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were placed in a LAB-TEK glass 2-well (1 x 10°
cells/well) chamber slide (Nunc, Rochester, NY,
USA) together with 1 ml of the appropriate
medium (MEM for U-87 MG, ACBRI 371,
SK-N-SH; DMEM for OL) and incubated at
37°C, 5% CO, for six days. After fixation with
ice-cold ethanol/acetone, cells were blocked in PBS
containing 1% BSA (Sigma-Aldrich) and 10%
normal horse serum (Dako) for 30 min at room
temperature. After an overnight incubation at 4°C
with primary antibodies, the cells were rinsed in
PBS and then incubated at room temperature in
the dark with secondary antibody. The primary
antibodies used were as follows: polyclonal goat
anti-FEZ1 antibody (1:5000; Abcam), polyclonal
rabbit anti-GFAP antibody (1:200; Abcam) and
monoclonal anti-NeuN antibody. (1:200; Abcam).
The corresponding secondary antibodies were as
follows: Alexa Fluor 488 anti-goat IgG or Alex
Fluor 594 anti-rabbit IgG (1:300; Invitrogen).
Following incubation with the secondary antibody,
the tissues were rinsed in PBS and subjected to
nuclear staining with 4, 6-diamidino-2-phenylin-
dole (DAPI) (Invitrogen). Microscopic images
were captured using a Leica DAS Mikroskop
microscope  (Leica  Microsystems, Wetzlar,
Germany). To evaluate the effects of the four
mood stabilizers on FEZ1 localization in U-87 MG
cells, cells were cultured for five days with six
different treatments (i.e., 1.2 mM Li, 1 mM VPA,
100 pM CBZ, 50 uM LTG, DMSO, and non-
treated) in LAB-TEK chamber slides, and sub-
jected to the above-mentioned immunostaining
procedure.

Results
Microarray gene expression profiles

Among the 11,214 genes expressed in at least one
of the 12 U-87 MG samples treated with or without
mood stabilizers (6 types of media x 2 replicates =
12 samples), 65, 797, 315, and 641 genes were
found to be induced with a fold change of > 1.2
(20% increase) by the Li, VPA, CBZ, and LTG
treatments, respectively. In contrast, 142, 1008, 80,
and 543 genes were suppressed with a fold change
of < 0.833 (20% decrease) by the mood stabilizer
treatments, respectively (Fig. 1). Tables 1 and 2
show gene symbols for the 10 most robustly up-
and down-regulated genes in response to each
mood stabilizer treatment, some of which have
functions relevant to the mechanism of action of
each mood stabilizer. VPA and LTG tended to
affect more genes at the transcriptional level in
astrocyte-derived cells, whereas the cellular effects
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Fig. 1. Venn diagram summarizing the number of genes
altered by each mood stabilizer and the overlaps among the
genes altered by each mood stabilizer. Genes were selected
according to the following criteria: a fold change > 1.2 (red) or
< 0.83 (black) in both of the duplicated pairs of microarrays, a
signal intensity > 20, and a detection p-value < 0.05 in all
microarrays. Li = lithium; VPA = valproic acid; CBZ =
carbamazepine; LTG = lamotrigine.

of the Li and CBZ treatments at the therapeutic
concentrations used were relatively modest. Li and
VPA commonly induced 26 genes and suppressed
46 genes, whereas Li demonstrated little overlap
with the other anticonvulsants (3 induced genes
and 1 suppressed gene in common between Li- and
CBZ-treated samples; 2 induced and 7 suppressed
genes in common between Li- and LTG-treated
samples). The observed number of commonly
regulated genes between Li- and VPA-treated
samples was significantly higher than the expected
number (p < 0.001). Furthermore, the observed
number of commonly induced/suppressed genes
between CBZ- and LTG-treated samples (104 and
20 genes, respectively) was also significantly higher
than the expected number (p < 0.001). Hierarchi-
cal clustering analysis of the signal intensity ratio
of mood-stabilizer-treated cells divided the four
mood stabilizers into two groups, Li-VPA and
CBZ-LTG (Fig. 2), which was consistent with the
numbers of overlapping genes among the four
mood stabilizers.

Induction of FEZ1 expression in human astrocytic cells

FEZ1 was the only gene induced by all four mood
stabilizers. The microarray data revealed that the
FEZ1 mRNA expression level was increased by
34%, 119%, 35%, and 115% after treatment with
Li, VPA, CBZ, and LTG, respectively (Fig. 3A).
FEZ1 was the top Sth, 141st, 193rd, and 10th most
highly expressed gene among the total genes
induced by Li, VPA, CBZ, and LTG, respectively
(Table 1).



Table 1. The 10 most induced genes in response to each mood stabilizer

Lithium Valproic acid Carbamazepine Lamotrigine
Fold Fold Fold Fold :
Rank  Symbol change  Function Symbol change  Function Symbol change  Function Symbol change  Function
1 MMP14 1.40 Proteolysis TSPAN7  5.05 Glycosylation KIAA1033  1.91 Uncharacterized PAIP1 2.00 RNA stabilization
2 RASIP1 1.37 Uncharacterized  CA2 3.55 One-carbon NIPBL 1.83 Cell cycle DNAJC10  1.87 Protein folding
metabolism
3 C21orf70  1.33 Uncharacterized LRRN3 3.33 Activation of PAIP1 1.61 RNA stabilization TUBGH1 1.78 Cytoskeleton
MAPK activity organization
4 FABP4 1.32 Proliferation GABRB1  3.30 fon channel POLH 1.60 DNA repair CUTA 1.76 Protein complex
complex assembly
5 FEZA1 1.32 Cell motion/ GAP43 3.28 Cell motion/ AS3MT 1.54 -Xenobiotic KIAA1033  1.73 Uncharacterized
axon guidance axon guidance metabolism
6 AAMP 1.31 Cell motion ASAP3 3.20 Small GTPase ZKSCAN4 152 Transcription MMP1 1.71 Proteolysis
signaling
7 LENG8 1.30 Uncharacterized ~ TNFAIP6  3.02 Cell adhesion ERMN 1.62 Cytoskeleton DDX59 1.70 Uncharacterized
) organization
8 MYCLA 1.30 Regulation of VGF 2.91 Cell-cell FAR1 1.50 Fatty acid CSNK1A1  1.67 Whnt signaling
transcription signaling metabolism
9 CRB2 1.30 Sensory BIRC3 2.91 Anti-apoptosis MAP3K2 1.50 Activation of UBE4A 1.66 Proteolysis
perception MAPK activity
10 NDUFB1 1.29 Oxidative SPINK13  2.88 Uncharacterized ~ KPNA5 1.50 Intracellular FEZ1 1.64 Cell motion/
phosphorylation protein transport axon guidance

