enzyme epimerase®’.

MethylmalonylCoA is converted into succinylCoA, and is
subsequently used by the Krebs cycle enzyme succinate-CoA ligase.
Thus, a defect in succinate-CoA ligase can cause mild elevations in MMA.
Two genetic disorders have been identified affecting proteins that make up
subunits of this enzyme. Mutations in SUCLA2 (OMIM #612073), one of
the two B subunits, primarily result in a mitochondrial DNA depletion
syndrome®®. Patients are typically healthy at birth but present at age 3-6
months with hypotonia and muscle weakness®. They have variable levels

of lactic acidosis, encephalomyopathy, dystonia and deafness’®. Mutations
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in the a subunit SUCLG1 (OMIM #245400) can have a much more severe
phenotype with fatal infantile lactic acidosis and mitochondrial DNA
depletion with patients passing away within the first week of life”.
However later onset patients have been described presenting at 3
months’? and 5 months’®. Patients with different phenotypes have been
reported such as those with liver impairment and no mitochondrial DNA
depletion”.

There have also been patients described with combined malonic
aciduria and MMAuria (CMAMMA), with MMA excretion being higher than
malonic acid excretion. This disorder has been shown to be caused by
mutations in the methylmalonyl-CoA and malonyl-CoA synthetase gene
ACSF3 (OMIM #614265)"*">. Patients have variable clinical presentation.
Some have adult-onset neurological manifestations such as seizures and
cognitive decline, while others have a childhood presentation with
ketoacidosis, failure to thrive and microcephaly’. Asymptomatic patients

detected by newborn screening have also been described” .

1.3.1.4 Homocystinuria
Low [**C]MeTHF incorporation is caused by an absence of MeCbl

or impaired function of the MS enzyme®. There are two complementation
groups that result in this phenotype: cblE (OMIM #236270), caused by
mutations in the MTRR gene (MSR protein)’® and cblG (OMIM #250940)
caused by mutations in MTR gene (MS protein)’’. Biochemically, these

defects result in homocystinuria and low MeCbl levels.
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cblE and cblG patients ultimately have deficient function of the MS
enzyme. Clinically, they are very similar with findings such as
homocystinuria, megaloblastic anemia and some form of developmental
retardation’®. They tend to respond well to Cbl therapy and have
correction of the biochemical and some of the clinical symptoms such as
megaloblastic anemia and improvements of the neurological findings’®.
However, there has been at least one severe case reported where a
patient did not respond to Cbl treatment and ultimately died from of
haemolytic uremic syndrome’.

Genetic defects have been reported in the folate pathway enzyme
MTHFR, which reduces 5,10-MeTHF into 5-MeTHF, the methyl donor for
MS. The decreased availability of 5-MeTHF results in a decreased
function of MS, and homocystinuria (OMIM #236250). Mild mutations in
this enzyme, including the one caused by the polymorphism c.677C>T%,
result in slightly elevated levels of homocystinuria in folate-deficient
individuals. The minor allele has been associated with increased
frequency of many conditions including coronary artery disease and neural
tube defects®"®2. Severe mutations in MTHFR cause a more serious
disease with a variable clinical phenotype. Patients may present in infancy
with encephalopathy, seizures and hypotonia®®. Those with higher enzyme
activity tend to have later onset symptoms such as neurodegenerative

disorders and ataxia®*,
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Another genetic disorder causing classic homocystinuria is a defect
in the enzyme cystathionine beta-synthase (CBS) (OMIM #236200)%. It
should be noted that this is not an inborn error in Cbl metabolism, but
rather part of the transulfuration pathway involving the interconversion of
cysteine and homocysteine. CBS catalyzes the conversion of
homocysteine to cystathionine. Patients are diagnosed with
thromboembolic events, spinal osteoporosis, seizures, mental retardation
or optic lens dislocation. Some infants are diagnosed by newborn
screening if elevated methionine is detected®®®’. A subset of patients are
responsive to vitamin Bg and are less clinically affected than non-
responsive individuals, particularly with regards to their mental
capabilities®®.

There has been one patient reported to date with mutations in the

tri-functional folate pathway enzyme MTHFD1%®

. This patient had
combined homocystinuria and MMAuria, though the reason for the
MMAuria is still unclear, as the folate pathway is not known to overlap with
the mitochondrial AdoCbl pathway. The patient only had decreased MeChl
and normal AdoCbl synthesis. She also presented with severe combined

immunodeficiency, atypical haemolytic uremic syndrome and

megaloblastic anemia®.

1.3.1.5 Combined Methylmalonic Aciduria and
Homocystinuria

The complementation groups resulting in low [**C]propionate and
[*C]MeTHF incorporation along with low AdoChl and MeCbl are cblF
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(OMIM #277380), chld (OMIM #614857), cbIC (OMIM #277400), and cblD
(OMIM #277410)**. cbIF, cblJ, cbIC and cbID are caused by mutations in
the following genes, with protein names given in parentheses: LMBRD1
(LMBD1)**, ABCD4 (ABCD4)*, MMACHC (MMACHC)®® and MMADHC
(MMADHC)*® respectively. The cbIC complementation group and function
of the MMACHC protein will be discussed in detail in section 1.4.

MMADHC is predicted to function at the branch-point of the Cbl
pathway, so interestingly, specific mutations in cblD patients can result in
low [**C]propionate incorporation, or [**C]MeTHF incorporation, or both®.
It can therefore result in MMAuria, or homocystinuria, or both, as well as
low AdoChbl, or low MeCbl or both. Patients can have developmental
delay, megaloblastic anemia, seizures and respiratory distress**. The
age of diagnosis is variable with some patients presenting in infancy, while
others present as teenagers™.

cblF and cblJ are very similar as both result in a defect in Cbl being
transported out of the lysosome. These cell lines have a high proportion of
CNCbl, representing unmetabolized Cbl trapped in the lysosomes®**°.
cblF patients can clinically present with failure to thrive, developmental
delay, minor facial abnormalities such as pegged teeth, congenital heart
defects and megaloblastic anemia**. Patients often have low levels of Cbl
in the serum, thought to be due to LMBD1’s role in the intestinal uptake of

CbI°Y. There are only three cblJ patients described to date®°2. Two were

early onset, presenting in the neonatal period with megaloblastic anemia,
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hypotonia and heart defects®. One was later onset at the age of eight
years whose symptoms included hyperpigmentation, dizziness,

headaches and a transient ischemic attack®%?,

1.4 The cblC Inborn Error of Cobalamin Metabolism
The cblC complementation group (OMIM #277400) is the most

common inborn error of cobalamin metabolism with over 550 cases known
worldwide®. The patients have impaired synthesis of both MeCbl and
AdoCbl resulting in decreased function of both MCM and MS and
combined MMAuria and homocystinuria®®.

cbIC patients are often diagnosed by newborn screen with an
elevated propionylcarnitine (C3) on tandem mass spectrometry, which
suggests elevations of either propionylCoA or methylmalonylCoA®*. Some
systems also screen directly for MMA using thin-layer chromatography®*.
However, not every patient is picked up by newborn screen. If a patient’s
clinical picture is suggestive of cblC, a metabolic analysis measuring
serum Cbl can be performed to rule out a nutritional deficiency. Levels of
MMA, homocysteine and methionine along with an acylcarnitine profile are
also necessary for a diagnosis. Once the biochemical phenotype is shown
to be consistent with cblC, molecular diagnosis by mutation analysis of the
MMACHC gene or somatic cell complementation analysis can be

performed.
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1.4.2 Clinical Symptoms

There is a great deal of clinical heterogeneity in the cbIC disease
with regards to severity and the systems affected. cbIC has two phenotype
classes: early onset and late onset™.

Early onset patients present within the first year of life with clinical
symptoms. In general, they are severely affected and have pathogenesis
of multiple systems®. Patients can also present prenatally with intrauterine
growth retardation, microcephaly and congenital heart disease®. The
infantile presentation is most common, where patients often initially have
feeding difficulties, failure to thrive, hypotonia and seizures®. Patients may
later develop metabolic acidosis and neurological phenotypes such as
developmental delay, seizures and hydrocephaly. Multiple hematological
abnormalities are seen, particularly megaloblastic anemia but also
thrombocytopenia, neutropenia, leukopenia or pancytopenia®™. Renal
failure is sometimes seen and is sometimes also accompanied by an
atypical hemolytic uremic syndrome®’. Some patients have an ocular
phenotype which can include nystagmus, ophthalmological deterioration
and pigmentary retinopathy which is unique to cbIC*.

Early onset patients have a much poorer clinical prognosis than
later onset patients. Many die early on due to failure of one or more
systems, typically between one and five months. If they survive into

childhood they will likely suffer from neurological impairment®®. Rosenblatt
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et al. found only one child out of 44 early onset cbIC patients was
neurologically intact later on in childhood®.

Late onset patients present after one year. The onset of symptoms
is typically later in childhood, however the disorder can present in the
teenage years or even in adulthood. These patients typically have milder
clinical features than early onset patients. The oldest known cbIC patient
presented at 57 years (unpublished data). They are previously healthy but
then often present with a neuropsychiatric phenotype such as confusion,
dementia, psychosis®®, a decline in cognitive function sometimes with
extrapyramidal signs®. Less commonly, thrombosis has been seen in
some patients®®. Spinal cord degeneration results in many symptoms such
as numbness of extremities, gait disorders, lower extremity weakness and
incontinence®®. Since this form of cbIC is not well known, particularly in
adult medicine, diagnosis can be delayed®®. There have been recently
described cases of very atypical presentation of cblC. One described five
children presenting with pulmonary arterial hypertension and renal
thrombotic microangiopathy with no traditional signs of cblC. However, all
had undiagnosed cbIC confirmed by metabolic analysis and sequencing of

MMACHC.

1.4.3 Outcome and Treatment
Early treatment of cblC patients is essential to avoid multi-systemic
disease progression. However, diagnosis is challenging since the age of

presentation and clinical phenotypes are quite variable®. cbIC patients
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can be treated with IM injections of OHCDbI. Injections should be given
daily to avoid reappearance of symptoms or worsening of the patient’s
condition'®**%, Additional treatments include betaine, which is a methyl
donor that can remethylate homocysteine to methionine independent of
MS, along with folinic acid and a low protein diet. The use of the low

protein diet is controversial®

. CNCbl injections are not effective for cblC
patients and its use rather than treating with OHCDbI injections is
associated with poor patient outcome®®*. In vitro studies show that the
inability of cells to use CNCDbl but to respond to OHCbl seems to be due to
an inability of certain mutant forms of MMACHC to process the cyano
group, whereas binding to OHCDbl is unaffected'®. OHCbl is likely useful
as a therapeutic agent as it has been shown in cbIC cell lines to reduce
the number of reactive oxygen species’®. It has also been shown to
stabilize wild type MMACHC protein and to a lesser extent a late onset
mutant MMACHC'?".

Compiled data on patient outcomes seem to show that early
detection and treatment result in decreased mortality and improved weight
gain in newborns'®. Late onset patients that have a daily OHCbl injection,
along with betaine supplementation seem to have the best clinical
outcome, with improvement of the neurological and haematological

findings. However, there have not been any clinical trials for any therapy

for cblC1%,
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1.4.4 MMACHC Gene

The MMACHC gene is located on chromosome 1p34.1%°. It has five
exons, but only the first four are coding. There is a small 5" untranslated
region (UTR) and a large 3’'UTR. The promoter of the gene, defined by
acetylated lysine 27 on H3 histones’®®, spans 1kb upstream and 1.3kb

downstream from the ATG translation start site.

1.4.4.1 MMACHC Genotypes in cbIC Patients
There are currently 81 known mutations that cause cblC disease.

The most common, accounting for around 40% of alleles, is the
c.271dupA that results in a frameshift and premature stop codon'®. There
appears to be a genotype phenotype correlation, with some mutations in
homozygosity causing late onset disease: ¢.394C>T (p.R132X) and
€.482G>A (p.R161Q). Other severe mutations in homozygosity are known
to cause early onset symptoms: ¢.271dupA (frameshift) and ¢.331C>T
(p.R111X)™°. Allelic expression may partially explain this difference in
phenotype. The severe c.271dupA and ¢.331C>T mutations are
significantly underexpressed compared to wild type alleles, whereas
€.394C>T and c.482G>A are overexpressed compared to the c.271dupA
alleles. This also suggests that the latter two transcripts escape nonsense-
mediated decay, resulting in higher levels of MMACHC transcript, and
likely more MMACHC protein with residual function and a milder

phenotype®.

40



1.4.4.2 MMACHC Function
The crystal structure of the human MMACHC protein has been

solved™*. It was shown to have a large cavity for binding Cbl in the base-
off conformation and an N-terminal flavodoxin nitroreductase domain. This
suggests that it requires flavin in order to process Cbl. MMACHC
catalyzes the glutathione-dependent dealkylation of AdoCbl and MeCbl
and flavin-dependent decyanation of CNCbI*®*8, Immunofluorescence and
subcellular fractionation has shown that MMACHC is localized to the
cytoplasm**2. MMACHC has been shown to interact with the MMADHC
protein by phage display and surface plasmon resonance

experiments®9113114

and to interact with the cytoplasmic enzyme MS by
co-immunoprecipitation and proximity ligation assay*.

