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Abstract

Cobalamin (Cbl, B1y) is an essential micronutrient required to fulfill the enzymatic reactions of
cytosolic methylcobalamin-dependent methionine synthase and mitochondrial adenosylcobalamin-
dependent methylmalonyl-CoA mutase. Mutations in the MMACHC gene (cblC complementation
group) disrupt processing of the upper-axial ligand of newly internalized cobalamins, leading to
functional deficiency of the vitamin. Patients with cbIC disease present with both
hyperhomocysteinemia and methylmalonic acidemia, cognitive dysfunction, and megaloblastic
anemia. In the present study we show that cultured skin fibroblasts from cbIC patients export
increased levels of both homocysteine and methylmalonic acid compared to control skin
fibroblasts, and that they also have decreased levels of total intracellular folates. This is consistent
with the clinical phenotype of functional cobalamin deficiency in vivo. The protein changes that
accompany human functional Cbl deficiency are unknown. The proteome of control and cbIC
fibroblasts was quantitatively examined by two dimensional in-gel electrophoresis (2D-DIGE) and
liquid chromatography-electrospray ionization-mass spectrometry (LC/ESI/MS). Major changes
were observed in the expression levels of proteins involved in cytoskeleton organization and
assembly, the neurological system and cell signaling. Pathway analysis of the differentially
expressed proteins demonstrated strong associations with neurological disorders, muscular and
skeletal disorders, and cardiovascular diseases in the cblC mutant cell lines. Supplementation of
the cell cultures with hydroxocobalamin did not restore the cblC proteome to the patterns of
expression observed in control cells. These results concur with the observed phenotype of patients
with the cbIC disorder and their sometimes poor response to treatment with hydroxocobalamin.
Our findings could be valuable for designing alternative therapies to alleviate the clinical
manifestation of the cblC disorder, as some of the protein changes detected in our study are
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common hallmarks of known pathologies such as Alzheimer’s and Parkinson's diseases as well as
muscular dystrophies.

INTRODUCTION

Cobalamin (Cbl, B1y) is an essential micronutrient required by all cells in the body.
Methylcobalamin (MeCbl) and adenosylcobalamin (AdoCbl) are required cofactors in the
catalytic reactions of cytosolic methionine synthase [1-2] and mitochondrial
methylmalonyl-CoA mutase [1-2], respectively. Synthesis of AdoCbl and MeCbl from other
Cbl derivatives is dependent on the MMACHC (for methylmalonic aciduria combined with
homocystinuria type C) gene product, which defines the cblC complementation group [3].
The MMACHC protein is responsible for processing the upper-axial ligands of dietary Cbls
prior to Cbl coenzyme biosynthesis [4—6]. In cbIC patients, who form the largest group of
inborn errors of cobalamin metabolism, the inability to synthesize MeCbl results in
increased concentrations of homocysteine in blood as well as decreased blood levels of
methionine. The inability to synthesize AdoCbl results in increased levels methylmalonic
acid in blood, spinal fluid and urine.

It was initially thought that patients in the cblC complementation group were neonates and
infants with clinical findings that included failure to thrive, acute neurological deterioration,
developmental delay, multisystem organ dysfunction, and hematological abnormalities
including megaloblastic anemia [7-8]. However, a late-onset form of the cbIC disease was
established in 1984 [9]. A previously asymptomatic 14-year old girl presented with acute
onset of neurological symptoms including dementia, myelopathy, and motor-neuron disease
[9]. The patient was diagnosed with cbIC disease, thus establishing the age-related
heterogeneity of this condition. In 1997, Rosenblatt et al., reviewed 50 cbIC patients, of
whom six patients had late-onset disease [10]. The authors noted that late-onset patients had
better survival and response to treatment, and less neurological sequelae compared to early-
onset patients [10]. Today hundreds of cbIC patients have been identified with different
mutations in the MMACHC gene and a variety of clinical presentations [11].

Herein, we investigate the proteome of cblC mutant fibroblasts isolated from genetically
unrelated and severely ill patients with early-onset disease. We observed that the cbIC cell
lines produced increased levels of both homocysteine and methylmalonic compared to
normal cell lines, and that supplementation of the cell cultures with hydroxocobalamin
(HOCRDI) did not reduce the export of homocysteine in cbIC cell lines to the levels observed
in normal fibroblasts. An assessment of the cblC proteome and its comparison with that of
normal fibroblasts was conducted using 2D-DIGE and LC/ESI/MS. The identification of
changes at the protein level bridges the gap existing between the role(s) of the MMACHC
gene product in vitro and the clinical manifestations of functional Cbl deficiency in humans.

EXPERIMENTAL PROCEDURES

Materials

[>7Co]-CNCbl was purchased from MP Biomedical (Solon, OH). [°’Co]-HOCbI was
prepared by decyanation of [°’Co]-CNCbl as described previously [12]. Hydroxocobalamin
hydrochloride was purchased from Sigma (Saint Louis, MO). Antibodies for CLIC4 and
UCHL1 were purchased from Abcam (Cambridge, MA). Antibodies for PDI and GRP94
(anti-KDEL monoclonal antibody) were purchased from Stratagene (Ann Arbor, MI).
Antibodies for VIM and human recombinant VIM were purchased from R&D Systems
(Minneapolis, MN).
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Human fibroblast cell lines

Control and cbIC mutant fibroblasts were grown in Advanced Dulbecco’s Modified Eagle
Medium (aDMEM) (Gibco, Grand Island, NY) containing 9.07 uM folic acid and
supplemented with 10 % fetal bovine serum (FBS) (final Cbl concentration, 66 pM)
penicillin (100 units/ml) and streptomycin (0.1 mg/ml). When indicated, cells were
supplemented with aDMEM containing 723 nM HOCDbI. Fibroblast cell lines from patients
with severe cblC disease were obtained from the Repository for Mutant Human Cell Strains,
Montreal Children’s Hospital, Montreal, Canada. Culture, handling and disposal of human
cell lines were performed according to protocols approved by the Cleveland Clinic’s IRB/
IACUC committees. Genetic and clinical information for the cbIC patient fibroblasts used in
present study can be found in our previous publication [5]. Control and cbIC mutant
fibroblasts were utilized between passages 7 and 11.

Determination of homocysteine and methylmalonic acid in conditioned culture medium

After culturing cells for 7 days, the conditioned culture medium was then collected,
centrifuged at 1,000 rpm for 10 min, filtered through a 0.22 um filter (Millipore, Billerica,
MA) and stored at 4°C. Total homocysteine in conditioned medium was determined by the
method of Jacobsen et al. using monobromobimane and HPLC with fluorescence detection
[13]. The concentration of methylmalonic acid in conditioned medium was determined by
gas chromatography and mass spectrometry by a method modified from Hoffmann et al
[14]. Values were normalized to cellular protein concentration. Total protein concentration
was determined by the bicinchoninic acid assay (Thermo Scientific, Rockford, IL) using
bovine serum albumin as a standard.

Determination of total intracellular Cbl and folates

Total intracellular Cbl and folate were determined using the SimulTRAC-SNB Radioassay
kit vitamin B1,[°’Co]/Folate [12°1], MP Biomedicals (Orangeburg, NY, USA). Cbl and
folate values were normalized to cellular protein concentration.