The table shows the 10 most robust fold changes in the signal intensities of the mood-stabilizer-treated samples divided by the appropriate control samples. Each fold change represents
the minimal value among the fold changes determined in four comparisons between duplicate mood-stabilizer-treated samples and duplicate control samples. Columns labeled Function
indicate representative biological process categories from the Gene Ontology database (http://www.geneontology.org/) to which each gene belongs.
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Table 2. The 10 most suppressed genes in response to each mood stabilizer

Lithium Valproic acid Carbamazepine Lamotrigine
Fold Fold Fold Fold
Rank  Symbol change  Function Symbol change  Function Symbol change  Function Symbol change Function
1 AFMID 0.63 Tryptophan CA9 0.22 One-carbon RBM14 0.67 Transcription ABCD1 0.47 Fatty acid
metabolism metabolism metabolism
2 RBM14 0.65 Transctiption ZP1 0.23 Fertilization PUS1 0.71 RNA processing  NFIC 0.52 Transcription
3 RIMBP3 0.65 Uncharacterized  KCNS1 0.28 lon transport CLIP1 0.73 Cell cycle PPDPF 0.59 Uncharacterized
4 RAPGEFL1  0.66 Small GTPase CHisL2 0.31 Polysaccharide HSPSOAAT1  0.74 Protein folding ATNA 0.61 Cell death
signaling metabolism
5 SNORD14A  0.68 Uncharacterized  SERP2 0.32 Protein transport  CDK5RAP3  0.75 Cell cycle SMARCC2 0.61 Chromatin
organization
6 SETD7 0.68 Chromatin OLFML3 0.33 Uncharacterized  AKIRIN1 0.76 Uncharacterized  JOSD2 0.61 Uncharacterized
organization
7 P2RY6 0.68 lon transport SLC2A1 0.34 Monosaccharide MAP2K3 0.76 Activation of SOLH Q.61 Proteolysis
transport MAPK activity
8 ZNF200 0.70 Zinc ion binding  TSPAN10  0.35 Uncharacterized  HIST2H2BF  0.77 Chromatin IFITM3 0.63 Immune response
organization
9 DOCK3 0.71 Uncharacterized ~ ARTN 0.35 Cell proliferation ~ CPT1B Q.77 Fatty acid SLN 0.63 Calcium ion
- metabolism transport
10 COL4A3BP  0.72 Cell C100rf10  0.35 Uncharacterized  CTSL1 Q.77 Proteolysis AHDC1 0.63 Uncharacterized
morphogenesis '

The table shows the 10 least robust fold changes in the signal intensities of the mood-stabilizer-treated samples divided by the appropriate control samples. Each fold change represents the
maximal value among the fold changes determined in four comparisons between duplicate mood-stabilizer-treated samples and duplicate control samples. Columns labeled Function
indicate representative biological process categories from the Gene Ontology database (http://www.geneontology.org/) to which each gene belongs.
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Fig. 2. Hierarchical clustering of gene expression changes
caused by the mood stabilizers. Logy-transformed ratios of the
signal intensities of samples treated with mood stabilizers to the
signal intensities of their controls [lithium (Li)-treated sam-
ple/non-treated control, valproic acid (VPA)-treated sample/
non-treated control, carbamazepine (CBZ)-treated sample/
DMSO-treated control, lamotrigine (LTG)-treated sam-
ple/DMSO-treated control] were subjected to an average
linkage hierarchical clustering analysis. Ratios for each of the
four combinations of duplicate drug-treated samples to their
duplicate control samples were calculated.

Verification by qRT-PCR using six independent
cell cultures for each mood stabilizer treatment and
for the control samples showed that the FEZI
mRNA levels were significantly increased by 49%
(p < 0.05), 78% (p < 0.001), 42% (p < 0.01),
and 47% (p < 0.001) following treatment with Li
0.75 mM), VPA (0.5 mM), CBZ (50 uM), and
LTG (5 uM) (Fig. 3A), respectively. Western blot-
ting analysis demonstrated that the VPA and LTG
treatments significantly induced FEZI protein
expression levels by 36% (p < 0.05) and 60%
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(p < 0.01), respectively, at the lower concentra-
tions (0.5 mM and 5 uM, respectively) (Fig. 3B),
while neither Li nor CBZ treatment significantly
altered FEZ1 protein expression levels at lower
concentrations (0.75 mM and 50 uM, respec-
tively). On the other hand, FEZ1 protein expres-
sion levels were significantly increased by 42%
(p < 0.05), 58% (p < 0.05),75% (p < 0.01), and
62% (p < 0.01) following treatment with the
higher concentrations of Li (1.2 mM), VPA
(I mM), CBZ (100 pM), and LTG (50 uM),
respectively (Fig. 3C).

Suppression of RBM14 expression in human astrocytic cells

RBM14 was the only gene suppressed by all four
mood stabilizers. The microarray data showed that
RBM14 was decreased by 39%, 65%, 33%, and
54% following treatment with Li, VPA, CBZ, and
LTG, respectively (Fig. 3D). RBM14 was the top
274, 808™, 1*!, and 146™ most robustly downreg-
ulated gene among the total genes suppressed by
Li, VPA, CBZ, and LTG, respectively (Table 2).
gRT-PCR analysis revealed that the mRNA levels
of RBM14 were decreased by 37% (p < 0.001),
47% (p < 0.05), 32% (p < 0.05), and 36%
(p < 0.05) following treatment with Li, VPA,
CBZ, and LTG, respectively (Fig. 3D). However,
the protein expression levels of RBM14 were not
altered in response to any of the mood stabilizer
treatments at any of the tested doses (Fig. 3E).

