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Fig. 4. Time-dependent changes in intraceflular amino acid concentrations in 2SA and 25D cells cultured with 10 mM lactate or 10 mM pyruvate. “N.D.” indicates that the metabolite level

was under the detection limit of CE-TOFMS analysis.

amino acids both intracellularly and in the medium. A high autophagic ac-
tivity in 25D cells can also be inferred by the increased production of reac-
tive oxygen species (ROS) in MELAS syndrome (Rusanen et al., 2000),
since ROS have been identified as signaling molecules to induce
autophagy (Scherz-Shouval et al, 2007). In fact, the intracellular ROS
level in 2SD cells is higher than that in 2SA cells (Fujita et al.,, 2007)
and oxygen exposure-induced apoptosis is higher in MELAS mutant
cells than in normal controls (Zhang et al,, 1998). These findings thus
imply that excessive ROS generated by the impaired respiratory chain
facilitated autophagy in lactate-supplied 2SD cells, which eventually
generated free amino acids and contributed to the increase in the levels
of essential amino acids. In this perspective, the diminished accumula-
tion of these essential amino acids in pyruvate-supplied 2SD cells may

be explained by the fact that pyruvate is in fact a strong antioxidant
and reacts with and reduces H,0, (Desagher et al,, 1997; Nath et al,,
1995); thus, the pyruvate treatment might have alleviated oxidative
stress and the accompanying autophagic activity in the 2SD cells.
Lactate is a well-known sensitive metabolic marker of MELAS
(Castillo et al., 1995), which was also supported by its constantly
high intracellular level and high increasing rate in the medium, as
observed in this study. We also identified a few other metabolites
that might function as potential MELAS markers. For example, the
average increasing rate of medium Lys (Supplementary Fig. 3) in
lactate-supplied 2SD cells (~171 fmol/cell/h) was significantly
higher than that in the pyruvate-supplied 25D cells (~53.7 fmol/
cell/h) and 2SA cells (~33.8 fmol/cell/h under both lactate- and
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pyruvate-supplied conditions). A possible reason for this high Lys level
in the medium of the lactate-supplied 2SD cells might be the fact that
the catabolism of Lys to acetyl CoA is known to involve 4 reactions
that require NAD™ as a cofactor; and thus this catabolic pathway may
have been slowed down because of the constitutively low [NADH}/
[NAD] ratio in the 2SD cells. Though to a lesser extent, a similar trend
was observed in the increasing rate of Val in the medium (Supple-
mentary Fig. 3; ~270 fmol/cell/h in lactate-supplied 2SD cells and
~202 fmol/cell/h under the other conditions). This may be again due
to the shortage of NAD™ in the lactate-supplied 2SD cells, as the cata-
bolic pathway of Val to succinyl CoA is known to involve 3 reactions
that require NAD™ as a cofactor. The balanced [NADH]/[NAD] ratio
seems critical also for the catabolism of these essential amino acids,
since the increasing rate in these amino acids was lowered to the levels
observed in 2SA cells by the pyruvate treatment. Although the overall
trend of medium levels of Lys and Val appeared not to be considerably
different among the conditions (Supplementary Fig. 3), this significant
difference in the increasing rate of medium Lys and Val between the
lactate-supplied 2SD cells and cells under the other conditions may be
amplified in the long term. Accordingly, Lys and Val might be
manifested in the blood or urine of MELAS patients and detectable as
a diagnostic marker for MELAS and most likely other mitochondrial dis-
eases showing imbalanced [NADH]/[NAD] as a pathologic condition.
Moreover, gamma-aminobutyric acid (GABA) was one of the few me-
tabolites that showed a clear cell line-specific trend independent of
pyruvate- or lactate-administration (Supplementary Fig. 4). The intra-
cellular GABA level in 2SA cells was nearly twice as high as that in
2SD cells throughout the experiment, and this trend was unchanged
by either pyruvate or lactate treatment. Thus, GABA administration
might be effective to somehow alleviate the symptoms of MELAS. In-
deed, it has been speculated that treatment with inhibitory neurotrans-
mitters such as GABA is theoretically effective to lower hyperexcitability
in MELAS patients (lizuka and Sakai, 2005).

Pyruvate administration does not always exhibit the expected ef-
ficacies in MELAS patients and not necessarily allow an optimistic
outlook. This is perhaps by reason of the polygenetic nature of the
cause of MELAS, which is known to be associated with at least 29 spe-
cific point mutations. There are at least 7 identified point mutations in
the mitochondrial tRNA(Leu) gene, as well as mutations affecting
many other mitochondrial tRNA genes (His, Lys, Gln, and Glu) and
protein-coding genes (MT-ND1, MT-CO3, MT-ND4, MT-ND5, MT-ND6,
and MT-CYB; (Sproule and Kaufmann, 2008)). Nevertheless, it is likely
that the symptoms associated with lactic acidosis, i.e., a high [NADH]/
[NAD] ratio and possibly oxidative stress, would be alleviated by pyru-
vate administration. Current treatment regimens for MELAS patients in-
volve indiscriminative administration of vitamins, cofactors, and
oxygen-radical scavengers, which aims at the mitigation, postponement,
or circumvention of the postulated damage to the respiratory chain
(DiMauro and Schon, 2003 ). But pyruvate treatment could be a more ef-
fective, affordable, side effect-free, and most importantly, metabolically
rational treatment regimen to improve symptoms associated with
MELAS and even those of many other mitochondrial diseases. Such treat-
ment would do so by facilitating efficient anaerobic glycolysis and proba-
bly supporting a limited but steady activity of oxidative phosphorylation
for enhancing ATP production. Metabolome analysis of 2SA cells and
MELAS mutant 2SD cells not only highlighted the basal metabolic differ-
ences between these cell lines but also their metabolic alterations and
flux profiles in response to a high dose of lactate or pyruvate adminis-
tration. The results showed a dramatic and sustainable effect of pyru-
vate administration on the energy metabolism of 2SD cells, supporting
the idea that balancing the [NADH]/[NAD] ratio is crucial for facilitating
anaerobic glycolysis for sufficient energy production in MELAS mutant
cells. In this perspective, the efficacy of pyruvate treatment may not be
limited to only alleviation of the symptoms associated with MELAS but
rather also to that of those associated with a wider range of mitochondri-
al diseases.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.mit0.2012.07.113.
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Abstract The three-dimensional (3D) structure of
the genome is organized non-randomly and plays
a role in genomic function via epigenetic mecha-
nisms in the eukaryotic nucleus. Here, we analyzed
the spatial positioning of three target regions; the
SNRPN, UBE3A4, and GABRB3 genes on human
chromosome 15q11.2—q12, a representative cluster
of imprinted regions, in the interphase nuclei of B
lymphoblastoid cell lines, peripheral blood cells,
and skin fibroblasts derived from normal individuals
to look for evidence of genomic organization and
function. The positions of these genes were simul-
taneously visualized, and all inter-gene distances
were calculated for each homologous chromosome
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in each nucleus after three-color 3D fluorescence in
situ hybridization. None of the target genes were
arranged linearly in most cells analyzed, and
GABRB3 was positioned closer to SNRPN than
UBE34 in a high proportion of cells in all cell
types. This was in contrast to the genomic map in
which G4BRB3 was positioned closer to UBE34
than SNRPN. We compared the distances from
SNRPN to UBE3A (SU) and from UBE34 to
GABRB3 (UG) between alleles in each nucleus, 50
cells per subject. The results revealed that the gene-
to-gene distance of one allele was longer than that
of the other and that the SU ratio (longer/shorter SU
distance between alleles) was larger than the UG ratio
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(longer/shorter UG distance between alleles). The UG
distance was relatively stable between alleles; in con-
trast, the SU distance of one allele was obviously
longer than the distance indicated by the genome size.
The results therefore indicate that SNRPN, UBE34,
and GABRB3 have non-linear and non-random curved
spatial positioning in the normal nucleus, with differ-
ences in the SU distance between alleles possibly rep-
resenting epigenetic evidence of nuclear organization
and gene expression.