Cobalamin uptake studies

Cells were seeded at an initial density of 25% to 30% and allowed to grow for 24 h. After 24
h, half of the conditioned culture medium was replaced with fresh medium and [°Co]-
HOCDbI was added to a final concentration of 0.20 nM (specific activity: 379 uCi/ug
HOCHhI). Uptake was followed by counting the radioactivity in a y-counter at 6, 12, 24, 48
and 72 h, both in spent medium and in washed cell pellets. Total Cbl values were
normalized to cellular protein concentration.

Processing of [°’Co]-HOCbI by normal and cblC fibroblasts

Processing experiments were carried out as described in a previous report utilizing [>Co]-
HOCDbI (final concentration in the culture medium = 0.125 nM) as the sole source of Cbl [5].
Cells were grown for 48 h, harvested and the intracellular Cbl profile was determined by
HPLC as described previously [12].

CyDye labeling of the normal and cbIC proteomes

To detect and identify differentially expressed proteins between normal and cblC mutant
fibroblasts, we used the fluorescence technique 2D-DIGE [15]. In addition, we investigated
the effect of HOCbI supplementation on the proteome of normal and cbIC fibroblasts. In
order to minimize variations associated with growth conditions, cell extracts for 2D-DIGE
analysis were prepared from a single batch of normal and cblC fibroblasts (i.e., same
passage number), which were split and grown simultaneously for 7 days, either in the
presence or absence of 723 nM HOCDbI. Cells were harvested by trypsinization, washed 3
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times with phosphate buffered saline and stored at —80 °C until ready for workup. The cell
pellets were freeze-thawed three times, and lysed with 0.2 ml of homogenization buffer (40
mM Tris, 7 M Urea, 2 M thiourea, 4% CHAPS, pH 8.6 containing the complete mini
protease inhibitor cocktail (Roche, Indianapolis, IN) per cell pellet. The concentration of
protein was determined on a 5 pl aliquot using the 2-D Quant kit (GE Healthcare,
Piscataway, NJ). Five hundred micrograms of total protein per cell line were divided into
two aliquots of 250 pg each and subjected to a “clean-up” procedure using the 2-D Clean up
kit (GE Healthcare). The final pellet from each tube was resuspended with 50 pl of lysis/
homogenization buffer and the 2 aliquots of each sample were pooled prior to protein
determination. The samples were stored at —20 °C until CyDye labeling. Proteins from
normal and the 3 cblIC cell lines were individually labeled with the fluorescent dyes Cy2,
Cy3, and Cy5 as recommended by the manufacturer (see below), mixed, and co-resolved on
3 different analytical gels (total protein ~150 pg). A preparative gel containing ~600 pg of
total unlabelled protein (pooled normal and cblC samples) was run simultaneously. Table 1S
in the Supplementary data summarizes the experimental set up.

CyDye labeling procedure

CyDye stock solutions were prepared according to the manufacturer’s instructions. Briefly,
each CyDye was resuspended to a final concentration of 1 nmol/ml with
dimethylformamide, mixed, centrifuged at 12,000 rpm for 30 s, and stored at —20 °C until
further use. An internal standard was prepared as follows: 250 g of protein from each
sample were pooled and lysis buffer was added to adjust the protein concentration to 2 mg/
ml. The internal standard pool is used for two purposes: 1) One aliquot (200 ug) is labeled
with Cy2 to be used as the internal standard on each of the 3 analytical gels (Table S 1) and
2) the remainder (800 ug) is used for the preparative gel that will be spot picked for MS
analysis. The internal standard (200 pg) was labeled with Cy2 by addition of 1,600 pmol of
Cy2 (400 pmol dye/50 g protein). One hundred fifty micrograms of the normal human
foreskin fibroblasts sample was labeled with Cy5 and 50 ug of each cblC mutant sample
was labeled with Cy3 under the same conditions, i.e., 400 pmol dye/50 ug protein. The
samples were mixed, centrifuged and allowed to react for 30 min in the dark at 4 °C. The
labeling reaction was stopped by addition of 1 ul of 10 mM lysine. The mixture was
vortexed, centrifuged, left on ice for 10 min in the dark and then stored at —80 °C.

2-Dimensional difference gel electrophoresis

For the analytical gels, three tubes containing mixtures of 50 pg (25 pl) of one Cy3-labeled
sample, 50 pg (25 pl) of one Cy5 labeled sample and 50 pg (25 pl) of the Cy2 labeled
internal standard were prepared. Disulfide bonds were reduced by addition of 2%
dithiothreitol (DTT) to the pooled samples (final concentration of DTT = 0.2%). Samples
were vortexed and 0.37 ml of DeStreak solution (GE Healthcare) was added to each

mixture. The resulting protein concentration was ~ 0.33 mg/ml (150 pg/450 pul). For the
preparative gels (P1 and P2), an aliquot of 0.60 mg (in 0.3 ml) of total protein was placed
into a microfuge tube, and 2% DTT was added to a final concentration of 0.2%. The samples
were vortexed, and 100 pl of DeStreak solution (GE Healthcare) was added. The final
concentration of protein was ~1.33 mg/ml (0.60 mg/450 pl). Samples (0.45 ml) were
subjected to isoelectrofocusing using an Amersham IPGphor system (GE Healthcare). The
isoelectrofocusing strips were rehydrated for 11 h at 20 °C using 50 pA/strip and 30V, using
the following conditions: step 1: 0.5 h, 0-250 V; step 2: 0.5 h, 250-6,000 V; step 3: 5 h,
6,000 V; step 4: 10 h, 6,000 V for a total of 78 kV. The strips were then equilibrated with 7
ml of SDS Equilibration Buffer #1 (reducing buffer: 6 M urea, 2% SDS, 30% glycerol, 1.6%
DTT, 50 mM Tris and 0.002% bromophenol blue, pH 8.8) and incubated with gentle
shaking for 15 min, at room temperature. The solution was carefully removed and 10 ml of
SDS equilibration buffer #2 (alkylation buffer: 6 M urea, 2% SDS, 30% glycerol, 2%
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iodoacetamide, 50 mM Tris and 0.002% bromophenol blue, pH 8.8) were added. The
isoelectrofocusing strips were then electrophoresed on a 24 cm 7.0% - 20% gradient pre-cast
polyacrylamide SDS-PAGE gel (Jule Inc, Milford, CT) for 4 h at constant power (5 watts/
strip for 1 h; 20 watts/strip for 3 h) in an Ettan DALT™ twelve vertical electrophoresis
system (GE Healthcare) using the Laemmli buffer system [16]. The preparatory scale gel
was fixed and stained with GelCode Blue™ Coomassie stain (Pierce, Rockford, IL).

Decyder® image analysis of differentially expressed proteins

Fluorescence images of the gels were acquired on a Typhoon 9400 scanner (GE Healthcare).
Cy2, Cy3, and Cy5 images for each gel were scanned with a resolution of 200 pixels. The
image files were then analyzed with DeCyder software using published [15, 17] and
manufacturer’s recommendations (GE Healthcare). Only proteins with a fold change equal
or greater than + 2.0 and a statistical significance of at least 95% (p < 0.05) were selected
for identification. A representative scheme for 2D-DIGE image analysis using DeCyder®
software is given in Fig. S1. Candidate spots were cut manually, trypsinized and analyzed by
LC/ESI/MS. All fluorescence gel images (raw data) are provided in the Supplementary Data
(Fig. S2-S7).

