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Abstract
Both gain- and loss-of-function mutations have recently implicated HCFC1 in neurodevelopmental disorders. Here, we extend
our previous HCFC1 over-expression studies by employing short hairpin RNA to reduce the expression of Hcfc1 in embryonic
neural cells. We show that in contrast to over-expression, loss of Hcfc1 favoured proliferation of neural progenitor cells at the
expense of differentiation and promoted axonal growth of post-mitotic neurons. To further support the involvement of HCFC1
in neurological disorders, we report two novel HCFC1 missense variants found in individuals with intellectual disability (ID).
One of these variants, together with three previously reported HCFC1 missense variants of unknown pathogenicity, were
functionally assessed usingmultiple cell-based assays.We show that three out of the four variants tested result in a partial loss
of HCFC1 function. While over-expression of the wild-type HCFC1 caused reduction in HEK293T cell proliferation and axonal
growth of neurons, these effects were alleviated upon over-expression of three of the four HCFC1 variants tested. One of these
partial loss-of-function variants disrupted a nuclear localization sequence and the resulting protein displayed reduced ability to
localize to the cell nucleus. The other two variants displayed negative effects on the expression of the HCFC1 target gene
MMACHC, which is responsible for the metabolism of cobalamin, suggesting that these individuals may also be susceptible to
cobalamin deficiency. Together, our work identifies plausible cellular consequences of missense HCFC1 variants and identifies
likely and relevant disease mechanisms that converge on embryonic stages of brain development.
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Introduction
Intellectual disability (ID) affects ∼2–3% of the population and is
considered one of the most genetically heterogeneous human dis-
orders (1). Contributionof geneson theXchromosome (i.e. X-linked
ID; XLID) has been the best characterizedwithover 100 genes impli-
cated thus far. We have recently reported a non-coding regulatory
mutation in an X-linked gene, HCFC1 (OMIM 3 00 019), as the likely
cause of mild non-syndromic ID in the large X-linked family MRX3
(2). HCFC1 is a transcriptional co-regulator with many important
functions in cell proliferation and mitochondrial biogenesis (3–6).
Recent data suggest that HCFC1 containing transcriptional com-
plexes may regulate more than a quarter of all human promoters
(7). The non-coding regulatory mutation in the 5′ untranslated re-
gion (UTR) ofHCFC1 abolished aDNA-binding site for the transcrip-
tional regulator YY1, which subsequently caused de-repression of
HCFC1 gene expression in patient cell lines (2). Tomodel the conse-
quences of this change, over-expression of HCFC1 was shown to
alter the behaviour of embryonic neural cells, namely promoting
differentiation of neural progenitor cells (NPCs) and reducing the
neurite growth of ex vivo cultured hippocampal neurons. Further-
more, consistent with these newly identified roles for HCFC1 and
those previously established, transcriptome analysis of patient
cell lines highlighted deregulation of genes that were important
for embryonic brain growth, transcriptional regulation, and mito-
chondrial function (2,8). Additionally, three unrelated families con-
taining male individuals with ID and different HCFC1 missense
changes were identified (2). Whether these additional variants
werepathogenic, or simply low-frequencybenign single-nucleotide
polymorphisms (SNPs), was not established. Subsequently, mul-
tiple HCFC1 missense mutations, affecting the N-terminal Kelch
domainof theHCFC1protein, havebeen identified inacohort of pa-
tients with X-linked Cobalamin type C (CblC)-like disorder, which
was named CblX (9,10) (OMIM: 3 09 541). CblC (OMIM: 2 77 400) is a
metabolic disorder most frequently caused by mutations in
MMACHC (OMIM: 6 09 831), which encodes an enzyme required
for metabolism of cobalamin (11). HCFC1 was shown to bind to
the promoter of MMACHC and knockdown of HCFC1 in cultured
cells led to a loss of MMACHC expression. Similarly and most im-
portantly, MMACHC expression was significantly reduced also in
skin fibroblasts of two CblX patients tested (9). Thus, loss of
HCFC1 function was demonstrated as the cause of CblX. Both
CblC and CblX patients display neurological impairment; however,
CblX-related neurological phenotype is much more severe and in-
cludes intractable epilepsy, brain malformations and severe cogni-
tive impairment (9). Together, these findings suggest that in
addition to over-expression of HCFC1, also loss-of-function HCFC1
mutations cause disruptions to normal brain development and
likely involve multiple mechanisms.

In this study, we extend our original investigations of HCFC1
over-expression by investigating the effect that loss-of-function
HCFC1 mutations have on embryonic brain development. We
also report two novel HCFC1 variants identified in two unrelated
patients with ID and collate available clinical findings. Finally,
we usemultiple cell-based assays to address the functional conse-
quence of these and also previously reported HCFC1 variants. Our
findings shed further light into the cellularmechanisms aswell as
the clinical consequences ofHCFC1-relatedneurological disorders.

Results
Reduction of Hcfc1 stimulates neuronal growth

To model the underlying neural cell pathology of Hcfc1 loss-
of-function mutations, and to compare it with established

mechanisms behind gain-of-function mutations, we developed
short hairpin RNA (shRNA) lentiviral reagents to knock down
Hcfc1 expression. We identified one shRNA trigger sequence
(T2) that targeted the untranslated region (UTR) of Hcfc1, that
modestly knockdownHcfc1 expression by about half when tested
in NIH3T3 cells (Supplementary Material, Fig. S1). AsHCFC1 gain-
of-function is known to reduce the axonal growth and neurite
arbourization of hippocampal neurons, we asked what would
be the effect of loss of function in these assays. We isolated
post-mitotic hippocampal neurons from embryonic day 18.5
(E18.5) mice embryos and plated them in vitro. Following 12 h
growth, we transduced the cells with lentiviral particles encoding
enhanced green fluorescent protein (EGFP) and either a control
shRNA sequence (sequence against luciferase that does not tar-
get mammalian genes) or a Hcfc1 shRNA (T2; Hcfc1shRNA). Fol-
lowing transduction, neurons were allowed to grow until 4 days
in vitro, subsequently fixed and immunofluorescently labelled
against themarker proteinsMAP2 and TAU1 to identify dendrites
and axons, respectively (Fig. 1A). Next we conducted morpho-
metric analysis on EGFP expressing (i.e. transduced) neurons.
Compared with neurons transduced with control lentiviral parti-
cles, neurons transducedwithHcfc1shRNAviral particles displayed
a 33% increase in axonal length and similar increases in axonal
and dendritic (and hence total) termini number, which reports
on the degree of neuronal arborization (Fig. 1B and C). Re-
expression of HCFC1 could rescue this axonal defect that con-
firms the specificity of theHcfc1shRNA (see below). Thus, reduction
of Hcfc1 expression also affected hippocampal neuronal growth
and displayed the opposite effect to that previously described
for HCFC1 over-expression (2).

