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Abstract
CblX (MIM309541) is an X-linked recessive disorder characterized by defects in cobalamin (vitamin B12) metabolism and other
developmental defects. Mutations in HCFC1, a transcriptional co-regulator which interacts with multiple transcription fac-
tors, have been associated with cblX. HCFC1 regulates cobalamin metabolism via the regulation of MMACHC expression
through its interaction with THAP11, a THAP domain-containing transcription factor. The HCFC1/THAP11 complex poten-
tially regulates genes involved in diverse cellular functions including cell cycle, proliferation, and transcription. Thus, it is
likely that mutation of THAP11 also results in biochemical and other phenotypes similar to those observed in patients with
cblX. We report a patient who presented with clinical and biochemical phenotypic features that overlap cblX, but who does
not have any mutations in either MMACHC or HCFC1. We sequenced THAP11 by Sanger sequencing and discovered a poten-
tially pathogenic, homozygous variant, c.240C>G (p.Phe80Leu). Functional analysis in the developing zebrafish embryo dem-
onstrated that both THAP11 and HCFC1 regulate the proliferation and differentiation of neural precursors, suggesting impor-
tant roles in normal brain development. The loss of THAP11 in zebrafish embryos results in craniofacial abnormalities
including the complete loss of Meckel’s cartilage, the ceratohyal, and all of the ceratobranchial cartilages. These data are con-
sistent with our previous work that demonstrated a role for HCFC1 in vertebrate craniofacial development. High throughput
RNA-sequencing analysis reveals several overlapping gene targets of HCFC1 and THAP11. Thus, both HCFC1 and THAP11 play
important roles in the regulation of cobalamin metabolism as well as other pathways involved in early vertebrate
development.
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Introduction
Mutations in the transcriptional co-regulator HCFC1 have been
recently associated with cblX (MIM309541), an X-linked reces-
sive disorder, characterized by defects in cobalamin metabo-
lism, nervous system development, neurological impairment,
and failure to thrive (1). Further, functional analyses have dem-
onstrated that mutations in HCFC1 regulate cobalamin metabo-
lism via MMACHC, one of its many downstream target genes (1).
In addition to patients with cblX, mutations in HCFC1 have also
been reported in individuals with X-linked intellectual disability
(XLID) (2) and other multiple congenital anomalies (3,4), both
with and without the metabolic phenotype characteristic of
cblX.

HCFC1 is a transcriptional co-regulator that does not have a
DNA binding domain and requires interaction with other tran-
scription factors to modulate changes in gene expression (4–9).
These interactions with transcription factors and other regula-
tory complexes allows HCFC1 to regulate many genes involved
in diverse cellular functions including cell cycle, proliferation,
and transcription (4,6,8). HCFC1 has a conserved kelch domain
with 5 kelch repeats/motifs, which mediate protein-protein in-
teractions (10). CblX-associated mutations in HCFC1 occur pri-
marily within the kelch domain potentially disrupting its
interactions with other transcription factors (1). Further, HCFC1
appears to regulate the expression of MMACHC through its in-
teraction with THAP11, a THAP domain-containing transcrip-
tion factor (11). Thus, mutations in the HCFC1 kelch domain
presumably disrupt the interaction with THAP11, subsequently
resulting in down-regulation of MMACHC expression in cblX pa-
tients (1,12,13).

A majority of the inborn errors of cobalamin metabolism
have been associated with mutations in genes that encode pro-
teins involved in the synthesis or intracellular transport of ac-
tive cobalamin-derived cofactors (14). However, the discovery
that mutations in HCFC1 can lead to phenotypes associated
with cblX suggests that mutations in genes outside the central
cobalamin pathway can also result in biochemical outcomes
characteristic of an inborn error of cobalamin metabolism.
Thus, it is likely that mutations in transcription factors or other
regulatory proteins that interact with HCFC1, to regulate
MMACHC or other genes in the cobalamin pathway, may also re-
sult in biochemical and other phenotypes similar to those ob-
served in patients with cblX. THAP11 is one such candidate gene
because the HCFC1/THAP11 complex binds to regulatory ele-
ments controlling the expression of MMACHC as well as a di-
verse array of downstream target genes (11,15).

Here, we report a patient who presented with phenotypic
features that overlap cblX, but did not have any mutation in ei-
ther MMACHC or HCFC1. We sequenced THAP11 by Sanger se-
quencing and discovered a potentially pathogenic, homozygous
variant in THAP11, c.240C>G (p.Phe80Leu). Further, we provide
functional data in model organisms that suggests that both
HCFC1 and THAP11 are essential for normal brain development
and neural precursor differentiation. Additionally, the loss of
THAP11 results in craniofacial abnormalities, consistent with
our previous work demonstrating a role for HCFC1 in craniofa-
cial development (13). Furthermore, our high throughput RNA-
sequencing analysis reveals several overlapping gene targets of
HCFC1 and THAP11 that likely contribute to the biochemical as
well as other phenotypes associated with cblX. Taken together,
our results provide evidence that both HCFC1 and THAP11 play
important roles in the regulation of cobalamin metabolism as
well as other genes involved in early vertebrate development.

Results
Mutations in THAP11 cause a cblX-like disorder

We have previously reported HCFC1 mutations in 14/17 male
subjects with cblX, who had initially been diagnosed with cblC
but had no mutation in MMACHC (1). Based on the known inter-
action between HCFC1 and THAP11 and their role in the regula-
tion of gene expression (11), we hypothesized that the three
subjects with no detectable mutation in HCFC1, but with pheno-
typic features overlapping cblX, have mutations in THAP11.
Sanger sequencing of THAP11 (NM_020457.2) revealed a homo-
zygous, missense variant in one subject, while no variations in
THAP11 were detected in the other two subjects. This novel vari-
ant in THAP11, c.240C>G, resulted in a single amino acid
change, p.Phe80Leu (Fig. 1A). The subject with this variant pre-
sented with a cblX-like disorder characterized by seizures,
which started at 2 months of age, in addition to mild methylma-
lonic acidemia. Treatment with hydroxocobalamin injections,
pyridoxine, folic acid and betaine, were unable to prevent the
progression of the child’s disease. The child developed very se-
vere intellectual disability and seizures and ultimately died at
the age of ten. The severity of the child’s brain involvement is
consistent with the clinical presentation of cblX patients.