Protein digestion, LC/ESI/MS and protein identification

For protein digestion, the bands were cut to minimize excess polyacrylamide, divided into a
number of smaller pieces, washed and destained. The gel pieces were then washed with
water and dehydrated in acetonitrile. The bands were alkylated with iodoacetamide prior to
the in-gel digestion step. All of the bands were digested in-gel by adding 5 pl of 20 ng/ul
trypsin in 50 mM ammonium bicarbonate and incubating the samples overnight at room
temperature. The resulting peptides were extracted from the polyacrylamide gel in two
aliquots of 30 pl using 50% acetonitrile with 5% formic acid. These extracts were combined
and evaporated to a final volume of less than 10 pl in a Speedvac, and were then
resuspended in 1% acetic acid to make up a final volume of ~30 pl for LC/ESI/MS analysis
using a Thermo Scientific linear trap quadrupole linear ion-trap mass spectrometer system.
The HPLC column was a self-packed 9 cm x 75 pum id Phenomenex Jupiter C18 reversed-
phase capillary chromatographic column. Ten pl volumes of the extract were injected, and
the peptides eluted from the column (acetonitrile/0.10 % formic acid gradient, flow rate: 0.3
pl/min) were introduced into the source of the mass spectrometer online. The electrospray
ion source was operated at 2.5 kV. The tryptic digest was analyzed using the data dependent
multitask capability of the instrument acquiring full scan mass spectra to determine peptide
molecular weights and product ion spectra to determine amino acid sequence in successive
instrument scans. This mode of analysis produces approximately 2,500 collisionally induced
dissociation (CID) spectra of ions ranging in abundance over several orders of magnitude.
The data were analyzed by using all CID spectra collected in the experiment to search the
National Center for Biotechnology Information reference sequence database with the search
program Mascot version 2.0. All matching spectra were verified by manual interpretation.
The interpretation process was aided by additional searches using the programs Sequest and
Blast as needed.

Validation of 2D-DIGE results by an alternative method

This study was designed to identify statistically significant changes in protein levels of
normal versus the MMACHC proteome, rather than looking into changes in individual
MMACHC patients. The analysis was designed to be quantitative and comparative in that it
contrasts three runs of the normal proteome versus three runs for the MMACHC proteome
(one for each of the three patients). Of the proteins identified as differentially expressed by
2D-DIGE and mass spectrometry, some were selected for further validation based on the
availability of antibodies, activity assays and reagents. The selection process focused on : a)
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spots that contained more than one protein, b) proteins which, based on current knowledge,
might be involved in the pathobiology of the MMACHC disease (cytoskeleton, nervous
system) and c) proteins with known housekeeping functions and whose expression was
unaffected by the presence or absence of HOCbI (GST, CLIC4). In all cases, the results
agreed well with the expression patterns retrieved from 2D-DIGE and mass spectrometry
analysis.

Western blots

Western blots for chloride intracellular channel 4 (CLIC4), vimentin (VIM), protein
disulfide isomerase (PDI), glucose regulated protein 94 (GRP94), and ubiquitin C-terminal
esterase L1 (UCHLZ1) were done according to standard procedures. Briefly, total proteins
(50 pg per lane) were resolved on a 12.5% SDS-PAGE gel, transferred onto a PVDF
immobilon membrane, and blotted with the appropriate antibody. Detection was done by
chemiluminescence using a commercially available kit (ECL Western Lightning
Chemiluminescent Kit, Perkin-Elmer NEL104, Waltham, MA). Quantization of Western
blots was done using ImageJ software (http://rsbweb.nih.gov/ij/). To account for variations
on protein loading in SDS-PAGE runs, expression levels of the target protein were
expressed as a ratio of its band intensity divided by that of a protein not detected as being
differentially expressed by 2D-DIGE (in this case GRP94).

Immunocytochemistry

Immunostaining of human VIM was performed according to a protocol provided by Abcam.
Briefly, cells were grown on NUNC 8-well chamber slides (Fisher Scientific, Pittsburgh,
PA) to a final density of ~ 50%, the conditioned culture medium discarded and the cells
were rinsed briefly in phosphate buffered saline (PBS). The samples were then fixed with
ice-cold acetone for 4 min, which results in a partial destruction of the cell membrane, and
washed twice with PBS. Cells were incubated in blocking solution (1% bovine serum
albumin in PBS + 0.25% Triton X-100) for 30 min, and then incubated in primary antibody
overnight at 4 °C. Negative controls were incubated in the same solution without the primary
antibody. After three washes in PBS the cells were incubated with secondary antibody for 1
h at room temperature in the dark. Nuclei were stained with 4',6-diamidino-2-phenylindole.

Activity assays and ELISA

Fresh cell lysates for activity assays and/or enzyme-linked immunoassay (ELISA) were
prepared according to the manufacturer’s directions. Glutathione-S-transferase (GST)
activity was determined using a commercial kit (Cayman Chemical, Ann Arbor, Ml).
Annexin V (ANXADb) was determined using an ELISA kit (Immunoclone® Annexin V
ELISA kit, American Diagnostica Inc, Stanford, CT).

Analysis of pathways and networks

Bioinformatic analysis of the results was conducted using Ingenuity Pathway Analysis®
software (www.ingenuity.com). Only proteins with a fold change of equal or greater than +
2.0 (p< 0.05) were included in the study. In addition, homocysteine, methylmalonic acid,
folic acid and Cbl were included, as these metabolites were determined under the same
conditions utilized for the 2D-DIGE experiments (7 days in culture, with and without
HOCDbI supplementation). The activities of the enzymes methionine synthase,
methylmalonyl-Co-A mutase, cob(l)alamin adenosyltransferase and methyltetrahydrofolate
reductase were included, as a comparison between normal and five other cbIC fibroblast cell
lines was available from the literature and the activity of these enzymes appears to follow a
highly reproducible pattern among patients [18].
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All results were expressed as mean + standard deviation of the mean. In all cases non-paired
two-tailed Student’s t-tests or 1-way ANOVA were used to determine significance of the
DIGE results, and false discovery rates were applied to all comparisons. Fischer’s exact test
was used by Ingenuity Pathway Analysis® to determine the p values for all of the network
and pathway analyses. In all cases, a p value of p < 0.05 was considered statistically
significant.

In this work we compared the proteome of cblC mutant fibroblasts with the proteome of
normal fibroblasts, and in so doing, determined if intracellular Cbl coenzyme deficiency
results in differential expression of proteins.