Loss of Hcfc1 results in expansion of neural
progenitor cells

Promotion of NPC differentiation was also observed when HCFC1
was over-expressed to model the effect of the gain-of-function
HCFC1 mutation (2). Thus, we investigated whether these cells
would also be sensitive to loss of Hcfc1 function. We isolated
NPCs from the E18.5 embryonic dorsal cortex and grew them as
non-adherent neurospheres. We transduced the cells with con-
trol or Hcfc1shRNA lentiviral particles, and achieved transduction
rates of ∼70% (data not shown). In the first instance, we created
purified transduced cultures using fluorescence-activated cell
sorting (FACS) and subjected purified cells to a cell proliferation
assay. Cells were plated at an equivalent initial density and al-
lowed to grow for 6 days during which cell growth in the cultures
was assayed at Days 0, 3 and 6 (Cell Titre 96AQueous Assay; Pro-
mega). When seeded at low (clonal) density, cell growth was lin-
ear in both control and Hcfc1shRNA cultures (linear regression of
line of best fit: R2 = 0.984 and 0.997, respectively); however, the
rate of growth in Hcfc1shRNA cultures was higher (slope of linear
fit; control = 0.56, Hcfc1shRNA = 1.12), resulting in a 36 and 65% in-
crease in cell numbers at Days 3 and 6 of culture, respectively
(Fig. 2A). Similar results were obtained when cells were cultured
at higher initial densities; however, cell growth plateaued at later
stages, perhaps due to nutrient growth restriction (Supplemen-
tary Material, Fig. S2). We reasoned this increase in cell numbers
may result from (i) an inhibition of differentiation even under
proliferative culture conditions (i.e. in the presence of the epider-
mal growth factor; EGF), (ii) reduction in apoptosis or (iii) in-
creased progenitor proliferation. To address these alternatives,
we first collected RNA from the purified cultures and applied
qRT-PCR to discover the expression levels of several cell type-
specificmarker genes (Fig. 2B). We saw no statistically significant
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difference in the expression of the early neuroepithelia marker
Sox1, the cortical NPC marker Pax6, the radial glia cell marker
BLBP nor the pan NPC marker Nestin. Likewise, we saw no signifi-
cant differences in the terminally differentiated cell-typemarker
genes, namely the early neuronal marker βIII-tubulin, the astro-
cyte marker GFAP and the oligodendrocyte marker CNPase.
While not reaching statistical significance, we did note a trend
for elevated expression of marker genes for progenitor cell
types and a reciprocal decrease in the expression of terminally
differentiated cell-type marker genes in Hcfc1shRNA cultures
(Fig. 2B). To more definitively identify and quantify the numbers
of progenitor cells and monitor their behaviours at single-cell
resolution, we employed immunofluorescence. We dissociated
neurosphere cells (from parallel non-purified cultures) and pla-
ted them onto a poly-l-lysine substrate in the presence of EGF.
Only transduced cells (i.e. those expressing EGFP) were analysed.
The percentage of transduced cells of NPC identity was reported
by the co-expression of EGFP and Pax6. We identified a significant
20% increase in Pax6-positive NPCs in Hcfc1shRNA cultures (Fig. 2C
and Supplementary Material, Fig. S3A). We next asked whether
apoptotic rates within the cultures were affected by reduction
of Hcfc1; however, we were unable to identify any differences in
the number of transduced cells antigenic to an activated cas-
pase3 antibody, a hallmark of cells undergoing cell death
(Fig. 2D and SupplementaryMaterial, Fig. S3B). Next, we reasoned

that if more NPCs were present in the Hcfc1shRNA cultures, then a
higher percentage of transduced cells will be undergoing mitosis
at any given time, so we used an antibody against phospho-his-
tone3, a specific nuclearmarkof cells atmitosis. Transduced cells
in Hcfc1shRNA cultures were found to have a 34% increase in cells
undergoing mitosis compared with controls (Fig. 2E and Supple-
mentary Material, Fig. S3C). Together the results suggest that
under proliferative conditions, transduced NPCs in Hcfc1shRNA

culturesweremore likely to remain in the proliferative progenitor
state. We further explored the possibility that transduced cells in
Hcfc1shRNA cultures might be conducive to NPC maintenance
under conditions that promote differentiation. We thus plated
control and Hcfc1shRNA-transduced cells onto poly-l-lysine sub-
strate as described above but removed growth factor so as to pro-
mote differentiation. We allowed the cells to differentiate for
3 days before staining them immunofluorescently using anti-
bodies against cell type-specific marker proteins Pax6, βIII-tubu-
lin, GFAP and CNPase, and counted their abundance within the
cultures (Fig. 2F and Supplementary Material, Fig. S4A–C).
Under these conditions, transduced cells in the Hcfc1shRNA cul-
tures had 25%more Pax6-expressingNPCs, and 34% less differen-
tiated cell types compared with transduced cells in control
cultures. This reduction in differentiationwas found to be signifi-
cant across all three neural cell lineages. In aggregate, our data
suggest that reduction of Hcfc1 in NPCs promotes the cell cycling

Figure 1. Loss ofHcfc1 causes enhanced hippocampal neuronal growth in vitro. Isolated primary hippocampal neuronswere cultured following transductionwith lentiviral

particles encoding either an inert shRNA sequence (against luciferase; control) orHcfc1 shRNA (Hcfc1shRNA). (A) Representative immunofluorescent images of control and

Hcfc1shRNA neurons at Day 4 of in vitro growth. Bars = 100 μm. Transduced cells express EGFP (green). Cultures were co-stained using antibodies that label dendritic (MAP2;

red) and axonal (TAU1; cyan) neuronal structures. (B) Quantification of primary axonal length. (C) Quantification of neurite termini. *P < 0.05 by Student’s t-test.
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and drives their fate choices towards producing daughter NPCs at
the expense of differentiated cell types. As in our previous neur-
onal cell assays, this result is in general opposite to previous re-
sults observed when HCFC1 is over-expressed in these same cell
types and suggests that NPCs are sensitive to HCFC1 dosage.