The c.240C>G, p.Phe80Leu variant (chr16:67,876,697,
GRCh37/hg19) is novel and was not found in public databases,
including dbSNP, HapMap, 1000 Genomes, Exome Variant
Server (EVS), and Exome Aggregation Consortium (ExAC).
Multiple mutation prediction algorithms also predict this vari-
ant to be deleterious (CADD: 23.1; PolyPhen-2: probably damag-
ing (0.997); SIFT/PROVEAN: deleterious (�4.37); MutationTaster:
disease causing (0.99997); FATHMM: damaging (�4.08)).
Furthermore, the p.Phe80Leu alteration affects an amino acid
that is highly conserved across vertebrate species and localizes
to the functionally conserved THAP domain, an important zinc-
finger DNA binding domain involved in transcriptional regula-
tion (16) (Fig. 1B and C). These data provide strong evidence that
the detected variant in THAP11 is likely to be pathogenic and is
the underlying cause of the cblX-like disorder in this subject.

Knockdown of thap11 results in craniofacial
abnormalities

We have previously demonstrated that patients with cblX have
mild facial abnormalities and that knockdown of hcfc1b, a zebra-
fish ortholog of HCFC1, results in craniofacial defects (13).
Further, these defects in facial development, resulted from defi-
cits in mmachc expression (13). Since HCFC1 and THAP11 inter-
act to modulate downstream gene expression, we hypothesized
that a loss of thap11 in zebrafish would also result in craniofacial
abnormalities. To address this hypothesis, we first used anti-
sense morpholino oligonucleotides to reduce the expression of
the zebrafish thap11. We phenotyped thap11 morphants for de-
fects in craniofacial development with Alcian blue:Alizarin red
to visualize the developing cartilage and bone, respectively. At 4
days post fertilization (dpf), knockdown of thap11 resulted in se-
vere craniofacial abnormalities (Fig. 2B). Specifically, morphant
embryos (n¼ 21) did not develop the major components of the
viscerocranium, including Meckel’s cartilage, the ceratohyal,
and the ceratobranchial cartilages (P< 0.0001) (Fig. 2B). Co-
injection of THAP11 mRNA with thap11 morpholino (n¼14) effec-
tively restored all structures including Meckel’s cartilage, the
ceratohyal, and the ceratobranchial cartilages (P¼ 0.0041) (Fig.
2D). Importantly, embryos injected with THAP11 mRNA alone
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had normal facial development (Fig. 2C). Thus, the knockdown
of thap11 resulted in craniofacial abnormalities in the zebrafish.

Knockdown of thap11 results in structural brain
malformations

cblX is also characterized by severe neurological impairment
and brain abnormalities (1). Therefore, we hypothesized that
knockdown of thap11 in the developing zebrafish would result
in structural brain abnormalities. To test this hypothesis, we
analysed the brains from 2-day-old zebrafish embryos injected
with thap11 morpholino, using immunohistochemistry with
antibodies against acetylated tubulin. Acetylated tubulin, which
is found in stable axonal microtubules, can be used to visualize
the structure of the brain and identify brain malformations (17).
The knockdown of thap11 expression resulted in an abnormal
pattern of acetylated tubulin in the morphant embryos when
compared to non-injected embryos (Fig. 3A and B). The wildtype
non-injected embryos (n¼ 9) demonstrate patterns of acetylated
tubulin extending from the midbrain towards the fourth ventri-
cle. However, in the morphants (n¼ 9) the extension of the axon
tracks was significantly reduced in the presumptive hypothala-
mus and midbrain cerebellum, indicated by an open arrowhead
and asterisk, respectively (Fig. 3A and B). This data suggested
that the perturbation of thap11 expression in early embryogene-
sis can lead to structural brain abnormalities in the zebrafish.

Precise control of THAP11 function is necessary for
neural progenitor lineage commitment

One possible explanation for the reduction in the number of
axons observed in thap11 morphants could be a decrease in the
number of differentiated neurons. To test this possibility we
used immunohistochemistry to evaluate the expression of the

pan neuronal marker HuC/D (Elavl3) (18) and Sox2, a marker of
neural progenitors (19). At 2 dpf we observed a thin layer of cells
lining the ventricles of the optic tectum and midbrain tegmen-
tum, and in the center of the hypothalamus expressing Sox2 in
non-injected embryos (n¼ 9) (Fig. 3C). We counted the
Sox2þ cells in sections from the forebrain, midbrain, and hind-
brain from representative non-injected embryos. There were an

Figure 2. Thap11 regulates craniofacial development in zebrafish. (A–D) Alcian

Blue-Alizarin Red staining of 4 day post fertilization (dpf) zebrafish embryos

with the following treatment; (A) non-injected, (B) thap11 morpholino (thap11

Mo)-injected, (C) injected with wild-type THAP11 mRNA or (D) co-injected with

thap11 morpholino and wild-type THAP11 mRNA.

Figure 1. THAP11 mutation in an individual with a cblX-like disorder. (A) Chromatograph of Sanger sequencing shows a novel homozygous c.240C>G (p.Phe80Leu) mis-

sense mutation in the subject. (B) Protein domains of THAP11 identified using UniProt include THAP-type zinc-finger DNA-binding domain (THAP), Glutamine-rich do-

main (Gln) domain, Alanine-rich domain (Ala), HCFC1 binding motif (HBM), and a coiled-coil domain (CC). (C) Evolutionary conservation of Phe80 (highlighted in red) in

THAP11 demonstrated using comparative analysis of orthologs from multiple species. Orthologs were identified by using BLASTP, and the alignments were performed

by using ClustalW. Protein accession numbers are in parentheses.
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average of 180 Sox2þ cells in the non-injected embryos which
were adjacent to the HuC/Dþ neurons within the tissue of the
midbrain and hypothalamus (Fig. 3C). In contrast, the knock-
down of thap11 resulted in an increase in the number of
Sox2þ cells in the forebrain and midbrain (n¼ 9) relative to non-
injected control embryos (Fig. 3C, D, G). The increased number
of Sox2þ cells in representative morphant embryos represented
a 1.8 fold increase in neural precursors (Fig. 3I, P< 0.01).
Concomitantly, there was a decrease in the number of HuC/Dþ

cells and an expanded fourth ventricle in the morphants (n¼ 9)
(Fig. 3C and D). The small number of cells expressing HuC/D in
the morphant animals is consistent with the possibility that
Thap11 is required for neuronal differentiation.