Intracellular localization of FEZ1 in human brain-derived cells

To assess FEZ1 protein expression in human
brain-derived cells, the human astrocyte-derived
cell line U-87 MG, the human primary astrocyte
cells ACBRI 371, the human neuron-derived cell
line SK-N-SH, and the human oligodendrocyte-
derived cell line OL, the cultures were subjected to
immunofluorescent staining with anti-FEZ1 anti-
body (red) and anti-GFAP (green) or anti-NeuN
(green) antibodies. The cell nuclei were stained
with 4’, 6-diamidino-2-phenylindole (DAPI, blue)
and observed under UV excitation. The immuno-
staining images revealed FEZI protein expression
in the U-87 MG (Figs. 4A-C), ACBRI 371
(Figs. 4D-F), and SK-N-SH (Figs. 4G-I) cells,
but not in OL cells (data not shown). The FEZ1
immunostaining signal was localized in the cyto-
plasm of human astrocyte- and neuron-derived
cells, while the nuclei were immunonegative
(arrowheads). There were no differences in intra-
cellular FEZI localization in U-87 MG cells after
five days of treatment with Li, VPA, CBZ, and
LTG (data not shown). .
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Fig. 3. Transcriptional and protein expression levels of fasciculation and elongation protein zeta 1 (FEZ1) and RNA binding motif
protein 14 (RBM14) in astrocytic and neuronal cells after the mood stabilizer treatments. (A) The upper bar graph shows the FEZ1
transcript signal intensities determined from microarray analyses of human astrocyte-derived cells, relative to the averaged signal
intensity of the control samples. The lower bar graph shows the FEZ1 transcript levels in human astlocyte—del ived cells relative to the
averaged signal intensity of the control samples, as measured by qRT-PCR analysis. (B) Gel images and bar graph of the signal
intensities determined by western blotting of human astrocyte-derived cells using anti-FEZ1 antibody, after treatment with the lower
concentrations of the four mood stabilizers [0.75 mM lithium (Li), 0.5 mM valproic acid (VPA), 50 uM carbamazepine (CBZ), and
5 pM lamotrigine (LTG)], relative to the averaged signal intensity of the control samples. (C) Gel images and bar graph of the signal
intensities determined by western blotting of human astrocyte-derived cells using anti-FEZ1 antibody, after treatment with the higher
concentrations of the four mood stabilizers (1.2 mM Li, 1 mM VPA, 100 uM CBZ, and 50 uM LTG), relative to the averaged signal
intensity of the control samples. (D) The upper bar g1aph shows the signal intensities for the RBM14 transcript from microarray
analyses of human astrocyte-derived cells relative to the averaged signal intensity of the control samples. The lower bar graph shows
the transcript levels of RBM14 in human astrocyte-derived cells relative to the averaged signal intensity of the control samples, as
measured by qRT-PCR analysis. (E) Gel images and bar graph of the signal intensities determined by western blotting of human
astrocyte-derived cells using anti-RBM14 antibody, after treatment with the higher concentrations of the four mood stabilizers
(1.2 mM Li, 1 mM VPA, 100 pM CBZ, and 50 pM LTG), relative to the averaged signal intensity of the control samples. (F) Gel
images and bar graph of the signal intensities determined by western blotting of human neuron-derived cells using anti-FEZ1
antibody, after treatment with the higher concentrations of the four mood stabilizers (1.2 mM Li, I mM VPA, 100 uM CBZ, and
50 uM LTG), relative to the averaged signal intensity of the control samples. Con = non-treated control; DMSO = dimethyl

sulfoxide-treated control. *p < 0.05; **p < 0.01; ***p < 0.001.

neuron-derived cells, human neuron-derived SK-

Effect of mood stabilizers on FEZ1 expression in human N-SH cells were subjected to mood stabilizer
neuronal cells . N
treatments in the same manner employed for
To determine whether any of the mood stabilizers the U-87 MG experiments. Treatments with
affected FEZ1 protein expression levels in human any of the four mood stabilizers at the lower
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ACBRI 371

Fig. 4. Intracellular localization of fasciculation and elongation protein zeta 1 (FEZ1) protein in human astrocytic and neuronal cells.
Figures A, B, and C show the intracellular localization of FEZI protein (A), glial fibrillary acidic protein (GFAP), an astrocyte
marker (B), and the merged image showing the distribution of FEZ1 and GFAP (C) in the human astrocyte-derived cell line U-87 MG
(scale bar: 40 pm). D, E, and F show the intracellular localization of FEZ1 protein (D), GFAP protein (E), and the merged image
showing the distribution of FEZ1 and GFAP (F) in the human primary astrocyte cell culture ACBRI371 (scale bar: 40 pm). Figures
G, H, and I show the intracellular localization of FEZ] protein (G), the neuronal specific nuclear protein (NeuN) (H), and the merged
image showing the distribution of FEZ1 and NeuN (I) in the human neuron-derived cell line SK-N-SH (scale bar: 20 um). Cell nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI, blue) (C, F, I). Arrow heads indicate nuclei of cells lacking FEZ1 signal.

concentrations did not alter FEZ1 protein expres-
sion levels in SK-N-SH cells (data not shown).
Following treatment with the mood stabilizers at
the high concentrations, only VPA increased the
FEZ1 protein expression level in SK-N-SH cells
(Fig. 3F).

Discussion

Among the four mood stabilizers, VPA affected the
expression of the largest numbers of genes. VPA
may exert its effect on transcriptional regulation by
inhibiting histone deacetylase (HDAC) activity (33,
34); however, it remains uncertain whether the
strong effect of VPA on transcriptional regulation
is relevant to its mood-stabilizing effect and/or
HDAC inhibition-mediated teratogenesis (35). It is
interesting that LTG also affects a relatively large
number of genes, despite the use of a concentration
of LTG in the microarray experiments that was
close to the lower limit of its therapeutic range (36,
37). LTG may have unknown mechanisms of

action that are relevant to its potent effect on
transcriptional regulation.

The clustering analysis suggested that Li and
VPA regulated the transcriptional activities of a
common set of genes, whereas CBZ with LTG
affected a different set of genes. Li and VPA
have been reported to share common molecular
mechanisms of action, including effects on gly-
cogen synthase kinase 3B (38, 39) and phospha-
tidylinositol (40) signaling, which may underlie
the common effects of Li and VPA on transcrip-
tional regulation in U-87 MG cells. CBZ and
LTG may share other unknown mechanisms
which cause the observed transcriptional altera-
tions in astrocytes.

Interestingly, only VPA increased FEZ1 protein
expression in a neuron-derived cell line at a
concentration representing the higher limit of the
therapeutic range, while Li, CBZ, and LTG did not
induce FEZ1 protein expression in neuronal cells
at any concentration. The FEZ1 gene has been
functionally characterized in the rodent brain and
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a human neuron-derived cell line (41). These
rodent studies have indicated that FEZ1 is prefer-
entially expressed in neuronal cells and involved in
normal axonal bundling, elongation within axon
bundles of neurons, transport of intracellular
components (including mitochondria), and release
of neurotransmitters (32, 42, 43). FEZ! protein is
phosphorylated by PKC{ and then translocated
from the cytoplasmic membrane to the cytoplasm,
where it induces axonal growth and neuronal
differentiation (44). FEZ1 protein has also been
reported to localize to growth cones and associate
with F-actin in SK-N-SH cells and cultured
hippocampal neurons (41). Although the mechan-
ism underlying its transcriptional regulation
requires further investigation, induction of FEZI
protein in neuronal cells by VPA might contribute
to axonal bundling, transport of intracellular
components, and neurotransmitter release.