Residues towards the C-terminus of MMACHC showed similarity to
the gram-negative bacterial protein TonB®. TonB is involved in the
transport of iron and Cbl across the outer bacterial membrane*® using a
proton motive force*” and an interaction with outer membrane transport
proteins™e.

Expression studies done in day 11.5 mouse embryos showed that
RNA expression of Mmachc is tissue specific, whereas expression of

Mmadhc was ubiquitous. Mmachc was found to be highly expressed in the
developing heart, lung, and cardiovascular and nervous systems**°.
1.5 HCFC1 and THAP11: Transcriptional regulators

Part of this project examined patients with a cblC phenocopy
caused by transcriptional dysregulation of MMACHC. Most of these
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patients had mutations in the X-linked transcriptional coregulator, HCFC1
and one had mutations in its binding partner, the transcription factor

THAP11 which are necessary for transcriptional activation of MMACHC.

1.5.1 Eukaryotic Transcriptional Regulation

Transcription is regulated in eukaryotes by a variety of proteins
including transcription factors, chromatin remodellers and kinases'%.
Protein coding genes are transcribed by RNA polymerase Il (RNA pol II) in
the nucleus. Transcription can be regulated during transcription, capping
of the nascent mRNA and re-initiation of transcription*?*. Developmental
processes and maintenance of homeostasis rely upon precise patterns of
gene expression that are tightly regulated at multiple levels. For
transcription to proceed, the DNA must be in an open, euchromatic
conformation which can be achieved through histone modifications such
as acetylation and methylation of lysine 4. RNA polymerase must be
positioned at the core-promoter along with its general transcription factors.

Regulation of transcription is the most important factor in
coordinating gene expression. Regulation occurs at multiple levels, one
being the cis-regulatory elements. These are sequences of DNA on the
same chromosome as the gene of interest. These elements include the
core promoter where RNA pol Il binds, promoter-proximal elements which
are directly upstream the promoter and elements such as enhancers,
silencers and insulators which can be several kilobases (kb) from the

gene. Enhancers recruit transcription factors to their short and specific
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DNA sequences™?* or chromatin modifying factors, such as the SWI/SNF
complex. SWI/SNF functions by dissociating DNA from histones and
promoting the binding of necessary transcription factors and recruiting
other epigenetic modifying factors. Transcription factors bind short and
specific DNA sequences of 6-12 base pairs (bp) and can have activating
or repressive functions. If the summation of conditions is favourable for
transcription, RNA pol Il and the other general transcription factors bind
the TATA box forming the pre-initiation complex. The DNA is unwound

and elongation begins.

1.5.2 Transcriptional Regulators and Mendelian Disease

Mutations in transcription factors have been known to cause
Mendelian disease. A well-known example is Rett Syndrome, a severe
neurological disorder caused by dominant, loss of function mutations in
the X-linked gene MECP2'%. This gene encodes methyl CpG-binding
protein 2. It binds to methylated DNA and induces transcriptional
repression. It has also been implicated in autism and other
neurodevelopmental disorders'?*. The Mecp2-null mouse model has
shown that this factor is important in neuronal maturation and post-mitotic
maintenance of neurons'®. The exact mechanism by which mutations in
MECP2 cause disease is still unclear, though it seems to be due to
incomplete repression of its targets in the absence of functional
MECP2'?°. Gene expression studies have failed to identify many common

dysregulated genes between patients'?.
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Another example of transcriptional regulation involved in Mendelian
disease is maturity onset diabetes of the young (MODY). MODY is a
monogenic, autosomal dominant form of diabetes. It is characterized by
genetic and clinical heterogeneity, with clinical symptoms manifesting in
the first 25 years of life with defects in insulin secretion and pancreatic (3-
cell function'?’. Certain MODY subtypes are caused by mutations in genes
encoding transcriptional regulators: MODY1'%, MODY3"%°, MODY4"*°,
MODY5', MODY6?, MODY7** and MODY9'**. Transcriptional
regulation is essential for normal pancreatic development, B-cell
maintenance and glucose homeostasis**°. These transcriptional regulators
are thought to work in a complex regulatory network with multiple levels.
Some transcription factors, such as TCF1 (HNF1A), which causes
MODY3, show evidence in mouse models of regulating HNF4A, IPF1,
NEUROD1 AND SHP1 in B-cells'*. Others have a more simplistic model,
such as NEURODZ1, which causes the rare type MODY6. NEUROD1
regulates the insulin gene (INS) by binding directly to the promoter to
regulate its expression®*’. The mouse model supports this hypothesis,
with findings of diabetes, inadequate insulin expression**® and defects in
differentiation of pancreatic endocrine cells**.

Another thanatos-associated protein (THAP) transcription factor,
THAP1 causes a dominant form of dystonia, DYT6, with 60%
penetrance’®. Patients have early onset of symptoms, which include

dystonia of the craniocervical muscles and speech difficulties*!. The
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exact mechanism of the transcriptional dysregulation is unknown.
Mutations seen in patients were engineered in a cell line. The mutant
THAP1 showed decreased DNA binding, supporting that it is
transcriptional dysregulation of THAP1 targets causing the clinical
phenotype in patients™*°.

Mutations in the transcriptional regulator ATRX can cause disorders
such as Carpenter-Waziri syndrome**?, Juberg-Marsidi syndrome*?,
Holmes-Gang syndrome**, Smith-Fineman-Myers syndrome’**, Chudley-
Lowry syndrome™*®, X-linked mental retardation with spastic paraplegia®*’
or X linked a-thalassemia with mental retardation (ATR-X syndrome)**2,
ATR-X syndrome is of particular relevance to this project as it is
transcriptional dysregulation that causes a well-characterized monogenic
disorder, a-thalassemia. However, on top of the hematological findings, it
has additional clinical abnormalities such as developmental delay, severe
mental retardation, no speech, characteristic facial abnormalities, genital
abnormalities and mild skeletal deformities particularly affecting the fingers
and toes™*. Interestingly, 10% of patients have no a-thalassemia or any
other hematological abnormality'*°. The ATRX protein is a
helicase/ATPase that has the ability to remodel chromatin. Patients exhibit
reduced levels of a-globin mRNA, therefore ATRX is presumably
necessary for activation of its expression*>*. This is the only gene known

to date that is dysregulated and leads to a clinical phenotype in ATR-X

patients™®?. The additional clinical features remain unexplained. The
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current hypothesis for the additional clinical findings is that ATRX is
regulating specific target genes rather than functioning as a global
transcriptional regulator™3, In patients, reduced methylation is observed at
repetitive sequences such as rRNA clusters, heterochromatic and

subtelomeric repeats**

and GC-rich variable number tandem repeats
(VNTRS). The a-thalassemia locus has an upstream VNTR and
expression of this gene is it is associated with the VNTR length. This
explains hematologic phenotypic variability between patients, as patients

with larger VNTRs more downregulation of the a-thalassemia locus****%°,

1.5.3 HCFC1

HCFC1 (host cell factor 1, HCF-1) is a transcriptional co-regulator
and not a transcription factor, as it lacks DNA-binding activity. It was first
identified in herpes simplex virus transcription as being part of the VP16-
induced regulatory complex, which acts as a switch promoting gene
expression resulting in Iytic infection of the virus*®®. It is an unusual
protein, as it is synthesized as a 2000 amino acid polypeptide®’, but then
migrates to the nucleus where it is cleaved repeatedly near its middle,
resulting in a mixture of amino and carboxy terminal subunits that remain
noncovalently associated*®. Its role in regulating transcription is still very
poorly understood*®°. It is known to be located at 5400 active CpG islands
in HeLa cells and has three different sequence motifs, each associated
with a different transcription factor that HCFC1 binds: ZNF143/THAP11,

GABP and YY1*°. Though it does not bind DNA directly, its Kelch repeat
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domain allows it to associate with chromatin'®. HCFC1 is a transcriptional
intermediary that coordinates DNA-binding and chromatin-modifying
factors, which ultimately results in the regulation of transcription. HCFC1
has been shown to recruit a variety of transcriptional activators or
repressors, depending on the DNA sequence motifs of the gene that it is
regulating. These regulators include histone methyltransferase
SETD1A™ histone demethylase PHF8%%? and the MOF histone
acetyltransferase complex*®. In coordination with these various factors,
HCFC1 regulates a diverse set of processes such as spindle formation,

159

DNA replication and cell division in HeLA cells™~ as well as protein

synthesis and cellular metabolism in mouse embryonic stem cells*®*.
When Hela cells were treated with siRNA for HCFC1, the levels of 19% of
all cellular mRNA transcripts changed compared to control cells, showing
HCFC1 has a major regulatory effect in this cell type®*°.

Dysregulation of HCFC1 has been previously implicated in human
disease. A promoter mutation disrupting a YY1 transcription factor binding
site in the HCFC1 sequence resulted in the over expression of HCFCL1.
This was found to be the cause of non-syndromic X-linked mental
retardation, MRX3, in multiple members of an affected family'®. The
range of intellectual impairment ranged from mild to moderate and some
males had mild facial abnormalities. However no consistent clinical

features were seen throughout the family. Aggression, autistic behaviours

and psychosis were also noted in some patients. Female carriers were
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normal and showed high skewing of X-inactivation (>96%) favouring the
wild type allele in lymphocytes®®®.

In a cancer study, patients whose tumours over-expressed HCFC1
had a poorer clinical outcome than those with normal expression,
suggesting its role as a possible tumour driver'®®. This is not surprising

based on its inferred role promoting the cell cycle®:67168,

1.5.4 THAP11

THAP11 (Ronin) is a small, one exon transcription factor that binds
DNA in a site-specific fashion'®. It is one of twelve members of the THAP
family of transcription factors that all have a zinc finger-containing THAP
domain. There is evidence for the THAP domain arising from the
domestication of a DNA transposon*’®. THAP11 functions with HCFC1 as
co-regulators of transcription. Together they have been shown, by
chromatin immunoprecipitation sequencing (ChIP seq) using an antibody
for THAP11, to interact in activating transcription of genes at a highly
conserved enhancer element in mouse embryonic stem cells, particularly
of genes involved in metabolism, mMRNA splicing and transcription
initiation'®*. THAP11 is also essential for pluripotency and embryogenesis
in mouse embryonic stem cells where it establishes global transcriptional
repression, ensuring pluripotency is maintained'’*. Knocking out Thap11
results in embryonic stem (ES) cells that do not grow or divide, and
overexpressing it results in ES cells that divide without differentiating into

different cell types. There is also evidence for THAP11 being a tumour
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driver as its expression was found to be up-regulated in primary colon
cancer tumours and metastases*®. Conflicting results were obtained in a
study where the authors found that THAP11 was downregulated in many
tumours including those of liver, vulva, thyroid, skin, pancreas and kidney,
however it was upregulated in some lung and ovarian tumours they
examined. They also noted that overexpressing THAP11 in Hela cells,
fibroblasts and a breast cancer line resulted in decreased colony
formation, reduced DNA synthesis and decreased expression of cell
proliferation factor and known oncogene c-Myc*’%. This led the authors to
hypothesize that THAP11 functions as a growth suppressor, conflicting
with Dejosez*"*. The mechanisms of regulating stem cell and somatic cell
proliferation are quite different, which could explain this discrepancy.
Thapll is only expressed in ovary and testes in adult mice and seems to
be mostly important in early development, which could also explain the
difference”®. Thap11 knock-out mice show a pre-implantation lethality and
defects in their inner cell mass*".

THAP11 is a member of a family of proteins that contains a highly
conserved THAP domain at their N-terminus. This THAP domain contains
a C2CH zinc finger motif. Humans have 12 THAP proteins (THAPO-
THAP11). Eight out of twelve have an HCFC1 binding motif next to a
coiled-coil domain. At their C terminus, there is a nuclear localization
signal and a coiled-coil domain that allows for dimerization. The structure

of THAP11’s THAP domain has recently been solved by nuclear magnetic
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resonance (NMR)'"* (Protein Data Bank ID: 2LAU). It displays the shared
feature of the THAP domain, four invariant residues that coordinate with

the zinc ion and a Bap conserved fold around the zinc-coordination site.

1.6 Rationale and Objectives of Study
By 2006, our clinical laboratory had accumulated cultured

fibroblasts from 339 cbIC patients that had been diagnosed based on
somatic cell complementation. DNA from 245 of these patients was used
to show that mutations in the MMACHC gene caused cbIC and all were
subjected to mutation analysis by Sanger sequencing. At least one causal
mutation in MMACHC was detected in all except 12 of the patients.
Exome sequencing of one of these 12 patients by our collaborators at the
University of Colorado, led by Dr. Tamim Shaikh, revealed a missense
mutation, c.344C>T (p.Alal15Val) in the HCFC1'"™® gene on the X
chromosome. Sanger sequencing of HCFCL1 in the remaining 11 cbIC
samples found mutations in nine, including four additional missense
mutations in exons 2 and 3.