Based on the results from knockdown experiments, we
wanted to determine if overexpression of thap11 would result in
an aberrant phenotype. In order to test this, we injected wild-
type embryos with human THAP11 mRNA. Embryos injected
with THAP11 mRNA (n¼ 9) appeared normal in size and overall

appearance, however, analysis of brain development in THAP11
injected embryos demonstrated a statistically significant in-
crease, approximately 2.1 fold more, in the number of Sox2þ
cells lining the fourth ventricle and the tectal ventricle region
proximal to the hypothalamus (Fig. 3E and I, P¼ 0.006), relative
to the non-injected control. However, THAP11 injected embryos
maintained the ability to produce differentiated neurons in the
hypothalamus and midbrain tegmentum, but not in the pre-
sumptive optic tectum, which had fewer HuC/Dþ cells (Fig. 3E).
Since the overexpression of THAP11 mRNA resulted in more
Sox2þ cells than the knockdown of thap11 (Fig. 3I), we did not
expect the THAP11 mRNA to rescue the morphant phenotype
which also results in increased Sox2þ cells. As expected, the co-
injection of THAP11 mRNA and thap11 morpholino resulted in
embryos which maintained a significant number of Sox2þ cells,
which was approximately 1.4 fold more than the non-injected
controls (Fig. 3I). However, the number of Sox2þ cells in the co-
injected embryos was 1.3 fold lower than the thap11 morphant

Figure 3. Thap11 regulates neural stem cell proliferation and differentiation. (A,B) 2 day post fertilization (dpf) zebrafish embryos analysed for anti-acetylated tubulin

expression using antibody immunohistochemistry. Arrowhead indicates hypothalamus and asterisk labels the presumptive cerebellum. (A) Non-injected (NI), (B)

thap11 morpholino (thap11 Mo). (C–H) Immunohistochemistry with anti-Sox2 (green) and anti-HuC/D (red) antibodies at 2 day post fertilization (dpf) from (C) non-in-

jected, (D) thap11 morphants (thap11 Mo), (E) THAP11 mRNA injected (THAP11), (F) thap11 morphants co-injected with THAP11 mRNA, (G)THAP11 c. 240C>G mRNA in-

jected, and (H) thap11 morphants co-injected with the THAP11 c240C>G. Arrowheads demonstrate regions of HuC/D expression and arrows indicate Sox2 expression.

HuC/D expression is consistently observed in the optic tectum and tegmentum, regions indicated by the arrowheads in (C). A thin lining of neural precursors are pre-

sent surrounding the ventricle region and indicated by the arrow. Anatomically comparable regions from serial sections are demonstrated in the treated groups. n¼9

per group. I. Bar graph showing the cell counts of Sox2þ cells in sections from C-H. NI¼ non-injected, MO ¼ thap11 morpholino injected, THAP11 ¼ wild type THAP11

mRNA injected, c240C>G ¼mutant THAP11 mRNA injected, MOþTHAP11 ¼ co-injected as in (F), MO þ c240C>G ¼ co-injected as in (H). The counts were carried out in

9 sections in each category (n¼9) and error bars are shown. Asterisks denote results that were statistically significant.
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suggesting some antagonistic effect, although this difference
was not statistically significant (Fig. 3F and I). These data sug-
gested that any changes in the level of thap11 expression, either
by down-regulation or overexpression, during brain develop-
ment can have a dramatic effect on the fate of neural
precursors.

Having established that perturbations in THAP11 expression
alter neuronal differentiation, we next wanted to test the effect
of the c.240C>G (p.Phe80Leu) mutation in THAP11, on neuronal
differentiation. To test this, we injected a mutated version of
THAP11 mRNA containing the c.240C>G mutation into wildtype
embryos (n¼ 9). Expression of the c.240C>G mRNA increased
the population of cells expressing HuC/D and decreased the
number of Sox2þ cells by approximately 3 fold (P< 0.001) (Fig.
3G and I). Sox2 positive cells were not present in the ventricular
zone and we could not differentiate the optic tectum from the
midbrain tegmentum (Fig. 3G). These results dramatically con-
trasted from the knockdown of thap11, which increased the
number of Sox2þ cells, as well as from the overexpression of
THAP11 mRNA, which increased the number of Sox2 positive
cells and reduced the HuC/D expression in the optic tectum (Fig.
3C–I). The co-injection of c.240C>G variant and thap11 morpho-
lino resulted in more Sox2þ cells relative to control non-
injected embryos (Fig. 3H and I), but also had more HuC/Dþ cells
than the thap11 morphant (Fig. 3D). Thus, these data suggest

that c.240C>G THAP11 mutation promotes a neuronal fate at
the expense of neural precursors, a completely opposite pheno-
type when compared to the knockdown of thap11 mRNA.
Furthermore, these data also demonstrate that the altered func-
tion of the c.240C>G variant is not sufficient to completely re-
verse the effect of knockdown by the thap11 morpholino.

Hcfc1 and Thap11 regulate overlapping cellular
behaviors during brain development

We have previously demonstrated that hcfc1b, an ortholog of
HCFC1, plays an important role in craniofacial development
(13), similar to thap11. Although zebrafish have two paralogs,
hcfc1a and hcfc1b, we focused on the hcfc1b ortholog because we
have previously demonstrated that loss of hcfc1b results in a
phenotype consistent with mutations in HCFC1, however loss of
hcfc1a alone is not sufficient to replicate all of the phenotypes
associated with cblX (13). We next wanted to test if hcfc1b, like
thap11, also plays a role in brain development. To begin to test
this hypothesis, we injected validated (13) hcfc1b antisense mor-
pholinos to knockdown the expression of hcfc1b in the develop-
ing zebrafish. Similar to our analysis in thap11 morphants, we
analysed both the number and location of neural precursors
and neurons at 2 dpf using immunohistochemistry. In non-

Figure 4. hcfc1b regulates neural stem cell differentiation. (A–F) Sox2 and HuC/D expression analysis using antibody immunohistochemistry in 2 days post fertilization

(dpf) zebrafish embryos are shown. (A) non-injected embryos (NI), (B) embryos injected with HCFC1 mRNA, (C) hcfc1b morpholino-injected (hcfc1b Mo), (D) co-injected

with hcfc1b Mo and wild-type HCFC1 mRNA, (E) co-injected with hcfc1b Mo and mutated HCFC1 c.217G>A (217), (F) co-injected with hcfc1b MO and mutated HCFC1

c.344C>T (344) mRNA. Arrowheads demonstrate regions of HuC/D expression and arrows indicate Sox2 expression. For A, B, C, and D, n¼12 per group. For E&F, n¼9

per group. G) Bar graph showing the cell counts of Sox2þ cells in sections from A-F. NI¼ non-injected, MO ¼ hcfc1b morpholino injected, HCFC1 ¼ wild type HCFC1

mRNA injected, MOþHCFC1 ¼ co-injected as in (D), MO þ c.217 ¼ co-injected as in (E), MO þ c.344 ¼ co-injected as in (F). The counts were carried out in 9 sections in

each category (n¼9) and error bars are shown. Asterisks denote results that were statistically significant. Cells were counted in 12 sections each of A–D, and 9 sections

each of E–F. Error bars are shown * denotes significance relative non-injected control embryos and ** denotes significance relative to hcfc1b morphant embryos.
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injected animals (n¼ 12), HuC/D was localized to both the hypo-
thalamus and the midbrain bordering the Sox2 expression in
the 4th and tectal ventricles (Fig. 4A). The phenotypes in hcfc1b
morphants (n¼ 12) mirrored those observed in thap11 mor-
phants, with approximately 2.8 fold more Sox2þ cells (Fig. 4A–
C,G, P<0.001) surrounding the ventricular zone with an en-
larged fourth ventricle region (Fig. 4C). These effects were more
pronounced in the forebrain/midbrain when compared with the
hindbrain. As expected, the knockdown of hcfc1a, resulted in a
similar, yet more moderate phenotype (data not shown).