The most intriguing finding of the genome-wide
expression analysis of mood-stabilizer-treated
U-87 MG cells was that only the FEZIl and
RBM14 transcripts were substantially induced
and suppressed by all four mood stabilizers. The
significant induction of FEZ1 molecules at both
the transcript and the protein levels was verified by
gRT-PCR and western blotting. Although FEZ1
transcript levels were significantly increased by the
four mood stabilizers at lower concentrations,
protein levels increased only at higher Li and
CBZ concentrations. In general, changes in protein
levels depend on levels of the transcript, translation
efficiency, and degradation of the existing protein
(45). Although the modest increase in FEZ1 tran-
scripts after Li and CBZ treatments at lower
concentrations may not be sufficient to yield a
corresponding increase in FEZ1 translation, it
implies that higher doses of Li and CBZ may
increase transcript levels to a degree that allows for
increased FEZ1 translation. Mood stabilizers might
somehow affect translation efficiency and degrada-
tion of the existing protein as well, although these
possibilities were not addressed in this study.

In addition to neuronal cells, FEZ1 is expressed
in cultured rat neonatal astrocytes (46); however, it
is expressed at barely detectable levels in adult
astrocytes and oligodendrocytes (32). In our exper-
iments, unlike the previous adult rodent studies,
FEZI1 protein was expressed in the cytoplasm of
both transformed and primary astrocytes, as well
as in neuronal cells from the human adult brain,
while it was not detectable in the human oligoden-
drocyte cell line (data not shown). No differences
were detected in the intracellular distribution
pattern of the FEZ1 protein between the human
astrocytic and neuronal cells.
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In general, the transcription of genes in certain
cell types can vary among species. One example of -
this is the transcriptional regulation of toll-like
receptors and nitric oxide synthase 2 in humans
and rodents (47, 48). While exons 2-10 of human
FEZ1 and rodent Fezl are highly homologous
(mouse: 90%, rat: 91%), exon 1 and the promoter
region are not. This difference in the promoter
region may underlie the expression of the gene in
human astrocytes, but its absence in rodents.

Astrocytes are compact round cells in the early
developmental stages, and subsequently, they pro-
ject highly branched cellular processes that form
connections with other cell types or with brain
structures, similar to the extension of axons and
dendrites observed in neurons. The localization of
FEZ1 proteins suggests that FEZ1 may be
involved in the extension and maintenance of
astrocyte processes, mitochondrial functions, and
the development and maintenance of structural
formations in astrocytes; however, the function of
FEZ1 protein in astrocytes requires further inves-
tigation.

Although there are reports that FEZ1 transcripts
are decreased in postmortem brain tissue of
patients with schizophrenia (49) and that FEZ1
and schizophrenia are modestly associated (50),
neither postmortem brain studies nor genetic
association studies targeting FEZ1 have been
reported. However, indirect evidence from animal
models and cell culture studies suggests the possi-
ble involvement of FEZI1 dysfunction in the
pathogenesis of BD. To this end, FEZ1 knockout
mice are hypersensitive to psychostimulant treat-
ment (51), which suggests that hypofunction of
FEZ1 may contribute to hyperdopaminergic
conditions which have been implicated in the
pathogenesis of the manic state of BD (52). In
addition, FEZ1 has been reported to play an
important role in the establishment of neuronal
polarity by controlling the axonal transport of
mitochondria (53, 54). Thus, an impairment of
FEZ1 might be involved in the mitochondrial
dysfunction implicated in BD (55, 56). Further
studies will be needed to investigate abnormalities
in FEZ! expression and function in postmortem
brains of BD subjects.

Our finding that four widely prescribed mood
stabilizers commonly induced FEZl protein
expression in astrocyte-derived cells raises the
question of what the link is between the mechan-
isms of action of the mood stabilizers and FEZ1
induction. It is also unclear whether FEZ1 induc-
tion is specific to these mood stabilizers, and
whether this induction is involved in the mood-
stabilizing effects of these drugs. Further studies



will be needed to address these issues and the
involvement of FEZ1 in the pathogenesis of BD.

Although the RBM 14 transcript was suppressed
by the mood stabilizer treatments, RBM14 protein
expression was not affected by any of the mood
stabilizers. While protein levels generally correlate
with transcript levels, there can be discrepancies
due to variability in translation efficiency and
protein degradation (45). Thus, RBM14 transla-
tion efficiency may have increased or RBM14
degradation may have decreased in parallel with
the decrease in RBM 14 transcripts. Since RBM 14
exerts its cellular effects by encoding the coactiva-
tor activator (CoAA) protein (57), the suppression
of RBM14 transcripts may not be directly relevant
to the mechanism of action of mood stabilizers.
However, there remains the possibility that
decreases in RBM14 transcripts may influence
cellular function by modulating the expression of
other transcripts.

Besides the genes commonly altered by the four
mood stabilizers, each mood stabilizer uniquely
altered the expression of certain genes with robust
fold changes as shown in Tables 1 and 2. Although
further studies will be needed to characterize the
function of these regulated genes and their roles in
mood stabilization, previous studies have sug-
gested the possible involvement of some of these
genes in the mechanism of action of the respective
mood stabilizer. For example, VPA induced
gamma-aminobutyric acid A receptor, beta 1
(GABRBI) and growth associated protein 43
(GAP43) transcripts by 330% and 328%, respec-
tively (Table 1). GABA A receptor is expressed in
both astrocytes and neurons. The GABA A recep-
tor is thought to transfer signals from inhibitory
interneurons to adjacent glial cells, and may
regulate extracellular CI° concentrations in the
vicinity of a GABAergic synapse (58). The SPECT
study showed that levels of GABA A receptors
were decreased in the sensory motor cortex of
mood disorder patients with akinetic catatonia
(59), whereas GABA receptors were increased in
the rodent hippocampus after VPA treatment (60).
These disease-related or VPA-induced alterations
in GABA receptor expression may, at least in part,
reflect the expression of GABA A receptors in
astrocytes.

VPA was previously reported to increase neuro-
nal GAP43 and cell survival in vitro (61). The present
study demonstrated that VPA also induces GAP43
in astrocytes. Although GAP43 is a calmodulin-
binding phosphoprotein primarily found in neuro-
nal growth cones and is an intrinsic presynaptic
determinant for neurite outgrowth and plasticity
(62), it is also expressed in astrocytes, in particular
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type 2 astrocytes (63, 64). One study reported that
ischemic injury induces GAP43 expression in reac-
tive astrocytes, which protect the brain from ische-
mic injury by normalizing extracellular fluid H or
glutamate levels, or by releasing neuronal growth
factors (65, 66). Given that postmortem brain
studies have shown that GAP43 expression is
significantly reduced in the anterior cingulate cortex
of BD patients (67) and the prefrontal cortex of
depressed suicide victims (68), VPA might exert its
effects by inducing GAP43 levels.