Two DNA samples that were sent to Colorado still had no mutations
after sequencing MMACHC and HCFC1. Upon re-examination of the
biochemical studies, one patient had a high level of intracellular cobalamin
that remained as unmetabolized cyanocobalamin. This phenotype is
typically seen in the cblF and cblJ inborn errors. Sequencing of the
LMBRD1 gene showed homozygosity for the common ¢.1056delG

mutation, meaning the patient actually belongs to the cblF
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complementation group. In the remaining patient, genes that were known
to interact with HCFC1 during transcriptional regulation were sequenced.
The patient ended up having a homozygous ¢.240C>G (p.F80L) missense
mutation in THAP11.

The first objective of this thesis was to sequence MMACHC in all
remaining cblC patients that have one or no mutations in MMACHC. The
second objective consisted of characterizing the cblX inborn error through
analysis of clinical and metabolic data. The third aim was to characterize
the patient with a homozygous mutation in THAP11. Finally, since HCFC1
and THAP11 are predicted to be global transcriptional regulators, all
patients with mutations in HCFC1 or THAP11 were subjected to RNA
sequencing for whole transcriptome profiling.

Mutations in transcriptional regulators have been known to cause
Mendelian disorders for many years. However, until the present study
there had been no known mutations described resulting in a metabolic

disease caused by transcriptional dysregulation.
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CHAPTER 2
Materials and Methods

2.1 Patient cells used in this study
All patient used in this study were diagnosed as cbIC by somatic

cell complementation analysis. By 2006, our clinical laboratory had
accumulated cultured fibroblasts from 245 cblC samples that had been
diagnosed based on somatic cell complementation. These cell lines all
had decreased [**C]propionate and [**C]MeTHF incorporations, as well as
low AdoCbl and MeCbl synthesis. DNA from all these patients was
analyzed by Sanger sequencing of the MMACHC gene as part of the gene
identification study®®. Causal mutations in MMACHC were detected in all
except 12 of the patients, which were used in this study.

Presently, there are a total of 339 cbIC patients diagnosed by our
clinical laboratory using somatic cell complementation analysis. Seventy-
four of these patients had not been subjected to Sanger sequencing. Our
clinical laboratory performs restriction enzyme digestion in order to identify
common mutations in patients. This technique identified both causal
mutations in 38 patients, leaving 36 patients with one or no causal
mutations in MMACHC identified. These 36 patients were subjected to

MMACHC sequencing in this study.

2.2 Cell Culture
Patient fibroblast cell lines from skin tissue biopsy were obtained

from the Repository for Human Mutant Cells at the Montreal Children’s

Hospital. Cells were grown in minimum essential medium plus non-
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essential amino acids (Gibco) with additional 5% fetal bovine serum
(Intergen) and 5% iron enriched calf serum (Intergen). Cells transfected
with pBABE and pLXSH vectors were maintained in medium with 1pg/mL
puromycin (InvivoGen) and 100pug/mL hygromycin (Calbiochem),

respectively.

2.3 DNA Extraction, Primer Design, PCR and Sequencing
DNA was extracted from fresh or frozen fibroblasts using the

Puregene kit according to the manufacturer’s instructions (Qiagen). DNA
guality was assessed on a Nanodrop spectrophotometer (Thermo Fisher
Scientific).

Primers were designed using the primer design software
PrimerBlast. These primer pairs’ nearest neighbour melting temperature
had to be within 3°C of each other and not form any hairpin structures®™.
The specificity of these primers was checked using nBLAST*"” and the
binding site was checked for the presence of single nucleotide
polymorphisms (SNPs) using UCSC Genome Browser'’®. A list of the
primers for this project, along with their polymerase chain reaction (PCR)
conditions can be found in Appendix A.

PCR was performed using Taq or HotStar Taq (Qiagen). Each
experiment had a positive control consisting of a DNA of known quality
and a negative control using no DNA. The PCR products were visualized
on 1.5% agarose gels with ethidium bromide staining and run with the

GelPilot 100 bp Plus Ladder (Qiagen).
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PCR products were sequenced using Sanger Sequencing at the
McGill University and Genome Quebec Innovation Centre (Montreal,
Canada).

2.4 RNA Sequencing

Cell lines for RNA sequencing studies were grown in T75 tissue
culture flasks until confluent. To ensure uniform cell treatment in order to
minimize colluding effects on gene expression, cells were plated at a
density of 9 million cells per flask and allowed to grow for five days. Cells
were visually inspected at this point, ensuring confluency, regular cell
shape and no abnormalities. If any significant abnormalities were noted
the cultures were replated. If the cultures looked well, they were
harvested, pelleted and dissolved in 2mL of Tri-Reagent (Sigma) and
immediately frozen at -80°C. The suspensions were transported on dry ice
to the McGill University Genome Quebec Innovation Center where the
RNA was extracted sequencing libraries were prepared as described
below.

Total RNA from the suspended cell pellets was extracted using the
miRNAeasy Mini Kit (Qiagen). Quality was assessed using the Agilent
2100 Bioanalyzer and quantified on the Nanodrop (Thermo Scientific). The
RNA seq library was prepared using the TruSeq Stranded Total RNA
Sample Preparation Kit (Illumina RS-122-2301) including Ribo-Zero Gold
depletion to remove ribosomal RNA. The library quality was tested using

Agilent 2100 Bioanalyser on the DNA-1000 chip.
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The samples were indexed and four samples per lane were run on
the lllumina Hi-Seq2000 sequencer, using 100bp paired end reads. The
bioinformatic analysis was performed by Dr. Veronique Adoue of the
Pastinen laboratory. The raw sequencing reads were trimmed for quality
with a phred quality score between 33230 and a length greater than 32bp.
The lllumina adapters were removed using Trimmomatic v0.22'"°. The
filtered reads were aligned to the reference hgl9 human genome using
the programs TopHat v1.4.1'%° and Bowtie v0.12.8"®*. The duplicate reads
were removed using Picard’s MarkDuplicates.jar v1.80
(http://picard.sourceforge.net). The Fragment per Kilobase of exon model
per Million mapped fragments (FPKM) values for the UCSC and Ensembl
genes and transcripts were obtained using Cufflinks v2.1.1*%2, FPKM
normalizes the abundance of reads from a given gene for the transcript
length and library size. The reads were counted using HTSeq-Count™®,
Next, DESeq'®* and edgeR'® were used to determine differential gene
expression between patients and controls. Differences in gene expression

between patients and three age and sex-matched controls were identified

in normalized RNA-seq using ANOVA.

2.5 Restriction Digest Analysis of Common ¢.344C>T Mutation
Genomic DNA was amplified by PCR for HCFC1 exon 3. 15uL of

PCR product was digested by 2uL of BspMI restriction endonuclease

(New England Biolabs) in the manufacturer’s buffer overnight at 37°C,

followed by a 20 minute incubation at 65°C to denature any remaining
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enzyme. 25uL of the digestion product were run on a 1.2% agarose gel at
80V until the desired separation was achieved. The ¢.344C>T mutation
creates a cut site for the enzyme. Patients had two bands, one at 321bp
and the other at 150bp. Wild type individuals had a single band
corresponding to the uncut PCR product at 471bp. Mutation carriers had

all three bands, though the shortest 150bp band was not always visible.

2.6 Statistical Analyses
The independent two-way Mann-Whitney test was used to

determine if there are statistically significant differences in the cellular
biochemical data between cblX patients and cblC patients. This non-
parametric test was used as opposed to the parametric t-test because the
distributions of the data sets used were not normal and therefore in
violation of one of the assumptions of the t-test. Statistical significance
was deemed to be p<0.05. The Mann-Whitney test was performed using

the software found at http://vassarstats.net/utest.html.
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CHAPTER 3
Results

3.1 Sequencing of MMACHC in samples diagnosed as cbIC
At the beginning of this project, there remained 48 patients

diagnosed as cblC by somatic cell complementation that had either one or
no identified mutations in MMACHC. Twelve of these patients had been
sequenced as part of a previous study®®. 37 cbIC patients had not been
sequenced but had been subjected to clinical restriction digest analysis for
common mutations in MMACHC: ¢.271dupA, ¢.331C>T, ¢.294C>T,

c.328 331delAACC, c¢.388 390delTAC, c.440G>A, c.481C>T, c.482G>A
and c.615C>G. Complete gene sequencing of MMACHC was undertaken,
with the aim of discovering novel mutations in MMACHC. If there were still
no mutations found, this patient would be considered a candidate for cblX,
THAP11 or perhaps even another complementation group. Sequencing
results of confirmed cbIC patients can be seen below in Table 1. The
additional thirteen patients that had no mutations in MMACHC will be
discussed below in section 3.1.2. The mutation analysis of the novel

mutations is presented in Table 2.
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Table 1: Summary of results from Sanger sequencing of the

MMACHC gene in cblC patients.

Patient Mutation 1 Mutation 2 Patient Mutation 1 Mutation 2
WG3300 €.394C>T €.394C>T WG3756 Cc.471G>A c.471G>C
WG3308 | ¢.328_331delAACC | c.328_331delAACC WG3813 | c¢.567_568insT c.482G>A
WG3387 c.271dupA c.271dupA WG3838 c.80G>A ?
WG3408 c.271dupA c.271dupA WG3857 €.271dupA €.271dupA
WG3423 c.271dupA Cc.608G>A WG3879 c.331C>T c.589A>G
WG3431 c.271dupA c.271dupA WG3902 €.271dupA C.616C>T
WG3441 | ¢.328 331delAACC c.566G>A WG3952 C.1A>T Cc.1A>T
WG3568 c.578T>C c.578T>C WG3964 C.609G>A €.658_660delAAG
WG3601 c.482G>A ? WG4018 €.271dupA c.440G>C
WG3638 €.271dupA c.158T>C WG4019 c.271dupA ?
WG3697 €.271dupA c.578T>C WG4036 €.271dupA €.389A>G
WG3720 | ¢.328_331delAACC €.292C>T WG4080 €.271dupA €.389A>G
WG3725 c.271dupA ? WG4097 €.271dupA ?
WG3728 C.439G>A c.457C>T WG4124 C.609G>A ?
WG3737 c.578T>C Cc.482G>A WG3433 c.394C>T ?
WG3738 c.482G>A ? WG3451 c.365A>G c.457C>T
WG3749 c.271dupA €.600G>A WG4152 c.158T>C presumed regulatory
WG4314 | c.551_554dupCTAC | c.551 554dupCTAC WG2417 €.271dupA exon 2 deletion
WG4354 €.435_436delAT c.435_436delAT

Novel, unpublished mutations are highlighted in green. A question mark

(?) denotes that a second mutation was not found.
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3.1.1 Mutation Analysis of Novel Mutations in MMACHC

Table 2: Novel mutations in MMACHC

Mutation

. Amino Acid | Polyphen- dbSNP

Mutation Change 2 Score Taster MAF
Score

C.566G>A p.R189H 1.000 0.995 Not

Damaging seen

c.158T>C p.L53P 1000 | 0.999 Not

amaging | seen

€.202C>T p.Q98X NA 1.000 Not

Damaging seen

¢.551_554dupCTAC | pRISSYSX3 | NA | | 1.000 Not

amaging | seen

For each mutation, the predicted amino acid effect is given along with
Polyphen-2 and Mutation Taster scores (all were predicted to be disease
causing), minor allele frequencies (MAF) from dbSNP and the 1000
Genomes.

Both ¢.566G>A and c¢.158T>C missense mutations were predicted
to be probably damaging by Polyphen-2 and Mutation Taster. Both of
these amino acid residues were conserved until zebrafish. The nonsense
mutation ¢.292C>T and the duplication ¢.551 554dupCTAC were
predicted damaging by mutation taster. None of these mutations had been

seen by the 1000 Genomes project.

3.1.1.1 Patients’ Phenotype
The clinical details of the patients with the four novel mutations and

presumed deletion and regulatory mutation can be seen in Table 3. The
¢.566G>A mutation was seen as compound heterozygous with the
previously described ¢.328 331delAACC mutation. The patient was
asymptomatic and only came to medical attention as a result of a positive

newborn screen.
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Only one mutation was identified in multiple patients. The ¢.158T>C
(p.L53P) mutation was seen in two patients in this study, and has been
found in an asymptomatic brother and sister pair, in combination with the
€.271dupA mutation. Patient WG3638 had this ¢.158T>C allele in
combination with the severe c.271dupA allele. She presented with weight
loss, nausea and vomiting while she was pregnant at age 24. Patient
WG4152 was only brought to medical attention at age 57 for an unrelated
metabolic workup, due to complications from his squamous cell carcinoma
of the tonsil. This patient also has a presumed regulatory mutation. Upon
amplification of the patient’s cDNA, his ¢.158T>C mutation that was
heterozygous at the genomic level became homozygous. This is due to
apparent allele dropout, likely due to lack of expression of one allele.

The ¢.292C>T (p.Q98X) mutation was seen in heterozygosity with
the ¢.328_331delAACC, in a severely affected infant who presented with
failure to thrive, hypotonia and seizures.

Patient WG2040 had a suspected deletion of exon 2. Upon
amplification of the cDNA, two products were visible. Gel extraction and
Sanger sequencing showed the shorter transcript was lacking exon 2. The
resulting protein product of this deletion would likely be non-functional.
The patient’s second allele had the severe c.271dupA mutation. The
patient had an early onset of disease and was very severely affected, with

death occurring at one month of age.
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The novel homozygous deletion ¢.551_554dupCTAC was seen in
an asymptomatic baby that only came to clinical attention due to a positive
newborn screen for MMA.