We next asked whether overexpression of HCFC1 would re-
sult in an increased number of Sox2þ cells. Injection of HCFC1
mRNA caused a more moderate, yet statistically significant 1.8
fold increase in the number of Sox2þ cells (P¼ 0.009) (Fig. 4B and
G). These data are consistent with the increase in the number of
Sox2þ cells observed when THAP11 expression was perturbed
(Fig. 3). Embryos co-injected with hcfc1b morpholino and HCFC1
mRNA had approximately 227 Sox2þ cells per section, which
was more than observed in the non-injected control embryos,
but not statistically significant. However, co-injected embryos
had significantly fewer Sox2þ cells than observed in hcfc1b mor-
phants (P< 0.05) (Fig. 4A–D,G). Furthermore, co-injection of
HCFC1 mRNA and hcfc1b morpholino (n¼ 12) led to a reduction
in the overall size of the fourth ventricle and an increase in the
expression of HuC/D in the midbrain (Fig. 4D). Despite this im-
provement in neural phenotype of co-injected embryos, the fact
that HCFC1 mRNA injection increases Sox2þ cells limits the abil-
ity of this assay to demonstrate complete rescue of the mor-
phant phenotype. Taken together, these data suggest that any
perturbations in HCFC1 or THAP11 expression interfere with
Sox2 expression and neural precursor development.

We have previously reported multiple HCFC1 mutations in
cblX patients (1) and have shown that the different mutations
have different effects on the expression of downstream targets
(1) as well as craniofacial phenotypes (13). We next wanted to
test if the same variability will be observed in the effect of vari-
ous mutations on the brain phenotypes. To test this, we in-
jected mRNAs encoding the HCFC1 mRNAs resulting in a)
c.217G>A, p.Ala73Thr or b) c.344C>T, p.Ala115Val mutations
observed in our cblX patients (1). We focused on these two mu-
tations, because we have previously demonstrated that the
c.217G>A mutation has a milder effect on the expression of
downstream targets than the c.344C>T (1). However, both mu-
tations result in severe neurological impairment (1). The overex-
pression of these HCFC1 versions did not disrupt the number of
neural precursors or lead to abnormalities in size and overall
development (Supplementary Material, Fig. S1).

Next, we wanted to determine the effect of the expression of
these variants on the neural developmental phenotype associ-
ated with knockdown of hcfc1b. To test this we co-injected hcfc1b
morpholino with the two mutant versions of HCFC1, either with
the a) c.217G>A, p.Ala73Thr (n¼ 9) or b) c.344C>T, p.Ala115Val
mutations (n¼ 9) (1). We analysed the co-injected embryos at 2
dpf using anti-Sox2 and anti-HuC/D immunohistochemistry.
Co-injection of either the c.217G>A HCFC1, or c.344C>T HCFC1,
did not correct the expression of the Sox2 expressing cells (Fig.
4E and F). Embryos co-injected with the c.217G>A variant had
an average of 238 Sox2þ cells per section (Fig. 4G), which was
approximately 1.3 fold lower than the morphant, however these
changes are not statistically significant (P¼ 0.12). Interestingly,
co-injection of the c.217G>A HCFC1 did not improve the ex-
pression of HuC/D in any of the brain tissue. In contrast, em-
bryos co-injected with c.344C>T HCFC1 mRNA resulted in a
slightly larger region of HuC/D expressing cells than the

c.217G>A HCFC1 co-injected ones, but they occupied signifi-
cantly less tissue regions than those observed in the non-
injected controls (Fig. 4A, E, F). Moreover, the c.344C>T co-
injected embryos had an average 242 Sox2þ cells per section, a
modest decrease from the hcfc1b morphant, but not a statisti-
cally significant difference (P¼ 0.14) (Fig. 4E–G). Thus, both of
the cblX-associated mutations in HCFC1 did not improve the ab-
normal neuronal differentiation phenotype in hcfc1b mor-
phants, suggesting impaired function of the mutant proteins.

Hcfc1 regulates the differentiation of neural precursors
in the developing brain

We had observed that the Sox2 expressing cells in our hcfc1b
morphants maintained an elongated shape, consistent with
a proliferative population. In order to test if these cells were
actively proliferating, we next evaluated whether morphant an-
imals had higher numbers of proliferating cells in the develop-
ing forebrain using a 5-ethynyl-2’-deoxyuridine (EdU) uptake
assay. EdU is a thymidine analog that is incorporated into the
DNA of dividing cells. We pulsed 2 day old non-injected (n¼ 9)
and morpholino injected embryos (n¼ 9) with EdU and then
measured incorporation using EdU Click-it technology (Life
Technologies). We observed an increase of EdU positive cells
throughout the forebrain/midbrain, with significant EdU uptake
in the cells surrounding the enlarged fourth ventricle in mor-
phant animals (Fig. 5A and B). In addition, we noted a high
number of EdU positive cells in the cells surrounding the devel-
oping eye. In the developing hypothalamus, an increase in EdU
uptake was observed in close proximity to the tectal ventricle
(Fig. 5A’ and B’). The number of EdU positive cells was higher in
the midbrain, with proliferative cells occupying presumptive

Figure 5. hcfc1b regulates neural stem cell proliferation. (A,B) Non-injected or

hcfc1b morpholino (hcfc1b Mo) injected embryos were pulsed with 10mM 5-ethy-

nyl-2’-deoxyuridine (EdU) and analysed using the EdU Click-It technology.

(A’-B’). Higher magnification images of the area indicated by the arrowhead in

A and B. n¼9 per group.
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cerebellar tissue that would normally be occupied by post-
mitotic neurons. These data are consistent with the expansion
of Sox2 expression, as these cells are highly proliferative, and
provide evidence that hcfc1b regulates neural precursor differen-
tiation in the developing brain.