Keywords Genome organization - Spatial positioning -
3D-FISH - SNRPN - Chromatin - Epigenetic

Abbreviations

3C Chromosome conformation capture

3D Three dimensional

4C 3C-on chip or circular 3C

AS Angelman syndrome

BAC Bacterial artificial chromosome

CT Chromosome territory

FBs Skin fibroblasts

FISH Fluorescence in situ hybridization

FPC Fluorescence peak center

GABRB3 Gamma-aminobutyric acid (GABA) A
receptor, beta 3

IQR Interquartile range

LCLs B lymphoblastoid cell lines

PB Peripheral blood

PWS Prader—Willi syndrome

SNRPN  Small nuclear ribonucleoprotein polypep-
tide N

UBE34  Ubiquitin-protein ligase E3A

Introduction

Recent experimental and computational advances
have generated spatial information about nuclear
architecture. We now know that the human genome,
containing some 23,000 genes and 3.2 billion base
pairs of DNA, is distributed among the 22 pairs of
autosomes and two sex chromosomes, all of which
are packed into the current chromatin compaction
model. Interphase chromosomes are generally con-
sidered to be less condensed than their mitotic coun-
terparts. To understand the complex workings of the
genome in full, it is necessary to consider its three-

@ Springer

dimensional (3D) organization, rather than relying on
linear information alone (Laster and Kosak 2010; Joffe
et al. 2010). According to recent studies, higher-order
chromatin organization and the spatial arrangement of
genomic regions within the nucleus seem to play an
important role in genome function via epigenetic mech-
anisms (Sproul et al. 2005; Lanct6t et al. 2007; Fraser
and Bickmore 2007; Takizawa et al. 2008; Solovei et al.
2009; Ferrai et al. 2010; Egecioglu and Brickner 2011).
Such findings were obtained by microscopic and, more
recently, non-microscopic approaches. Microscopic
techniques, such as 3D fluorescence in situ hybridiza-
tion (3D-FISH) analysis, which although limited in
resolution, provide spatial information such as physical
distance, shape, and localization at the single-cell level
(Shopland et al. 2006, Cremer and Cremer 2010;
Crutchley et al. 2010). In 3D-FISH, radial positions
and gene-to-gene distance are analyzed by the hybrid-
ization of probes to 3D-preserved nuclei. 3D-FISH
studies have shown that individual chromosomes occu-
py discrete compartments called chromosome territories
(CTs) that do not overlap with each other while adopting
a preferential radial position within the nucleus. In many
cell types, the radial organization of CTs is dependent
on gene density or chromosome size. For instance, in
rather spherically shaped nuclei, such as in lym-
phocytes, gene-dense chromosomes are located
more internally while gene-poor chromosomes are
located more peripherally (Croft et al. 1999; Boyle
et al. 2001; Cremer et al. 2001; Tanabe et al.
2002). Bolzer et al. (2005) were the first to use
24-color 3D-FISH to simultaneously detect all
chromosomes in human fibroblasts of interphase
nuclei, presenting 3D maps of all CTs. Some
genes change their nuclear location depending on
gene activity (Lanctdt et al. 2007; Meaburn et al.
2007; Solinhac et al. 2011). For example, some genes
loop out from their CT when active (Volpi et al. 2000;
Williams et al. 2002; Mahy et al. 2002; Chambeyron
and Bickmore 2004; Kiipper et al. 2007; Ferrai et al.
2010). In this way, various genome organization phe-
nomena have been microscopically observed.
Non-microscopic studies, such as chromosome
conformation capture (3C) and 3C-based analysis,
including 3C-on chip or circular 3C (4C), 3C-carbon
copy (5C), chromatin interaction analysis by paired-
end tag sequencing (ChIA-PET), and Hi-C, which
although requiring large numbers of cells, provide
spatial information of physical contact between
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chromatin segments at a high resolution (Dekker et al.
2002; Simonis et al. 2006; Zhao et al. 2006; Dostie et
al. 2006; Fullwood et al. 2009; Lieberman-Aiden et al.
2009; Handoko et al. 2011). In particular, 3C-based
methods make it possible to determine genome-wide
chromatin interaction frequency. In the 3C method, the
frequency of spatial contacts between genomic loci is
analyzed using formaldehyde cross-linking, ligation,
and locus-specific PCR (Dekker et al. 2002). Several
3C and 3C-based studies have suggested that long-range
chromatin interactions are involved in the epigenetic
regulation of gene expression (Simonis et al. 2007; de
Wit and de Laat 2012). For instance, the higher-order
chromatin conformation at some loci differs between
maternal and paternal alleles, and is correlated with the
formation of CCCTC-binding factor (zinc finger pro-
tein) (CTCF)-dependent parent-of-origin specific loops
(Murrell et al. 2004). Long-range looping interactions
between genes can occur over a genomic distance of a
few kb to tens of Mb (Simonis et al. 2006; Lieberman-
Aiden et al. 2009; van Steensel and Dekker 2010).
Furthermore, chromatin contacts not only occur be-
tween specific short functional elements, such as
enhancers and promoters, but also over larger chromo-
somal domains, such as intrachromosomal (cis), inter-
chromosomal (frans), and genomic environment
contacts, when active genes share a transcription factory
(Crutchley et al. 2010; van Steensel and Dekker 2010).
Consequently, it seems that chromatin communicates as
a spatial network in interphase nuclei. Such approaches
complement each other by offering new insight into
genomic spatial organization and function in the nucleus
(Dekker 2008; Cremer and Cremer 2010; Crutchley et
al. 2010, de Wit and de Laat 2012).