Table 3. Patients with novel mutations in MMACHC - Age of Onset
and Phenotype

. MMACHC MMACHC Age of Clinical
Patient . : . . e
variant 1 variant 2 Diagnosis Description
€.328_331del .
WG3441 AACC c.566G>A NBS Asymptomatic
WG3638 | c.271dupA C.158T>C 24 years Weight loss,
(pregnancy) [ nausea, vomiting
Failure to thrive
€.328_331del : . ’
WG3720 AACC €.292C>T Birth hyp_otonla,
seizures
Presumed Male with
WG4152 c.158T>C 57 years squamous cell
regulatory )
carcinoma
WG2417 | c¢.271dupA EXO’? 2 Birth Deceased 1 month
deletion
c.551 554dup | c.551 554dup .
WG4314 CTAC CTAC NBS Asymptomatic

The age of onset represents the age that the clinical symptoms began in
affected patients. NBS=newborn screen. The clinical symptoms are taken
from the patient description given by the physician at the time of referral,
and as such, are not necessarily up to date.

3.1.2 Patients with no mutations in MMACHC

After Sanger sequencing of the MMACHC gene, there remained 13
patients with no mutations. Eleven had mutations in HCFC1, discussed in
the next section. One, WG2110 had a homozygous missense mutation in
HCFC1’s binding partner THAP11. This patient will be discussed in
section 4. The last patient, WG2976 had no mutations in MMACHC,

HCFC1 or THAP11. This patient presented at 5 years of age with mild
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developmental delay, macrocytosis and MMAuria and homocysteinemia.
His serum Cbl was low-normal at 215 pg/mL (reference 200-600). The
patient had multiple tooth abnormalities, as did other members of his
maternal grandmother’s family. He had a history of unexplained fevers,
recurrent illnesses and dermatologic abnormalities. During his delivery he
had a large blood loss requiring a transfusion, and he had anemia for the
following three months. For the first year of life he had poor feeding,
hypotonia and was fed through a G-tube. Cellular studies on his
fibroblasts showed decreased [**C]propionate and [**C]MeTHF
incorporation. There was very elevated proportion of total Cbl as CNCbl
with 78.5%, low AdoCbl and low MeCbl. Somatic cell complementation
results were difficult to interpret; fusion with a cbIC line had poor
complementation, it did not complement with a cblF line but the increase
was greater when compared to the cbIC. The cellular studies from this
patient supported the possibility that this line did not belong to the cbIC
group. Sequencing of the LMBRD1 gene showed the patient was
homozygous for the common mutation, c.1056delG, and therefore belongs

to the cblF group.

3.2 Characterization of patients with the cblX inborn error
Twelve male patients that had no mutations in MMACHC after the

2006 Sanger sequencing study were sent to Dr. Shaikh’s laboratory at the
University of Colorado. This included the patient they had originally exome

sequenced. After sequencing HCFC1, they found ten patients with
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missense mutations. Dr. Venditti’s group at the NIH reported a mutation in
HCFCL1 in a patient, WG4173, that had been diagnosed as a cbID by our
laboratory. These patients were described as belonging to the cbIX
group®” and will be discussed in this section. Sanger sequencing of the
HCFC1 gene in patient WG3627 after mutation analysis described in
section 3.1 found a novel mutation ¢c.80G>A. This meant our laboratory
had accumulated 12 cblX patients, 11 had been diagnosed as cblC and

one as cbID. Since the disease is X-linked, all patients are male.

3.2.1 Clinical Features of cbIX Patients

Patients showed common symptoms such as epilepsy,
hypsarrythmia on EEG, choreoathetosis, severe developmental delay and
mental retardation. Their clinical findings are summarized in Table 4. The
age of onset for all patients was in infancy, and some had prenatal
findings such as intrauterine growth retardation (IUGR). Normal
homocysteine levels were seen in four out of ten patients whose doctors
provided this information. Sequencing revealed that all mutations in
HCFC1 were missense and located at the 5’ end of the gene in exons 1, 2

and 3.
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Table 4. cblX clinical findings and mutations in HCFC1

Patient | Age of Clinical SYmotoms HCFC1

Number [ onset ymp variant

Infantile spasms with
V\él(?] 3@?2 4 hypsarrythmia, gyral cortical C.344C>T
case) months malformation, severe p.Alall5Val
developmental delay, microcephaly
Intractable epilepsy, severe
WG1664 moﬁths developmental delay, microcephaly, CA?;flc;\;ral
FTT, choreoathetosis P
Con_genltal microcephaly, neonatal c.344C>T
WG1760 | prenatal epilepsy, severe developmental Alal15Val
delay, FTT, choreoathetosis b
Infantile spasms with
<3 : . €.344C>T

WG1990 months hypsarrythmia, absent neurological p.Alal15Val

development

WG2040 2 Epilepsy, severe developmental C.344C>T

months | delay, choreoathetosis, neutropenia | p.Alall5Val
IUGR, infantile spasms with
WG2085 | prenatal hypsarrythmia, severe C.344C>T
. p.Alall5Val
developmental delay, microcephaly
4 . . €.344C>T

WG3301 months Epilepsy, hypotonia 0.Alal15Val
Acute neurologic and metabolic

WG2831 2 decompensation, ketoacidosis with €.343G>A

weeks hyperammonemia, microcephaly, p.Alall5Thr
abnormal EEG, died in infancy
5 Developmental delay, FTT, c.218C>T
WG4lrs months epilepsy, ballismus p.Ala73Val
5 Epilepsy, severe developmental c.217G>A

WG3399 weeks delay, FTT p.Ala73Thr
IUGR, congenital microcephaly,

WG2049 | prenatal | FTT, seizures, blindness, hearing ¢.202C>G
. i ) : p.GIn68GIu
impairment, slightly dysmorphic

Infancy Intractable seizures, infantile c.80G>A

WG3627 (<1 spasms, developmental regression, i

. p.Gly25Asp
year) hypotonia, chorea

Mutations and Clinical Findings of all reported cblX patients from the
McGill Referral Centre: “Age of onset” represents the estimated age when
symptoms began based on the doctor’s reports. Clinical summaries are
based on the doctor’s report when sending the patient cell lines and as
such, are not up to date. FTT=failure to thrive
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3.2.2 Biochemical Features of cblX Patients
Since it was noted that cbIX patients have a milder biochemical

175 it was

phenotype with regards to excretion of MMA and homocysteine
of interest to compare their cellular biochemical phenotype. The cellular
biochemical data for all cbIX (n=12) and cblC (n=306) were compiled for a
comparative analysis. The Mann-Whitney test was performed between the
averages of the cbIX and cbIC patients. The [**C]propionate incorporation,
[**C]MeTHF incorporation and percentage of Chl as MeCbl were
significantly different between cblX and cbIC patients with p-values of
0.005, 0.01 and 6x10™ respectively. The Mann-Whitney test statistic
values for these were 2713, 2613 and 2874. There was no statistically
significant difference between the two groups for percentage of Cbl as

AdoCbl with a p-value of 0.63 and Mann-Whitney test statistic of 2141. A

depiction of these results can be seen in Figure 5.

65



a) b)
.%o ['“C]propionate Incorporation 5000 [*“C]MeTHF Incorporation
14 *% ® as00 *
3 =
) 2 4000
) -]
= = 3500
3 150 8 3000 |
c
£ @ 2500 |
] 2
T 100 £ 2000
o 2 1500 |
% 0.50 _E 10.00 -
E 5.00
000 cbix cbic 000° ebIX chic
) 1200 Cbl Distribution

AdoCbl MeCbl

= cbiX = cb/C

Figure 5: Biochemical Features of cblX versus cbIC Patients

The average values of cblX (n=12) and cblC (n=306) for [**C]propionate
incorporation, [**C]MeTHF incorporation and %AdoCbl and %MeChbl,
compared using a Mann Whitney test. P-values were **0.005, *0.01, 0.30
and ***6x10-4 respectively. The bars represent the standard error. The
reference ranges respectively are 10.8+£3.7, 225+165, 15.29+4.2 and
57.95+6.7.

3.2.3 Haplotype Analysis of Patients with the Common

€.344C>T Mutation in HCFC1

The ¢.344C>T mutation was seen in 7/12 samples from our
laboratory and 9/15 cblX patients described to date. To determine if these
patients share a common haplotype, the sequencing data from these
patients was analyzed, evaluating common SNPs. The summary of this
data is found in Table 5. Patients WG1990, WG2085 and WG3301 have

informative variants that are different from the majority of samples.
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Table 5. Haplotype Analysis of patients with the common ¢.344C>T
mutation in HCFC1

rs2071134 | rs730106 | rs3027875
Patient | Mutation | c.342+116 | MAF 0.33 | MAF 0.50 | MAF 0.29
c.2283 c.2841 c.5859

WG1760 | ¢.344C>T T C A T
WG2040 | ¢.344C>T T C A T
WG1990 | ¢.344C>T C C Failed T
WG2085 | ¢.344C>T T C A C
WG1664 | ¢.344C>T T C A T
WG3352 | ¢.344C>T T C A T
WG3301 | ¢.344C>T T C A C

Three common SNPs in the HCFC1 gene were chosen for analysis. One
patient sample had an additional variant. The rsID for the SNPs, minor
allele frequency (MAF) and position of the SNP is given in the above table.
The sample marked as failed had a poor quality chromatogram for that
exon and could not be read.

3.2.4 Carrier Testing of Mothers and Sisters of cblX Patients

As the disease is X-linked, this results in significant familial
implications. Female relatives of the patient have two X chromosomes and
are at risk of being carriers, with a 50% chance of passing on the X-linked
condition to their sons and the mutant allele to their daughters. As such,
family testing is extremely important. Maternal DNA and one sister's DNA
was received for carrier testing from the referring physicians. The samples
were received from WG3301’s mother and maternal half-sister. We
already had a stored fibroblast sample from WG1664’s mother, with the 1D
number WG1722. All female relatives tested were carriers of the common
€.344C>T mutation as determined by Sanger sequencing of exon 3 of the

HCFC1 gene.
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3.2.5 Restriction Digest Analysis of the Common ¢.344C>T

Mutation

We developed a restriction digest assay that can be performed in
our molecular diagnostic lab to test for the mostly frequently identified
HCFC1 mutation, ¢.344C>T. This test allows clinical reports to be sent
back to the referring physicians, and this information can be used in future
prenatal diagnoses for female carriers, if they choose to take the test. This
information can then also be shared with other female relatives such as
aunts and cousins who can also choose to undergo carrier testing, as they
are also at risk. The results of the restriction digest assay can be found in
Figure 6.

The results of the restriction digest analysis correspond with those
from the Sanger sequencing. Patients have a faint wild type band due to
incomplete digestion. However, this does not affect the analysis as it is
much fainter than the others and males only have one copy of the X-

chromosome and can therefore not be misclassified as carriers.
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Figure 6: Restriction Digest Analysis of HCFC1 ¢.344C>T

MCH39 and Mewo (+/+) only have the wild type band, WG1760 through
WG3301 (-/-) are cblX patient samples have the mutant bands at 321bp
and 150bp, though the wild type band is very faintly visible, WG1722 and
WG3301 mother and sister (+/-) have all three bands, though the low
150bp is very faintly visible.
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3.3 Characterization of a Patient with Mutations in THAP11
3.3.1 Clinical and Biochemical Features of Patient WG2110

One patient, WG2110, characterized as cblC by complementation
analysis, had no mutations in either MMACHC or HCFC1 by Sanger
sequencing. Since his phenotype was more consistent with cblX, his
sample was screened at the University of Colorado in Dr. Shaikh’s
laboratory for mutations in the gene encoding a zinc finger transcription
factor that is well known to function with HCFC1 in transcriptional
activation at the MMACHC locus: THAP11.

This child was born to unrelated Moroccan parents. At two months
of age, the boy presented with seizures. At four months his overall
development was delayed. At twelve months, a metabolic work-up found
mild MMAuria. No homocysteine could be detected in his urine. Treatment
was initiated and consisted of a protein restricted diet, IM
hydroxocobalamin injections, pyridoxine, folic acid, and betaine. However,
this did not prevent the progression of the child’s clinical sequelae. He
subsequently developed encephalopathy, tetraplegia, profound mental
retardation, and seizures. Later, when the measurement of total plasma
homocysteine became available, his levels were slightly elevated. The boy
died at age ten and the parents did not consent to postmortem
examination. The family declined subsequent prenatal diagnosis and has
since had three normal children.

The patient’s cellular studies showed decreased [**C]propionate

and [**C]MeTHF incorporation. There was elevated CNCbl, low Cbl and
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MeCbl though both were higher than normally seen in other inborn errors
of Cbl metabolism. The results of the complementation analysis of the

patient’s cultured fibroblasts indicated a cblC diagnosis.