Identification of novel HCFC1 variants in individuals
with ID

We previously described three missense variants in the HCFC1
coding region (NM_005334.2) in patients with probable or likely
XLID using X-exome sequencing (2). A missense change
(c.674G>A, p.Ser225Asn) segregated with ID in family D144, asso-
ciating with ID in four affected males across two generations
(Fig. 3A). A second missense variant (c.2626G>A, p.Gly876Ser)
was found in a simplex patient (family D147) whose mother
had 100% skewing of X chromosome inactivation. However, this

variant was also found in 1/1466 chromosomes (or 7/10 271;
National Heart, Lung, and Blood Institute [NHLBI] Exome Variant
Server), and the patient also had a potentially deleterious variant
in the XLID geneMED12 (NM_ 005120.2; c.3101T>G, p.Phe1034Cys;
OMIM: 3 00 188), and a likely deleterious truncating variant in the
ID gene ARID1B (NM_017519.2; c.2723delC, p.Pro908fs*6; OMIM: 6
14 556) (12) (Fig. 3A). A thirdHCFC1 variant (c.5267C>T, p.Ala1756-
Val) was found in the index patient of family D82 with four
affected males across two generations; however, co-segregation
could not be performed as DNA was unavailable on all relevant
family members (Fig. 3A). The index patient also had a variant
in ZMYM3 (NM_005096.3; c.356A>G, p.Gln119Arg) of unknown
significance. We now report the discovery of two additional
novel HCFC1 variants in patients with probable XLID. The first
novel variant was found in a family ascertained in the Czech Re-
public (family CZE168) that contained two affected brothers.
The clinical descriptions of these individuals are detailed in

Figure 2. Loss ofHcfc1 causes increased growthkinetics and reduceddifferentiation ofNPCs. Isolated primary corticalNPCs grown in vitroasneurosphereswere transduced

with lentiviral particles encoding either inert shRNA sequences (Control) orHcfc1 targeted shRNA (Hcfc1shRNA). (A and B) Transduced cellswere purified using FACSprior to

assays. (A) Cell proliferation assay conducted in the presence of EGF at Days 0, 3 and 6 following passage. Cells were plated at an initial low clonal density of 1 × 104 cells. (B)

qRT–PCR analysis of marker genes for NPC populations (Nestin, Sox1, Pax6 and BLBP) and for differentiated cell types [βIII-tubulin (βIII-tub), GFAP and CNPase]. (C–F) Non-

purified transduced cells were assayed, and all values given as percentage of transduced cells (i.e. EGFP expressing cells; EGFP+ve). (C–E) Dissociated cells were plated onto

poly-l-lysine substrate and cultured in the presence of EGF. (C) Quantification of percentage of transduced cells expressing Pax6 by immunofluorescence. (D)Quantification

of percentage of transduced cells expressing activated caspase3 by immunofluorescence. (E) Quantification of transduced cells expressing phospho-histone3 (PH3) by

immunofluorescence. (F) Cells were plated onto poly-l-lysine substrate and cultured in the absence of EGF. Percentage of cell types present in differentiated cultures

identified by immunofluorescence: progenitor cells (Pax6) and differentiated cells (astrocytes: GFAP; neurons: βIII-tubulin and oligodendrocytes: CNPase). *P < 0.05 by

Student’s t-test.
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Supplementary Material, Table S1. Briefly, both affected indivi-
duals shared clinical features of mild–moderate ID, delayed
speech and delayed psychomotor development. They were both
of short stature (3rd percentile) and shared dysmorphic features
of thick lips, long nose and a long philtrum. Both displayed mild
liver steatosis and diffuse hypocontractibility of the left ventricle.
Metabolic profiling also revealed transiently increased plasma
homocysteine levels and normal levels of methylmalonic acid in
urine. Whole-exome sequencing was performed to find causative
variants. No variants were found under an autosomal recessive
model, whereas five variants were found under amodel of X-link-
age (Supplementary Material, Table S2). Of these, the HCFC1 vari-
ant (chrX 153 215 026G>A (HG19); c.6046C>T; pArg2016Trp)wasthe
most likely candidate based on extended segregation analysis and
predicted tolerances to variation (Supplementary Material,
Table S2). X-inactivation studies on the affected individual’s
mother showed significant skewing (87%). The HCFC1 variant
abolishes a predicted bi-partite nuclear localization sequence
(NLS; amino acids 2011–2034; cNLS Mapper (13) prediction
score = 9.6). A second novel HCFC1 variant was found in a family
ascertained in Italy (family ITL1; chrX 153 225 268 C>T (HG19);
c.1429G>A; p.Ala477Thr; Fig. 3A and Supplementary Material,
Fig. S5). The affected individual has severe ID, absent speech and
displayed frequent febrile seizures during infancy. Hehadanelon-
gated face, large ears, arachnodactyly and a lean body habitus.
Metabolic profiling revealed normal methylmalonioc levels in

urine. The affected individual’s great uncle also suffered from ID
(deceased; SupplementaryMaterial, Fig. S5), while the individual’s
nephew suffered fromautismspectrumdisorderanddid not carry
the variant. This HCFC1 variant disrupts the fibronectin type 3 do-
main of HCFC1 which is involved in heterodimerization of HCFC1
N- andC-terminal proteolytic cleavage products andDNAbinding.

We were able to access material (whole blood) from indivi-
duals of the D144, ITL1 and CZE168 families (but not the others)
to test for the expression levels of HCFC1. Intriguingly, mRNA ex-
pression of the variant forms of HCFC1 in affected individuals
was elevated in families ITL1 and CZE168, andmodestly elevated
in two of three individuals from D144, compared with control
samples (Supplementary Material, Fig. S6A–C), which may sug-
gest an autoregulatory mechanism controlling HCFC1 transcrip-
tion (see discussion). Western blot analysis of an affected
individual in the CZE168 family, however, did not reveal signifi-
cant increase in HCFC1 protein levels (Supplementary Material,
Fig. S6D).

Overall, this new genetic evidence together with previous re-
ports suggests the involvement of the HCFC1 in the pathology of
ID; however, while the genetic evidence for the p.Ser225Asn
variant (located within the N-terminal Kelch domain) and
p.Arg2016Trp (located in the NLS) is more persuasive, whether
the p.Gly876Ser, p.Ala1756Val and p.Ala477Thr variants are likely
causative is less clear. All of the variants alter conserved amino
acids of HCFC1, and in silico predictions (CADD score (14))

Figure 3.HCFC1 variants segregatewith ID and result in changes to conserved regions of the protein. (A) Pedigrees of families identified in (2) (Families D144, D147 andD87)

and that of new families (ITL1 andCZE168), withHCFC1 variants. cDNA (NM_005334.2) and protein (XP_005274721.1) annotation for individual variants are shown. Blackfill

indicates ID, black dots indicate heterozygote carriers, and grey fill indicates autism (not ID). (B) Sequence alignment of variant amino acids across different species (using

EBI CLUSTALW server), and in silico prediction (CADD) of the effect that the variant amino acid changes have on protein function and integrity. Note that CADD scores >20

are considered likely pathogenic, while scores >10 are considered potentially pathogenic. (C) Linear scale cartoon of HCFC1 protein showing known structural features

(K1-5: Kelch domains; Fn3: Fibronectin 3 domain; Pro: HCFC1 proteolytic repeats; NLS: nuclear localization sequence) and the locations of variant amino acids. Note

that * indicates locations of variants previously reported (9,10).
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suggested four of the variants to be likely deleterious to protein
function, with the p.Ala477Thr variant predicted to be possibly
deleterious (Fig. 3B andC).We thus embarked on functional char-
acterization of these variants and their effect on HCFC1 function.