Despite previous findings, information on the rela-
tionship between genomic organization and function
remains limited. In an attempt to further investigate,
we focused on the following three genes in imprinted
loci on 15q11.2—q13: SNRPN, which exhibits monoal-
lelic (paternal) expression; UBE34, which exhibits
tissue-specific (e.g., brain) maternal expression; and
GABRB3, which exhibits biallelic expression. Human
chromosome 15q11-q13, a region subjected to genomic
imprinting, is responsible for Prader—Willi syndrome
(PWS) and Angelman syndrome (AS) (Horsthemke
and Wagstaff 2008). The lack of a functional paternal
copy of 15q11-q13 causes PWS, while the lack of a
functional maternal copy of UBE34 causes AS. Several
groups have studied the spatial organization of 15q11—

q13 using 3D image analysis. For example, Nogami et
al. (2000) examined the relationship between SNRPN
and chromosome territory in human myeloid leukemia
HL60 cells. Teller et al. (2007) investigated the 3D
distance between PWS/AS homologous regions in
human lymphocytes, fibroblasts, and a gorilla lym-
phoblastoid cell line to examine the “chromosome
kissing” hypothesis during the late S phase of inter-
phase. Rauch et al. (2008) studied chromatin architec-
ture within the PWS locus in a human lymphoblastoid
cell line and fibroblast cell nuclei. They measured 3D
distance between two of four probes located within
230 kb and analyzed chromatin compaction using
computer simulations. However, they found no
clearly detectable differences between the active
and inactive PWS domains.

Although various observations have accumulated
regarding the imprinted regions of PWS/AS, there are
still insufficient data from a spatial viewpoint with
regard to the relationship between higher-order chro-
matin configuration and gene activity. To the best of
our knowledge, this is the first study to use three-color
3D-FISH to investigate spatial organization in the
PWS/AS regions of three consecutive genomic
regions—SNRPN, UBE3A, and GABRB3—in the nuclei
of human B lymphoblastoid cell lines (LCLs), periph-
eral blood (PB) cells, and skin fibroblasts (FBs) derived
from normal individuals.

In this study, we measured all 3D inter-gene distan-
ces between two of three target genes on each homolo-
gous chromosome in each cell to search for new
evidence of genomic organization and function. As
activity of the imprinted genes differs according to
parental origin, simultaneous visualization of the genes
by three-color 3D-FISH at the single-cell level was the
only feasible approach, regardless of advances in 3C
and 3C-based analyses. Here, we report both the regu-
larity and differences in spatial organization among the
three target regions in the nucleus. Our results provide
possible epigenetic evidence of a relationship between
gene-to-gene distance and genome function.

Materials and methods
Cell materials and preparation of specimens

Epstein—-Barr virus-transformed human B LCLs,
mononuclear cells isolated from whole heparinized
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PB cells, and FBs from a healthy female individual
with normal karyotype (F-LCL, F-PB, and F-FB), and
LCLs and PB cells from a healthy male individual
with normal karyotype (M-LCL and M-PB) were
obtained for 3D-FISH analyses. Ethical approval for
this project was granted by the Institutional Review
Board of Shinshu University School of Medicine.

PB cells were isolated by Ficoll-Paque density gradi-
ent centrifugation, and red blood cells were removed
using RBC Lysis Solution (Qiagen). PB cells were resus-
pended in saline at a concentration of approximately 1 x
107 cells/mL.

LCLs and FBs in culture were synchronized for
collection of large cell populations at G1 phase by
the double-thymidine block method according to the
standard procedure (Harper 2005) with minor modifi-
cations to analyze under conditions similar to PB cells
at GO phase. The releasing time was decided according
to the doubling time of each cell type. LCLs were
maintained in 10 % fetal bovine serum (FBS)/Roswell
Park Memorial Institute 1640 (RPMI) medium at 37 °C
in an atmosphere of 5 % CO,. Exponentially growing
LCLs were blocked with excess thymidine (2 mM) for
12 h, and released for 12 h, then blocked again for 12 h,
after that they were released for 15 h to synchronized G1
phase. LCLs were resuspended in 10 % FBS/RPMI at a
concentration of approximately 1x10” cells/mL. Sus-
pended PB cells and LCLs from each subject were
incubated at 37 °C for 1 h on poly-L-lysine-coated glass
coverslips (24 x60 mm). FBs were grown on coverslips
with 10 % FBS/Dulbecco’s modified Eagle’s medium at
37 °Cin 5 % CO, and were blocked with 2 mM thymi-
dine for 12 h, then released for 12 h, and blocked again at
12 h, after that they were released for 15-15.5 h. The
percentages of the cell cycle phase fractions of GO/G1, S,
and G2/M in cultured cells were analyzed using FACS-
Calibur and CellQuest Pro software (Becton Dickinson).
More than 75 % G0/G1 cell populations of synchronized
LCLs and FBs were used for 3D-FISH analyses.

All cell materials on coverslips were fixed and pre-
pared to obtain 3D preserved cell nuclei according to the
methods described previously (Cremer et al. 2001; Solo-
vei et al. 2002) with slight modifications as follows. All
coverslips with cells for 3D-FISH analysis were briefly
washed with phosphate-buffered saline (PBS), fixed in
4 % paraformaldehyde (PFA) in 0.3 xPBS for 10 min,
and washed again in PBS. For permeabilization, cells
were treated with 0.5 % saponin and 0.5 % Triton X-100
in PBS for 20 min, washed in PBS, and after incubation
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in 20 % glycerol in PBS for at least 30 min, subjected to
repeated freeze—thaw cycles in liquid nitrogen five
times. After washing cells again in PBS, they were
incubated for 10 min in 0.1 N HCI, washed in PBS,
incubated in 0.002 % pepsin in 0.01 N HCI at 37 °C for
2—6 min, and washed with 0.05 M MgCl, in PBS. Cells
were postfixed with 1 % PFA in PBS for 10 min, washed
in PBS, and then in 2x SSC for 5 min. Cells on cover-
slips were stored at 4 °C in 50 % formamide in 2x SSC
until hybridization.

FISH probes

For measurement of gene-to-gene 3D distance in
nuclei, we focused on one of the representative
clusters in a human imprinting region that includes
the SNRPN, UBE3A, and GABRB3 genes mapped
on 15q11.2—q12 within the region responsible for
PWS and AS. SNRPN is a gene with paternal-only
expression, UBE3A is the gene responsible for AS
and shows maternal>paternal tissue-specific expres-
sion, and GABRB3 is expressed from both parental
alleles (Horsthemke and Wagstaff 2008).