3.3.2 THAP11 Mutation Analysis

Sequencing of THAP11 identified a homozygous mutation,
€.240C>G (p.F80L) located in the conserved zinc finger-containing THAP
domain. The mutation is two residues away from P78, which is
responsible for interacting with the zinc ion. F80L is predicted to be
probably damaging by Polyphen-2 and the residue is conserved in 10/12
human THAP proteins (Figure 7) and is conserved throughout vertebrates

down to the zebrafish orthologue (Figure 8).
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Figure 7: Multi-sequence alignment of human THAP proteins
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The aligned sequences of THAPO through THAP11 were aligned using
Consurf. The sequence of THAP11 is highlighted in yellow and the F80
residue is highlighted in red. The number of matches in other THAP
proteins compared to THAP11 is listed below each amino acid
(max=12/12). The F80 residue is conserved in 9/12 other THAP proteins
with the differing S and H residues being polar while F is non-polar.
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Figure 8: Multi-species alignment of THAP11

Starting at position V74, the multi-species alignment is shown generated in UCSC genome browser. The F80 residue is
highlighted and conserved in all THAP11-containing species.

72




3.4 Transcriptome Analysis of cbIX and THAP11 Patient Fibroblasts
RNA was isolated from three control fibroblast lines, 11 cblX

fibroblast lines with mutations in HCFC1 and the patient fibroblast line with
a homozygous mutation in THAP11. The control fibroblast lines were
young males under the age of ten, whose cell lines were under 10
generations in culture. RNA sequencing (RNA Seq) was performed and
the transcriptomes from each line were analyzed. Gene expression was
measured for each sample using a unitless, normalized RNA-expression
score to allow for comparison. Patients were compared to controls which
resulted in statistically significant differential expression for five genes:
TMODZ2, PIEZO2, ZNF883, NAT1, MMACHC. Expression in all five genes
was downregulated in the all of the patient samples. The expression of
three genes HCFC1, MMACHC and TMOD2 are shown below in Figure 9.
The expression of MMACHC was undetectable in the following patient
lines: WG2831, WG2049 and WG3352. Expression of both mutated
genes, HCFC1 and THAP11 was not different between patients and

controls.
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Figure 9: Results of RNA sequencing experiments in control and
cbiIX fibroblasts

The above figure depicts expression for three genes (MMACHC, TMOD2
and HCFC1) for each of the samples. HCFC1 expression (green) was not
different between patients and controls. Expression of MMACHC (blue)
which causes the cbIC inborn error and TMOD2 (red) were much lower in
the patients, with some lines having undetectable expression.
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CHAPTER 4
Discussion

4.1 Novel Mutations in MMACHC
Of the 50 cbIC patients diagnosed by somatic cell complementation

that had one or no mutations in MMACHC, 37 were confirmed to have a
homozygous or compound heterozygous mutation in MMACHC.
Mutations in the transcriptional co-regulator HCFC1 were identified in
eleven of the 13 remaining patients and these patients were diagnosed as
cblX. One patient had mutations in the transcription factorTHAP11 and
one patient was homozygous the common LMBRD1 mutation and was
diagnosed as cblF.

Now all patients diagnosed as cbIC in our laboratory have at least
one pathogenic mutation in MMACHC. There are still eight cblC patients
where one causal mutation has yet to be identified and two patients whose
presumed mutations need to be characterized. WG4152 had a lack of one
allele at the cDNA level as the ¢.158T>C mutation is heterozygous at the
gDNA level and homozygous in the cDNA. No additional mutation has
been found in the coding region, promoter or in the untranslated regions
(see Alison Brebner Honour’s Thesis, 2012). WG2417 had an observed
absence of exon 2 at the cDNA level. These two samples, along with
WG3838 have been sent to Baylor College of Medicine, where they have
developed a gene panel, preferentially targeting all the known genes that
cause inborn errors of Cbl metabolism or methylmalonic aciduria. This will

check for missense mutations, however they also have the ability to
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simultaneously search for large deletions and duplications that are missed
by traditional Sanger sequencing. For those other remaining seven
patients, perhaps they also have an additional mutation that cannot be
picked up by Sanger sequencing the MMACHC gene. If the gene panel
discovers novel mutations, we can then check for them in these patients
as well. Another approach being developed is a long range PCR assay,
which amplifies the entire MMACHC gene and allows the visualization of
large deletions or duplications. RNA can also be extracted from these
patients and converted to cDNA, allowing the detection of splice site
mutations, or exon deletions such as in WG2417, as they cannot be
picked up by Sanger sequencing.

Regarding the novel mutations in MMACHC, all are very likely to be
causal and pathogenic. Both missense mutations, ¢c.566G>A and
€.158T>C have high Polyphen-2 and Mutation Taster scores. The affected
residues are highly conserved, being identical in rhesus, mouse, dog,
elephant, chicken, Xenopus and zebrafish. The ¢.292C>T and
c.551 554dupCTAC are both predicted to result in a truncated protein
product. The best characterized mutation is ¢.158T>C, which has been
seen in four of our late onset patients and has since been published in a
fifth patient'®. Three were in combination with the severe c.271dupA
allele in an asymptomatic sibling pair and a 24-year-old who presented
during pregnancy. The fourth was in combination with the unknown

mutation that causes an absence of one allele at the cDNA level in a 57
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year old, who was picked up during a metabolic workup for complications
during his squamous cell carcinoma. None have any reported neurological
or ocular symptoms and are generally doing well. All other mutations were
found in single patients. The c.566G>A was found in combination with
c.328_331delAACC. The deletion appears to be a severe mutation*%*%’,
therefore it is likely that the c.566G>A is a mild mutation as the patient did
not present with a severe phenotype that would be expected from having
two very deleterious mutations. The nonsense mutation ¢.292C>T was
also seen in combination with the ¢.328 331delAACC deletion. This
appears to be a severe mutation as the infant presented with severe
symptoms at birth. This is consistent with its effect on the protein as it
results in a truncation at the 98™ amino acid, quite early on in the protein
likely resulting in very little residual function. Finally, the homozygous
c.551 554dupCTAC appears to be a mild mutation as the infant was
asymptomatic and only picked up due to newborn screening. However,
the child is still young and perhaps the symptoms did not get a chance to
develop due to the early diagnosis. The frameshift does occur quite late in
the protein at the 185™ amino acid. Perhaps with continual treatment the
patient will remain healthy. For the three mutations each seen in only one

patient, additional patients are required to confirm the mutations’ effect on

patient phenotype.
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4.2cblX and THAP11 Patients
Compiling these patients allowed the observation that clinically, they

are quite different from cblIC. All cbIX patients and the single THAP11
patient have very severe neurological phenotypes. These are more severe
than what is typically seen in cblC patients, though they share some
common clinical features. cblX patients have presented with symptoms
such as severe developmental delay, choreoathetosis and intractable
seizures. Their neurological symptoms were often reported to not be
reversed by OHCDbI injections. However, biochemically they had a milder
phenotype than most cbIC patients. cblX patients had lower levels of
metabolite excretion than cbIC patients, with some having homocysteine
levels within the reference range. The cellular studies also showed a
milder phenotype. Both [**C]propionate and [**C]MeTHF incorporations
were significantly higher in cblX patients versus cbIC patients and there
was a higher level of MeCbl that was very statistically significant with
p=6x10". This higher level of MeCbl is consistent with many cblX patients
having milder homocysteine levels than cbIC patients. This mild
biochemical phenotype is likely due to residual MMACHC that is wild type
versus cblC patients that have no wild type MMACHC. This also supports
the patients’ severe neurological phenotype being due to additional
transcriptional effects on genes other than MMACHC, due to mutations in
HCFC1 or THAP11. Both these genes have been implicated in
development and as important regulators of the cell cycle. Future

experiments would characterize the effects of HCFC1 and THAP11 in

78



causing this severe neurological phenotype in patients. Animal models or
inducing these mutations into human neural cell types and observing their
ability to grow and differentiate would be interesting future directions.

Close parallels can be drawn with HCFC1 and THAP11 to ATRX,
which causes ATR-X syndrome. This syndrome also results in a specific,
previously characterized phenotype, a-thalassemia. Like cblX and
THAP11, there is an additional severe neurological phenotype that
includes craniofacial malformations, severe developmental delay,
hypotonia and characteristic facial features™*. ATR-X syndrome is due to
a mutation in a transcription factor that regulates the a-globin locus, along
with other genes presumably necessary in development. The perturbed
regulation of these genes likely results in all the additional features seen in
ATR-X patients. The same can be hypothesized for cblX and the THAP11
patient. Dysregulation of MMACHC causes the biochemical phenotype
and would likely contribute to the neurological findings. However, there are
likely other genes important in neurological development that are
dysregulated and result in the severe neurological findings in cblX
patients.

Interestingly, there was a common mutation in the HCFC1 gene seen
in 9/15 cblX patients described to date. The haplotype analysis showed
that the common ¢.344C>T mutation must have arisen multiple times. It is
not likely that this is an ancient mutation that has remained on multiple

haplotypes, as the disease would be more prevalent in the general
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population, especially considering it is X-linked. The mutation arising
sporadically is the likely scenario, since according to Hardy-Weinberg
equilibrium, a third of mutant alleles are lost each generation when
affected males do not reproduce. To keep the allele frequency constant
one third of the alleles must arise through de novo mutations. The two
informative variants, ¢.343+116 and rs3027875 show that the seven
patients do not share the same haplotype and therefore the mutation has
likely arisen independently multiple times. Three patients have received
the mutation from a carrier mother and two additional patients have a
reported maternal family history of infant deaths or developmental delay,
though relatives have not been tested in these two families. The mutation
arose sporadically in one of the subject’'s mother in Yu et al.177 as it was

not seen in the maternal grandmother.

4.3Lack of Complementation Between cbIC and cblX
One major question that arises from this work is why fibroblasts from

cblC and cblX patients do not complement one another. Fusion between
the two cell lines should result in heterokaryons containing functional
copies of both MMACHC and HCFCL1. However, some mechanism is
preventing the correction. This is consistent with preliminary results from
retroviral transduction experiments, attempting to correct cblX and
THAP11 mutant fibroblasts by inserting wild type HCFC1 and THAP11
respectively. These experiments have so far failed to correct their

respective mutant cell line’s biochemical phenotypes. The HCFC1
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transduction experiment was also performed in the laboratories of our
collaborators, Charles Venditti (NIH) and Tamim Shaikh, using both the
pcDNA mammalian expression vector and adenoviruses, both of which
also failed to result in correction. These results are preliminary as the
expression of the transduced gene has not yet been confirmed. However,
transduction of wild type MMACHC was able to rescue both cell lines’
[**C]propionate incorporation.

Wysocka et al.*®® corrected an observable defect in HCFC1 mutant
cells using the same pBABE retroviral transduction system in HelLa cells.
One possible explanation for the lack of complementation between cbIC
and cbiX is that in this paper, correction did not occur until the cells
divided. If the heterokaryons produced during the complementation
analysis do not divide, or experience a growth disadvantage compared to
unfused cells, this could explain the non-correction in this assay.

There are several possible explanations for these observations, all of
which are presently theoretical and would need additional experimental
support. Both HCFC1 and the THAP group of proteins dimerize before
joining larger protein complexes®"*®. It is possible that the mutant copies
of HCFC1 and THAP11 are interfering with the ability of the wild type to
correct the phenotype. Along similar lines, mutant HCFC1 and THAP11
could be occupying the MMACHC promoter and not allow the wild type

proteins to bind.
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Another possibility is that HCFC1 and THAP11 are translated near
their “home” nucleus and imported immediately. This localization of
nuclear RNAs has been seen before (Reviewed in Di Liegro et al.'®). This
would mean that wild type HCFC1 would stay in the cblC nucleus and not
be able to enter the cblX nucleus and result in the transcription of wild type
MMACHC. Tagging the wild type HCFC1 in the cbIC cell line with green
fluorescent protein (GFP) would allow us to use fluorescent microscopy to
localize the tagged protein product at the cellular level. If it is not localized
to both nuclei, then this is an obvious reason why the wild type HCFC1
would not correct the biochemical defect.

Ultimately, another possibility is that neither of these genes is
causing the patients’ phenotype. However, the evidence for HCFCL1, with
15 patients with damaging missense mutations in this gene, is quite
strong. However, there is only one patient to date with mutations in
THAP11. It is a very good candidate; biologically, it is a known to function
with HCFC1. The mutation analysis is strong with a very damaging
substitution at an extremely conserved residue among multiple THAP
domain-containing proteins and across other species. The RNA seq
results are also convincing, with very low expression of the same five
downregulated genes as the cblX patients. Unfortunately, this patient
passed away and his family is not interested in participating in research,
therefore family material from the healthy unaffected siblings is not a

possibility to rule out this candidate as being causal. ChIP sequencing
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studies could help by giving further evidence, if THAP11 does not bind to
the MMACHC promoter and other genes that are down-regulated in this
patient, this would provide support that this patient is not transcribing

MMACHC adequately due to a defect in THAP11.

4.4RNA Sequencing Studies
The RNA sequencing studies also had surprising results. The effects of

these mutations in HCFC1 are very distinct as the specificity of the down-
regulated genes was quite striking. There were not many genes
dysregulated in patient samples. Only five genes in fibroblasts showed
statistically significantly dysregulation between patients and controls. This
is intriguing as HCFCL1 is known to be a global transcriptional regulator
with 19% of genes affected in HeLa cells when it is knocked down™®.
These transcriptome experiments need to be expanded to other cell types,
particularly tissues affected such as neuronal cell types to see if these
cells also have a specific dysregulation of a subset of genes.