Cellular morphology

Mutant fibroblasts from the cblC complementation group, especially WG2176 and
WG3354, displayed an altered cell morphology compared to control cell lines when seeded
at low density (Fig. S8 in Supplementary Data). Despite the altered morphology observed in
non-confluent cultures, all cblC cell lines had similar doubling times (Fig. S9), and after 72—
96 h in culture no differences could be seen in morphology, cell number or total protein
content between normal and cbIC fibroblasts. Nonetheless, late-stage apoptosis and
senescence were examined by DNA laddering and in situ measurement of B-galactosidase
activity, respectively. No significant differences were found between normal and cbIC
fibroblasts (Fig. S10 and Fig. S11 in Supplementary Data). All studies described in the
following sections were performed with cells that were cultured for a total of 7 days. This
was designed to mimic a chronic stage of elevated Hcy and MMA ex vivo, while assuring
that at the time of harvesting, all four cell lines were in the stationary growth phase (i.e.,
fully confluent).

Production of homocysteine and methylmalonic acid

Based on the failure of cbIC fibroblasts to synthesize AdoCbl and MeCbl, we hypothesized
that cultured cbIC cells will export higher levels of homocysteine and methylmalonic acid to
the culture medium compared to normal skin fibroblasts. Fig. 1 shows the levels of
homocysteine and methylmalonic acid measured in the conditioned culture medium after 7
days. All cbIC cell lines produced significantly higher levels of both homocysteine (Fig. 1A)
and methylmalonic acid (Fig. 1B) compared to the control cell line. These results suggest
that the cbIC fibroblast cell lines have a functional Cbl deficiency. Importantly, it was
observed that methylmalonic acid levels were maintained close to normal values in cbIC
mutants supplemented with HOCbI (Fig. 1B), whereas this response was not observed for
homocysteine production (Fig. 1A).

Cobalamin uptake and cofactor biosynthesis

Cobalamin uptake and the ability of the cbIC cell lines to synthesize AdoCbl and MeCbl
were also examined. All cbIC cell lines displayed slightly decreased uptake of [>’Co]-
HOCbI and failure to retain intracellular Cbls after 48 h in culture (Fig. S12 in
Supplementary Data). This is consistent with earlier studies by Mellman et al. with other
cbIC mutant fibroblasts [19]. We had previously shown that cbIC fibroblasts were unable to
convert [°’Co]-CNCbl into [>’Co]-labeled coenzymes [5]. The ability of cbIC cell lines to
utilize [>"Co]-HOCDI as a substrate for cofactor biosynthesis was investigated. While the
normal cell line utilized ["Co]-HOCDI as substrate for [°’Co]-MeCbl and [>’Co]-AdoCbl
biosynthesis (Table 1), none of the cbIC fibroblasts were able to synthesize either [°’Co]-
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AdoCbl or [°’Co]-MeCbl, except for patient WG1801 (21.7 % [>’Co]-AdoCbl, no [*/Co]-
MeCbl). Unutilized [°”Co]-HOCbI was the principal intracellular form isolated from the
cbIC mutant cell lines. These data suggest that with the exception of patient cell line
WG1801, the cblC mutants cannot utilize [°’Co]-HOCDI as a substrate for the biosynthesis
of [5/Co]-AdoCbl through the putative mitochondrial machinery originally suggested in the
literature [20-21].

levels of cobalamin and folate

It was of interest to determine the total levels of intracellular Cbl in normal versus cbIC
mutant cell lines that were grown with and without supplementation with HOCbI.
Surprisingly, the cbIC cell lines displayed slightly higher levels of total intracellular Chl
compared to normal fibroblasts when grown in the absence of exogenous HOCDbI (Table 2).
Supplementation of the cell cultures with 723 nM HOCDbI (supraphysiological concentration)
increased the levels of intracellular Cbl in all four cell lines, normal and cbIC mutants,
however the cbIC cell lines did not achieve the levels observed in the normal cell line (Table
2).

We examined the total levels of intracellular folate in normal and mutant cbIC cell lines,
since intracellular folate retention is dependent on the activity of methionine synthase. With
the exception of patient cell line WG1801, the cbIC cell lines displayed lower levels of
intracellular folate compared to normal cells in the absence of exogenous HOCDbI (Table 2).
Supplementation of the cell cultures with HOCDbI resulted in increased levels of total folates
in all the cell lines. However, none of the cblC mutant fibroblasts reached the intracellular
levels of Cbl or folate observed in the normal cell line.

Identification of differentially expressed proteins in normal and cblC mutant human
fibroblasts by 2D-DIGE and LC/ESI/MS

The proteome of normal and cbIC fibroblasts grown in the absence of exogenous HOCbl
was examined first. A representative set of fluorescent scans from normal versus patient
WG2176 is given in Fig. 1. The quantitative analysis was performed such that only proteins
down or up-regulated in all three patients versus normal cell lines were taken into account
for further analysis (see Experimental Procedures for details, and Fig. S1 in Supplementary
Data). Comparison of the normal fibroblast proteome with that from cblC mutant fibroblasts
allowed us to select 15 spots with significant variation (Fig. 3). These protein spots
exhibited differences in standardized average spot volume ratios > 2.0 and a t-test with p<
0.05 (n=3). Among the 15 spots, 5 were over-expressed in the cblC mutants, whereas 10
were under-expressed in the cblC fibroblasts. These differentially expressed proteins spots
were picked manually and analyzed by LC/ESI/MS. All of the spots were found to contain
one or more proteins.

A summary of the proteins that were differentially expressed in normal versus cblC
fibroblasts is given in Table 3. Major changes were observed in proteins related to
cytoskeleton, nervous system, signaling and cellular detoxification. Further validation of the
results using alternative techniques was also conducted, especially in cases where one spot
contained more than one protein. Fig. 4 shows the western blot results for protein disulfide
isomerase (PDI) (panel A), chloride intracellular ion channel 4 (CLIC4) (panel B), and
ubiquitin carboxyl hydrolase L1 (UCHLZ1) (panel C).

The effects of HOCbl supplementation on the proteome of cbIC fibroblasts was then
examined. A total of 41 spots displayed significant changes in expression (Fig. 5). LC/ESI/
MS analysis of the spots identified 37 proteins. Remarkably, all 37 proteins identified as
differentially expressed were down-regulated in the cbIC fibroblasts (Table 4). This
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indicates that supplementation of the cell cultures with a supraphysiological dose of HOCbl
induced a global down-regulation of the cblC proteome with respect to the normal cell lines.
Furthermore, treatment of cbIC fibroblast with HOCbI normalized the expression of high
density lipoprotein binding protein (HDLBP), collagen type VI alpha 1 precursor
(COLBAL1), eukaryotic elongation factor 2 (EEF2), glutathione transferase omega 1
(GSTO1), GSTM3 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). This
suggests that supplementation with HOCbl corrected some of the alterations caused by its
deficiency or insufficiency.

In the absence of exogenous HOCHI, collagen type VI isoform 2C2 (COL6A2) was
upregulated in the cbIC fibroblasts (COL6A2.c/COL6A2rE = 2.10), whereas the opposite
result was obtained for cells grown in the presence of HOCbl (COL6A2.c/COL6A2FE =
—2.72). This indicates a profound effect of HOCbI supplementation on the expression levels
of this important structural protein. In the absence of HOCbI, vimentin expression was
decreased in cbIC fibroblasts compared to normal fibroblasts (VIMcpc/VIMpgg = —2.44). In
the presence of exogenous HOCDI the ratio was decreased to —5.03. This finding was
validated by western blot (Fig. 6) and immunocytochemistry (Fig. 7). Immunocytochemistry
results for human VIM from cells cultured in the absence of exogenous HOCbI are shown in
Fig. 7. The cbIC cell lines presented decreased staining compared to the normal cell line.
Patient fibroblasts WG3354 exhibited an almost normal VVIM phenotype.