Five human bacterial artificial chromosome (BAC)
clones were selected by genome data base and pur-
chased from BACPAC Resources at Children’s Hos-
pital and Research Center (Oakland) as three target
regions of FISH probes. The probe S region including
the SNRPN gene (RP11-98D02 and RP11-642G3), the
probe U region including UBE34 (RP11-234J13), and
the probe G region including GABRB3 (RP11-48C8
and RP13-687N06) (Fig. 1a). Each BAC clone DNA
was cultured and extracted using the standard alkaline
lysis mini-prep protocol and tested for correct chro-
mosomal location and the absence of signals on the
pericentromeric region of one chromosome 15 homo-
log using metaphase spreads of LCLs from a PWS
patient with a deletion of 15q11.2-q13 (PWS-del) by
FISH. It was confirmed that the signal of each BAC
clone was absent on one chromosome 15q homolog of
the metaphase from PWS-del.

According to the primary structure of the human
genome, the center of probe S to the center of
probe U (SU region) is physically separated by
about 451 kb, and the center of probe U to the
center of probe G (UG region) is about 1,298 kb;
thus SU region:UG region=0.35:1. If chromosome
condensation occurs over the entire chromosome,
this proportion must remain the same.
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Fig. 1 a Probe design for three-color 3D-FISH analysis of the
target region on human chromosome 15q11.2-q12. b, ¢ Visual-
ization of three-color 3D-FISH on structurally preserved human
LCL nuclei and an image of 3D distance measurements. FISH
with probes S (green), U (red), and G (magenta), showing the
SNRPN, UBE3A4, and GABRB3 genes, respectively. Nuclei were
counterstained with DAPI (blue). 3D reconstruction (¢) was

Three-color 3D-FISH and probe detection

About 0.5 pg of DNA from each probe was used
for each hybridization. Probe S, probe U, and probe
G were labeled using a nick-translation kit (Abbott)
with SpectrumGreen-dUTP, SpectrumOrange-dUTP
(Abbott), and Cy5-dCTP (GE Healthcare), respec-
tively, according to the manufacturer’s protocol, to
measure gene-to-gene distances on each homolo-
gous chromosome 15.

3D-FISH and probe detection were performed
according to protocols described elsewhere (Cremer
et al. 2001; Solovei et al. 2002) with slight
modifications.

Labeled probe DNAs of three target regions and Cot-
1 DNA were mixed and subjected to ethanol precipita-
tion, and then resuspended in hybridization solution
(50 % formamide and 10 % dextran sulfate in 2x
SSC). The probes were predenatured at 80.5 °C for
6 min and placed on ice for 1 min. Denatured probes
were applied to the coverslips on which fixed cells,
covered with smaller coverslips (18x18 mm), and

carried out from the captured image (b) obtained with Imaris
software. Each signal spot was generated using the coordinate
value from the FPC of each probe (i.e., probes S (green), U
(red), and G (magenta)). Grid space, 1 pm. d Diagram of the
relative 3D intergenic distance measurements. Circles colored
light yellow represent the assumed chromosome territories 15.
S1U1<8202 distance

sealed. The coverslip specimens were denatured at
75 °C for 5 min, and hybridization was performed in a
moist chamber at 37 °C for 3-4 days. The specimens
were washed in 2x SSC, 0.1x SSC at 60 °C, 4x SSC
with 0.2 % Tween 20, and 4x SSC. Nuclear DNA was
counterstained with 4',6-diamidino-2-phenylindole
(DAPI) and the slides were mounted in Vectashield
Antifade (Vector).

Confocal microscopic Image

Nuclei were scanned with a four-channel laser-scanning
confocal microscope (Zeiss LSMS EXCITER; Carl Zeiss
Microlmaging GmbH) equipped with a Plan-Apochromat
63x/1.4 Oil DIC objective lens. For each optical section,
images were collected sequentially for four fluorochromes
(SpectrumGreen, SpectrumOrange, CyS5, and DAPI) using
blue diode (405 nm), argon (488 nm), and helium-neon
(543/633 nm) lasers, respectively.

To improve the signal-to-noise ratio, each sectional
image obtained was an average of two successive
scans. The focus z-step between sections was
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0.364 um. Stacks of 12-bit grayscale two-dimensional
images were obtained with 512x140-320 pixels in
each channel.

Confocal image stacks were processed with the
microscope operating software (ZEN; Carl Zeiss
Microlmaging GmbH) and saved as LSM files. More
than 50 nuclear images were captured from each cell
material. Nuclei from cultured cells with singlet-
singlet signals were adopted for calculation as in Gl
phase of the cell cycle but with doublet-doublet or
singlet-doublet signals for each probe, which were
suspected to be in S or G2 phase, were not selected
for capture.

Quantitative 3D evaluation

We specified the 3D coordinates of three target
regions at a time in each cell and calculated the
actual measured value between two of the three
regions, and then determined the spatial organiza-
tion among these regions in the nucleus. Various
3D measurement data, such as the coordinate value
of the fluorescence peak center (FPC) of each sig-
nal/nucleus volume/sphericity/ellipsoid axis length x,
¥, and z, were obtained using scientific 3D and 4D
image processing and analysis software (Imaris,
Imaris MeasurementPro, and ImarisCell; Bitplane).

Nuclei with sphericity of <0.5, suspected to be
unable to maintain initially ordered 3D structures of
the cells, were excluded from the calculation as the
deformed nuclear shape leads to distortion of gene
topology. Finally, 50 nuclei of each cell material were
analyzed.

We measured the relative 3D gene-to-gene distance
of three target regions, SNRPN (S), UBE3A4 (U), and
GABRB3 (G) genes at 15q11.2—q12 on each homolo-
gous chromosome 15 within the interphase nuclei,
beginning with the 3D coordinate value of FPC of
six fluorescent signals of the probes determined while
checking 3D images of each nucleus simultaneously.
We defined as “allele 1” on one of the homologous
chromosomes 15 that had a shorter probe S-to-U dis-
tance (SU distance) than the other homologous chro-
mosomes 15, and the FPC of probes S/U/G were
defined as S1/U1/G1 on allele 1 in each nucleus. The
FPC of probes S/U/G were defined as S2/U2/G2 on
allele 2, which had a longer SU distance in each
nucleus. Diagram of 3D distance measurements is
shown in Fig. 1d. The shortest physical distances
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between two of the three probes—SU distance, UG
distance, and SG distance—on each homologous chro-
mosome 15 were calculated from the x, y, and z coor-
dinates of the FPC of signals using the following
equation and the spreadsheet application Excel
(Microsoft Corporation).

6y = \/(xf ~ )2+ i =) + (@ — z)?
*any two loci i and j

We also calculated angle U, which was defined as
an internal angle formed by SU and UG sides, from
the measurement data of distances SU, UG, and SG
using the second cosine theorem with the following
equation and the spreadsheet application Excel
(Microsoft Corporation).