The expression of HCFCL1 in cblX fibroblasts and THAP11 in the
THAP11 patient was the same as control lines. This is expected as
missense mutations are not expected to affect mRNA levels. Expression
of most genes predicted to be regulated by HCFC1 was not altered.

The most interesting gene knocked down in patients was MMACHC,
which was much lower in patients and even absent in three cblX patients.

This supports the results seen on gRT-PCR in the initial paper done on
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two patients’®

and confirms why they cellularly mimic cbIC patients, due
to severely reduced, or even absence of MMACHC protein.

From this analysis, an interesting candidate that could be relevant to
the patients’ neurological phenotype was found. TMOD2 was significantly
down-regulated in patients compared to controls and was the top hit.
TMOD?2 is an actin-binding protein that is responsible for capping the
pointed end™®. It is highly expressed in the cerebellum, occipital lobe and
slightly lower in the cortex and frontal lobe™®. Its overexpression in rat
PC12 cells, a model for neuronal differentiation, has been shown to inhibit
neurite formation'®®. Decreased expression of TMOD?2 is of interest since
it has been implicated as a regulator of neurite development and could be
related to neurologic problems in cblX patients.

There were three other statistically significant downregulated
candidates: PIEZO2, ZNF883 and NAT1. PIEZO2 is a mechanosensitive
ion channel. Gain of function mutations cause a subtype of Distal
Arthrogryposis. Patients have limited eye movements and restricted lung
disease'®. ZNF883 is an uncharacterized zinc finger protein. NAT1 is a
drug metabolizing enzyme of interest in pharmacogenetics and cancer
research'®. NAT1 acetylates its substrates, one of which includes the
folate catabolite p-aminobenzoylglutamate’®. Presently, none of these
candidates have been deemed to be worth pursuing.

Currently, this RNA-seq data is being expanded by including other

patients with different inborn errors of Cbl metabolism. This will allow
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elucidation of whether or not transcriptional dysregulation is specific to
cblX and the THAP11 patient.

The cblX and THAP11 patient represent novel genetic causes of
inborn errors of Cbl metabolism. Their mode of causing disease through
transcriptional dysregulation is novel for inborn errors of metabolism.
Studying these patients can help answer many biological questions
related to vitamin B1, metabolism and its transcriptional regulation, the
biology of the transcription factors HCFC1 and THAP11, and their role in

development and gene expression.
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APPENDIX A
PCR Conditions and Primer Sequences

MMACHC
Exon1 | Exon 2 | Exon 3 | Exon 4A | Exon 4B | Exon 5A | cDNA
10X
Buffer 5 5 5
MgCl, 4 0 4 4 4
Water 36 35 34 36 36 37 38
Tag* 0.2HS | 0.2HS | 0.2HS | 0.2HS 0.2 HS 0.2 HS | 0.2HS
dNTPs 1 1 1 1 1 1 1
Primers 1 1 1 1 1 1 1
Q Buffer 0 5 0 0 0 0 0
Annealing
T (°C) 58 58 58 58 58 65 61
Size (bp) 680 467 395 694 395 685 621
HCFC1 THAP11
Exon 1 | Exon 2 | Exon 3 | Exon 1A | Exon 1B
10X
Buffer 5 5 5 5 5
Mg 0 4 4 0 0
Water 40 36 36 35 35
Tag* 02HS |0.2HS | 02T 0.2 HS 0.2 HS
dNTPs 1 1 1 1 1
Primers 1 1 1 1 1
Q Buffer 0 0 0 5 5
Annealing
T(°C) 65 58 65 58 58
Size (bp) 726 547 471 863 723

All measurements are in microliters (uL)

*HS=HotStar Taq Polymerase, T=Taq Polymerase
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Standard program:

Step Taq HotStar
1 Initial 94°C 3min | 96°C 15min
2 Denature 94°C 30sec | 96°C 30sec
3 Anneal X°C 1min X°C 1min
4 Extend 72°C 1min 72°C 1min
5 Repeat 2-4 40 cycles 40 cycles
6 Final Extension 72°C 10min | 72°C 10min
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Primer Sequences 5 >3’

MMACHC 1F GGGATACCGTGATGATACGC
MMACHC 1R GAACCCAGGAGGATCAGAGG
MMACHC 2F TGCATCACATAGCGTCAGTG
MMACHC 2R AGCCTGGCTTTAGGGTATCA
MMACHC 3F TCATGTTTTCCCTTCTGAGGA

MMACHC 3R CAAAGCTAATTTGTTCTGGGTTG

MMACHC 4AF AGGCCTAGCTTGCAATGATG

MMACHC 4AR GAAGGCAGATGGGAATTCTG

MMACHC 4BF TTTGGCAAAGCAAAAGGTT

MMACHC 4BR CAAGATGGGTGGATCACGA

MMACHC 5AF AGCCTGGCCAATACAGTGAA

MMACHC 5AR AGCCTTCCCTTGGTTCTAGC

MMACHC cDNA F CGCTATGTCCTTTTGGCTTC

MMACHC cDNA R | AGGCCTTCTGCTCTTCTGAGT

HCFC1 1F GGGAAGAGCCAAAGGGAAGG
HCFC1 1R GTCGGACTAGGGGCTTTCTT
HCFC1 2F TTGCACAGTAACTTCCCGCT
HCFC1 2R CTGCCTTCTTCTGAGGTGGG
HCFC1 3F CACCTCAGAAGAAGGCAGCA
HCFC1 3R CGGTGCCGCTCTCTCATTTA
THAP11 1AF CTCTTCGGAGGCTATCGCAG
THAP11 1AR CTACAGTGGCCTGAAGGGTG
THAP11 1BF CACCCTCTGCCTCCACTG
THAP11 1AR CCAGCTTCCACTTCAGGAGG
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ARTICLE

An X-Linked Cobalamin Disorder Caused by Mutations
in Transcriptional Coregulator HCFCT

Hung-Chun Yu,! Jennifer L. Sloan,? Gunter Scharer,!.3+° Alison Brebner,> Anita M. Quintana,’
Nathan P. Achilly,? Irini Manoli,? Curtis R. Coughlin II,'* Elizabeth A. Geiger,! Una Schneck,!
David Watkins,5 Terttu Suormala,®” Johan L.K. Van Hove,!3 Brian Fowler,¢”

Matthias R. Baumgartner,®7.® David S. Rosenblatt,> Charles P. Venditti,> and Tamim H. Shaikh!.3**

Derivatives of vitamin B,, (cobalamin) are essential cofactors for enzymes required in intermediary metabolism. Defects in cobalamin
metabolism lead to disorders characterized by the accumulation of methylmalonic acid and/or homocysteine in blood and urine. The
most common inborn error of cobalamin metabolism, combined methylmalonic acidemia and hyperhomocysteinemia, cbIC type, is
caused by mutations in MMACHC. However, several individuals with presumed cbIC based on cellular and biochemical analysis do not
have mutations in MMACHC. We used exome sequencing to identify the genetic basis of an X-linked form of combined methylmalonic
acidemia and hyperhomocysteinemia, designated chlX. A missense mutation in a global transcriptional coregulator, HCFC1, was identi-
fied in the index case. Additional male subjects were ascertained through two international diagnostic laboratories, and 13/17 had one of
five distinct missense mutations affecting three highly conserved amino acids within the HCFC1 kelch domain. A common phenotype of
severe neurological symptoms including intractable epilepsy and profound neurocognitive impairment, along with variable biochemical
manifestations, was observed in all affected subjects compared to individuals with early-onset cbIC. The severe reduction in MMACHC
mRNA and protein within subject fibroblast lines suggested a role for HCFC1 in transcriptional regulation of MMACHC, which was further
supported by the identification of consensus HCFC1 binding sites in MMACHC. Furthermore, siRNA-mediated knockdown of HCFC1
expression resulted in the coordinate downregulation of MMACHC mRNA. This X-linked disorder demonstrates a distinct disease

mechanism by which transcriptional dysregulation leads to an inborn error of metabolism with a complex clinical phenotype.

Introduction

Cobalamin-derived cofactors, 5’-adenosylcobalamin (Ado-
Cbl) and methylcobalamin (Me-Cbl), are essential for the
activity of methylmalonyl-CoA mutase (MUT [ENZYME
EC 5.4.99.2]) and methionine synthase (MTR [ENZYME
EC 2.1.1.13]), respectively. MUT functions in the catabo-
lism of branched-chain amino acids and odd-chain fatty
acids into the Krebs cycle, and MTR catalyzes the remethy-
lation of homocysteine to methionine. Mutations in MUT
(MIM 609058) or MTR (MIM 156570) or defects in either
the intracellular transport of cobalamin or the synthesis
of the active enzymatic cofactors result in one of nine
distinct inborn errors of metabolism, historically desig-
nated by the cellular complementation class (mut, chlA-
cblG, or cbl])." The disorders that affect both the synthesis
and the transport of 5’-Ado-Cbl and Me-Cbl (cbIC [MIM
277400]), cblID combined [MIM 277410|, cbIF [MIM
277380], and cbl] [MIM 614857]) share the characteristic
biochemical findings of combined methylmalonic acide-
mia and hyperhomocysteinemia.

Combined methylmalonic acidemia and hyperhomo-
cysteinemia, chIC type, one of the first recognized and
most common inborn errors of cobalamin metabolism, is

caused by mutations in MMACHC? (MIM 609831). The
clinical phenotype of cbIC is diverse and can feature neuro-
logic, renal, cardiac, hematologic, and ophthalmologic
manifestations.” > Although the clinical phenotypes of
cbID combined, chIF, and cbl] defects are not as well delin-
eated, most reported cases have been phenotypically
similar to ¢bIC.°® The genes associated with these disor-
ders have been discovered.®” However, several individuals
who have a cellular, but not molecular, diagnosis of ¢hIC
still exist,”” suggesting genetic heterogeneity within this
complementation group. MMACHC sequence analysis did
not identify causative mutations in 14/204” or 3/1187 re-
ported individuals with biochemically confirmed cbIC
deficiency.

Here, we describe the identification of an X-linked form
of combined methylmalonic acidemia and hyperhomocys-
teinemia, designated cbIX. Exome sequencing of a male
subject initially diagnosed with ¢bhIC by complementation
analysis but who had no mutations in MMACHC identified
a mutation in HCFC1 (MIM 300019), a coregulator of the
zinc-finger transcription factor THAP11 (also known as
RONIN).'”'" Sanger sequencing of HFCF1 in 17 additional
male subjects revealed that 13 harbored one of five patho-
genic missense HCFCI mutations. Functional analysis
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further implicated HCFC1 in transcriptional regulation of
MMACHC.

Subjects and Methods

Human Subjects

All human subject samples used in this study were collected after
informed consent was obtained. Subject 1 and his parents were
enrolled into a research protocol (COMIRB no. 07-0386) approved
by the institutional review board at the University of Colorado,
School of Medicine. Subject 1, subject 11, and their parents were
enrolled in National Institutes of Health study “Clinical and Basic
Investigations of Methylmalonic Acidemia and Related Disorders”
(clinicaltrials.gov identifier NCT00078078) in compliance with
the Helsinki Declaration and provided informed consent. The
studies at McGill University Health Centre (Montreal) and Univer-
sity Children’s Hospital (Zurich) were approved by their respective
ethics committees. Genomic DNA was obtained from either
peripheral-blood lymphocytes or cultured skin fibroblasts.

Whole-Exome Sequencing

Whole-exome sequencing (WES) on subject 1 and his parents was
performed with Nimblegen SeqCap EZ Exome v.2.0 and was fol-
lowed by sequencing on an Illumina HiSeq 2000. Approximately
50 million 90 bp paired-end reads (>50x) were obtained.
Sequence reads were first mapped to the human reference genome
(hg19 assembly, UCSC Genome Browser) with the Burrows-
Wheeler Aligner'” and then visualized with the Integrative Geno-
mics Viewer."” The utilities in SAMtools'* were used for variant
calling, and variants were annotated with SeattleSeq. Further
filtering and testing of the inheritance model were done with tools
in Galaxy.'® Single-nucleotide variants (SNVs) were filtered for re-
taining calls that met the following criteria: SNP and consensus
scores >50, read coverage >8, and >25% of the reads containing
the variant call. Bases with a PHRED-scaled score <20 were
removed from the analysis. For homozygous and hemizygous
variant calls, >80% reads were required to contain the variant,
whereas for heterozygous variant calls, the number of reads con-
taining the variant call ranged between 25% and 80%. Indels
< 50 bp were filtered on the basis of similar criteria, except that
the SNP and consensus scores were required to be >100. Variants
found in segmental duplications or simple- or low-complexity re-
peats were removed because of the higher likelihood of mapping
errors. Sequence data from parental samples were used as an addi-
tional filter for confirmation of variant calls in subject 1. The
filtering criteria for variant calling in parental data were less strin-
gent than those in subject 1 so that erroneous classification of var-
iants as unique to subject 1 could be minimized. Thus, the criteria
for parental data included SNP score > 5 for SNVs and SNP score
> 10 for indels and required that at least two reads contain the
variant call. Variants were filtered against dbSNP build 135 and
1000 Genomes (November 23, 2010 release). The sequence data
from the family was then used for testing for causal variants under
different inheritance models, including a de novo mutation in a
dominant model and compound-heterozygous, homozygous,
and X-linked hemizygous mutations in recessive models.