A number of proteins in the cblC proteome remained down-regulated regardless of
supplementation with HOCbI. These include PDI associated precursor 3 (PDIA3), CLIC4,
UCHL1, GST, SH3 domain binding Glu-rich protein (SH3DBGRP) and S100 Ca-binding
protein A6 (S100A6). Supplementation with HOCbI caused the differential expression of a
number of proteins that were not identified or differentially expressed in cells that were
grown without exogenous HOCbI. These included: vinculin isoform VCL (VCL), heat shock
protein 90 (HSP90), heat shock protein 70 (HSP70), annexins VI isoform 1 (ANXAG6) and V
(ANXADb), septin 11 (SEPT11), peroxiredoxins 1 (PRDX1) and 6 (PRDX®), cofilin 1
(CFL1), Parkinson disease protein 7 (PARK7, also known as DJ-1), transgelin 2 (TAGLN2)
and others (see Table 4). Validation assays for GST and annexin V are shown in Fig. 8.
Lower GST activity was determined in cbIC fibroblasts compared to the normal cell line,
which correlates with the lower levels of expression observed in the 2D-DIGE experiments.
Lower concentrations of annexin V were found in cbIC fibroblasts compared to normal

cells, which again confirms our 2D-DIGE results. Overall, these results indicate that: 1) the
cbIC skin fibroblast proteome differs substantially from that of normal fibroblasts, and 2)
supplementation with HOCbI does not completely restore the cblC proteome to that
observed in normal fibroblasts.

Network analysis of the normal and cblIC proteomes in the absence of exogenous HOCbI

A comparative analysis of the normal and cbIC proteomes and relevant metabolites
(homocysteine, methylmalonic acid, folate and vitamin B1,) generated two statistically
significant cellular networks: 1) cell cycle, gene expression and drug metabolism, and 2)
genetic disorders, skeletal and muscular disorders and lipid disorders. A list of the proteins
involved in these two networks is shown in Table 5. Pathway analysis of these interactions
established ranks for diseases and disorders derived from the proteome of patients with the
cbIC disorder. A graphical view of the second network and the top ranked physiological
systems and functions derived from the analysis is shown in Fig. 9. These associations
confirm that the cblC mutation leads to broad metabolic dysfunction. The results of the
analysis of pathways correlates with the clinical features of the cbIC disorder: The cbIC
complementation group is a genetic and metabolic disease, which presents with
neurological, hematological, cardiovascular, skeletal and muscular abnormalities as the
principal clinical manifestations. Statistically significant associations with other functions
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(hepatic system disease, behavioral problems) were also found, some of which have been
described less commonly in patients with the cbIC disease [11, 22—-30]. This confirms that
the cbIC patient cell lines chosen for this study provide global insights into the general
biochemical and functional hallmarks of the cbIC disease, rather than focusing in the case-
specific metabolic changes.

Network analysis of the normal and cblC proteomes in cells supplemented with HOCbI

The same analysis was conducted utilizing the 2D-DIGE and metabolite data gathered from
normal and cbIC fibroblasts supplemented with HOCbI. Three relevant networks were
detected: 1) cancer, post-translational modification and protein folding, 2) genetic disorder,
skeletal and muscular disorder and cancer, and 3) cellular assembly and organization, small
molecule biochemistry and molecular transport. A summary of the proteins involved in each
network is given in Table 6. Our DIGE results showed that supplementation with HOCbI did
not completely reverse the protein expression pattern of the cbIC cell lines to that observed
in normal fibroblasts. In line with the experimental evidence, network analysis determined
strong associations with neurological, hematological and skeletal and muscular
dysfunctions. This was not surprising, as the majority of the patients with the cblC inborn
error are only partially responsive to therapy with HOCblI [31]. Indeed, severely-ill patients
do not show substantial improvement of their cognitive and motor functions upon long-term
treatment with HOCDbI [10].

DISCUSSION

The primary objective of this study was to analyze the cblC proteome in skin fibroblasts
from 3 patients with severe cblC disease and to compare it with the proteome in control skin
fibroblasts. A general assessment of the metabolic features of the cblC and normal cell lines
was also carried out. All cbIC cell lines exported increased levels of Hcy and MMA
compared to normal cells. Supplementation with HOCDbI reduced the levels of MMA in all
cbIC cell lines (Fig. 1B). However, only one of the three cbIC cell lines was able to utilize
HOCDI as substrate for AdoCbl biosynthesis (Table 1). Our results do not preclude the
possibility that small amounts of AdoCbl (undetectable by HPLC) synthesized by some of
the cblIC cell lines might have been sufficient to reduce the production and export of MMA.
Supplementation with HOCbI was not effective in substantially reducing the levels of Hcy
(Fig. 1A). The cblIC cell lines employed in our study displayed reduced uptake and a greatly
reduced capacity to utilize HOCblI for Cbl coenzyme biosynthesis compared to normal cells.
This was in line with the finding that all cbIC mutant cell lines take up or retain less amounts
of Cbl compared to the normal fibroblasts, and this is also mirrored in the total levels of
intracellular folates. One simple explanation for this result is that cbIC cell lines do not
retain Cbl because they are unable to process it to a form suitable for coenzyme
biosynthesis. This suggests that a functional cbIC protein is required not only for the
decyanation and dealkylation of cobalamins, but also to maintain the homeostasis of related
metabolites. Tetrahydrofolate, the biologically active form required for DNA biosynthesis, is
regenerated by the enzyme methionine synthase. Presumably, the inability of the cbIC cell
lines to utilize HOCbI as a substrate for the biosynthesis of MeCbl leads to a blockage in the
biosynthesis of tetrahydrofolate by methionine synthase. This could explain the observation
that the cbIC mutant cell lines had lower levels of folate compared to normal cells under
conditions of cobalamin sufficiency. This is in line with the “methyl trap hypothesis” of
Herbert and Zalusky [32] in which N3-mehtyltetrahydrofolate is no longer utilized as a
substrate for Cbl-dependent methionine synthase and is exported from the cbIC fibroblasts.
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Proteins involved in muscular and skeletal functions

Substantial changes in protein expression levels between normal and cblC fibroblasts were
found for cytoskeletal proteins with structural and regulatory roles. These include COL6A1,
COL6A2, VIM, tubulin alpha (TUBALB), p-actin (ACTB), VCL, plastin 3 (PLS3), lamin A/
C isoform 2 (LMNA), chaperonin TCP1 (CCT3), caldesmon 1 (CALD1), CFL1 and
TAGLNZ2. Interestingly, changes in cytoskeletal proteins have been reported for a patient
cell line belonging to the complementation group D (cbID) [33] and also, for human
fibroblasts grown under conditions of folate deficiency [34].