The p.Arg2016Trp variant of HCFC1 disrupts
its nuclear localization

We cloned four of the five HCFC1 variants into a cDNA construct
that permits expression inmammalian cells under a constitutive
promoter. Unfortunately, we were unable to obtain clones with
the p.Ala477Thr variant. The expression constructs contained
in frame Myc and HA tags at the N and C terminus, respectively,
to facilitate discrimination between endogenous and exogenous
expression (Fig. 4A). When expressed in HEK293T cells, we ob-
served no difference in HCFC1 variant mRNA or protein expres-
sion levels compared with wild-type HCFC1, suggesting the
variants did not overtly affect exogenously expressed HCFC1
mRNA or protein stability (Supplementary Material, Fig. S7A

and B). We next studied the subcellular localization of wild-
type and variant HCFC1 proteins. First, we compared the expres-
sion of endogenous HCFC1 with that of exogenously expressed
wild-type HCFC1. HCFC1 is known to undergo proteolytic pro-
cessing in cells and can be found as either a full-length protein,
or N- and C-terminal fragments (15,16). These fragments are
known to form a heterodimer but can also display independent
functions (17–19).We used our anti-Myc andHA antibodies to de-
tect exogenous HCFC1, and our anti-HCFC1 antibody, which
binds the C-terminal of HCFC1, to localize exogenous and en-
dogenous HCFC1. In untransfected cells, endogenous HCFC1
was localized predominantly in cell nuclei, with highest expres-
sion found in cells undergoing mitosis (Fig. 4B). Exogenous
HCFC1 detected with the C-terminal Myc tag displayed similar
expression, while the HCFC1 detected with the N-terminal HA
tag was enriched in the nucleus but also localized to the cyto-
plasm (Fig. 4B). All variants except the p.Arg2016Trp variant loca-
lized akin to wild type. The p.Arg2016Trp variant detected
through both its N-terminal HA tag and C-terminal Myc tag failed

Figure 4. HCFC1 p.Arg2016Trp variant fails to localize to the nucleus in HEK293T cells. (A) Diagram of HCFC1 protein with the locations of the variants being tested. Note

also that exogenously expressed HCFC1 proteins are tagged by HA at the N-terminus and Myc at the C-terminus, and also the C-terminal location of the epitope used to

generate the HCFC1 antibody (Ab). (B) HEK293T cells were transfected with empty control vectors or vectors encoding wild-type or variant forms of HCFC1.

Immunofluorescent detection of endogenous (and exogenous) HCFC1 (using the anti-HCFC1 antibody; cyan), and exogenous wild-type and variant forms using both

anti-HA (red) and anti-Myc (green) antibodies. Cell nuclei are counterstained with DAPI (blue).
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to localize to the nucleus and was found in the cytoplasm. Simi-
lar resultswere obtained usingHeLa cells (data not shown) and in
hippocampal neurons (Supplementary Material, Fig. S8A and B).
These data indicate that the HCFC1 variant affecting the nuclear
localization sequence (p.Arg2016Trp) results in a disruption to its
nuclear localization.

HCFC1 variants disrupt proliferation of HEK293T cells

Given previous studies showing the requirement of HCFC1 at
multiple stages of the cell cycle (4,6,17–19), we also tested the
ability of HCFC1 and its variant forms to affect the proliferation
of HEK293T cells.We plated transfected cells out at an equivalent
density andmonitored cell growth using the aforementioned cell
growth assay. Following 2 days of growth, over-expression of
wild-type HCFC1 caused a 58% decrease in growth compared
with control cultures (Fig. 5 and Supplementary Material,
Fig. S9). This growth reduction was not significantly different
from that resulting from over-expression of p.Ala1756Val (50%
decrease). Over-expression of the p.Ser225Asn and p.Gly876Ser
mutants both resulted in decreases in growth of 33 and 28%, re-
spectively, which was a modest, but significant loss of growth
suppression compared with over-expression of the wild-type
HCFC1. The over-expression of the p.Arg2016Trp had no effect
on growth andwas akin to control cells (Fig. 5 and Supplementary
Material, Fig. S9). These data suggest that three of four of the
tested HCFC1 variants may cause loss of function to various
degrees, with the exception being the p.Ala1756Val variant.

HCFC1 variants disrupt expression of MMACHC

The investigations on loss-of-function HCFC1 mutations in CblX
revealed that HCFC1 is required for the expression MMACHC,
which encodes an enzyme involved in themetabolism of cobala-
min, and which is also the most common genetic factor found
mutated in CblC (9). We thus looked at the ability of the HCFC1
variants to affect the expression of MMACHC. We again utilized
our HEK293T cells and over-expressed wild type or variant
HCFC1 and analysed MMACHC mRNA expression by qRT–PCR.
Over-expression of WT HCFC1 had no effect on MMACHC expres-
sion, suggesting that endogenously expressed wild-type HCFC1
binding (and function) is already saturated at the MMACHC pro-
moter under normal conditions (Fig. 6). Likewise, expression of
the p.Ala1756Val and p.Arg2016Trp had no effect. The other

two variants tested resulted in the reduction ofMMACHC expres-
sion. As we were able to achieve large over-expression of wild-
type and variant HCFC1 in these cells (∼160-fold as tested by
qRT–PCR, and ∼10-fold as tested by western blot; Supplementary
Material, Fig. S7), the stoichiometry suggests that the exogenous-
ly expressed proteins will outcompete endogenous wild-type
HCFC1 for binding at the MMACHC promoter. Given that HCFC1
loss-of-function mutations are described to result in reduced
MMACHC expression in patient cells (9), the loss of MMACHC ex-
pression in this assay can be interpreted likewise, suggesting that
the p.Ser225Asn and p.Gly876Ser variants are also likely loss of
function.

HCFC1 variants affect neuronal outgrowth

The above data suggest that with the exception of the p.Ala1756-
Val variant, the other HCFC1 variants may cause a loss or partial
loss of function. To further investigate this in a model system
more relevant to patient phenotypes, we assessed the ability of
the four variants to effect the axonal growth of hippocampal neu-
rons. As we have previously demonstrated and as shown above,
this assay is both sensitive to Hcfc1 gain and loss of function,
which results in either reduction or extension of axonal growth,
respectively (2).We assayed the effect that over-expression of the
HCFC1 variants has on axonal growth and their ability to rescue
defects associated with loss of Hcfc1 expression. We isolated pri-
mary hippocampal neurons from E18.5 embryos (as described
above) and immediately following isolation, we nucleofected
them with an expression vectors encoding Red Fluorescent Pro-
tein (RFP) together with either an empty expression vector con-
trol or expression vectors encoding either wild-type HCFC1, or
one of the fourHCFC1 variants. Cells were plated out and allowed
to attach overnight. The following day, these transfected cultures
were transduced with lentiviral particles that encode both EGFP
and either control orHcfc1shRNA. Cellswere grown for an addition-
al 3 days in vitro, fixed and immunofluorescently stained for the
axonal marker protein TAU1. Axon lengths of dual-transfected
and transduced cells were measured (i.e. those expressing both
RFP and EGFP) (Fig. 7A). Over-expression of HCFC1 in control-
transduced cells resulted in a 25% reduction of axonal length,
in agreement with our original findings (2). A similar 23% reduc-
tion was observed when the p.Ala1756Val variant was over-
expressed, while the effect of over-expression of the other three
variants resulted in less severe axonal length reductions (ranging
only between 4 and 8%) that were significantly different from

Figure 5. HCFC1 variants disrupt its ability to suppress cell growth of HEK293T

cells. HEK293T cells were transfected with an empty expression vector (control)

or with expression vectors encoding either wild-type or variant HCFC1 forms.