DNA polymerase eta (POLH) increased by 60%
after CBZ treatment, whereas interferon-induced
transmembrane protein 3 (IFITM3) decreased by
37% after LTG treatment (Tables1 and 2).
Postmortem brain microarray analyses showed
that POLH expression was decreased in the
hippocampal CA1l region (69), and IFITM3 was
increased in the prefrontal cortex of BD patients
(70). This suggests the possibility that CBZ-
induced POLH expression and LTG-mediated
IFITM3 suppression may normalize the altered
levels of these genes in affected brains. Thus,
transcriptional regulation may underlie the mood-
stabilizing actions of these drugs.

In conclusion, the microarray data obtained for
human astrocytic cells identified FEZ1 as a gene
that is commonly induced by the four mood
stabilizers, Li, VPA, CBZ, and LTG. Unlike the
studies performed in rodents, in the present study
FEZ1 was expressed in the cytoplasm of human
astrocytic cells and neuronal cells. Our data
suggest that FEZ1 may play important roles in
human astrocytes, and that mood stabilizers might
exert their cytoprotective and mood-stabilizing
effects via FEZI induction in astrocytes. Further
studies will be needed to address the involvement
of FEZ1 in the mechanisms of action of mood
stabilizers and the pathogenesis of BD.
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Proximal interstitial deletions involving 20ql1—ql2 are very
rare. Only two cases have been reported. We describe another
patient with 20q11.21—q12 deletion. We precisely mapped the
6.5-Mb deletion and successfully determined the deletion land-
marks at the nucleotide Jevel. Common clinical features among
the three cases include developmental delay, intractable feeding
difficulties with gastroesophageal reflux, and facial dysmor-
phism including triangular face, hypertelorism, and hypoplastic
alae nasi, indicating that the 20q11.2—ql12 deletion can be
a clinically recognizable syndrome. This is also supported
by the fact that the three deletions overlap significantly. In
addition, unique features such as arthrogryposis/fetal akinesia
{(hypokinesia} deformation and retinal dysplasia are recognized
in the patient reported herein. © 2011 Wiley-Liss, Inc.

Key werds: 20q interstitial deletion; abnormal hands and feet;
retinal dysplasia; feeding ditficulty

INTRODUCTION

Interstitial deletions of the long arm of chromosome 20 arerare. To
our knowledge, a total of 12 patients have been reported in the
literature [Petersen et al., 1987; Shabtai et al., 1993; Aldred et al.,
2002; Genevieve etal., 2005; Callier et al., 2006; Borozdin et al., 2007;
Igbal and Al-Owain, 2007]. Among them, only two cases showed
the proximal g deletion (20q11—q12}, not extending to q13 [Callier
et al., 2006; Igbal and Al-Owain, 2007]. One patient had a 6.6-Mb
deletion at 20q11.21—q11.23 [Callier et al., 2006], and the other
[Igbal and Al-Owain, 2007] showed a 6.8-Mb deletion at 20q11.2—
ql2. Here, we report on the third patient with a 6.5-Mb deletion
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at 20ql1.21-ql2, clinically showing mental retardation, minor
craniofacial anomalies, and intractable feeding difficulties. The
deletion has been precisely analyzed at the nucleotide level and his
detailed clinical manifestations will be presented.
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CLINICAL REPORT

The 18-month-old boy was the first product of healthy 22-year-old
mother and 25-year-old father without any consanguinity. Preg-
nancy was uneventful. Family history was unremarkable. He was born
by spontaneous vaginal delivery at 38 weeks of gestation. Birth weight
was 2,230 g (—1.7 SD), length 44.0 cm (—1.9 SD), and OFC 32.5cm
(—0.3 SD). Multiple malformations including patent ductus arterio-
sus, patency of foramen ovale, and dysmorphic face were noted. He was
tube-fed due to poor swallowing and oxygen therapy was required unti
4 months because of respiratory disturbance. X-ray examination at age
of 1 month revealed small thorax and mild slender long bones. In
addition, right eye retinal fold was pointed out. At age of 3 months,
upper gastrointestinal tract was investigated because of recurrent
vomiting, and gastroesophageal reflux (GER) and esophageal hiatus
hernia were found. Esophageal hiatus hernia was alleviated spontane-
ously, but GER persisted.

At age of 4 months, he was referred to us for evaluation of
his developmental delay. He was noted to have the following cranio-
facial features: triangular face, premature closure fontanelle, slopping
forehead, wide bending eyebrows, hypertelorism, low-set and poste-
rior rotated ears, long columella nasi, mild hypoplastic alae nasi, short
and well-defined philtrum, thin lips with tucked-in lower lip, sub-
mucosal cleft palate, microretrognathia and posterior low hair-line
(Fig. 1A,B and Table I). Additionally, abnormal hands and feet were
recognized, consisted of restriction of all proximal interphalangeal
joints and over-extension of all distal interphalangeal joints of hands
and feet, radial deviation of 2nd fingers, clinodactyly of the 2nd and
5th fingers, lack of flexion creases bilaterally, right preaxial polydac-
tyly, left single palmar, and talipes valgus. Mild restriction of elbow,
hip and knee joints bilaterally was also noted (Fig. 1C—E and Table I).

At 15 months, his weight was 7.5kg (—2.3 SD), length 71.8 cm
(—2.75D), and OFC44.4 ¢cm (—1.6 SD). He could roll over one side
and shift a toy from one hand to the other. Social smile was seen, but
he could not recognize his parents (DQ 48). His dysphagia persisted
based on the modified swallowing study [Kanda et al., 2005]; he
required tube-feeding, and rejected oral intake. Ophthalmic exam-
ination at 15 months revealed broom-like pattern of retinal vessels
extending from optic disc to periphery with a falciform retinal fold
in the right eye, causing visual impairment. In the left eye, mild
opacity in the lateral portion of vitreous body was found. These
findings led to the diagnosis of bilateral retinal dysplasia. Anterior
segment and optic disc were normal. Left hearing loss was suspected
by auditory brainstem response, otoacoustic emission, and behav-
ioral observation audiometry. Brain magnetic resonance imaging
revealed cortical atrophy and mild ventriculomegaly. Blood
biochemistry and abdominal ultrasonographic examination were
all normal. Serological TORCH (toxoplasma, rubella, cytomegar-
ovirus, and herpes simplex) testing was negative. At 18 months, the
shortening of 5th middle phalanges of fingersand absence of middle
phalanges of the toes were confirmed by X-ray examination.