0 — cos™ s
*@: angle U, side b/c/a: distance SU/UG/SG

Statistical analysis

Fifty nuclei of each cell material were examined. We
performed exploratory data analysis to find pattems in
our results. Normality was assessed with the Shapiro—
Wilk test. The distribution of measurements in a pro-
portion of samples was not normal. Therefore, all
measurements were analyzed using the nonparametric
Mann—Whitney test between different cell types within
the same individuals and between the same cell types
among individuals. All statistical tests were two-sided,
and P<0.05 was considered to indicate statistical sig-
nificance. For multiple comparisons, significance levels
were modified according to Bonferroni’s correction (¢).
All statistical analyses were performed with SPSS soft-
ware version 18.0 (IBM).

Results

Three-color 3D-FISH was performed to measure gene-
to-gene distance on 15q11.2—-q12, on each homolo-
gous part of chromosome 15, within each interphase
nucleus from the three different cell types examined
(Figs. 1 and 2). The 3D gene-to-gene distance, angle U
from 100 alleles in 50 nuclei, and the radius,
volume, and sphericity of 50 nuclei in each sub-
ject are summarized in Table 1. Values were cor-
rected according to the average x-, y- and z-axis
radius to enable comparisons of gene-to-gene dis-
tance between different subjects.
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Fig. 2 Examples of three-
color 3D-FISH results of
projections and 3D recon-
structions in typical nuclei
from each subject. Green/
red/magenta signals: probes
S/U/G. 3D reconstructions
in the xy (b) and xz direction
(¢) were obtained from the
captured image (a) generat-
ed by Imaris software. Grid
space, 1 pm

F-LCL |

M-LCL |

F-PB

M-PB

F-FB

Gene-to-gene distance of the target regions and spatial
positioning

A set of three signals for probes S, U, and G were
readily distinguished on each allele in all cells. The
interquartile range (IQR) and medians of the SU/UG/
SG distance are shown in Table 1. Overall, the SG
distance was shorter than the value obtained by sum-
ming the SU and UG distance.

As the volume of the nucleus varied between sub-
jects, and since gene-to-gene distance is thought to be
influenced by nuclear volume (as shown in Table 1),
comparisons of distance were made after normalizing
the average nuclear radius of the x-, y-, and z-axis in
each subject (Fig. 3). The SU/UG/SG distance were

significantly different between L.CLs, PB cells, and
FBs of the same individual (P<0.0005, UG and SG
distances between F-LCLs and F-FBs; P=0.004, P=
0.007, respectively; Bonferroni’s correction, a<
0.008), except for the SU distance between F-LCLs
and F-FBs. There was no significant difference
between identical cell types from different individ-
uals for LCLs and PB cells (F-LCLs and M-LCLs;
F-PB and M-PB cells) (Fig. 3).

Angle U, defined as the internal angle formed by
the SU and UG sides, also varied in size, with the
median angle being approximately 60° in all subjects
(Table 1; Fig. 3). There was no significant difference
between different cell types of the same individual (F-
LCLs, F-PB cells, and F-FBs; M-LCLs and M-PB
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Table 1 3D distances of SU/UG/SG and angle U in the nucleus calculated using the 3D coordinate values of the FPC of probe signals and the radius, volume, and sphericity of the

nucleus

Subjects

Measured value median (IQR; pum)

Corrected value median® (IQR; %)

Measured value median (IQR)

SU distance

UG distance

SG distance

Angle U® (degree)

Radius® (um)

Volume (um?)

Sphericity

F-LCL

M-LCL

F-PB

M-PB

F-FB

0.255 (0.170-0.366)
6.2 (4.0-8.6)
0.345 (0.248-0.523)
6.6 (4.8-10.0)
0.439 (0.268-0.719)
8.3 (5.4-13.8)
0.569 (0.326-1.068)
10.8 (6.7-18.6)

0.423 (0.271-0.556)
6.6 (4.3-9.0)

0.645 (0.436-0.864)
15.7 (10.4-20.6)

0.803 (0.571-1.000)
152 (11.2-19.1)
0.945 (0.726-1.285)
18.7 (14.2-25.8)
1.046 (0.759-1.434)
21.1 (15.0-26.6)

0.806 (0.593-1.057)
12 (9.5-15.9)

0.564 (0.352-0.771)
13.5 (8.2-18.3)

0.722 (0.504-0.898)
13.7 (9.5-17.6)

0.895 (0.677—1.243)
17.7 (13.3-25.0)

0.964 (0.68—1.324)
19.4 (13.7-26.0)

0.674 (0.470-0.900)
9.9 (7.5-14.3)

56 (34-73)
59 (41-86)
59 (37-85)
63 (34-88)

53 (31-84)

42 (4.0-43)
54 (52-5.5)
5.0 (4.7-5.3)
52 (4.5-5.7)

6.1 (5.6-7.4)

290 (264-318)
605 (531-637)
515 (430-597)
560 (372-710)

683 (565-1152)

0.93 (0.91-0.94)
0.83 (0.77-0.88)
0.93 (0.87-0.94)
0.91 (0.88-0.94)

0.70 (0.65-0.75)

n=100 alleles, 50 nuclei from each subject

IQR interquartile range
4 Median of corrected value by the radius (relative radius (in percent)). Measured value/radius x 100

® Internal angle formed by SU and UG sides

¢ Average of x-, y-, and z-axis radius
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Fig. 3 Gene-to-gene distance of SU/UG/SG and angle U for
each subject. The colored boxes and whisker plots show the
distributions of SU, UG, and SG gene distance (corrected value,
relative radius), and the red-lined boxes and whisker plots show
the distributions of angle U. Angle U is defined as the internal
angle formed by the SU and UG sides. The left axis in the graph
shows the relative radius and the right axis the angle U. The box
plots summarize data obtained using the median, upper, and
lower quartiles, as well as the range. Boxes represent the 25th
to 75th percentiles (IQR). The solid line within the boxes
indicates the median. Lower and upper whiskers show the
10th and 90th percentiles, respectively, of the distribution. Open
circles indicate outliers. For the SU/UG/SG distance and the
angle U, P values were obtained using the Mann—-Whitney test
between different cell types of the same individuals (F-LCL, F-
PB, and F-FB; M-LCL and M-PB) and between identical cell
types from different individuals (F-LCL and M-LCL; F-PB and
M-PB). A P value<0.008 was considered statistically signifi-
cant after correcting for multiple comparisons (Bonferroni’s
correction, «¢=0.05/6=0.008; *P<0.008; **P<0.001; n=100
alleles, 50 nuclei) The bottom diagram presents the summarized
configuration of SNRPN, UBE3A, and GABRB3 genes in the
nucleus for each subject, cited according to the corrected median
value of the SU/UG/SG distance and the angle U (Table 1)

cells), and between identical cell types from different
individuals (F-LCLs and M-LCLs; F-PB and M-PB
cells).