Transfected cells were plated at equivalent densities and allowed to grow for 2

days at which point cell numbers were assayed. n = 6, * is significantly different

to wild type, P < 0.05 Student’s t-test.

Figure 6.Over-expression ofHCFC1 variants disruptsMMACHCmRNAexpression.

HEK293T cells were transfected with an empty expression vector (control) or with

expression vectors encoding either wild-type or variant HCFC1 forms and RNA

was isolated. MMACHC mRNA expression was analysed by qRT–PCR.
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HCFC1 wild-type over-expression. Next, we analysed samples
transduced with Hcfc1shRNA and revealed similar outcomes
(Fig. 7B). Transduction with this virus caused a 39% increase in
axonal length compared with transduction with a control virus.
This elongated axon length was reduced by 45% when HCFC1
wild-type was re-expressed and a similar 49% reduction obser-
vedwhen the p.Ala1756Trp variantwas expressed. Re-expression
of the other three HCFC1 variants caused significant reductions
(i.e. compared with control Hcfc1shRNA condition) that ranged be-
tween 21 and 24%; however, these reductions were significantly
lower, compared with re-expression of the wild-type HCFC1
(Fig. 7B). Together, these results confirm that axonal length is
regulated by HCFC1 dosage and that three of the four HCFC1 var-
iants tested here (i.e. p.Ser225Asn, p.Gly876Ser and p.Arg2016Trp)
lead to partial HCFC1 loss of function.

Discussion
Previous findings suggest that both HCFC1 gain and loss of func-
tion mutations can cause neurodevelopmental disorders. Here,
we complement our previous studies on HCFC1 gain of function
by reporting the discovery of altered neural cell behaviours re-
sulting from HCFC1 loss of function. We find, in general opposite
to the effects of over-expression, thatmodest knockdownofHcfc1
in NPCs caused over-proliferation and an associated reduction of
differentiation, while knockdown in hippocampal neurons pro-
moted axon growth. In support of these findings, brain malfor-
mations including microcephaly, macrocephaly and cortical

gyration malformation have been reported in CblX patients
(9,10) and in individuals from families CZE168 and D147 that we
describe here. Thus, embryonic brain growth and neuronal con-
nectivity are processes sensitive to HCFC1 function (and dosage),
and alterations to these processes may underlie aspects of the
patient neurological phenotypes.

Having established neural-specific effects of loss of Hcfc1
function, we sought to provide evidence in support of the patho-
genicity of additional HCFC1 variants described previously (2),
and newly discovered, including a novel variant affecting the
NLS of HCFC1. Three of the four variants we tested resulted in al-
tered HCFC1 function consistent with a partial, but not complete,
loss-of-function effect with the exception being the p.Ala1756Val
variant. The other three variants (p.Ser225Asn, p.Gly876Ser and
p.Arg2016Trp) all showed reduced (but not abolished) potency
compared with wild type when assayed for effects on HEK293T
proliferation and neuronal axonal growth. A similar effect was
observed for the p.Ser225Asn and p.Gly876Ser variants when as-
sayed for an ability to regulate MMACHC transcription levels, but
not the p.Arg2016Trp variant, which behaved akin to wild type
(and p.Ala1756Val variant) in this instance. The inability of the
HCFC1 p.Arg2016Trp variant to effect MMACHC expression in a
negative manner is however consistent with its exclusion from
the nucleus, which would mask its potential ability to disrupt
transcription carried out by endogenous wild-type HCFC1 in
these cells. In fact, by measure of the effect on HEK293T prolifer-
ation and localization, the p.Arg2016Trp variant may be consid-
ered the most detrimental to protein function of the four

Figure 7. HCFC1 variants disrupt axon growth. Hippocampal neurons were isolated and transfected with RFP expression vector together with either an empty expression

vector (control) or vectors encoding either wild-type or variant forms of HCFC1. Following cell attachment in vitro, neurons were transduced with lentiviral particles that

encode EGFP and either control or Hcfc1shRNA. (A) Representative immunofluorescent image from control condition showing identification of a dual transfected (i.e. RFP

expressing; red) and transduced (i.e. EGFP expressing; green) neuron (yellow arrow). Nuclei were stained using DAPI (blue). (B) Quantification of mean axonal length.

P < 0.05 by Student’s t-test comparing values within a shRNA condition (Luc or Hcfc1shRNA); *significantly different to control condition; #significantly different to wild-

type condition.
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variants tested. Furthermore, the two affected brothers with this
variant both displayed elevated homocysteine levels, a signature
metabolic feature of individuals with CblX (and CblC), and thus
suggestive of loss of HCFC1 transcriptional activation of
MMACHC. Interestingly,HCFC1mRNA levelswere found to be ele-
vated in whole blood of the affected individuals and also in the
individual with the p.Ala477Thr mutation, family ITL1, and in
lymphoblastoid cell lines of two of the three individuals with
the p.Ser225Asnmutation, family D144. This findingmay suggest
that HCFC1 normally participates in the repression of its own
transcription. Such an autoregulatory mechanism would be in
line with the need to tightly regulate dosage of HCFC1 during de-
velopment and homeostasis. That HCFC1 binds YY1, a known re-
pressor of HCFC1 transcription, provides a candidate mechanism
warranting further investigation, particularly in light of our pre-
vious finding wherein mutation of a YY1 binding site in the
HCFC1 5′UTR was associated with HCFC1 over-expression and
ID (2,20). Although transcription was elevated, initial investiga-
tions did not show an increase in the overall protein level of the
p.Arg2016Trp variant.