CYTOGENETIC AND MOLECULAR ANALYSIS

G-banded chromosomal analysis (550 bands level) of the patient’s
blood lymphocytes indicated normal karyptype (46,XY) (data not
shown). Fluorescence in situ hybridization (FISH) analysis using all

chromosomal subtelomeric clones did not show any abnormalities.
Array CGH analysis using NimbleGen 385K Array (Roche NimbleGen,
Inc., Madison, WI) demonstrated a 6.5-Mb heterozygous deletion at
20q11.2—-q12 (UCSC genome coordinates 2006 Mar. version, chromo-
some 20: 31,269,661-37,782,841 bp) (Fig. 2A). The deletion was also
confirmed by FISH using BACs (RP11-322B6 and RP11-782C16 at
21g11.21, and RP11-54P22 and RP11-467]15 at 20q12), RP11-787C16
and RP11-54P22 was deleted while RP11-322B6 and RP11-467]15 were
not deleted (Fig. 3). The deletion junction was successfully amplified by
PCR using primers { Primer A: 5'-TGATAG AGCCAA CTG GGT CAT
GTG C-3, Primer C: 5-TCT AGC TTG CTG AAT TCC TGC CTG A-
3') (Fig. 2B) and its product was sequenced. The deleted region was
from 31,274,015 to 37,783,826 bp (6,509,811 bp) with 5-bp overlap
(ATAGA) (Fig. 2C). The deletion occured de novo as FISH and
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junction PCRs denied the deletion in parental samples (FISH data not
shown and Fig. 2B by PCR using primers A, B,and C [primer B: 5-AGC
TGC TCA AAG TGG GGT ATT CTG G-3']).

DISCUSSION

In this study, we precisely analyzed the 6.5-Mb deletion at 20q11.2—
ql2 in a boy, presenting with abnormal hands and feet, retinal

dysplasia, and intractable feeding difficulty. Proximal interstitial
deletions of 20q11—ql2 are very rare. Only two cases have been
teported and analyzed either by chromosomal CGH and FISH
analysis or BAC array CGH with 1-Mb resolution [Callier et al.,
2006; Igbal and Al-Owain, 2007]. Clinical features are presented
in Figure 1 and suminarized in Table L. Three deletions are over-
lapping and the shortest region of overlap is from 20q11.22 to
ql1.23 (Fig. 3). Common clinical features among three cases are
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growth/developmental retardation, intractable feeding difficulties
with GER, cerebral atrophy, and dysmorphic face including trian-
gular face, hypertelorism, and hypoplastic alae nasi. In addition,
two out of three patients shared many other facial dysmorphism
including sparse hair, downslanting palpebral fissures, long
columella, short and well-defined philtrum, thin lips, microretrog-
nathia, and low-set ears. These findings suggest that the 20q11.22~
q11.23 deletion can be a recognizable microdeletion syndrome. In
addition, unique findings of hands and feet abnormalities as well
as retinal dysplasia were found in our patient.

Intractable feeding difficulties in the three patients, is the largest
concern for the family, and are speculated to be caused by combined
factors: prolonged dysphagia (in our case), aspiration associated
with GER (in all three), upper gastrointestinal tract abnormalties

bp
TEL 1500
1000

M

500

M: marker, NC: negative control

31,274,027

37,783,837

(pyloric stenosis [Callier et al., 2006] or esophageal hiatus hernia in
our case), vomiting/diarrhea because of feeding intorerance
[Callier et al.,, 2006], sensory abnormalities (in all), and food refusal
(in the Callier et al. and our patient).

According to UCSC genome browser (March 2006 assembly),
the 6.5-Mb deleted segment identified in our patient encompasses
at least 96 known genes, including nine genes related to human
disorders. One of these is growth/differentiation factor-5 (GDF5,
also known as CDMP1). This is a protein which belongs to the GDE-
subgroup of BMPs and plays an key regulatory role in embryonic
skeletal and joint development. GDF5 abnormalities are known to
cause a variety of different skeletal disorders. Interestingly, Everman
etal. [2002] and Yang et al. [2008] indicated that functional GDF5
haploinsufficiency was the culprit of brachydactyly type C (BDC,
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OMIM #113100) by in vitro studies. As our patient has the GDF5
haploinsufficiency, he may have the risk for BDC. However, he
did not show this manifestation. He did have polydactyly, talipes
valgus, and absence of the middle phalanges of the toes, which have
been often found in individuals with BDC [Everman et al., 2002;
Temtamy and Aglan, 2008]. Our patient did have a fetal akinesia (or
hypokinesia) deformation phenotype (FADP). The short neck,
hypertelorism, micrognathia, small thorax, postnatal respiratory
disturbance, prolonged feeding difficulty, and slender long bone
could represent FADP. FADP is a clinically and genetically hetero-
geneous constellation arising from fetal akinesia or decrease in utero
movement due to intrinsic factors including neuropathy, myopathy,
and restrictive dermopathy or extrinsic factors that limit fetal move-
ment (e.g., tetragen exposure or fetal crowding) [Witters et al., 2002;
Bamshad et al., 2009]. As extrinsic factors {e.g., abnormality of
amniotic fluid, fetal crowding, congenital infection, and use of the
drug in utero) could not be confirmed in this patient and the
arthrogryposis and FADP are accompanied by other organ anomalies
and developmental delay, the gene(s) at 20q11.21—q11.23 may be a
primary intrinsic cause. Unfortunately, as skeletal malformations in
the other two cases having the 20q11.2—q12 deletion were not fully
described [Callier et al., 2006; Igbal and Al-Owain, 2007], it is difficult
to discuss the relationship between skeletal features and gene(s) in
20q11.2—q12 deletion.

Retinal dysplasia associated with falciform retinal fold and
impaired vision was also noted. Retinal dysplasia is defined as
abnormal growth and differentiation of embryonic retina either
due to in utero environmental factors such as viral infection,
tetragen exposure, retinopathy of prematurity or genetic factors.
To our knowledge, this is the first description of retinal dysplasia
associated with 20q11.2-q12 deletion.
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REPORT

Mutations in POLR3A and POLR3B Encoding RNA
Polymerase Ill Subunits Cause an Autosomal-Recessive
Hypomyelinating Leukoencephalopathy