Sanger Sequencing
Variants identified in HCFC1 and TTN (MIM 188840) were further
validated by Sanger sequencing in subject 1 and his parents.

Mutations detected in HCFC1 and TTN were named with the
use of RefSeq cDNA accession numbers NM_005334.2 and
NM_133378.4, respectively. Primers were designed to amplify
and sequence the 26 coding exons of HCFC1 in the 17 additional
subjects and available parents (Table S1, available online).
Genomic DNA (100 ng) was amplified with the following PCR
conditions: Promega GoTaq Hot Start kit with 1x Master Mix
and 400 nM of each primer. PCR began with an initial cycle at
95°C for 3 min and 30 subsequent cycles of 94°C for 30 s, 60°C
for 30 s, and 72°C for 1 min and finished with an extension at
72°C for S min. Amplified PCR products were sequenced with
the PCR primers as sequencing primers on an ABI PRISM 3730xl
by a commercial sequencing facility.

Protein Alignment

HCFC1 sequences in human (RefSeq NP_005325.2), chimpanzee
(RefSeq XP_521330.3), mouse (RefSeq NP_032250.2), rat (RefSeq
NP_001132979.1), frog (RefSeq XP_002937269.1), and two zebra-
fish paralogs (RefSeq NP_001122009.1 and NP_001038529.1) were
aligned with ClustalW.'®

Protein Modeling

Predicted models of the wild-type and altered HCFC1 (UniProtKB
P51610) kelch domain (amino acids 42-342) were created by
Modeller'” with human KLHL12 (Protein Data Bank ID 2VPJ) as
a modeling template. KLHL12 was chosen by CPHmodels'®
because it had an available protein model with the highest homol-
ogy with the HCFC1 kelch domain. The resulting structures were
visualized with Chimera.'”

HCFC1 and THAP11 Binding Sites

Binding regions of HCFC1 and THAP11 were obtained from chro-
matin immunoprecipitation sequencing (ChIP-seq) data in mouse
embryonic stem cells.'” Mouse genomic coordinates from the
mm8 assembly of the UCSC Genome Browser were converted to
the orthologous human hg19 assembly with the LiftOver tool
from the UCSC Genome Browser.”” A highly conserved 15 bp
(5'-CTGGGARWTGTAGTY-3') THAP11 binding motif'’ was iden-
tified by fuzznuc®' in the human genome. A maximum of 2 bp
mismatch was allowed.

Analysis of RNA Expression

For quantitative evaluation of gene expression, total RNA was iso-
lated from human fibroblasts and reverse transcribed. The two
control samples used were from healthy individuals with no
known biochemical or neurological phenotypes. The Promega
GoScript reverse-transcription system was used for converting
RNA to cDNA with random primers. Assays for quantitative PCR
(qPCR) were designed with the Roche Universal ProbeLibrary
Design Center, and Roche Universal Probes and FastStart Universal
Probe Master Mix with Rox were used. The Roche Universal
ProbeLibrary Human ACTB (B-actin) Gene Assay was used as an
endogenous control (catalog no. 05046165001). Primers (Table
S1) were synthesized by Integrated DNA Technologies. Primer
pairs that showed an amplification efficiency within = 10% of
each other and a coefficient of correlation between 0.95 and 1.0
were used for quantification. ABI 7500 Software version 2.0.5
was used to calculate the relative expression levels with the
AACt method. The reactions were all carried out in technical
triplicates. The experiment was also repeated in three biological
replicates. Error bars represent the SEM of relative expression
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levels. Statistical significance was calculated with a two-tailed
t test.

Immunoblot Analysis

Control human dermal fibroblasts (C-013-5C) were obtained from
Life Technologies. Human fibroblasts were grown to ~95% conflu-
ence in 10 cm plates and lysed in T-PER containing a protease-
inhibitor cocktail (Thermo Fisher Scientific). Crude lysates were
clarified by centrifugation at 13,000 rpm for 10 min at 4°C.
Seventy-five micrograms of lysate was analyzed by immunoblots
with a rabbit polyclonal MMACHC (ab96195; Abcam) antibody
at a dilution of 1:1,000 or rabbit polyclonal HCFC1 antibody
(A301-400A; Bethyl Laboratories) at a dilution of 1:2,000. The
blot was stripped with Restore Western Blot Stripping Buffer
(Thermo Fisher Scientific) and reprobed with a rabbit polyclonal
B-actin antibody at a dilution of 1:3,000 as a loading control.
Secondary antibody was visualized by chemiluminescence detec-
tion (Thermo Fisher Scientific). Immunoblots for HCFC1 siRNA
knockdown experiments were performed on cell lysates obtained
from human embryonic kidney 293 (HEK293) cells (American
Type Culture Collection) treated with either HCFC1 siRNA or
scrambled siRNA in three biological replicates. Cells were har-
vested for immunoblotting 4 days after transfection. The anti-
bodies used for immunoblot analysis of HCFC1 and B-actin were
the same as above.

HCFC1 siRNA Knockdown

HEK293 cells were transfected with Trilencer-27 siRNA duplexes
(Origene) with the use of the siTran transfection reagent and incu-
bated for 48 hr. RNA was isolated from HCFC1 siRNA-treated cells
and scrambled-siRNA-treated control cells with the RNeasy Micro
Kit (QIAGEN). Total RNA was quantitated in each individual sam-
ple, and 1 pg of total RNA was used for producing cDNA with
random hexamer primers with the GoScript Reverse Transcription
System (Promega) according to the manufacturer’s instructions.
Quantitative PCR was performed as described above. The reactions
were all carried out in technical triplicates. The experiment was
also repeated in three biological replicates. Error bars represent
the SEM of relative expression levels. Statistical significance was
calculated with a two-tailed t test.

MMA Production by Cultured cbIX Fibroblasts

A modified chemical-stimulation study was performed as
described previously.”” Six-well tissue-culture plates were seeded
at a density of 2 x 10° or 5 x 10° cells per well in high glucose
(4 g/1) DMEM supplemented with 10% fetal bovine serum, peni-
cillin streptomycin, L-glutamine, and sodium pyruvate. The next
day, the DMEM growth medium was removed and replaced with
1 ml of DMEM growth medium containing sodium propionate
(10 mM) or sodium propionate (10 mM) plus hydroxocobalamin
(1 pg/ml). After 72 hr, the medium was collected for gas chroma-
tography-mass spectrometry analysis of MMA and measured in
triplicate. Cell viability was determined by visual inspection and
noted to be equal in all groups.

Results

Clinical Data
The clinical features of subjects are shown in Table 1. A
common phenotype of severe neurological symptoms,

which primarily include intractable epilepsy and neuro-
cognitive impairment, was observed in all affected males
(Table 1). Disease onset was either in the prenatal period
(n=3) orin early infancy (n = 11), and severe neurological
manifestations were present in all subjects. Seizures (n =
12), profound developmental delay (n = 11), microcephaly
(n = 7), movement disorders (n = 4), and a history of
maternal male infant deaths (n = 3) were reported.
Biochemical perturbations included hyperhomocysteine-
mia, methylmalonic acidemia, and increased propionyl-
carnitine (Table 1 and Table S2). Laboratory values were
more variable than seen in individuals with early-onset
cbIC* (Figure 1) given that five cbIX subjects had normal
plasma total homocysteine. Cellular biochemical studies
were performed in all subjects and revealed diminished
1-["*C]-propionate and 5-['*C]-methyl-THF incorporation
(which improved with hydroxocobalamin supplementa-
tion), impaired synthesis of Ado-Cbl and Me-Cbl (Table
$2), and failure to complement respective chIC cell lines.

WES

We selected one male subject (subject 1) with presumed
chIC for WES analysis because of his atypical neurological
phenotype, which included a gyral cortical malformation
that required surgical resection. We first filtered out com-
mon variants present in dbSNP and 1000 Genomes and
focused on nonsynonymous coding variants, coding in-
dels, and variants affecting splice sites, resulting in 161
rare variants that were considered for further analysis
(Table S3). Parental WES data were used for identifying
possible pathogenic variants under various inheritance
models, including dominant (de novo mutations) and
recessive (compound-heterozygous, homozygous, and
X-linked hemizygous mutations) models.

Under the recessive model, we identified two candidate
genes with potentially pathogenic mutations. The first,
TTN, encodes Titin, a giant protein involved in the
assembly of cardiac and skeletal muscle. Subject 1 had
compound-heterozygous missense changes in TTN:
€.61634G>A (p.Arg20545GIn) inherited from his mother
and ¢.77236G>A (p.Val25746lle) inherited from his father.
The only known function of TTN in muscle assembly made
it unlikely to play a role in disease etiology. The second
candidate, HCFC1 on chromosome X, had a nonsynony-
mous, missense variantin exon 3, ¢.344C>T (p.Alal15Val).
Sanger sequencing validated the variant in subject 1 and
his unaffected carrier mother. This mutation was not
found in the subject’s maternal grandparents, suggesting
that the mutation might have originated de novo in his
mother (Figure S1A). The pleiotropic function of HCFC1
coupled with the recent description of an X-linked form
of mental retardation (MRX3 [MIM 309541]) caused by
its altered expression prompted further investigations.”*

HCFC1 Mutation Screening
Seventeen additional males, the majority of whom had
been diagnosed with chIC deficiency by cellular studies
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Table 1.

Clinical and Biochemical Features of Male Subjects with HCFCT Variants

Urine MMA*®
Genetic Testing Plasma tHcy® Serum MMA® (mmol/mol

Subject Age of Onset Clinical Symptoms (Negative) HCFC1 Variant (nmol/l) (nmol/l) creatinine)

1 4 months severe developmental delay, infantile spasms with hypsarrythmia, gyral cortical MMACHC €.344C>T! (p.Alal15Val) 141 21.5 ND
malformation, microcephaly, chorea, undescended testes, megacolon

2 4 months severe developmental delay, intractable epilepsy, choreoathetosis, MMACHC ¢.344C>T (p.Alal15Val) ND ND 650
microcephaly, FTT

3 prenatal severe developmental delay, neonatal epilepsy, choreoathetosis, congenital MMACHC ¢.344C>T (p.Alal15Val) ND ND elevated
microcephaly, FTT

4 <3 months infantile spasms with hypsarrythmia, absent development MMACHC c.344C>T (p.Alall5val) S ND 201

S 2 months severe developmental delay, epilepsy, choreoathetosis, neutropenia MMACHC €.344C>T (p.Alal15Val)  WNL ND 626

6 prenatal severe developmental delay, infantile spasms with hypsarrythmia, MMACHC €.344C>T (p.Alal1SVal) ND 22.7 192
microcephaly, [IUGR

7 4 months epilepsy, hypotonia MMACHC .344C>T (p.AlallSVval) 118 11.6 ND

8 <3 months severe developmental delay, intractable epilepsy, hypospadias MMACHC ¢.344C>T (p.Alal15Val) 80 ND elevated

9 <3 months severe developmental delay, epilepsy, no eye contact, muscular hypotonia, MMACHC c.344C>T (p.Alal15Val) 61 5.5 ND
microcephaly

10 2 weeks acute neurologic and metabolic decompensation, ketoacidosis with MMACHC c.343G>A (p.Ala115Thr) ND elevated elevated
hyperammonemia, microcephaly, abnormal EEG, death in infancy

11 S months severe developmental delay, intractable epilepsy, choreoathetosis, FTT, MMADHC, MMACHC ¢.218C>T* (p.Ala73Val) 9 5.7 127
ballismus

12 9 weeks severe developmental delay, epilepsy, muscular hypotonia, generalized MMACHC ¢.218C>T (p.Ala73Val) 13 ND 329
disturbance and delay of myelination on MRI at age 8 years

13 5 weeks severe developmental delay, epilepsy, FTT MMACHC ¢.217G>A (p.Ala73Thr) ~ WNL ND elevated

14 prenatal seizures, blindness, hearing impairment, slight dysmorphia, congenital MMACHC ¢.202C>G (p.GIn68Glu) 87 23.0 elevated

microcephaly, IUGR, FTT

Abbreviations are as follows: FTT, failure to thrive; IUGR, intrauterine growth retardation; ND, not determined; and WNL, within normal limits.

*Normal is <13 pmol/I.
PNormal is <0.4 pmol/I.
“Normal is undetectable.

9Mother was found to carry a de novo variant.
“De novo variant.
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Figure 1.

Metabolite Measurements in cb/X Subjects Compared to Treated, Early-Onset cbIC Subjects

Plasma total homocysteine (tHcy) and serum and urine methylmalonic acid (MMA) were measured in cbIX subjects (single measure-
ments) and 23 subjects with early-onset chIC deficiency (1-13 measurements per subject). In cases where multiple measurements
were available for the same subject, the mean of all readings was used. n = the total number of subjects in each group.