RNA-seq analysis of patient-derived fibroblasts

The overlap in the phenotypes observed between cblX patients
and the patient with the THAP11 mutation, combined with our
observations in the zebrafish experiments, suggested that
HCFC1 and THAP11 regulate an overlapping set of genes in-
volved in early vertebrate development. In order to test this pos-
sibility, we carried out a transcriptome analysis using RNA-seq
on fibroblast lines derived from patient samples. RNA was iso-
lated from seven control fibroblast lines, 12 cblX fibroblast lines,
the proband with homozygous p.Phe80Leu mutation in THAP11,
and 17 additional patients with inborn errors of cobalamin me-
tabolism (2 cblD, 3 cblG, 3 cblE, 3 cblF, 3 cblC, and 3 patients with
MTHFR deficiency) (Supplementary Material, Table S1). Given
that we had only one subject with the THAP11 mutation, we first
assessed by unsupervised clustering if there were similarities of
this patients’ transcriptome as compared to fibroblasts derived
from patients with mutations in other complementation
groups, and control fibroblasts. The THAP11 patient transcrip-
tome clustered in the same clade with majority of cblX patients;
this was also seen in principal-component analyses
(Supplementary Material, Fig. S2). We observed 46 genes that
were differentially expressed in all cblX patients and the patient
with the THAP11 mutation (Table 1). Furthermore, all these dif-
ferentially expressed genes showed the same pattern of expres-
sion in the fibroblasts of cblX patients and the patient with the
THAP11 mutation (Supplementary Material, Fig. S3). The most

downregulated gene was TMOD2, followed by ZNF883, ZNF717,
SEC11C, and MMACHC.

Besides MMACHC, no other genes known to be involved in
the cobalamin pathway were affected, confirming our hypothe-
sis that, similar to cblX patients, the aberrant cobalamin metab-
olism phenotype in the fibroblasts of the patient with THAP11
mutation is caused by a lack of MMACHC expression. This is fur-
ther supported by our observation that retroviral transduction
of MMACHC into patient-derived fibroblasts correct the bio-
chemical phenotype measured by [14C]propionate incorporation
(Supplementary Material, Fig. S4). Furthermore, there is a reduc-
tion in mRNA expression of MMACHC and TMOD2 in both the
THAP11 patient and cblX patients, while the expression of
HCFC1 and THAP11 in both remains similar to control levels (Fig.
6). Our data support the idea that HCFC1 and THAP11 co-
regulate an overlapping set of genes which may play a role in
the phenotypes observed in patients with cblX and related
disorders.

Discussion
We have identified an individual presenting with a cblX-like
syndrome who did not have mutations in the known candidate
gene, HCFC1. Instead, this individual was found to carry a ho-
mozygous missense mutation in THAP11. HCFC1 is known to in-
teract with THAP11, a transcription factor, in the regulation of
the expression of downstream targets including MMACHC, an
enzyme in the cobalamin pathway (1,11,15). THAP11 belongs to
a family of THAP proteins, all of which have been demonstrated
to contain a conserved HCFC1 binding motif (HBM) (7). The mis-
sense mutation we have identified in THAP11, c.240C>G, alters
a highly conserved phenylalanine residue at amino acid 80 to a
leucine, within the DNA-binding THAP domain (Fig. 1 (20)).
Homozygous mutation of c.240C>G suggested that cblX-like
syndrome is a recessive condition caused by the mutation in
THAP11. It is supported by the fact that c.240C>G is novel and
there is no homozygote with this mutation reported in any pub-
licly available database, such as Exome Variant Server (EVS) or

Table 1. Top differentially expressed genes in CblX and THAP11
patients, selected as Bejamini-Hochberg corrected P-value< 0.05

Gene DESeq
adjusted P-value

Gene DESeq
adjusted P-value

TMOD2 2.8x10�87 ZNF132 0.00031
ZNF883 1.1x10�27 KBTBD8 0.00034
ZNF717 3.5x10�25 ANKRD13B 0.00039
SEC11C 2.7X10�23 CCDC163P 0.0004
MMACHC 5.4X10�23 FHIT 0.00045
NAT1 1.5X10�21 ZNF154 0.00078
LOC100134868 2.7X10�20 ZNF74 0.0013
ZNF454 1.3X10�19 LGMN 0.0015
PPAPDC3 6X10�15 DPF1 0.0016
FBXL19�AS1 2.3X10�13 MUTYH 0.0016
NEIL1 2.2X10�12 MGC70870 0.0025
ALG14 1.9X10�09 PIEZO2 0.0036
C16orf5 1.1X10�08 TPTEP1 0.0055
ZNF229 1.4X10�08 SCN2A 0.0075
ADAM21 1X10�07 ZNF140 0.011
FSD1 8.4X10�07 TMEM150A 0.013
PAFAH2 8.5X10�07 ASB13 0.014
RG9MTD2 1.2x10�06 ARL10 0.014
C3orf39 9.8x10�06 ZNF334 0.019
ZNF233 0.000018 CDH13 0.028
NPL 0.000044 ZIK1 0.031
UBXN8 0.00015 COQ10A 0.038
WDR46 0.00017 VANGL2 0.043

Figure 6. Expression of target genes in patient samples. Normalized expression

of MMACHC, TMOD2, HCFC1, and THAP11 in control, cblX patients, and THAP11

patients are shown. The Reference includes average expression from 7 control

individuals, cblX includes average expression from 12 patients with cblX, and

Subject includes expression data from the single patient with the THAP11

c.240C>G mutation.
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Exome Aggregation Consortium (ExAC). This alteration likely af-
fects the ability of THAP11 to efficiently bind the promoters of
its downstream targets. Alternatively, the mutation we have
uncovered may affect the conformation of THAP11 and its abil-
ity to interact with HCFC1 or other protein interactors. The
THAP11 HBM begins at amino acid 254, which is 4–9 amino acids
upstream the conserved coiled-coil domain (Fig. 1), which is in-
volved in dimerization of transcription factors at gene pro-
moters (21). It is noteworthy that the mutations identified in
HCFC1 affect the kelch domain, a domain that is also important
for protein-protein interactions (1,22). Our finding strongly sug-
gests that mutations in either HCFC1 or THAP11 can lead to dys-
regulation of MMACHC and other downstream targets,
subsequently resulting in the phenotypes associated with cblX.

