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population expressed CD271/low-affinity nerve growth factor receptor
(LNGFR) (Kanematsu et al. 2011).

In Vitro Multi lineage Differentiation

After 4 wk of chondrogenic differentiation, using a pellet culture system
with dexamethasone (Dex), ascorbic acid 2-phosphate, sodium pyruvate,
proline, recombinant human transforming growth factor-p3, and ITS+Premix
(insulin, transferrin, selenious acid, linoleic acid) (Mackay et al. 1998, Lee et
al. 2003), DMCs formed distinct cell pellets and expressed collagen type II
alpha 1(COL2A1) protein, a chondrocyte differentiation-related marker, at
a level similar to that seen in BM-MSCs (Fig. 9.4A). At the molecular level,
quantitative reverse transcription-PCR (qQRT-PCR) analysis showed that—as
with BM-MSCs—levels of the master chondrogenesis regulator SRY-box
9 (SOX9) and the chondrocyte differentiation markers aggrecan (ACAN),
COL2A1, and collagen type X alpha 1 (COL10A1) were significantly
upregulated in DMC:s after 4 wk in differentiation culture (Fig. 9.4A).

Anadipogenic differentiation assay supplemented with Dex, 3-isobutyl-
1-methylxanthine, indomethacin, recombinant human insulin, and 10 °
percent FBS (Zhang et al. 2004, Kanematsu et al. 2011) showed some oil
red O staining of lipoidal substances in DMCs after 4 wk in differentiation
culture; however, the amount was modest compared with that found in
BM-MSCs (Fig. 9.4B). Levels of peroxisome proliferator—activated receptor
gamma (PPARG), a master adipogenesis regulator, were significantly
upregulated in DMCs, reaching the same level as found in BM-MSCs
(Fig. 9.4B); however, the adipocyte differentiation markers adiponectin
(ADIPOQ) and leptin (LEP) were not noticeably upregulated (Fig. 9.4B)
(Kanematsu et al. 2011).

After 4 wk in osteogenic differentiation culture supplemented with Dex,
B-glycerol phosphate, ascorbic acid 2-phosphate, and 10 percent FBS (Lee
et al. 2003, Kanematsu et al. 2011), alizarin red S staining clearly showed
calcium precipitate in BM-MSCs, indicating the cell-surface mineralization
that characterizes osteogenic differentiation; no such staining was observed
on the DMCs (Fig. 9.4C). Quantitative RT-PCR analysis showed that runt-
related transcription factor 2 (RUNX2), a master osteogenesis regulator, was
not upregulated in the DMCs (Fig. 9.4C). The osteoblast differentiation-
related gene secreted protein acidic, cysteine-rich (SPARC; osteonectin) was
significantly upregulated, but alkaline phosphatase (ALPL) and secreted
phosphoprotein 1 (SPP1) were not (Fig. 9.4C). These findings showed that
the multipotency differs between BM-MSCs and DMCs.

— 186 —



Cellular Properties of Mesenchymal Cells from Human Decidua 237
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Figure 9.4 In vitro Multipotency of DMCs. DMCs were cultured for 63 DIV and passaged
five times prior to the in vitro differentiation assays. BM-MSCs were cultured for 63 DIV and
passaged seven times prior to the in vitro differentiation assays. Cultures were analyzed by
immunohistochemistry and histological staining. Differentiation marker expression levels were
measured by qRT-PCR and are expressed as fold change in expression levels compared with

- non-differentiated cultures (mean +5.D., n=3). (A) Chondrogenic differentiation. Photographs
show collagen type-II immunostaining results; bar graph shows relative expression levels of
chondrocyte differentiation markers. (B) Adipogenic differentiation. Photographs show Oil
ted O staining results; bar graph shows relative expression levels of adipocyte differentiation
markers. (C) Osteogenic differentiation. Photographs show Alizarin red S staining results; bar
graphs show relative expression levels of osteogenic markers. *: P<0.01. Scale bar = 100 pm.
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DMCs are of Purely Maternal Origin