Hirotomo Saitsu,1* Hitoshi Osaka,2 Masayuki Sasaki,® Jun-ichi Takanashi,* Keisuke Hamada,5
Akio Yamashita,® Hidehiro Shibayama,” Masaaki Shiina,5 Yukiko Kondo,! Kiyomi Nishiyama,!
Yoshinori Tsurusaki,! Noriko Miyake,! Hiroshi Doi,! Kazuhiro Ogata,> Ken Inoue,8

and Naomichi Matsumotol*

Congenital hypomyelinating disorders are a heterogeneous group of inherited leukoencephalopathies characterized by abnormal
myelin formation. We have recently reported a hypomyelinating syndrome characterized by diffuse cerebral hypomyelination with
cerebellar atrophy and hypoplasia of the corpus callosum (HCAHC). We performed whole-exome sequencing of three unrelated individ-
uals with HCAHC and identified compound heterozygous mutations in POLR3B in two individuals. The mutations include a nonsense
mutation, a splice-site mutation, and two missense mutations at evolutionally conserved amino acids. Using reverse transcription-PCR
and sequencing, we demonstrated that the splice-site mutation caused deletion of exon 18 from POLR3B mRNA and that the transcript
harboring the nonsense mutation underwent nonsense-mediated mRNA decay. We also identified compound heterozygous missense
mutations in POLR3A in the remaining individual. POLR3A and POLR3B encode the largest and second largest subunits of RNA
Polymerase III (Pol II), RPC1 and RPC2, respectively. RPC1 and RPC2 together form the active center of the polymerase and contribute
to the catalytic activity of the polymerase. Pol III is involved in the transcription of small noncoding RNAs, such as 5S ribosornal RNA
and all transfer RNAs (tRNA). We hypothesize that perturbation of Pol III target transcription, especially of tRNAs, could be a common

pathological mechanism underlying POLR3A and POLR3B mutations.

Congenital hypomyelinating disorders form a heteroge-
neous group of central nervous system leukoencephalo-
pathies that is characterized by abnormal myelin forma-
tion. Although these conditions are readily recognized
by brain magnetic resonance imaging (MRI), many cases
are not diagnosed correctly.! Several syndromes affecting
myelination, such as hypomyelination with hypodontia
and hypogonadotropic hypogonadism (4H) syndrome
(MIM 612440) and hypomyelination with atrophy of
the basal ganglia and cerebellum (H-ABC) (MIM
612438), have been described.”® We have recently
reported a hypomyelinating syndrome characterized by
diffuse cerebral hypomyelination with cerebellar atrophy
and hypoplasia of the corpus callosum (HCAHC).®
Individuals with HCAHC do not show hypodontia or
atrophy of the basal ganglia, which are observed in 4H
syndrome and H-ABC; however, diffuse hypomyelina-
tion, atrophy, or hypoplasia of the cerebellum and corpus
callosum are overlapping features of these three
syndromes, suggesting that there might be a common
underlying pathological mechanism.

Here, we report on fowr individuals with HCAHC
from three unrelated families (Figure 1A; Table 1). Clinical

information and peripheral blood or saliva samples were
obtained from the family members after obtaining written
informed consent. Experimental protocols were approved
by the Institutional Review Board of Yokohama City
University. To identify pathogenic mutations, we per-
formed whole-exome sequencing of three probands from
three unrelated families (individuals 1, 3, and 4). DNAs
were captured with the SureSelect Human All Exon 50Mb
Kit (Agilent Technologies, Santa Clara, CA) and sequenced
with one lane per sample on an Illumina GAlIx (Illumina,
San Diego, CA) with 108 bp paired-end reads. Image
analysis and base calling were performed by sequence
control software real-time analysis and CASAVA software
v1.7 (Illumina). A total of 90,014,368 (individual 1),
86,942,264 (individual 3), and 92,168,758 (individual 4)
paired-end reads were obtained and aligned to the human
reference genome sequence (GRCh37/hgl19) with MAQ’
and NextGENe software v2.00 with sequence condensa-
tion by consolidation (SoftGenetics, State College, PA).
This approach resulted in more than 88% of target exomes
being covered by ten reads or more (see Table S1, available
online). Single nucleotide variants (SNVs) were called with
MAQ and NextGENe. Small insertions and deletions were
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Figure 1. Mutations in POLR3B and POLR3A

(A) Pedigrees of four kindreds with HCAHC are shown. Weidentified four mutations in POLR3B encoding RPC2 in three individuals from
two unrelated families and two mutations in POLR3A encoding RPC1 in one family. The segregation of each mutation is shown.

(B) Schematic representation of RPC2 (upper) and RPC1 (lower) proteins with Pfam domains (from Ensembl). Locations of each amino-
acid-altering mutation are depicted with electropherograms. All of the missense mutations occurred at evolutionally conserved amino
acids. Homologous sequences were aligned with the CLUSTALW website.

(C-F) 3D representations of RPC1 and RPC2 mutations. Mutated amino acids in RPC1 and RPC2 are shown along with their equivalent
positions in the homologous RPB1 and RPB2 subunits of RNA Polymerase II (amino acid and its position in parenthesis). The structure
and positions of mutations are illustrated by PyMOL with the crystal structure (PDB accession number 3GTP). RPB3, RPBY, and RPB11
subunits, which are specific to RINA Polymerase II, have been omitted from the figure. RPB1 is shown in green, RPB2 in sky blue, RPBS in
yellow, RPB6 in dark blue, RPB8 in pink, RPB10 in orange, RPB12 in purple, DNA in brown, and RNA in red. Amino acids that interact
with mutated amino acids are also shown.
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Table 1.

Clinical Features of the Individuals

Clinical Features

Individual 1

Individual 2

Individual 3

Individual 4

Genes

POLR3B

POLR3B

POLR3B

POLR3A

Mutations, DNA

¢.1857-2A>C, c.2303G>A

¢.1857-2A>C, c.2303G>A

c.1648C>T, c.2778C>G

C.2690T>A, ¢.3013C>T

Mutations, protein p-Asn620_Lysé52del, p-Asn620_Lys652del, p.Args50X, p.Ile897Asn,
p.-Arg768His p.Arg768His p.Asp926Glu p.Arg1005Cys
Gender M F F M
Current age (years) 27 30 16 17
Intellectual disability mild mild moderate mild
Cognitive regression - - - -
Seizures - - - -
Initial motor development normal normal normal normal
Age of onset (years) 3 3 2 4
Motor deterioration - - - +
‘Wheelchair use - - - +
Optic atrophy - = - -
Myopia + + - +
Nystagmus + + - _
Abnormal pursuit + + + _
Vertical gaze limitation + + -~ _
Dysphagia - - + _
Hypersalivation - - - -
Cerebellar signs + + +
Tremor - + + +
Babinski refex - - - -
Spasticity - - mild _
Peripheral nerve involvement - - - -
Nerve biopsy NA NA NA NA
Hypodontia - - - -
Hypogonadism + + - -

NA is an abbreviation for not available.

detected with NextGENe. Called SNVs were annotated
with SeattleSeq Annotation.