Despite the deleterious effect on HCFC1 function in our cell
assays, the contribution of the p.Gly876Ser variant to the path-
ology of the patient remains complicated by the likely pathogenic
contributions of a MED12 variant (c.3101T>G, p.Phe1034Cys) and
a protein truncating ARID1B variant (c.2723delC, p.Pro908fs*6)
also found in the individual. Mutations in MED12 cause XLID
(21) (OMIM: 3 00 895 and 3 09 520). This particular variant has
not been previously reported and is predicted to be potentially
pathogenic (CADD score = 14.53); as such its role in this indivi-
dual’s phenotype is not conclusive. In contrast, haploinsuffi-
ciency of ARID1B invariably causes a broad range of disorders
frommild ID tomore severe phenotypes of Coffin-Siris syndrome
(OMIM: 1 35 900) and can be associatedwith a spectrumof clinical
presentations (12,22). Because of this, it is difficult to disentangle
the contributions of HCFC1, MED12 or ARID1B variants. Unfortu-
nately, we were unable to obtain information on the affected in-
dividual’s homocysteine or methylmalonic acid levels, which
could potentially identify CblX. The aggregate clinical data avail-
able to us are still consistent with CblX, but also severe ARID1B-
associated phenotypes, andhave some features not yet described
for MED12 mutations (e.g. epilepsy), and missing some features
normally associated with MED12 mutations (e.g. hypertelorism
and constipation). It is credible that HCFC1, ARID1B and MED12
variants may all be contributing to the ID; the possibility of mul-
tiple hits with additive or independent effect has been previously
documented and might be under-ascertained (23,24). Interest-
ingly, the EVS server reports the p.Gly876Ser variant in 7/10 271
chromosomes (including two males with the change, a male fre-
quency of 1/1193). Furthermore, following completion of our
functional studies, the ExAC database became available (http://
exac.broadinstitute.org, last accessed February 2015), which
also reported the p.Gly876Ser variant at a frequency of 52/1 21 298
chromosomes (of which 17 are likely to be males, giving an ap-
proximate male frequency of ∼1/2300). These data reveal that
the p.Gly876Ser occurs at a very low frequency in the population
and suggest that the variant might be benign; however, it is also
possible that the males with this variant in these databases may
havemild to borderline ID,which alignedwith the high incidence
(affecting 2–3%) andwide spectrumof ID is plausible, albeit unde-
terminable at this point in time. Our conservative conclusion
based on the functional and genetic data presented here is to re-
gard the p.Gly876Ser variant as a low-frequency variant that pro-
vides an increased susceptibility to intellectual disability. This is
consistent with recent evidence which reveals that complex

disease traits are associatedwith collections of common variants
found inmonogenic disease genes (25), and thatmilder neurode-
velopmental phenotypes (for example autism spectrum dis-
order, and probably mild ID) are more likely to involve
combinations of rare and common variants (26,27). That the p.
Gly876Ser variant has been identified in a patient with autism
may provide additional support of its involvement (28).

Our data indicate that of the four variants we tested, three af-
fect HCFC1 protein function, namely the p.Ser225Asn, p.Gly876-
Ser and p.Arg2016Trp variants found in families D144, D147 and
CZE168, respectively. The p.Arg2016Trp variant disrupted a nu-
clear localization signal sequence in the C-terminus of the pro-
tein. Our localization studies show that this indeed did disrupt
the ability of HCFC1 to become enriched in the nucleus; however,
that the protein retained some function suggested that nuclear
import was reduced, but not abolished. The p.Ser225Asn variant
lies in the Kelch repeat domain of HCFC1 similar to previously re-
ported loss-of-function HCFC1 variants (9). This domain is char-
acterized as a protein–protein interaction motif and has been
shown to mediate binding to transcription factors (for example
E2F1 and E2F4 and THAP11) and chromatin regulators (such as
MLL H3K4 Methyltransferase) (4,29). HCFC1 has been described
as an obligate co-factor of THAP11,which recruits HCFC1 to target
promoters, including that of the MMACHC gene (9,29,30). Thus,
the p.Ser225Asn variant may disrupt these interactions, as has
been postulated for other variants of HCFC1 affecting the Kelch
domain (9). Likewise, the p.Gly876Ser variant may affect the pro-
tein–protein interactions mediated by the basic domain, which
includes DNA-binding proteins (e.g. ZBTB17) and chromatin
modifiers such as SIN3A (18). It will be interesting to identify
which promoters and genes are affected on a global scale using
patient-derived cell lines, to better understand the biology of
HCFC1 and understand the genetic pathways that underlie ID.
In all of our assays, the p.Ala1756Val variant behaved as wild-
type HCFC1. While this does not support its pathogenicity, it
does not exclude its involvement in some finer way and may re-
flect limitations of the assay conditions to detect subtle disrup-
tions to HCFC1 function (see below). Such a small disruption
may still be solely responsible for pathogenesis, or alternatively
its effect may be compounded by contributions of other rare var-
iants (e.g. the c.356A>G, p.Gln119Arg variant in ZMYM3 of un-
known significance discovered in the patient) or common
variants (24,25).

As aforementioned, loss-of-function mutations that alter the
Kelch domain of HCFC1 have been identified in patients with
CblC-like disorder called CblX (9,10). CblC is most commonly
caused by mutations in MMACHC and results in methylmalonic
aciduria and homocystinuria. The defect causes decreased levels
of the coenzymes adenosylcobalamin (AdoCbl) and methylcoba-
lamin (MeCbl),which results indecreased activityof the respective
enzymes methylmalonyl-CoA mutase and methyltetrahydrofo-
late:homocysteine methyltransferase, also known as methionine
synthesis. The main biochemical findings in CblC patients with
MMACHC mutations are increased plasma homocysteine level,
low or normal plasma metionin level, homocysteinuria and
methylmalonic aciduria (31). Evidence from CblX patient cell
lines and knockdown experiments in HEK293T cells revealed
that these HCFC1 mutations resulted in an almost complete loss
of MMACHC expression, suggesting almost complete loss of
HCFC1 function (9). The patients from whom the variants we
tested here have in general much milder neurological presenta-
tions comparedwith CblX (and CblC) individuals and consistently,
in our assays, it appears that theHCFC1 retained at least some bio-
logical activity, i.e. our assays suggest only partial loss of function
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(Supplementary Material, Table S3). Furthermore, both the indivi-
dualswithp.Arg2016Trpmutationhad transientlyelevatedhomo-
cysteine levels, but repeatedly normal levels of plasma metionin
and methylmalonic acid in urine (the measurement of AdoCbl
and MeCbl was not available). Normal urine methylmalonic acid
levels were also reported for the individual with the p.Ala477Thr
variant. These nearly normal biochemical findings correspond to
the much milder neurological defects compared with CblC pa-
tients, again suggesting partial MMACHC activity, and only a par-
tial defect inHCFC1 function. It remains tobe tested towhat extent
MMACHC expressionmay be affected in these individuals, and the
other individuals, and we studied here (materials unavailable at
this time), andmore so, to what extent the metabolism of cobala-
min is affected in all. Such information may have some clinical
value, as expression levels of mutant MMACHC alleles have been
associated with age of onset and severity in CblC patients (11).
However, as CblC causing MMACHC mutations are all reported as
homozygous (or compound heterozygous), it suggests that unless
MMACHC function is severely compromised, themetabolic symp-
toms may not exist (11). That the metabolic features of CblX dis-
order are relatively mild compared with CblC patients, but the
neurological phenotype is muchmore severe (includes brain mal-
formation and intractable epilepsies) suggests thatMMACHC defi-
ciency alone does not explain the neurological phenotype, and
thatHCFC1 is important for the expression of additional genes im-
portant for normal brain development (9). Thus,mutations result-
ing in partial loss of HCFC1 function may result in neurological
phenotypes in the absence of the clinical presentation of cobala-
min deficiency. Furthermore, while treatment of early-onset
CblC patients with a combinatorial approach consisting of supple-
mentation of hydroxycobalamin, betain and folic acid provides
some improvements in the visceral and haematological symp-
toms, the efficacy on neurological outcomes is not established,
and patients invariably continue to show neurological and cogni-
tive impairment regardless of time of diagnosis and/or treatment
initiation (32).