Although it was possible that chorionic tissues were present at the boundary
of the amnion or decidua when the DMCs were isolated, the genotypes of
short tandem repeat (STR) polymorphisms clearly showed that all of the
DMC genomic DNA samples examined had homozygous or heterozygous
alleles of the 16 loci. None of the DMC-derived STR genotypes completely
matched the genotypes of the amnion or UCB, which are derived from
the fetus (Kanematsu et al. 2011). Furthermore, the location of the DMCs
in situ was confirmed by immunohistochemistry of thinly sectioned fetal
membrane tissue: vimentin-positive cells that did not express either HLA-G
or CK19 (vimentin+/CK19-/HLA-G- cells) were found in the decidua vera,
which lines the uterine wall (Kanematsu et al. 2011). These findings indicate
that DMCs are of purely maternal origin.

The conclusions about the origin of MSCs isolated from fetal adnexal
tissues in various studies have been mixed. Many studies concluded that
the MSCs isolated from placental tissues were of fetal origin, although a
thorough investigation was not carried out; a few reports clearly showed

that isolated MSCs were of maternal origin (In ‘t Anker et al. 2004, Wulf et
al. 2004, Barlow et al. 2008). Interestingly, some studies have reported that
the genotype of placental MSCs is altered after several passages (Wulf et
al. 2004, Soncini et al. 2007). Others reported that the proliferative capacity
differs between cells of fetal versus maternal origin (In ‘t Anker et al. 2004,
Kanematsu et al. 2011), and that some fetus-derived adherent cells, including
amnion epithelial cells (AECs) and amnion mesenchymal cells (AMCs),
grow and proliferate less vigorously than DMCs (Kanematsu et al. 2011).

Thus, although the cells isolated as MSCs from placental tissues might
represent a heterogeneous population of both fetal and maternal origin
when first cultured, the cells with the highest proliferative potential, such
as DMCs, might form a homogeneous population with time in culture
and with passaging, which selects for the fastest-growing population. The
fetal and maternal contributions of placenta-derived MSCs must therefore
be very carefully determined with the aid of genotyping or other highly
sensitive, reproducible methods.

DMCs Have MSC-Like Properties but Differ from BM-MSCs

Many studies have reported isolating cells from fetal adnexa that were
fibroblast-like, adherent, phenotypically similar to MSCs, and satisfied
minimum MSC criteria (Table 9.1, 9.2) (Bailo et al. 2004, Fukuchi et al.
2004, Igura et al. 2004, In ‘t Anker et al. 2004, Wulf et al. 2004, Zhang et al.
2004, Li et al. 2005, Yen et al. 2005, Miao et al. 2006, Portmann-Lanz et al.
2006, Zhang et al. 2006, Alviano et al. 2007, llancheran et al. 2007, Battula
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et al. 2007, Soncini et al. 2007, Sudo et al. 2007, Barlow et al. 2008, Stadler
et al. 2008, Huang et al. 2009). Compared to these previously reported fetal
adnexa-derived MSCs, DMCs have several unique and distinct cellular
properties.