We have previously shown that individuals with cblX, carry-
ing mutations that affect the kelch domain of HCFC1, often
have dysmorphic features, which was further supported by our
knockdown studies of hcfc1b in zebrafish (1,3,13). Furthermore,
this role of HCFC1 in craniofacial development is modulated, at
least in part by one of its downstream targets, MMACHC (13).
We have demonstrated here that even THAP11 is important in
craniofacial development as knockdown of thap11 in zebrafish
led to craniofacial abnormalities. We observed a complete loss
of the viscerocranium in the thap11 morphants, which is consis-
tent with results obtained in both hcfc1b and mmachc morphants
(13). These data strongly support the role of HCFC1 and THAP11
in the regulation of facial development. Although, the exact
mechanisms and the downstream effectors, other than
MMACHC, of facial development regulated by HCFC1 and
THAP11 remain to be further elucidated, our previous data sup-
port an impairment in the differentiation of cranial neural crest
cells (CNCCs) which give rise to the cartilaginous structures of
the viscerocranium (13).

In addition to craniofacial abnormalities and deficits in co-
balamin metabolism, individuals with cblX have significant neu-
rological impairment (1). Recent evidence from in vitro assays in
murine neural stem cells have demonstrated that aberrant ex-
pression of HCFC1 results in defects in both neural precursor
proliferation and neuronal differentiation (2,12). Here, we tested
the role of both Hcfc1 and Thap11 in neuronal differentiation
using morpholino mediated knockdown in the developing
zebrafish embryo. We show that the reduction in expression of
either gene results in an increase in the number of proliferating
neural precursors at the expense of neuronal differentiation.
Our Hcfc1 knockdown is consistent with similar observation in
the developing mouse brain with loss-of-function mutations in
Hcfc1 (2,12). The function of THAP11 in brain development ap-
pears to be very complex relying on precise control of the ex-
pression of THAP11, where either the overexpression or
knockdown can result in neural precursor dysfunction.
However, the observation that the expression of the mutated
THAP11 results in a unique phenotype, biasing differentiation
towards a neuronal phenotype, was quite intriguing. This phe-
notype is the opposite of what is observed when the level of
wildtype THAP11 expression is aberrant, suggesting that the
mechanism by which THAP11 regulates downstream genes
may be more complicated. THAP11 is known to regulate a sig-
nificant fraction of the genome including genes involved in me-
tabolism (4), the electron transport chain (23), and cell
proliferation (15). Presumably, mutations in THAP11 modify its
ability to interact with protein partners, which can subse-
quently lead to qualitative differences in the expression of tar-
get genes, thus resulting in unique phenotypes. Qualitative
differences in gene expression have been noted for other

transcription factors, namely those of the MYB family (24,25). In
contrast, direct perturbation of wildtype THAP11 expression
may not lead to qualitative differences, but rather quantitative
differences in gene expression, leading to a significantly differ-
ent phenotype.

HCFC1 and THAP11 are known to interact with other tran-
scription factors including additional THAP family members,
YY1, and ZNF143 to regulate the expression of over 5000 mam-
malian genes (6,7,9,16,26,27). Furthermore, mutations in ZNF143
were recently also shown to have an effect on cobalamin me-
tabolism (28). The THAP11:HCFC1 protein complex has been
shown to be important for the growth of embryonic stem cells
(11,15). Thus, it is likely that both HCFC1 and THAP11 play a big-
ger role as master regulators of development and disease.
However, our data suggest that the mutations observed in
HCFC1 and THAP11 in individuals with cblX, or disorders with
overlapping phenotypes, lead to the dysregulation of only a sub-
set of all the genes that are potentially regulated by these two
transcription regulators. This is further supported by the obser-
vation that mutations in HCFC1, which are outside the kelch do-
main or in regulatory sequences, have a phenotypic spectrum
that may not necessarily include defects in cobalamin metabo-
lism (2,3). Therefore, it is possible that specific mutations in
HCFC1 and THAP11 will have distinct phenotypic outcomes re-
sulting from the dysregulation of subsets of downstream effec-
tors that are either partially or completely non-overlapping.
This is further supported by our current and previous observa-
tions that distinct cblX-associated mutations have variable ef-
fects on the expression of MMACHC (1), craniofacial
development (13) and neurological impairment.

Since HCFC1 and THAP11 co-regulate multiple genes, we
would expect to see an overlapping set of downstream genes to
be affected in cblX patients and the patient with THAP11 muta-
tion. We used high-throughput RNA sequencing in patient de-
rived cell lines in order to identify these common effector
genes. We identified a small number of differentially expressed
genes in both cblX and THAP11 patient fibroblasts as shown in
Table 1. We verified that either mutation of HCFC1 or THAP11 re-
sults in reduced MMACHC expression. Our RNA sequencing data
also demonstrated significant differential expression of TMOD2
which encodes a neuronal specific tropomodulin that regulates
actin elongation and depolymerization via interaction with tro-
pomysin (29). Tropomodulins are negative regulators of neurite
growth and mutations in tropomodulin affect its affinity for tro-
pomysin altering neurite formation and extension (30–32).
Furthermore, a loss of TMOD2 in mice causes defects in learning
and memory, and may suggest a mechanistic role in the intel-
lectual disability/developmental delay observed in cblX (1,33).
Interestingly, TMOD2 RNA was also strongly downregulated in
the patient with ZNF143 mutations (data available in European
Genome-phenome Archive). We are aware that our expression
analysis is very preliminary and available information on many
of the differentially expressed genes is not sufficient to predict a
role in the clinical phenotype of the patient. However, these
preliminary data provide a glimpse into the types of genes regu-
lated by HCFC1 and THAP11 whose perturbation may lead to
the phenotypes observed in individuals with cblX. A more com-
prehensive and detailed analysis of the transcriptional dysregu-
lation in patient samples is needed to further elucidate the
pathophysiology of HCFC1 and THAP11 mutations in cblX and
related disorders.

In summary, we have discovered that a mutation in THAP11
can also result in a cblX-like disorder characterized by defects in
cobalamin metabolism, intractable epilepsy and intellectual
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disability. Loss of both thap11 and hcfc1b leads to structural brain
deficits in zebrafish, apparently due to an increase in neural
precursor proliferation and a concomitant decrease in neuronal
differentiation. Further, we have used patient derived fibro-
blasts to identify several candidate genes that may contribute
to the phenotypes associated with cblX. Our in vivo functional
analysis demonstrates that knockdown of hcfc1 or thap11 results
in an overlapping craniofacial and brain phenotypes suggesting
that the HCFC1 and THAP11 function as a unit to promote the
development of these tissues. It is likely that other transcription
factors interact with HCFC1 and/or THAP11, and that mutations
in these could also lead to cblX-like disorders. Thus, we suggest
that patients presenting with cblX-like phenotypes of unknown
genetic etiology should be tested for mutations in the known
HCFC1:THAP11 protein interacting partners.