We adopted a prioritization scheme to identify the
pathogenic mutation in each individual, similar to the
approach taken by recent studies (Table $2).5-1° First, we
excluded the variants registered in the dbSNP131 or 1000
Genome Project from all the detected variants. Then,
SNVs commonly detected by MAQ and NextGENe
analyses were selected as highly confident variants; 364
to 374 SNVs of nonsynonymous (NS) or canonical splice-
site (SP) changes, along with 113 to 124 small insertions
or deletions (indels), were identified per individual. We
also excluded variants found in our 55 in-house exomes,
which are derived from 12 healthy individuals and 43
individuals with unrelated diseases, reducing the number

of candidate variants to ~250 per individual. Assuming
that HCAHC is an autosomal-recessive disorder based on
two affected individuals in one pedigree (individuals 1
and 2), we focused on rare heterozygous variants that are
not registered in the dbSNP or in our in-house 55 exomes.

We surveyed all genes in each individual for two or more
NS, SF, or indel variants. We found three to eight candidate
genes per individual (Table S2). Among them, only
POLR3B encoding RPC2, the second largest subunit of
RNA Polymerase III (Pol III), was common in two individ-
uals (individuals 1 and 3). The inheritance of the variants
in POLR3B (transcript variant 1, NM_018082.5) was exam-
ined by Sanger sequencing. In individual 1, we confirmed
that a canonical splice-site mutation (c.1857-2A>C
[p.Asn620_Lys652del]), 2 bp upstream of exon 18, was
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inherited from his father, and that a missense mutation
(c.2303G>A [p.Arg768His]) in exon 21 were inherited
from his mother (Figure 1A). The two mutations were
also present in an affected elder sister (individual 2) but
not present in a healthy elder brother. In individual 3,
we confirmed that a nonsense mutation (c.1648C>T
[p.Arg550X]) in exon 16 was inherited from her father
and that a missense mutation (c.2778C>G [p.Asp926Glu])
in exon 24 was inherited from her mother (Figure 1A). The
two mutations were not present in a healthy younger
brother. To examine the mutational effects of c.1857-
2A>C and c¢.1648C>T, reverse transcription PCR and
sequencing with total RNA extracted from lymphoblastoid
cells derived from the individuals was performed as
previously described.'’ We demonstrated that the c.1857-
2A>C mutation caused deletion of exon 18 from the
POLR3B mRNA (Figures 2A-2C), reSulting in an in-frame
33 amino acid deletion (p.Asn620_Lys652del) from RPC2
(Figure 1B). In addition, the mutated transcript harboring
the nonsense mutation (c.1648C>T) was found to be
expressed at a much lower level compared with the wild-
type transcript (Figure 2D). The expression level of the
mutated transcript was increased after treatment with
30 uM cycloheximide (CHX),!! which inhibits nonsense-
mediated mRNA decay (NMD), indicating that the mutant
transcript underwent NMD (Figure 2D). The two missense
mutations (p.Arg768His and p.Asp926Glu) found in the
three individuals occurred at evolutionary conserved
amino acids (Figure 1B). Among the other candidate genes
in individuals 1 and 3, MSLN (MIM 601051), encoding
mesothelin isoform 1 preproprotein that is cleaved into
megakaryocyte potentiating factor and mesothelin, is
a potential candidate in the family of individual 1 as its
homozygous variant segregated with the phenotype;
however, it is expressed in epithelial mesotheliomas,
and the mutation affects less conserved amino acid
(Table S3). The other candidate genes’ variants did not
cosegregate with the phenotype. Thus, mutations in
POLR3B are most likely to cause HCAHC in two families.
In individual 4, in whom no POLR3B mutations were
found, there were six candidate genes for an autosomal-
recessive model. Among them, POLR3A (MIM 614258,
GenBank accession number NM_007055.3), harboring
two missense mutations, appeared to be a primary candi-
date because it encodes the largest subunit of Pol III
(RPC1) (Figure 1A and Table S2). By Sanger sequencing,
we confirmed that a missense mutation (c.2690T>A
[p.1le897Asn]) in exon 20 was inherited from his father
and that another missense mutation (c.3013C>T
[p.Arg1005Cys]) in exon 23 was inherited from his mother
(Figure 1A). The two mutations were not present in
a healthy younger sister. The two missense mutations
(p-lle897Asn and p.Argl005Cys) occurred at relatively
conserved amino acids (Figure 1B). In total, we found
four mutations in POLR3B and two mutations in POLR3A.
Evaluation of the missense mutations by PolyPhen-2
program showed that three mutations (p.Arg768His,
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Figure 2. Effects of Splice-Site and Nonsense Mutations in

POLR3B

(A) Schematic representation of the genomic structure of POLR3B
from exon 16 to 19. Exons, introns, and primers are shown by
boxes, dashed lines, and arrows, respectively. The mutation in
intron 17 is depicted as a red dot.

(B) RT-PCR analysis of individuals 1 and 2 with ¢.1857-2A>C and
a normal control. Two PCR products were detected from the indi-
vidual’s cDNA: the upper band is the wild-type (WT) transcript,
and the lower band is the mutant. Only a single wild-type ampli-
con was detected in the control.

(C) Sequence of WT and mutant amplicons clearly showed exon
18 skipping in the mutant allele.

(D) Analysis of the ¢.1648C>T mutation. Sequence of PCR prod-
ucts amplified with genomic (upper), cDNA from untreated cells
(middle), and cDNA from CHX treated cells (lower) as a template.
Although untreated cells show extremely low levels of ¢.1648C>T
mutant allele expression, cells treated to inhibit NMD show signif-
icantly increased levels of mutant allele expression.

p.Asp926Gly, and p.1le897Asn) were probably damaging
and that p.Arg1005Cys is tolerable. The ¢.2303G>A muta-
tion (POLR3B) was found in one allele out of 540 Japanese
control chromosomes. The remaining five mutations were
not detected in 540 Japanese control chromosomes, indi-
cating that the mutations are very rare in the Japanese
population. Among the other candidate genes in individ-
uals 4, IGSF10, a member of immunoglobulin superfamily,
is a potential candidate because its variants segregated with
the phenotype (Table S3); however, considering a close
relationship between POLR3A and POLR3B, and the fact
that POLR3A mutations have been recently reported in
hypomyelinating leukodystrophy (see below),*> POLR3A
abnormality is the most plausible culprit for HCAHC in
individual 4.

The structure of Pol IM**'* and Pol 1I**'° is highly
homologous, especially in the largest subunits. Thus, we
extrapolated the mutations of RPC1 or RPC2 onto the
structure of yeast Pol II (Protein Data Bank [PDB] accession
number 3GTP)Y (Figure 1C). RPB1 and RPB2-subunits of
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