Multipotency

MSCs are usually defined as having tri-lineal multipotency, giving rise
to osteogenic, adipogenic, and chondrogenic cells (Uccelli et al. 2008).
However, several reports have indicated that the multipotency varies with
the cell source (Table 9.1). DMCs differentiate readily into chondrocytes
(Fig. 9.4A) (Kanematsu et al. 2011); similarly, MSCs derived from chorionic
villi have good chondrogenic capability (Zhang et al. 2006). DMCs
differentiate moderately well into adipocytes (Fig. 9.4B). MSCs derived from
placenta or UCBs have low or no adipogenic capacity, in contrast to BM-
MSC:s or adipose tissue-derived MSCs (Barlow et al. 2008, Kern et al. 2006).
In contrast, MSCs derived from human placental decidua basalis (PDB-
MSCs) are reported to have multipotent differentiation potential (Huang
et al. 2009). It was thought that DMCs might resemble PDB-MSCs, since
their cell shape and oil-drop formation during adipogenic differentiation
are very similar. The strong propensity of DMCs to differentiate into a
chondrogenic lineage, and their modest ability to differentiate into the
adipogenic lineage, might be characteristic of MSCs derived from extra-
embryonic tissues. However, unlike BM-MSCs, DMCs show few osteogenic
characteristics (Fig. 9.4C). A previous study showed that AECs had reduced
osteogenic potential and an altered phenotype in culture (Stadler et al. 2008).
Our modest culture length with a limited number of passages might have
affected the differentiation potential of the DMCs, or their poor osteogenic
capability might indicate a differentiation property specific to DMCs.
Careful observation is required to understand the multipotency of
various MSCs. The appearance of the oil drops formed during adipogenesis
was quite different between DMCs and BM-MSCs (Kanematsu et al. 2011).
In BM-MSCs, the oil drops were large and accumulated in great quantity
(Fig. 9.4B) (Pittenger et al. 1999, Kanematsu et al. 2011), while in DMCs,
the oil drops were minute and scattered (Fig. 9.4B) (Kanematsu et al. 2011).
In addition, the alteration of adipogenic-related markers in DMCs was
marginal in comparison with that found in BM-MSCs (Fig. 9.4). Similar
scattered, minute, adipogenesis-related oil drops were also described in
PDB-MSCs and in other reports (llancheran et al. 2007, Portmann-Lanz et al.
2006, Soncini et al. 2007). The results of osteogenesis differentiation assays
also require careful interpretation. The mineralization stained by alizarin
red S or alkaline phosphatase activity usually covers the whole cell layer
in BM-MSCs (Pittenger et al. 1999, Kanematsu et al. 2011). However, the
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mineralization of MSCs derived from extra-embryonic tissues is reported
to be limited or weak (Igura et al. 2004, Tlancheran et al. 2007, Li et al.
2005, Soncini et al. 2007). Taken together, these findings suggest that the
differentiation capacity of DMCs has some similarities to that of MSCs, but
differs substantially from that of BM-MSCs.

Cell-Surface Markers

MSC populations derived from various cell sources have universally
shown similar cell-surface antigen patterns (Table 9.2). MSCs express CD29,
'CD44, CD49a-f, CD51, CD73, CD105, CD106, CD166, and Strol, but do not

express CD11b, CD14, CD45, or several others (Phinney and Prockop 2007).

In addition, CD13 and CD90 have generally been used as positive MSC

markers, and CD31, CD34, and CD133 as negative markers.

The expression pattern of cell-surface antigens on DMCs closely
resembles that of BM-MSCs, with an interesting exception: a minor
population of DMCs expresses CD45, which is present on all leukocytes
and is therefore known as the leukocyte common antigen. Although MSCs
are generally thought not to express CD45, several recent papers suggest
that some non-hematopoietic and multi lineage stem cells do express it
(Rogers et al. 2007, Kaiser et al. 2007). Low levels of CD45 are found on
placenta-derived cells (Fukuchi et al. 2004); this vague expression of CD45
is similar on placenta-derived cells and DMCs. These findings suggest that
DMCs are in fact a heterogeneous population containing a subpopulation
of CD45-positive non-hematopoietic cells, like other placenta-derived cells.
Since chondrogenic markers are enhanced in CD45-positive MSCs (Ahmed
et al. 2006), a CD45-positive DMC subpopulation may contribute to robust
chondrogenic differentiation.

Moreover, DMCs also express anti-fibroblast antigen, which is a surface
membrane molecule expressed on human dermal fibroblasts (Singer et
al. 1989). Several recent publications have shown that human fibroblasts
derived from dermal skin have a multi lineage differentiation potential
similar to that of BM-MSCs (Sudo et al. 2007, Lorenz et al. 2008). The
presence of anti-fibroblast antigen on DMCs might indicate some type of
correlation or biological similarity between DMCs and multipotent stem
cells that exist in the skin.