Materials and Methods
Human samples

Patient fibroblast cell lines from the skin tissue biopsy were ob-
tained from the Repository for Human Mutant Cells at the
Montreal Children’s Hospital. Cells were grown in minimum es-
sential medium plus non-essential amino acids (Wisent
Bioproducts, St Bruno QC) with additional 5% fetal bovine serum
(Wisent) and 5% iron enriched calf serum (Wisent).

Clinical summary of the THAP11 patient

The patient was the first born child to unrelated Moroccan par-
ents living in Denmark (Supplementary Material, Fig. S5). He
was born in 1992 at 34 weeks gestation with a birth weight of
1820 g. Head circumference at birth was not available. He had
no congenital heart defects or other structural anomalies. At
two months of age, the boy presented with myoclonic seizures,
and at four months his overall development was delayed. At
twelve months, a metabolic work-up showed mild methylma-
lonic aciduria in the range of 191–383 mmol MMA/mmol creati-
nine (reference range for children>6 months is n.d. – 6.4 mmol
MMA/mmol creatinine); methylcitrate was also present in the
urine, but homocystine could not be detected. Plasma methio-
nine was in the low-normal range. Treatment was initiated
with a protein-restricted diet, intramuscular hydroxocobalamin
injections, pyridoxine, folic acid, and betaine, none of which
had any effect on his methylmalonic aciduria or on the course
of his disease. He gradually developed encephalopathy, tetra-
plegia and profound mental retardation. In the late 90s, when
the measurement of total plasma homocysteine became avail-
able, his levels were within the range of 9.4–13.1 mM (reference
range<15 mM). The patient had an eye exam in 2001, which
showed esotropia andþ4/þ5 hyperopia. CNS imaging was never
performed. The boy died from pneumonia at age ten, and the
parents did not consent to postmortem examination. The fam-
ily declined subsequent prenatal diagnosis and has since had
four healthy children. They did not respond to an offer of carrier
testing and genetic counseling based on the new genetic
findings.

Studies of cultured patient fibroblasts showed decreased
[14C]propionate and [14C]methyltetrahydrofolate incorporation
(measurements of the function of the cobalamin-dependent en-
zymes methylmalonyl-CoA mutase and methionine synthase,
respectively). Propionate incorporation was decreased to a
smaller extent than usually observed in cblC patients. Patient fi-
broblasts accumulated less cobalamin than did control cells

when incubated with [57Co]cyanocobalamin, and synthesis of
both adenosylcobalamin and methylcobalamin was decreased,
although to a smaller extent than usually seen in cblC patients.
The results of the complementation were consistent with a di-
agnosis of cblC.

Retroviral transduction

Fibroblast lines were immortalized by transducing the E7 gene
from the human papilloma virus and the human telomerase us-
ing the protocol described in Yao and Shoubridge (34). The
THAP11 construct was purchased in pDONR vector
(GeneCopoeia, Rockville, USA) and was cloned into pLXSH
mammalian retroviral expression vector using the Gateway
cloning system (Invitrogen, Carlsbad, USA). The MMACHC-GFP-
pLXSH vector was cloned as previously described (35). Retroviral
transduction was performed on immortalized patient and con-
trol fibroblasts. Phoenix packaging cells were plated in 10 cm
tissue culture plates to be at 50–75% confluence on the first day
of the procedure. They were treated with 3.75 ml of 50 mM chlo-
roquine in 7.5 ml of media, incubated for 5 min at 37 �C to pre-
pare the cells for transient transfection. The following was then
added to the cells: 5–10 mg of DNA construct in pBABE or pLXSH
vector, 2.5 ml salmon sperm DNA, 152 ml 2M CaCl2 in 2500 ml of
HBS buffer pH 7.05. After 24 h, the media was changed and tar-
get cells were plated to be 50–60% confluent the following day.
24 h later the Phoenix supernatant containing the retroviral par-
ticles were passed through a 0.45 mm filter. 4 mL of the superna-
tant was mixed with 4 ml of 4 mg/ml of polybrene (Merck
Millipore, Billerica, USA) and added to the target cells. They
were incubated at 37 �C for 4 h then another 6 mL of supernatant
and 6 ml of polybrene were added and the cells were infected
overnight. The following day the media was detoxified and cells
were split if confluent. Antibiotic selection began 2 to 3 days
later with 100 mg/mL of hygromycin for pLXSH vectors on 50%
confluent cells. Cells transfected with pBABE and pLXSH vectors
were maintained in medium with added 1 mg/ml puromycin and
100 mg/ml of hygromycin respectively.

[14C]propionate incorporation

[14C]propionate incorporation indirectly measures the function
of the mitochondrial MCM (Methylmalonyl CoA Mutase) en-
zyme. 400,000 cells were plated from each line in triplicates in
35 mm tissue culture dishes and allowed to grow for 48 h. The
cultures were then incubated in medium containing 0.1 mM
[14C]propionate for 18 h. The labelled cells were washed with
PBS three times, following which the cellular macromolecules
were precipitated in 3 treatments of 1.5 ml 5% trichloroacetic
acid for 15 min at 4 �C. The precipitate was subsequently resus-
pended in 1 mL 0.2N NaOH and incubated for 4 h at 37 �C. The
amount of radioactivity was determined by liquid scintillation
counting, taking 700 ml of the NaOH mixture. The values were
normalized to protein levels, determined by the Lowry assay
done on 100 ml of the NaOH mixture.

Sanger sequencing

Genomic DNA from the subject (100 ng) were amplified by using
two sets of primers specific to THAP11 (NM_020457.2). Forward
primer 1: 5’-GAAAGAATCTGCTCTTCGGAGGCTATCGCA-3’, re-
verse primer 1: 5’- AAACTCCACTTGCACTGTGAGATCGATGGG-
3’, forward primer 2: 5’- CCAGCTGCAGCCGAACCTGGTATCT-3’,
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and reverse primer 2: 5’- GCTGAGGCCTATTTCCCCATGTTTC
AAGGA-3’. PCR reaction and conditions were as follows:
Promega (Madison, WI) GoTaq Hot Start kit with 1X Master Mix
and 400nM of each primer. PCR began with an initial cycle at
95 �C for 3 min, followed by 30 cycles of 94 �C for 30 s, 60 �C for
30 s and 72 �C for 1 min, finishing with extension at 72 �C for
5 min. Amplified PCR products were sequenced using the PCR
primers as sequencing primers on an ABI (Carlsbad, CA) PRISM
3730xl at a commercial sequencing facility.

Zebrafish maintenance

For all experiments, embryos [Tupfel long fin (TL) or (AB)] were
maintained in embryo medium at 28.5� C. Zebrafish (Danio rerio)
were maintained at the University of Colorado Anschutz
Medical Campus or The University of Texas at El Paso according
to the Institutional Animal Care and Use Committee (IACUC)
guidelines (protocols #B-85411(08)1D or 811689-5).