Distance ratio between alleles and between regions
We analyzed the 3D intergenic distance of three target

genes between each homologous part of chromosome
15 for each allele in all subjects (Fig. 1d) to determine

differences between alleles of each target region (e.g.,

S1U1 vs. S2U2) (Fig. 4a) and between adjacent parts

of the same chromosome (e.g., S1U1 vs. U1G1)

(Fig. 4b) within 3D nuclei. The median distance of

S1U1, S2U2, U1G1, and U2G2 is shown in Table 2.
The distance ratio was defined as:

SU ratio=longer SU/shorter SU distance
UG ratio=longer UG/shorter UG distance

In all subjects, the median SU ratio was higher than
the median UG ratio. The differences between the SU
and UG ratios were significant in F-PBs and M-PB
cells (P=0.0004 and P=0.0037, respectively; Bonfer-
roni’s correction, @<0.0045). There was no significant
difference in the SU and UG ratio between different
cell types of the same individual (F-LCLs, F-PB cells,
and F-FBs; M-LCLs and M-PB cells) and between
identical cell types from different individuals (F-LCLs
and M-LCLs; F-PB and M-PB cells) (Fig. 4a).

According to the genomic coordinates, SU is 451 kb
and UG is 1,298 kb, therefore SU:UG=0.35:1. The
median distance ratios were: S1U1/U1G1=0.32,
S2U2/U2G2=0.48 in F-LCLs; S1U1/U1G=0.35,
S2U2/U2G2=0.61 in M-LCLs; S1U1/U1G=0.28,
S2U2/U2G2=0.58 in F-PB cells; S1U1/U1G=0.34,
S2U2/U2G2=0.82 in M-PB cells; and S1U1/U1G1=
0.41, S2U2/U2G2=0.75 in F-FBs (Fig. 4b, c). There
was no significant difference in allele 1 between differ-
ent cell types of the same individual (F-LCLs, F-PB
cells, and F-FBs; M-LCLs and M-PB cells) and between
identical cell types from different individuals (F-LCLs
and M-LCLs; F-PB and M-PB cells). Similarly, there
was no significant difference in allele 2 (Fig. 4b).

Discussion

The 3D structure of the genome is organized non-
randomly and plays a role in genome function via epi-
genetic mechanisms in the human nucleus. However,
the genome is far more complex than can be explained
by linear information alone. The present study was
therefore performed to investigate how consecutive
genes including imprinting genes are arranged spatially
in human interphase nuclei with the aim of acquiring
knowledge of genomic organization and function. We
focused on SNRPN, showing paternal expression only,
and contiguous UBE34 and GABRB3 genes and exam-
ined whether specific higher-order chromatin
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Fig. 4 Distance ratios between alleles and between regions. a
SU and UG distance ratios between alleles in each cell for each
subject. Box and whisker plots show the distributions of the
distance ratio for each subject. Distance ratios were calculated
as follows: SU ratio (yellow lines in the top diagram)=Ilonger
SU/shorter SU distance; UG ratio (gray lines in the top dia-
gram)=longer UG/shorter UG distance. For both the SU and
UG ratios, P values were obtained using the Mann—Whitney test
within each subject and between subjects (F-LCL, F-PB, and F-
FB; M-LCL and M-PB; F-LCL and M-LCL; and F-PB and M-
PB). A P value<0.0045 was considered statistically significant
after correcting for multiple comparisons (Bonferroni’s correc-
tion, @=0.05/11=0.0045; *P<0.004; n=50 nuclei). b SU/UG
distance ratios of each allele for each subject. In the primary
sequence of the human genome, SU:UG=451 kb:1,298 kb=
0.35:1 (upper left diagram). Ratio of the distance of S1Ulwhen
the distance of U1G1 was set to 1 (blue lines in the upper right
diagram): p=S1U1/U1G1 (blue box and whisker plots in the

organization could be observed microscopically using
three-color 3D-FISH analysis in normal LCLs, PB cells,
and FBs, all of which are used frequently for research
(Figs. 1 and 2). Next, we evaluated regularity and differ-
ences in their spatial positioning (Figs. 3 and 4).

Gene-to-gene distances and spatial positioning
of the target regions

We found that the SNRPN, UBE3A4, and GABRB3
genes had non-linear and non-random curved spatial
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graph). Ratio of the distance of S2U2 when the distance of
U2G2 was set to 1 (red lines in the upper right diagram): g=
S2U2/U2G2 (red box and whisker plots in the graph). The
dashed line in the plot shows 0.35. For p and ¢, P values were
obtained using the Mann—Whitney test between different cell
types of the same individual (F-LCL, F-PB, and F-FB; M-LCL
and M-PB) and between identical cell types from different indi-
viduals (F-LCL and M-LCL; F-PB and M-PB). A P value<0.0045
was considered statistically significant after correcting for multiple
comparisons (Bonferroni’s correction, =0.05/6=0.008); no sig-
nificant difference was observed (n=>50 nuclei). ¢ Configuration of
SNRPN, UBE34, and GABRB3 genes on homologous chromo-
somes in the nucleus for each subject drawn based on Table 2 and
(b). Decimal fractions in blue indicate the median distance ratio of
p as shown in (b). Likewise, decimal fractions in red denote the
median distance ratio of g. The blue value “1” and red value “1”
are not equal distances

organization in the human nucleus (Fig. 3). Microscopic
observations indicated that a distance of about 500 kb
was measurable for comparison between homologous
parts on the chromatin. Rauch et al. (2008) found no
clearly detectable differences between the active and
inactive PWS domains, as measured by 3D distance
between two of four probes located within 230 kb. Our
results indicated that GABRB3 tended to be located
closer to SNRPN than UBE3A4, in contrast to the
genomic map. Moreover, the median values of the
internal angle U were calculated as 53-63° (Fig. 3).
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4C analysis of human neuronal cells revealed that a
PWS-imprinting center forms chromatin loops that
contain key neurodevelopmental genes, including
GABRB3 (Yasui et al. 2011). Our results showing
non-linear and non-random curved spatial organiza-
tion of this region may support these findings.