Our results showed that the production of COL6A2 was upregulated in cblC fibroblasts
grown without HOCbI supplementation, and down-regulated in cbIC cells grown in the
presence of HOCDbI. These findings suggest that increased levels of Hcy and/or MMA may
be responsible for the up-regulation of COL6A2, isoform 2C2 in cbIC fibroblasts and that
even a modest decrease in the levels of these metabolites could have a substantial impact in
the expression pattern of this protein. Collagen VI is a major structural component of
microfibrils. In a 2D-DIGE proteomic study performed with normal and patient fibroblasts
belonging to the cblD complementation group, an up-regulation of COL6A2 was also noted
[33]. The patient described in the latter study presented with isolated methylmalonic
aciduria.

In addition, a study performed in human smooth muscle cells demonstrated that high levels
of Hcy cause an up-regulation in the production of collagen, which could be related to the
pathogenesis of homocystinuria [35]. In support of this proposal, patients with untreated
homocystinuria have widespread premature atherosclerosis with intimal thickening and
collagen-rich fibrous plaques [36]. Based on these findings, it is reasonable to hypothesize
that muscular dystrophy and cardiomyopathies, two common presentations of the cbIC
disorder, may be caused by an excessive production of collagens as a result of increased
levels of Hey. This is further supported by the observation that cbIC patients show some
improvement of their motor functions after prolonged therapy with HOCblI [7, 37].

Human vimentin was also down-regulated in cbIC fibroblasts (Table 3). VIM is a
cytoskeletal protein whose major role is to stabilize the architecture of the cytoplasm. We
found that cblC fibroblasts expressed lower levels of VIM compared to normal cells, and
that the difference was exacerbated by supplementation with HOCbI (Table 4). It is
important to mention that the expression pattern of VIM is highly tissue-specific [38].
Therefore, correlations between the expression levels of this protein in fibroblasts with the
clinical manifestation of the cblC disorder are difficult. Low levels of some major
cytoskeleton structural proteins, namely B-actin and tubulin-a, were also found in cbIC
fibroblasts compared to normal cells grown without HOCbI. Supplementation of the cell
cultures with HOCDbI corrected for the observed down-regulation of B-actin, but was without
effect on the levels of tubulin-a. To our knowledge, there is only one report linking Cbl
administration with the expression of actin (the alpha-smooth muscle actin isoform). Isoda et
al. reported that the overexpression of actin in liver (a marker of fibrosis) induced by the
carcinogenic agent dimethylnitrosamine can be suppressed by administration of CNCbl [39].

Proteins involved in neurological functions

UCHL1 (also known as PGP9.5), a major component of the ubiquitin-proteasome protein
degradation system, is down-regulated in cbIC fibroblasts (Table 3). UCHLL is one of the
most abundant proteins in the brain (1-2% of the total soluble protein) and was reported to
be exclusively localized in neurons [40] and in cells of the diffuse neuroendocrine system
and their tumors [41]. Down-regulation and extensive oxidative modification of UCHL1
have been observed in brain tissue of patients with Alzheimer’s, as well as Parkinson's
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diseases [42—44]. Down-regulation of UCHL1 in cbIC fibroblasts was not restored to normal
levels upon supplementation with HOCDbI. Therefore, down-regulation of UCHL1 could be
partially responsible for the documented inability of cblC patients to achieve normal
cognitive performance after prolonged treatment with HOCbI [7].

Two key proteins involved in neurological functions also appear to be down-regulated in
cbIC fibroblasts grown in the presence of exogenous HOCbhI: DJ-1 (also known as PARK?7)
and dihydropyrimidase —like2 (DPYLS2) (Table 3). DJ-1 belongs to a family of peptidases
that acts as a positive regulator of androgen receptor-dependent transcription. DJ-1 may also
function as a redox-sensitive chaperone, as a sensor for oxidative stress, and it is thought to
protect neurons from oxidative damage [45]. Defects in this gene are the cause of early-
onset Parkinson disease 7 [45-46]. DPYLS?2 is a protein that presents homology to
dihydropyrimidase and is expressed mainly in the fetal and neonatal brains of mammals and
chickens [47]. Little is known about this family of proteins, however, they are thought to be
intracellular transducers in the development of the nervous system [47].

Proteins involved in intracellular trafficking and protein folding

A number of proteins involved in protein folding and intracellular trafficking are down-
regulated in cbIC fibroblasts compared to the normal cells, and exogenously added HOCbl
did not correct this phenotype. These include: PDIA3, PDIA4, heat-shock proteins 90AB1,
90AALl, A5 and A8 (HSP90ABL1, HSPI0AAL, HSPAS and HSPAS, respectively), ANXA5,
ANXAD56, a lysosomal —H* transporting ATPase (ATP6VIA), and voltage dependent anion
channels 1 and 2 (VDAC1 and VDAC2, respectively) (Table 3). Importantly, PDI, HSP70
and HSP90 play important roles in folding of newly synthesized proteins or stabilizing and
refolding of denatured proteins after stress [48—49]. Annexins are a family of Ca-dependent
and membrane-binding proteins, which are involved in membrane trafficking and various
other processes including signaling, proliferation, differentiation, and inflammation [50-52].
Lysosomal ATP6VIA is a vacuolar multi-subunit enzyme that mediates acidification of
eukaryotic intracellular organelles, a critical step for processes such as protein sorting,
zymogen activation, receptor-mediated endocytosis and synaptic vesicle proton gradient
generation [53]. The voltage dependent anion channels (VDACS) are the major channels by
which small hydrophilic molecules can pass through the mitochondrial outer membrane. The
expression of both VDAC1 and VDAC2 was lower in cbIC fibroblasts than in normal cells,
a pattern that did not vary when cells were grown in the presence of HOChI.

Disturbances in protein folding, maturation and trafficking have been strongly associated
with the neuropathology of Huntington’s disease (HD), Alzheimer’s disease and Parkinson's
disease [54-55]. A number of proteins involved in these pathways are down-regulated in
cbIC fibroblasts, and their expression levels did not respond to supplementation with
HOCDI. These alterations could contribute to the neurological deterioration observed in cbIC
patients, which in the majority of the cases, can only be partially alleviated by treatment
with Chl.

General metabolism and cellular detoxification

A number of proteins involved in general metabolism and cellular detoxification are down-
regulated in the cblC proteome. These include: HDLBP, GAPDH, GST (various isoforms),
CLIC4, phosphoglycerate dehydrogenase (PHDGH), tryptophanyl-tRNA synthetase
isoform a (WARS), inosine monophosphate dehydrogenase 2 (IMPDH2), triosephosphate
isomerase 1 (TPI1), and PRDX 1, 2 and 6. Although HDLBP (also known as vigilin) was
upregulated in cbIC fibroblasts grown without exogenous HOCbI, no differences in the
expression levels of this protein were found for cells grown with HOCbI supplementation.
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HDLBP specifically binds to HDL and may function in the removal of excess cellular
cholesterol [56].

There are two proteins whose expression patterns were unaffected by the presence of added
HOCDbI: CLIC4 and GST. CLIC4 encompasses a group of proteins that regulate fundamental
cellular processes such as stabilization of cell membrane potential, transepithelial transport,
maintenance of intracellular pH and regulation of cell volume.