(A) There was no statically significant difference in plasma tHcy measurements between cbIC subjects and cblX subjects (chbIC, 60.63 =
4.88 uM; chlX, 64.25 + 18.30 uM [mean + SEM]). Normal levels of plasma tHcy are <13 uM. Triangles indicate two subjects with report-
edly normal tHcy (no concentration was provided to the referring diagnostic laboratory).

(B) There was no significant difference in serum MMA measurements between cbIC subjects and cbIX subjects (chIC, 11.57 = 2.99 uM;
chlX, 15.00 = 3.43 uM [mean + SEM]). Normal levels of serum MMA are <0.4 uM.

(C) ¢bIX subjects had higher urine MMA (t test p < 0.001) than did cbIC subjects (cbIC, 96.52 + 23.89 mmol/mol creatinine; chlX,
354.20 + 93.70 mmol/mol creatinine [mean + SEM]). Normal levels of urine MMA are <4 mmol/mol creatinine.

but who likewise did not have mutations in MMACHC
(Table 1), were identified through a retrospective review
of laboratory and clinical data from two international
referral centers. Sanger sequencing of the coding exons
and splice sites of HCFC1 identified one of five distinct
pathogenic missense mutations in 13/17 subjects:
three in exon 2 (c.202C>G [p.GIn68Glu], c.217G>A
[p-Ala73Thr], and c¢.218C>T [p.Ala73Val]) and two
in exon 3 (c.343G>A [p.Alal15Thr] and c.344C>T
[p-Alal115Val]). The missense changes affect three highly
conserved amino acids: GIn68, Ala73, and Alal1S (Fig-
ure 2). The mutation present in the index case, ¢.344C>T
(p-Alal15Val), was the most frequent and was present in
nine of the subjects.

Parental samples were only available for subject 1, whose
mother was a carrier, and subject 11, whose parents were
both negative for the c.218C>T (p.Ala73Val) change (the
fact that subject 11's parents were negative for the muta-
tion suggests that it arose de novo). Sanger sequencing of
HCFC1 in 100 normal controls (50 individuals of European
descent and 50 African Americans; Human Variation
Panel, Coriell Institute) identified a single African Amer-
ican female carrier (NA17132) of the ¢.344C>T mutation.
We concurrently analyzed exome data from 7,597 controls
(6,503 from the National Heart, Lung, and Blood Institute
[NHLBI] Exome Sequencing Project Exome Variant Server
and 1,094 from 1000 Genomes) and did not discover any
of the variants detected in our cohort.

HCFC1 contains a kelch domain with five kelch motifs,
fibronectin-like domains, and an HCF-proteolysis domain
with six HCF repeats®* (Figure 2). The five mutations identi-
fied in the chIX individuals affect GIn68, Ala73, and Alal15
within adjacent kelch motifs (Figure 2) and are predicted to
be deleterious (Table S4). Furthermore, the predicted three-
dimensional structure of wild-type HCFC1 (Figure S2)
places GIn68, Ala73, and Alall$S in close proximity to
each other. Interestingly, the introduction of the Ala73

and Alal1S5 substitutions leads to a conformational change
in the HCFC1 structure predicted by Modeller'” (Figures
S2B, $2D, and S2E), suggesting that the observed missense
mutations could alter the protein structure of HCFCI1.

Binding Sites of the THAP11-HCFC1 Complex
ChIP-seq studies in mouse embryonic stem cells'” have
previously shown that the THAP11-HCFC1 complex binds
consensus-sequence motifs in genes encoding enzymes of
cobalamin metabolism, e.g., MMACHC, MTR, and ABCD4
(MIM 603214), as well as SUCLG1 (MIM 611224). SUCLG1
encodes a Krebs-cycle enzyme, and mutations in this gene
cause a severe form of isolated methylmalonic aciduria.”®
We identified orthologous, conserved binding motifs for
the THAP11-HCFC1 complex in human MMACHC, MTR,
ABCD4, and SUCLG1 (Figure S3), suggesting that the
expression of human MMACHC and possibly other cobal-
amin metabolism enzymes is regulated by the THAP11-
HCFC1 complex.

10

Analysis of RNA and Protein Expression

To further characterize the functional consequences of
the observed HCFCI mutations in vitro, we examined
the expression of various enzymatic targets—MMACHC,
MMADHC, MTR, SUCLGI1, and ABCD4—in skin fibro-
blasts from two cbIX individuals (subjects 1 and 11) by
using qPCR and immunoblots (Figure 3). Whereas ex-
pression levels of MMADHC, MTR, SUCLG1 and ABCD4
in subjects 1 and 11 were similar to those in two
control fibroblast lines, MMACHC mRNA and MMACHC
expression levels (Figures 3A and 3B) were severely reduced
in the affected individuals. The expression levels of HCFC1
mRNA (Figure 3A) and HCFC1 (Figure 3C and Figure S4)
were similar in the fibroblasts of control and affected
individuals, showing that the missense mutations in
HCFC1 do not affect its expression but apparently inhibit
its function in the transcriptional activation of MMACHC.
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(A) The top panel shows the 26 exons of
HCFC1 as gray boxes. The bottom panel
shows the predicted HCFC1 domains,
including the kelch domain (kelch motifs
K1-KS), Fn3 (fibronectin type 3), the basic
domain, HCF-proteolysis repeats (HCF-
pro; represented as triangles), the acidic
domain, and NLS (nuclear localization
signal) domains (adapted from Wilson

Pathogenic Variants of HCFC1
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B 68 73 115 et al.”*). The HCFCI mutations are clus-
| I I tered within exon 2 and 3 of the cDNA,
Human ... NTATNQWFIPAVRGDI. . ......... LYELQASRWEW. . . . . corresponding to the first (K1) and second
Chimp  ..... NTATNQWFIPAVRGDI. .......... LYELQASRWEW. . . . . (K2) kelch motifs, respectively, in HCFC1.
Mouse  ..... NTATNQWFIPAVRGDI. . ......... LYELQASRWEW. . . . . (B] Compamtive .amalysis” of HOFE]
Rat ... NTATNQWFIPAVRGDI. .......... LYELOASRWEW. . . . . X N
Frog  ..... NTSTNQWFIPAVRGDI. . .. ....... LYELQASRWEW. . . . . from multiple species demonstrated that
Zebrafish 1 ..... NTATNQWFIPAVRGDI. .......... LYELQASRWEW. . . . . GIn68, Ala73, and AlallS (highlighted
Zebrafish 2 ..... NTATNQWFIPAVRGDI. . ......... LYELQASRWEW. . . . . in red) are evolutionarily conserved

Functional Analysis of HCFC1 by siRNA Knockdown
In order to further demonstrate the regulatory role of
HCFC1 in MMACHC transcription, we performed siRNA
knockdown of HCFC1 in HEK293 cells. The reduction in
HCFC1 expression resulted in the coordinate downregula-
tion of MMACHC in siRNA-treated cells, but not in un-
treated control cells (Figure 4). This suggests that HCFC1
regulates the expression of MMACHC, explaining the lower
levels of MMACHC expression in the fibroblasts of affected
individuals (Figure 3). This is further supported by the
observation that fibroblasts from cbIX individuals pro-
duced excessive methylmalonate as a result of reduced
MMACHC expression, which normalized after cobalamin
supplementation (Figure S5).

Discussion

WES of the index case and his unaffected parents allowed
us to discover the mutation underlying his complex clin-
ical phenotype, which included an apparent cbIC defi-
ciency combined with severe neurological phenotypes.
HCFC1, unlike other genes associated with cobalamin dis-
orders, does not encode an enzyme in the cobalamin
pathway. Itisin fact a predicted transcriptional coregulator
of enzymes involved in cobalamin metabolism, including
that encoded by MMACHC, mutations in which are
responsible for chIC deficiency.” The location of HCFC1
on human chromosome X, combined with the existence
of several males with apparent cbIC deficiency and no
MMACHC mutations,”” led us to predict that this disorder
might represent an X-linked disorder affecting males.
Indeed, we identified HCFC1 mutations in 13/17 addi-
tional male subjects with biochemical and cellular findings
that were similar to the index case, leading us to designate
this cobalamin disorder cbIX.

All of the mutations discovered in our cohort affect
conserved amino acids in two of the five kelch motifs
within the HCFC1 kelch domain. Kelch domains are typi-

throughout vertebrates.

cally repetitive antiparallel B sheets and are known to
mediate protein-protein interactions, catalytic activity,
and transportation.”®?” The HCFC1 kelch domain recog-
nizes a conserved HCFC1 binding motif,”*?’ which is
important for protein-protein interaction with its tran-
scriptional-regulation partners.’’** HCFC1 is known to
interact with diverse proteins to regulate a variety of pro-
cesses, including the cell cycle, proliferation, and transcrip-
tion,****?5 and exerts control on targets through THAPs,
specifically THAP11.'”"'" Thus, mutations that interfere
with the interaction between HCFC1 and its transcrip-
tional-regulation partners are likely to affect the expression
of a wide range of downstream effectors. It is noteworthy
that HCFC1 interacts with many other transcription fac-
tors, such as E2Fs, MLLs, CREB, BAP1, and SETDI1A,
through the kelch domain and subsequently has an exten-
sive effect on transcription activities.””****** In a recent
study, the HCFC1 complex was shown to be bound to
~5,400 (24%) promoters of the human transcriptome,
including the THAP11 promoter.*®

The most obvious question that we needed to address
next was how mutations in HCFC1 might affect cobal-
amin metabolism and the apparent cbIC deficiency
observed in the ¢bIX individuals. We first demonstrated
that predicted binding motifs for the THAP11-HCFC1
complex exist in the regions flanking human MMACHC,
as well as other genes encoding components of the
cobalamin pathway. We then showed that expression
levels of both MMACHC mRNA and MMACHC were
severely reduced in skin fibroblasts from cbIX individuals.
Furthermore, siRNA knockdown of HCFC1 expression
in HEK293 cells led to coordinate downregulation of
MMACHC transcription. Thus, our data strongly sup-
port a model in which the THAP11-HCFC1 complex
controls the expression of MMACHC. Mutations that
affect binding of HCFC1 and THAP11 could then lead
to the cellular and biochemical phenotype of cbIC defi-
ciency as a result of a reduction in the expression of
MMACHC.
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The discovery of mutations in HCFC1 as the cause of the
cblX disorder highlights perturbation of transcription as
the cause of a classical inborn error of metabolism.
Although ¢bIC and cbIX share some clinical features, chlX
individuals were not documented to have the specific
bulls-eye maculopathy, which is a frequent finding in
chIC.> Furthermore, the neurological features were more
severe (e.g., brain malformation, infantile spasms, move-
ment disorders) in c¢bIX individuals, suggesting that
MMACHC deficiency alone does not explain all of the
clinical manifestations. The pathophysiology underlying
the complex phenotype remains to be fully elucidated
but most likely involves dysregulation of other HCFC1 tar-
gets. The recent discovery of variants in the regulatory
regions of HCFC1 as a possible cause of nonsyndromic
intellectual disability has implicated HCFC1 in brain devel-
opment and function” and, together with the data pre-
sented here, suggests that the metabolic manifestations
of MMACHC deficiency, along with mutation analysis of
HCFC1, should be assessed in individuals with idiopathic
X-linked intellectual disability.

We conclude that missense mutations affecting the
kelch domain of HCFC1 lead to combined methylmalonic
acidemia and hyperhomocysteinemia, establishing a
functional relationship between HCFCI and cobalamin
metabolism. This distinct disorder establishes locus hetero-
geneity for cbIC deficiency, most likely mediated by the
transcriptional regulation of genes involved in cobalamin
metabolism by HCFC1, and demonstrates that an inborn
error of metabolism can be caused by transcriptional
dysregulation.
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Figure 3. Expression Analysis
(A) gPCR analysis of mRNA expression.
MMACHC expression was either com-
pletely lost or reduced by ~76% in fibro-
blasts derived from subjects 1 and 11,
+ respectively (asterisks indicate statistical
significance). Error bars represent the
SEM of relative expression levels. The two
control samples used were from healthy
individuals with no known biochemical
or neurological phenotypes.
(B) Immunoblot analysis of MMACHC.
Fibroblast lysates from a reference (con-
trol) sample (human dermal fibroblast
C-013-5C, Life Technologies), two individ-
uals with cbIX, and one with chIC were
analyzed. The cbIX (lanes 2 and 3) and
chlC (lane 4) lines show only trace
amounts of MMACHC (top panel).
Immunoblot analysis of HCFCI.
Fibroblast lysates from the same control
used in (B) and two ¢bIX cell lines were
analyzed. HCFCI1 levels in all the samples
remained unchanged. B-actin was used as
a loading control in all immunoblots (in
the bottom of B and C).
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Supplemental Data include five figures and five tables and can be
found with this article online at http://www.cell.com/AJHG/.
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HEK293 cells were transfected with HCFCI-specific siRNA or
scrambled siRNA (control), and the relative expression of HCFC1
and MMACHC was assayed by qPCR using ACTB (B-actin) as an
endogenous control. Compared to control cells (average expres-
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reduced HCFC1 (0.275) and MMACHC (0.424) expression levels,
but the MMADHC expression level remain unchanged. Error bars
represent the SEM of relative expression levels.
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