S2G2 distance (pm)
Median (IQR)

0.582 (0.350-0.893)
0.681 (0.433-0.901)
0.968 (0.680-1.320)
0.910 (0.581-1.331)
0.657 (0.451-0.818)

Distance ratios between alleles and regions

We also found that gene-to-gene distance was not
similar in size between alleles and regions (Fig. 4).
The UG distance tended to be stable between alleles
compared with the SU distance, even though the phys-
ical distance of UG is longer than that of SU according
to the primary structure (Table 2). Figure 4a shows the
differences in the SU and UG distance ratio between
alleles; the SU ratio was larger than the UG ratio in all
subjects. Comparison of the distance ratios between
regions on the same allele revealed that the ratios of
S2U2/U2G2 were >0.35, although those of S1U1/U1G1
were around 0.35 in all subjects (Fig. 4b). These results
suggest that the S2U2 region may loosen more than the
other region. It is generally believed that actively tran-
scribed genes or genes poised for transcription are pres-
ent in decondensed “open” chromatin configurations,
while permanently silent genes are located within com-
pact “closed” chromatin (Cremer et al. 2006). Regarding
the PWS/AS region, Ohta et al. (1999) demonstrated
that SNRPN chromatin is found in an open configuration
exclusively on the paternal-derived allele. Thus, to sum-
marize, the above results suggest that the degree of
condensation seems to differ between homologous
regions and adjacent regions of SU and UG.

U2G2 distance (pm)
Median (IQR)

0.711 (0.440-0.933)
0.834 (0.547-1.038)
0.987 (0.732-1.541)
1.020 (0.781-1.437)
0.803 (0.604-0.988)

S2U2 distance (um)
Median (IQR)

0.353 (0.251-0.448)
0.510 (0.356-0.601)
0.652 (0.442-0.994)
0.934 (0.549-1.187)
0.531 (0.409-0.725)

S1G1 distance (pm)
Median (IQR)

0.555 (0.360-0.740)
0.750 (0.638-0.878)
0.856 (0.673-1.123)
1.030 (0.754-1.319)
0.692 (0.499-1.014)

Cell type specificity

U1G1 distance (um)
Median (IQR)

0.615 (0.429-0.765)
0.770 (0.597-0.936)
0.908 (0.689-1.206)
1.081 (0.756-1.424)
0.852 (0.591-1.086)

The findings revealed that the spatial organization of
the three target regions had a similar basic distribution
in each of the three cell types examined. There were,
however, subtle variations in gene-to-gene distance,
which were dependent on cell type, even when from
the same individual (Figs. 3 and 4). The SNRPN gene
showed the same methylation pattern in a variety of
tissues including LCLs, PB cells, and FBs (Glenn et
al. 1996; Bimey et al. 2010). Differences between cell
types were related to the fact that PB cells and LCLs
are in suspension, while FBs are adherent cells. The
differences between PB cells and cultured cells were
thought to be have been influenced by the cell cycle

S1U1 distance (pum)
Median (IQR)

0.194 (0.124-0.273)
0.270 (0.166-0.334)
0.273 (0.189-0.431)
0.365 (0.228-0.594)
0.271 (0.206-0.432)

50 nuclei from each subject

Table 2 Relative 3D distances of SU/UG/SG for each allele in the nucleus

IOR interquartile range

Subjects
F-LCL
M-LCL
F-PB
M-PB
F-FB

n
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since the PB cells were all in the GO phase while the
LCLs and FBs included G1, S, G2, and M phase cells,
although the cultured cells were synchronized so the
majority of the cell population was in the G1 phase. In
addition, PB cells are composed of several kinds of
mononuclear cells, in particular, T lymphocytes, B
lymphocytes, and monocytes.

In this analysis, we examined 50 cells in each subject,
and the obtained values of inter-gene distance displayed
large variability among not only cycling cultured cells but
also PB cells. Each fixed cell nucleus evaluated in the
3D-FISH analysis seemed to represent a snapshot in time
of the higher-order structure and dynamics of chromatin
(Teller et al. 2007; Cremer and Cremer 2010). Some
investigations have shown that the movement of chro-
mosomes and gene loci increases during early G1 (Walter
et al. 2003) while other observations focusing on short-
range chromatin motion suggest that local diffusional
motion of chromatin is important in gene regulation
(Soutoglou and Misteli. 2007). The probabilistic posi-
tioning of chromosomes can therefore show relatively
large variation when single cells are compared. Further-
more, the 3D distance between genes in the nucleus is
potentially influenced by chromatin compaction. Our
results from the PB cells suggest that there is a range of
chromatin compaction in the nucleus. Nishino et al.
(2012) reported that human mitotic chromosomes consist
predominantly of irregularly arranged nucleosome fibers,
which they suggested exist in a similar state in the ma-
jority of active interphase nuclei. Our results will there-
fore help clarify chromatin structure in future studies.

3D-FISH using the three- or more-color approach is
a powerful experimental tool for simultaneously visu-
alizing the spatial positioning of multiple regions and
comparing alleles in individual cells. However, it is
also necessary to take into consideration the possible
effects of the complicated process used to fix the cells
and maintain their 3D structure for FISH analysis. It is
difficult to preserve perfectly the 3D structure of nuclei
from cells in suspension culture. Indeed, in this study,
the volume of some nuclei could not be reproduced
(data not shown).

In conclusion, the results of this study suggest that
the SNRPN, UBE3A4, and GABRB3 loci have non-
linear and non-random curved spatial organization in
the nuclei of normal human cells. A distance of about
500 kb was measured microscopically for compari-
sons between homologous parts of chromatin within
the nucleus. In addition, the differences in SU distance

@ Springer

between alleles and between regions on each chromo-
some 15 seem to represent new epigenetic evidence of
nuclear organization and gene expression. Confirma-
tion of the relationship between activity and the 3D
distance of imprinted genes in the nucleus now
remains in future studies.

If the epigenetic hypothesis is confirmed whereby
intergenic distance is shown to vary depending on
gene activity, it could lead to further research on the
development of new diagnostic techniques for patients
in whom mutations cannot be identified. This would
be a breakthrough in our understanding of the patho-
logical processes of certain diseases with unknown
causes, as well as adding to basic research on chroma-
tin structure, of which much remains unknown.
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Abstract Whole-exome sequencing of two affected sibs
and their mother who showed a unique quadriceps-
dominant form of neurogenic muscular atrophy disclosed a
heterozygous DYNCI1HI mutation [p.H306R (c.917A>G)].
The identical mutation was recently reported in a pedigree
with the axonal form of Charcot-Marie-Tooth disease.
Three other missense mutations in DYNCIHI were also
identified in families with dominant spinal muscular atrophy
with lower extremity predominance. Their clinical features
were consistent with those of our family. Our study has
demonstrated that the same DYNC1HI mutation could cause
spinal muscular atrophy as well as distal neuropathy, indi-
cating pleotropic effects of the mutation.