Morpholino injections

hcfc1b morpholino injections and HCFC1 mRNA rescue experi-
ments were performed as previously described (13). Co-
injection with a morpholino targeting the tp53 gene was per-
formed as a control for off target effects. For thap11 knockdown
experiments, embryos were injected with 2nL of 0.5 mM thap11
translational inhibiting morpholino (GeneTools LLC, Philomath,
OR) (ACGCAGCAAGTGAAGCCGGGCATGA) at the single cell
stage. For THAP11 experiments, in vitro synthesized mRNA was
produced from a THAP11 cDNA clone MGC. 20469 (GE
Dharmacon, Lafayette, CO) using Sp6 mMessage Machine kit
(Life Technologies, Grand Island, NY) according to manufac-
turer’s instructions. Plasmid DNA was linearized either with
HpaI (New England Biolabs, Ipswitch, MA) or SalI
(ThermoFisher, Grand Island, NY). Approximately, 800pg of
THAP11 mRNA was injected per embryo.

Sequential staining of bone and cartilage

Embryos were harvested at 4 days post fertilization and fixed
for 1 h in 2% paraformaldehyde (Boston BioProducts, Ashland,
MA) at room temperature. They were washed in wash buffer
[100mM Tris pH 7.5 (Boston BioProducts, Ashland, MA),
10mMgCl2 (Boston BioProducts, Ashland, MA), 80% ethanol].
Embryos were then sequentially rehydrated in 80%, 50%, and
25% ethanol buffered in 100mM Tris pH 7.5 (Boston BioProducts,
Ashland, MA). Stained larvae were bleached in 3% hydrogen
peroxide (Sigma, St. Louis, MO) and 0.5% potassium hydroxide
(KOH) (Boston BioProducts, Ashland, MA) at room temperature
for 10 min to remove pigment and then were washed in 25%
glycerol (Sigma, St. Louis, MO) containing 100 mM Tris pH 7.5
(Boston BioProducts, Ashland, MA). Subsequent bone staining
was performed by incubation of alizarin red stain (0.01%)
(Sigma, St. Louis, MO) for 30 min at room temperature. Embryos
were destained in 50% glycerol (Sigma, St. Louis, MO) for 10 min
at room temperature and stored at 4�C for future analysis.
Statistical analysis of the craniofacial phenotype was performed
using a Fisher’s exact T-test comparing wildtype embryos with
thap11 morpholino injected embryos or thap11 injected embryos
with thap11 morpholino co-injected with THAP11 mRNA.
Abnormal embryos were classified as those with an abnormal

ceratohyal angle, truncated Meckel’s cartilage, and/or missing
ceratobranchial cartilages.

Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde (Boston
BioProducts, Ashland, MA) for 2 h at room temperature, then
washed in PBS and embedded in 1.5% agar and 5% sucrose.
Embedded blocks were incubated in 30% sucrose overnight,
dried, frozen on dry ice, and sectioned with at cryostat micro-
tome (20 mM). Slides were incubated with appropriate antibody;
anti-acetylated tubulin (1:1000 dilution) (Sigma, St. Louis, MO),
anti-sox2 (1:250 dilution) (Abcam, Cambridge, MA), anti-HuC/D
(1:500 dilution) (Life Technologies, Grand Island, NY) overnight
at 4

�
C. Samples were washed in PBS and incubated with an ap-

propriate Alexa Fluor secondary antibody (Life Technologies,
Grand Island, NY). Stained samples were washed and cover
slipped with VectaShield (Vector Laboratories, Burlingame, CA)
and imaged with appropriate filter. Images were captured using
an LSM 700 confocal microscope fitted with Zen 2009 software
or a Ziess Axiovert 200 including Velocity Software from
PerkinElmer. Image manipulations were limited to levels and
contrast adjustments. The total number of Sox2þ cells were
counted from serial sections obtained from injected embryos.
Statistical analysis was performed using a student’s T-test.

RNA-sequencing

RNA was isolated from seven control fibroblast lines, 12 cblX fi-
broblast lines (12/14 cblX patients described in Yu et al. (1)), the
THAP11 patient, and 17 additional patients with inborn errors of
cobalamin metabolism (2 cblD, 3 cblG, 3 cblE, 3 cblF, 3 cblC, and 3
patients with MTHFR deficiency) (Supplementary Material,
Table S1). Cell lines for RNA sequencing studies were grown in
T75 tissue culture flasks until confluent. To ensure uniform cell
treatment in order to minimize colluding effects on gene ex-
pression, cells were plated at a density of 9 million cells per
flask and allowed to grow for five days. Cells were visually in-
spected at this point, ensuring confluency, regular cell shape
and no abnormalities. If any significant abnormalities were
noted, the cultures were replated. If the cultures looked well,
they were harvested, pelleted and dissolved in 2 mL of Tri-
Reagent (Sigma) and immediately frozen at �80 �C.

Total RNA from the suspended cell pellets was extracted us-
ing the miRNAeasy Mini Kit (Qiagen). Quality was assessed us-
ing the Agilent 2100 Bioanalyzer and quantified on the
Nanodrop (Thermo Scientific). The RNA seq library was pre-
pared using the TruSeq Stranded Total RNA Sample Preparation
Kit (Illumina RS-122–2301) including Ribo-Zero Gold depletion to
remove ribosomal RNA. The library quality was tested using
Agilent 2100 Bioanalyser on the DNA-1000 chip.

The samples were indexed and four samples per lane were
run on the Illumina Hi-Seq2000 sequencer, using 100bp paired
end reads. The raw sequencing reads were trimmed for quality
with a phred quality score between 33� 30 and a length greater
than 32bp. The Illumina adapters were removed using
Trimmomatic v0.22. The filtered reads were aligned to the refer-
ence hg19 human genome using TopHat v1.4.1 and Bowtie
v0.12.8. Duplicate reads were removed using Picard’s
MarkDuplicates.jar v1.80 (http://picard.sourceforge.net). Fragment
per Kilobase of exon model per Million mapped fragments (FPKM)
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values for the UCSC and Ensembl genes and transcripts were ob-
tained using Cufflinks v2.1.1. FPKM normalizes the abundance
of reads from a given gene for the transcript length and library
size. The reads were counted using HTSeq-Count. DESeq
was used to determine differential gene expression between pa-
tients and controls. Differences in gene expression between pa-
tients and age and sex-matched controls were identified in
normalized RNA-seq using ANOVA. The RNA-seq data is in the
process of being deposited to the European Genome-phenome
Archive (EGA).

Supplementary Material
Supplementary Material is available at HMG online.
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