The mounting challenge of assigning pathogenicity to large
numbers of variants is typically approached by employing genet-
ic and statistical evidence often without in-depth functional
studies or even detailed clinical assessment. By comprehensive
investigations of four HCFC1 variants using all above criteria,
we found conforming evidence for pathogenicity of p.Ser225Asn
and p.Arg2016Trp; however, some discordance was observed
with the remaining two variants studied. The variant with the
highest CADD score, p.Ala1756Val, which is also not present in
any publicly available control dataset we analysed, behaved as
wild type in our cell-based studies. Conversely, the p.Gly876Ser
variant which is found at very low frequency in northern Euro-
pean descent population displayed loss of function in our cell as-
says. This raises important issues pertaining to the relevance of
such functional tests for reaching correct clinical diagnosis and
actions thereafter. Resolution of these fundamental questions,
also relevant tomanyother genes anddisorders,will involve dee-
per understanding of the function of these genes, better geno-
type–phenotype databases, more sophisticated models (e.g.
patient-derived stem cells) or simply more patients and variants
investigated. Our work underlines the importance of combined
approach to the resolution of the relevance of genetic variation
in neurological disease, involving clinical, genetic, bioinformat-
ics and cell and molecular functional studies.

In conclusion, our data provide additional support for the in-
volvement of HCFC1 in ID. Together, with previous studies, it is
now apparent that both gain and loss of HCFC1 function can re-
sult in changes to the behaviour of embryonic neural cells, which

likely underpins aspects of patient phenotypes (2,33). Regarding
loss-of-function mutations, the severity of the phenotypes likely
reflects the extent towhich themutations affect HCFC1 function,
with almost complete loss of function causing CblX featuring se-
vere neurological phenotypes (e.g. retractable epilepsy, brain
malformations, severe neurocognitive impairment) and clinical-
ly relevant deficiencies in cobalamin, whereas partial loss of
function resulting in less severe neurological phenotypes (e.g.
mild ID) (Supplementary Material, Table S3) (9). The continued
emergence of large-scale sequencing practices in research and
diagnostics will likely provide further insight into the spectrum
of phenotypic outcomes stemming from both gain- and loss-of-
function mutations in HCFC1.

Materials and Methods
Animal use

This studywas performed under regulations of the South Austra-
lian Animal Welfare Act 1986, and in strict accordance with the
Australian Code of Practice for the Care of Animals for Scientific
Purposes, 2004. The protocol was approved by the Women’s and
Children’s Health Network (WCHN) Animal Ethics Committee
(Approval Number: 944/03/15). All euthanasia was performed
using cervical dislocation, and every effort was made to minim-
ize suffering. Time-mated pregnant female Swiss mice were ob-
tained from theWomen’s and Children’s Health Network Animal
Care Facility (Women’s and Children’s Hospital, Adelaide,
Australia).

Generation of lentivirus

Constitutive 3rd generation lentiviral vectors were employed as
previously described (34–36). To generate Hcfc1-specific shRNA
transfer vectors, three shRNA sequences predicted to specifically
target Hcfc1 UTRs were designed using BLOCK-it RNAi designer
software [Invitrogen, Carlsbad, CA, USA)]. A shRNA sequence tar-
geted to luciferasewasusedasacontrol (36). The shRNAsequences
are T1: GCAGAAGGCAGATTGGAAAGA; T2: GGAGATAACACCCA
TACTTAAandT3: GCACTTGTTTGTAGTTCATCG. These sequences
were cloned into the lentiviral transfer vector plv-C-shRNA, and
lentiviral particle stocks were generated and titrated as previously
described (35,36). Transduction of neuronswas performed at either
multiplicityof infection (MOI) = 1overnight (O/N) atDay1of culture.
Transduction of NPCs was achieved at MOI = 20 using O/N incuba-
tion with dissociated cells derived from secondary neurospheres.
For purification of transduced cells, neurospheres were dissociated
and EGFP expressing cells purified using FACS (BD FACSAriaII flow
cytometer; BD Bioscience, San Jose, CA, USA), for further culture
as neurospheres.

Cloning of HCFC1 expression constructs

pCGN-HCFC1-FL vector was a kind gift from W. Herr, Center for
Integrative Genomics, University of Lausanne, Lausanne, Switz-
erland (15). To generatemutant constructs, fragments containing
the desired nucleotide(s) for mutagenesis were first amplified
and then subcloned into pGEMT by pGEM®-T Easy Vector Sys-
tems (Promega, Madison, WI, USA) using the following primer
pairs: for p.Ser225Asn, F-TATGACGTGCCTGACTATGC and R-TAGG
TACCAGAGGTCCTTGC; for p.GlySer876, F-AGTAGCCCACAGAT
GAGTGG and R-CTTGAGAGGGTGGCAATGG; for p.Ala1756Val and
p.Ala2016Trp, F-TTATCACTTCCCCAAGAGC and R-CTCACCCT
GAAGTTCTCAGG. Mutagenesis reaction was performed directly
on pGEMT vector using QuikChange Multi Site-Directed
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Mutagenesis Kit (Stratagene, La Jolla, CA, USA) according to
the manufacturer’s protocol using the following primers:
for p.Ser225Asn, F-TACGGCGGGATGAATGGCTGCAGGCTGG; for
p.GlySer876, F-CGTTGGTTGTGAAAAGCACCACAGGTGTCACG;
for p.Ala1756Val, F-CACTGAGAGCCTGGTTCCATCCAACACATTT
GTGG; and for p.Ala2016Trp, F-CCAAGCCAGCCAACAAGTGGCC
CATGTCCTCTC. Subsequently, mutated fragments were sub-
cloned back into pCGN-HCFC1-FL construct by restriction digest
followed by ligation with T4 ligase (NEB, Ipswich, MA, USA): for
p.Ser225Asn, SexAI and XbaI ; for p.GlySer876, NotI and SpeI; for
p.Ala1756Val or p.Ala2016Trp, BamHI and SgrA1. All cloning
steps were performed using DH5α bacterial strain. Vector extrac-
tion was performed using Miniprep Kit (QIAGEN, Germantown,
MD, USA) according to the manufacturer’s protocol. For transfec-
tion and virus production, vectors were purified using Endofree
Plasmid Maxi Kit (QIAGEN).