Keywords Spinal muscular atrophy with lower extremity
predominance - DYNC1H]1 - Whole-exome sequencing -
Charcot—Marie—Tooth disease - Allelic disease
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Introduction

DYNCIHI encodes cytoplasmic dynein heavy chain 1,
which is a subunit of the primary motor protein responsible
for retrograde axonal transport in neurons [1]. Weedon et al.
first identified a missense mutation [p.H306R (c.917A>G)]
of DYNCIH] in a large family with axonal Charcot—Marie—
Tooth (CMT) disease by using exome sequencing, indicat-
ing the significance of DYNCIH]I in the peripheral nerve
axon [2]. Subsequently, Harms et al. reported three other
missense mutations in the tail domain of DYNCIHI in
families with dominant spinal muscular atrophy with lower
extremity predominance (SMA-LED, OMIM 158600),
expanding the role of DYNCIHI to maintenance of motor
neuron itself [3]. Recently, two de novo missense mutations
have also been identified in patients with severe intellectual
disability and variable neuronal migration defects [4].
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Therefore, DNYC1HI may have broad biological effects on
development and maintenance of the nervous system.

In this study, we describe a family containing three indi-
viduals with dominant spinal muscular atrophy with lower
extremity predominance. Exome sequencing identified an
identical DYNCIH] mutation found in a pedigree with
axonal CMT [2], demonstrating the pleotropic effects of
the DYNCIHI mutation.

Subjects and methods
Subjects

Patient 1 This female patient was born after 41 weeks of
gestation. Pregnancy was uneventful. Birth weight was
3,080 g. Her initial development was normal, and head
control was recognized at 3—4 months. Late infantile motor
development was mildly delayed, and she could walk unas-
sisted at 1 year and 8 months. Unstable gait persisted there-
after, and she was referred to us at 3 years and 1 month of
age for evaluation. On examination, proximal lower limb-
dominant muscle atrophy and decreased deep tendon reflex
were noted. Gower's sign was positive. No other neurolog-
ical deficits were demonstrated. No sensory disturbance or
ataxia was present.

The following examinations were performed at 3 years
and 1 month of age. Neither serum transaminase nor crea-
tine kinase was elevated. Motor nerve conduction velocity
was within the normal limits (55.8 m/s for the right tibial
nerve). Brain MRI revealed normal findings. Muscle com-
puted tomography (CT) demonstrated severe atrophy and
lipid degeneration, predominantly in the bilateral quadriceps
femoris muscle (Fig. 1). The upper limbs and distal lower
limbs were not affected. A muscle biopsy from the quadri-
ceps femoris muscle demonstrated severe grouping atrophy
of type 2 fibers with a massive increase in the amount of
fibrous tissue and sparse enlarged type 1 fibers (Fig. 2).

The patient is currently 18 years old and graduated from
regular high school. Her motor development has steadily
progressed, and she only shows moderate proximal lower
limb-dominant muscle weakness and atrophy. She can walk
unassisted and shows a waddling gait and positive Gower's
sign. No sensory disturbance or ataxia is noted. She does not
have any intellectual disability.

Patient 2 Patient 2 is the half brother of patient 1. He was
born after 38 weeks of gestation to the same mother and a
different father from patient 1's. His birth weight was
2,405 g. He could control his head at 3—4 months, turn over
at 6 months, and sit unassisted at 7-8 months. His motor
development was delayed thereafter, and he walked unas-
sisted at 1 year and 7 months. His mental development was
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normal. Because of a persistently unstable gait, he was
hospitalized and examined at 5 years and 11 months.
Physical examination revealed moderate muscle weakness
in the proximal lower limb, but Gower's sign was negative.
Deep tendon reflex was normal. No sensory disturbance or
ataxia was recognized. Ankle joint contracture and foot

deformity were absent.

The following examinations were performed at 5 years
and 11 months of age. Serum transaminase and creatine
kinase levels were normal. Brain and spinal MRI revealed
no abnormal findings. Motor nerve conduction velocity and
amplitude were within the normal limits (51.1 m/s, 4.6 mV
for the right median nerve, 51.1 m/s, 9.9 mV for the right
tibial nerve). Sensory nerve conduction velocity and ampli-
tude were also within the normal limits (57.3 m/s, 28.4 uV
for the right median nerve, 63.7 m/s, 9.6 uV for the right
sural nerve). Needle electromyography of the anterior tibial
muscle showed long high-amplitude discharges (3.5-
4.0 mV, 10 ms) consistent with a neurogenic pattern, al-
though no denervation potential, including positive sharp
wave or fibrillation potential, was present, while the right
biceps brachii showed inconclusive results. Muscle CT
revealed severe atrophy and lipid degeneration, most pre-
dominantly in the bilateral quadriceps femoris. The upper
limbs and distal lower limbs were not affected (Fig. 1).

The patient is now 12 years old and can walk unassisted
but with a waddling gait. He has shown no further deterio-
ration of motor function. Proximal lower limb weakness and
wasting are evident, but the patient shows no upper limb
weakness. No sensory disturbance or ataxia has been
recognized.

Patient 3 Patient 3 is the mother of the two sibs. She is
currently 50 years of age. No family history (except for her
children) of neuromuscular disorders was noted. Until we
examined the second sib, she had not been noted to have
proximal lower limb muscle weakness. She did not recall
her infantile development, and it was impossible to obtain
further information. She graduated from a regular high
school, married, and raised her children. She has not shown
any neurological deterioration. She did not show a waddling
gait, but had difficulty squatting. She was examined at
44 years of age. Her deep tendon reflex was normal, and
no ankle joint contracture was present. Muscle CT revealed
bilateral quadriceps-dominant muscle atrophy and lipid de-
generation (Fig. 1). She also demonstrated mild muscle
atrophy in her hip. Unfortunately, CT of the distal lower
limb muscle could not be performed.

Exome sequencing

We performed the whole-exome sequencing of two patients
(II-1 and II-2; Fig. 3a). Three micrograms of genomic DNA
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Fig. 1 Muscle imaging.
Muscle computed tomography
images of patient II-1 at the age
of 3 years and 1 month (upper),
patient II-2 at the age of 5 years
and 11 months (middle), and
patient I-1 at the age of 44 years
(lower) are displayed. R right, L
left

R

-2 J=

was processed using a SureSelect Human All Exon Kit v.1
(approximately 180,000 exons covering 38 Mb of the
CCDS database) (Agilent Technologies, Santa Clara, CA)
according to the manufacturer's protocol. Captured DNA
was diluted to a concentration of 8 pM and sequenced on
a Genome Analyzer IIx (Illumina, San Diego, CA) with 76-
bp paired-end reads. We used two of the eight lanes in the
flow cell (Illumina). Image analyses and base calling were
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performed by sequence control software real-time analysis
and/or Off-line Basecaller software v1.6.0 (Illumina).
Alignment was performed using CASAVA software v1.6.0.
The quality-controlled (Path Filter) reads were mapped to
the human reference genome (UCSC hg19, NCBI build 37),
using mapping and assembly with quality (MAQ) and
NextGENe software v2.0 (SoftGenetics, State College,
PA). SNPs in MAQ-passed reads were annotated using the
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