Three isoforms of GST were down-regulated in cbIC fibroblasts grown without HOCbl
supplementation: GSTO1, GST, and GSTM3. Of these, only GST remained down-regulated
under conditions of HOCbl supplementation, whereas the expression levels GSTO1 and
GSTMa did not differ significantly from that of normal cell lines. The GST family of
proteins uses glutathione in the process of biotransformation of drugs, xenobiotics and
oxidative stress. A recent report showed significant associations between the age of onset of
Alzheimer’s and Parkinson's diseases and polymorphisms of GST omega 1 and 2 [57]. Our
activity assays confirmed that cbIC fibroblasts have reduced total GST activity. This may
compromise the detoxification of metabolites that could potential aggravate the
manifestation of the cbIC disease.

Three members of the peroxiredoxin family were down-regulated in cbIC fibroblasts grown
with HOCbl supplementation: PRDX1, 2 and 6. Peroxiredoxins are responsible for the
detoxification of hydrogen peroxide as well as of organic peroxides, thus exerting a
protective role against oxidative damage [58]. Importantly, down-regulation of some of
these detoxifying proteins has been reported in a model of folate deficiency [59]. Down-
regulation of phase Il metabolizing enzymes such as GST and peroxiredoxins is associated
with a reduced capacity to eliminate carcinogens and therefore, an increased risk of cancer
[59].

In summary, examination of the cblC proteome indicates that protein expression patterns are
significantly different in the biochemical background of a defective MMACHC (chIC) gene.
We observe that major changes affect various aspects of cellular metabolism and regulation,
including cytoskeleton assembly and reorganization, nervous system proteins, signaling and
cellular detoxification. Some of the proteins identified by this study have been strongly
associated with skeletal and muscular diseases as well as neurological diseases (these
include collagen VI, vimentin, actin, and UCHL1, respectively). This finding is consistent
with the clinical manifestations of the cblC disorder. We anticipate that the identification of
some proteins whose expression was strongly affected by the cblC mutation could be useful
for designing alternative therapies to alleviate the symptoms of the cbIC disease that do not
respond sufficiently to the current approaches (HOCbI supplementation alone or in
combination with other drugs).

The analysis of pathways and networks based on 2D-DIGE results and the measurement of
relevant metabolites (Hcy, MMA, vitamin By, and folic acid) shows that the cblC mutation
strongly relates to dysfunctions involving the neurological, skeletal and muscular and
hematological systems among others. This is in line with the commonly reported
manifestations of the cblC mutation. It could be interesting to test whether some of the
therapies utilized to treat patients with skeletal and muscular diseases would be also
effective for alleviating related symptoms in patients with mutations in the cbIC gene; we
now know that at least some of the proteins involved in the progression of these diseases
appear to have a common functional relationship. Although these notions remain speculative
until further research is conducted, our results open new avenues for the investigation and
treatment of the most common inborn error in human cobalamin metabolism.
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Abbreviations

Cbl

MeCbl
AdoCbl
MMACHC
CNChbl
HOCDbI

2-D DIGE
aDMEM
HPLC
PMSF
ELISA
DTT

SDS

IEF
LC/ESI/MS

CID
ANOVA
TNF-a
CLIC4
VIM
PDI
PDIA3
PDIA4
GRP9%4
UCHLI
ANXAS5
ANXAG
HDLBP
COLG6A1
COLG6A2
EEF2
GST

cobalamin (B1y)
methylcobalamin
adenosylcobalamin
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methylmalonic aciduria combined with homocystinuria type C

cyanocobalamin

hydroxocobalamin

2-dimensional difference gel electrophoresis
advanced Dulbecco’s modified Eagle medium
high-performance liquid chromatography
phenylmethanesulfonylfluoride
enzyme-linked immunosorbent assay
dithiothreitol

sodium dodecyl sulfate

isoelectric focusing

liquid chromatography-electrospray ionization-mass

spectrometry

collisionally induced dissociation

analysis of variance

tumor necrosis factor-o

chloride intracellular channel 4

vimentin

protein disulfide isomerase

protein disulfide isomerase associated precursor 3
protein disulfide isomerase associated precursor 4
glucose-regulated protein 94

ubiquitin C-terminal esterase L1

annexin V

annexin VI isoform 1

high density lipoprotein binding protein

collagen type V1 alpha 1 precursor

collagen type VI isoform 2C2

eukaryotic elongation factor 2

glutathione-S-transferase
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Fig. 1.

Determination of homocysteine (Hcy) and methylmalonic acid (MMA) in culture media of
normal (HFF) and cblC fibroblast cell lines (WG 1801, WG 2178, WG 3354) after 7 days.
All three cbIC patients produced significantly higher amounts of Hcy and MMA compared
to normal cells (panels A and C). Supplementation of the culture medium with 723 nM
hydroxocobalamin (B12) did not cause a significant decrease in the levels of Hey but proved
to be very efficient in normalizing MMA levels (panels B and D, respectively). Statistically
significant differences were established by independent Student’s t-test, at a=0.05. N=3, two
independent experiments.
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Fig. 2.

Individual and merged fluorescence scan images of Cy2-, Cy3- and Cy5-labeled proteins
from normal and cbIC fibroblasts. The proteins were labeled with either Cy2 (blue, normal),
Cy3 (green, internal standard), and Cy5 (red, cblC patient WG2176). The 3 labeled aliquots
were admixed and run on a single 2D-DIGE gel. The Cy2 images were acquired with a 488
nm excitation laser and a 520 nm emission filter; the Cy3 images used a 532 hm excitation
laser with a 580 nm emission filter; and the Cy5 images were acquired with a 633 nm
excitation laser and a 670 nm emission filter. The merged image shows that the CyDye
labeled spots co-migrated to the exact same position and neither color was more prevalent in
the merged image. Thus, CyDye labeling does not change the pl or the molecular weight of
any given protein.

Mol Genet Metab. Author manuscript; available in PMC 2012 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hannibal et al.

Page 22

Fig. 3.

Differential expression of proteins in three cblC mutants compared to normal fibroblasts.
Labels 1-15 indicate the spots selected for identification by mass spectrometry. A statistical
significance of 95% confidence and a stringency of + 2-fold in the expression ratio of
control versus cblC mutants was used to analyze the dataset. The preparative gel shown in
the picture was loaded with 600 pg of total protein and stained with Coomassie blue
overnight. Protein spots are identified in Table 4.
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=

Fig. 4.

Western blots of protein disulfide isomerase (PDI panel A), chloride intracellular channel 4
(CLIC4 panel B) and ubiquitin carboxyl esterase L1 (UCHLZ1 panel C). Cell lysates were
obtained from cells grown without HOCbI supplementation. Control lanes contain purified
standards (PDI in panel A and UHCLI in panel C). Pooled samples were run for UCHL1
(n=3). Band density was determined using ImageJ software. In all cases, the expression
levels of the target protein (bar graphs) was expressed as a ratio of its band intensity divided
by that of a protein not detected as differentially expressed by 2D-DIGE (GRP94).
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Fig. 5.