Cell culture

Isolation of NPCs from the E18 cortexwas as previously described
(36–38). Single cells for NPC assayswere generated by passing dis-
sociated cells through a 0.75 µm cell filter (BD Biosciences). All
neural progenitor cell assays were conducted in biological tripli-
cate, with each replicate representing a separate transduction ex-
periment. Averages of these triplicate results are reported. The
cell proliferation assay was conducted using the Cell Titre
96AQueous Kit (Promega) as per manufacturer’s instruction;
each biological replicatewas analysed using technical quadrupli-
cates and normalized against starting cell numbers (±4.2% cells
per well). Adherent NPC assays were performed by plating disso-
ciated neurosphere cells onto poly-l-lysine (Sigma-Aldridge, St
Louis, MO, USA) coated coverslips (Menzel-glasser, Thermo Fish-
er Scientific, Waltham, MA, USA) at 1 × 104/cm2, respectively, and
culturing cells in neurosphere media with or without EGF. Im-
munofluorescent staining and fluorescent microscopy (see
below) were used for cell count analysis. For each cell count
analysis, at least 200 cells were scored for each replicate
experiment (+EGF condition: pax6 total n = 1230 control, and
n = 1486 Hcfc1shRNA; phospho-Histone3: total n = 1168 control,
and n = 1208 Hcfc1shRNA; activated caspase3: total n = 602 control,
and n = 613 Hcfc1shRNA; and –EGF condition: CNPase: total n = 780
control, and n = 602 Hcfc1shRNA; GFAP: total n = 1160 control; n =
1130 Hcfc1shRNA; βIII-tubulin: total n = 640 control, and n = 603
Hcfc1shRNA; Pax6: total n = 680 control; n = 1190 Hcfc1shRNA). Isola-
tion of primary hippocampal neurons was as described previous-
ly (2). Nucleofection was conducted as previously described (2)
using 5 μg of pCGN-HCFC1 expression vectors (wild type or vari-
ant) and 1 μg of pDsRed-Monomer-C1 (RFP expression vector;
Clontech, Mountain View, CA, USA). Morphometric analysis
was conducted using immunofluorescent staining and fluores-
cent microscopy (see below). All data represent average of three
biological replicates. For each replicate, at least 30 neurons were
scored using the ImageJ software package (NIH). HEK293T and
NIH3T3 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum (Gibco, Life
Technologies, Mulgrave, Victoria, Australia). Transfections were
conducted using Lipofectamine 3000 as per manufacturer’s
instruction (Invitrogen).

Immunofluorescence

Cultured cells were fixed with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 15 min at room temperature
(R/T). Cells were block permeabilized using PBS containing 0.1%
Tween20 (PBST) with either 10% normal horse serum (NHS) or

5% bovine serum albumin (BSA) for 1 h at R/T. Primary and sec-
ondary antibodies were incubated in PBST with either 3% NHS
or 1% BSA overnight (O/N) at 4°C and 1 h at RT, respectively, at
the following dilutions; chicken anti-MAP2, mouse anti-CNPAse,
mouse anti-Tau1 (all at 1:2000; Chemicon, Millipore Bioscience
Research Reagents, Temecula, CA, USA), rabbit anti-GFAP,
mouse anti-βIII-tubulin, (both at 1:300; Sigma-Aldridge), rabbit
anti-Pax6 (1:200; Chemicon), rabbit anti-phospho-histone3
(1:200, Abcam, Cambridge, UK) Rabbit anti-activated caspase3
(1:200, BD Biosciences), mouse anti-Myc (1:500, Santa Cruz,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), chicken anti-
HA (Abcam, 1:500), rabbit anti-HCFC1 (1:200, Bethyl Laboratories,
Montgomery, TX, USA), donkeyanti-sheepAlexafluor555, donkey
anti-rabbit Alexafluor488/555/647 and donkey anti-mouse Alexa-
fluor488/555/647 (all 1:1000; Invitrogen), donkey anti-chickenCy3
(Jackson Laboratories, Bar Harbour, ME, USA). Cells were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) andmounted
with Slow-fade mounting media (both from Invitrogen). Non-
specific stainingwas controlled by using secondary-only controls
(data not shown). Fluorescence was viewed using the Axioplan2
microscope (Carl Zeiss, Jena, Germany) fitted with an HBO 100
lamp (Carl Zeiss). Images were captured using an Axiocam Mrm
camera and Axio Vs40 v4.5.0.0 software (Axiovision, Carl Zeiss).

Biochemical analysis

Protein was isolated from cells using a lysis buffer (120 m NaCl,
50 m Tris–HCl (pH 8.0), 0.5% NP-40 (v/v), 1 × protease inhibitor
cocktail (Sigma), 1 mNa3VO4, 1 mNaF, 1 m PMSF) and quan-
titated using Bradford assay (Biorad, Hercules, CA, USA). Samples
were separated and transferred to nitrocellulose (BiotraceNT, Pall
Corporation, New York, NY, USA) using the NuPage precast gel
system as per manufacturer’s instructions (Invitrogen). Blots
were blocked using PBST containing 5% NHS and 5% skim milk.
Antibodies were incubated in this same solution at the following
dilutions; rabbit anti-HCFC1 (1:2000), mouse anti-β-actin (1:5000;
Sigma-Aldridge), goat anti-rabbit-HRP and goat anti-mouse HRP
(both 1:1000; Dako, Glostrup, Denmark). RNA was isolated from
cells/tissues using TRIzol reagent as per manufacturer’s instruc-
tions (Invitrogen) and further processed using the RNAeasy kit
including DNAse treatment (Qiagen). cDNA was generated
using SuperscriptIII reverse transcriptase as per manufacturer’s
instructions (Invitrogen) using random hexamer priming (Gene-
works, Adelaide, Australia). The StepOne platform and software
(Applied Biosciences, Invitrogen) was employed for qRT-PCR
analysis. PCR reactions were generated using the sybr greenmas-
termix as permanufacturer’s instructions (Biorad) and run using
the following parameters: 95°C—5 min; 35 cycles of: 95°C—10 s,
60°C—30 s; followed a melt curve increment step 60°C–100°C.
All primers usedmet strict quality control parameters amplifying
control cDNA at 100 ± 10% efficiencies and producing only single
PCR products. Primers for β-Actin, HCFC1 and MMACHC are as
previously described (2,9).

Supplementary material
Supplementary material is available at HMG online.
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