Differential expression of proteins in three cblC mutants compared to normal fibroblasts
grown in the presence of 723 nM HOCbI. Labels 1-41 indicate the spots selected for
identification by mass spectrometry. A statistical significance of 95% confidence and a
stringency of + 2-fold in the expression ratio of control versus cblC mutants was used to
analyze the dataset. The preparative gel shown in the picture was loaded with 600 pg of total
protein and stained with Coomassie blue overnight. Protein spots are identified in Table 4.
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Normal chblC hrVIM

Fig. 6.

Western blots for vimentin (VIM). Human normal and cblC fibroblasts grown in the
presence of 723 nM HOCbI were stained with anti-hrVIM. Upper row: detection; Bottom
row: coomassie staining of the SDS-PAGE. Vimentin was stained with Texas Red whereas
nuclei were stained with DAPI. Each lane represents pooled normal and cbIC patient cells
(n=3). hrVim: human recombinant vimentin.
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Immunocytochemistry of human normal (HFF) and cblC fibroblasts (WG1801, WG2176
and WG3354) with anti-hrVIM. Cells were grown without HOCbI supplementation. Left
column: staining; right column: staining in the absence of primary antibody (negative
controls). Vimentin was stained with Texas Red and nuclei were stained with DAPI.
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Fig. 8.

Glutathione transferase (GST) activity (panel A) and concentration of annexin V (panel B)
in normal and cblC fibroblasts grown in the presence of 723 nM HOCDI. Fresh cell lysates
were prepared and the assays conducted according the manufacturer’s directions (see
Experimental Procedures).
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Fig. 9.

A. Genetic disorders, skeletal and muscular disorders and lipid disorders network
generated from 2D-DIGE and metabolites data through comparative analysis of normal and
cbIC fibroblasts grown without exogenous HOCDI. Solid lines represent direct interactions
between molecules, whereas dashed lines represent indirect interactions between molecules.
Color code: red: upregulated proteins or metabolites; green: downregulated proteins or
metabolites. The intensity of green and red node colors indicates the degree of down or
upregulation, respectively. B. Top ranked associations for physiological systems
development and functions predicted by IPA® based on 2D-DIGE and metabolite data for
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normal and cblIC fibroblasts grown without exogenous HOCbI. Threshold: —log p value (p =
0.05).
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Table 1

Utilization of [>’Co]-HOCbI by human normal (HFF) and chIC mutant fibroblasts (WG1801, WG2176 and
WG3354) for Chl coenzyme biosynthesis.

% intracellular Cbl2

HFF WG1801  WG2176 WG3354

HOCbl 259+53 783184 100 100
AdoCbl 134+6.8 21.7x17 ND ND
MeCbl  60.7+3.0 ND ND ND

a "
Results are expressed as mean + standard deviation (n = 3).
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ND: less than 1% or undetectable.
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Table 2

Intracellular levels of cobalamin and folic acid in normal (HFF) and cblC mutant fibroblasts (WG1801,
WG2176 and WG33541

Total intracellular Cbl  Total intracellular folates
(pg/mg protein) (ng/mg protein)

Cell line

—OHCbl  +HOCHI —HOCbI +HOCbI
Control 931 9,895 18.4 68.5
WG1801 1,287 6,803 17.1 36.0
WG2176 1,251 4,663 10.9 22.0
WG3354 1,367 4,822 12.0 25.0
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1 . . . .
Total intracellular Cbl and folates were determined on lysates from cells grown in the presence or in the absence of exogenous HOCbI (723 nm),

for 7 days. Each value represents total Cbl or total folates for three pooled lysates per cell line.
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Table 5

List of molecules displaying direct or indirect interactions with differentially expressed proteins determined by
2D-DIGE. Each set of molecules (IDs 1 and 2) was found to belong to a common functional network.

ID  Molecules in Network Score Mgrecclljﬁes Top Functions

ANXA4, ANXA11, CLIC4, coumarin,
EEF2, FCGRT, glutamyl-Se-
methylselenocysteine, glutathione

transferase, GST, GSTAL, GSTA2, GSTAS5,

., GSTML GSTM2, GSTMS (includes a ” cell Cycle, Gene
EG:14864), GSTM3 (includes EG:2947), v eﬁab liam 9
GSTO1, GSTP1, HIST1IH2BG, HNF4A,

IL6, JUN, MTHFR, MTR, MUT, MYC,

PDGF BB, PDIAS3, PLS3, PNO1, RPS14,

TGFB1, TUBA1B, UCHL1, VDAC2

ABLIM1, ACTB, Actin, ARRB1, CALD1,

CLIC4, COL6A2, COLBA3, DHRS2

(includes EG:10202), ERBB2, F Actin,

fascin, folic acid, FOLR1, GAPDH Genetic Disorder,
(includes EG:2597), HDLBP, IL4, IL8, Skeletal and

2 IVNS1ABP, L-homocysteine, MAPK1, 31 13 Muscular
MBP, PHACTR1, PLS1 (includes Disorders, Lipid
EG:104006), PLS1 (includes EG:5357), Metabolism

RAB8B, S100A6, S100P, SERPINBS,
SH3BGRL3, SLC12A6, SPOCK1, VIM,
vitamin By,, XPO6
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Table 6

Genes directly and indirectly associated with the cblC phenotype supplemented with HOCDl, linked to
functions by pathway analysis.

Focus

ID  Molecules in Network Score Molecules

Top Functions

Actin, actin-Actn-Ptk2-Pxn-Vcl, ANXA2,
ANXAS5, ANXA6, CCT3, CFL1, Ck2,
COROZ2B, DIS3L2, DPYSL2, ERK, F
Actin, GSTP1, HSP, Hsp70, Hsp90,
1  HSP90AAL, HSP90AB1, HSPA5, HSPAS, 55 22
LMNA, PACRG, PARK7, PDIA3, PDIA4,
PLS1 (includes EG:104006), RPS27A,
S100A6, TMEM132A, TPI1, UCHL1,
VCL, VIM, WARS

AHCY, AKT1, ANGPT1, ATP6V1A,
CDKN2A, COL6A1, COL6A2, COL6A3,
ERBB2, folic acid, FOLR1, G3BP1,
HYOUL, IL8, IMPDH2, L-homocysteine,
2 LPA, MTR, MUT, nitric oxide, NOTCH1, 30 14
PDIA4, PROS1, S100A6, SEPTY, SEPT11,
SH3BGRL3, SPOCK1, TAGLN2, TPD52,
TRAF6, TUBALC, TUBB2C, TUFM,
vitamin B12

ACTB, ADRML1, CAP1, CCT2, CCT3,
CCT4, CFL1, CLIC4, DHRS2 (includes

Cancer, Post-
Translational
Modification,
Protein Folding

Genetic Disorder,
Skeletal and
Muscular
Disorders, Cancer

_ Cellular
EG.lQZOZ), GQTl, HERCS5, HK1, Assembly and
peroxidase (miscellaneous), PHGDH, PPIA Organization

3 (includes EG:5478), PRDX1, PRDX2, 18 9 Sn?a” Molecule
PRDX4, PRDX6, RAB8B, RPL22, RPLPO Biochemistr
(includes EG:6175), RPS9, RPS18, RPS19, Molecular v
RPS4X, RPSA, SEPT2, SLC25A4, Transport

SLC25A5, SLC2A4, SRXN1, VDAC1,
VDAC2
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