Applications of DMCs in Regenerative Medicine

T

Practical Cell-Banking Systems

Among cells from fetal adnexal tissues, AECs and AMCs derived from the
amnion are reported to have the least proliferative potential (Kanematsu

]
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etal. 2011). Although these cells might have useful therapeutic effects, they
are difficult to culture on any significant scale. While not superior to BM-
MSCs in multipotency, DMCs have a better proliferative ability that should
require less maintenance in cultivation. The derivation of DMCs from the
maternal portion of the human fetal adnexal tissues, which are otherwise
discarded, resolves many ethical concerns associated with the use of stem
cells from human embryos or fetuses.

High success rates have been reported for isolating DMCs from tissues
stored more than 24 hr in cool but not freezing temperatures; therefore, it
may be feasible to develop a system for collecting or banking fetal adnexal
tissue from multiple and even remote hospitals (Kanematsu et al. 2011).
Although it cannot be said that the bacterial or fungal contamination rate
is negligible in tissue samples obtained after vaginal delivery, the use of
cesarean-delivered samples, or the institution of other quality controls,
should reduce the pathogenic contamination and improve the quality of the
DMCs obtained. Thus, DMCs are an excellent potential source of allogeneic
MSCs for regenerative medicine, and a cell banking system designed for
DMC s is worth considering.

PeriCellular Matrix of Decidua-derived Mesenchymal Cells
(PCM-DM) is a Potent Human-Derived Substrate for Human
Pluripotent Stem Cell Maintenance Culture

Unlike mouse embryonic stem cells, hESCs and hiPSCs are maintained
on either living feeder cells, such as mouse embryonic fibroblasts (MEFs)
(Thomson et al. 1998, Reubinoff et al. 2000, Takahashi et al. 2007), or on
Matrigel or another special culture substrate (Xu et al. 2001). However, to
expand the clinical potential of hESCs and hiPSCs, the use of animal-derived
materials in the culture should be minimized to avoid animal-related allergic
risks and pathogens (Martin et al. 2005). Thus, the clinical application of
hESCs and hiPSCs requires an alternative human-origin substrate. PCM-DM
is able to support hESC and hiPSC growth and pluripotency (Nagase et al.
2009), and a feeder-free system using PCM-DM promises to be a practical
method for culturing hESCs and hiPSCs for clinical applications.
PCM-DM is prepared from DMCs cultured on gelatin-coated plastic
dishes and lysed by deoxycholate (Fig. 9.5A) (Nagase et al. 2009). PCM-
DM has been shown to support hESC culture in MEF-conditioned medium
(MEF-CM). PCM-DM supported the growth of hESCs with an efficiency
similar to, or slightly better than that of Matrigel, an animal-derived
substrate, in MEF-CM (Nagase et al. 2009). PCM-DM-based culture is
compatible with non-conditioned commercial defined medium, for instance
Invitrogen’s StemPro hESC SFM, and is capable of maintaining dissociated
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Figure 9.5 PeriCellular Matrix of Decidua-derived Mesenchymal cells (PCM-DM)
Applications for hESC and hiPSC Culture. (A) Schematic: Preparation of PCM-DM as a
substrate for feeder-free hESC or hiPSC culture. (B) Human iPSCs (201B7 line) cultured on
PCM-DM without feeder cells. Left: phase-contrast image. Right: alkaline phosphatase activity.
Scale bar = 100 pm.

hESCs. Human ESCs maintained on PCM-DM in StemPro retain their in
vitro and in vivo pluripotency after multiple passages (Nagase et al. 2009).
Notably, PCM-DM'’s ability to support maintenance culture is very stable
and can be preserved for at least 8 mon after preparation by keeping the plate
refrigerated under semi-dry conditions. Moreover, PCM-DM is suitable
for hiPSC maintenance culture (Fig. 9.5B), and supports hiPSC growth as
efficiently as Matrigel (Nagase et al. 2009).
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Since DMCs can be prepared and expanded in large quantities,
PCM-DM is a practical human-derived alternative to the animal-derived
- substrates currently in use for clinical-grade hESC and hiPSC culture.

A Cell Source for Generating hiPSCs

Human somatic cells can be reprogrammed into iPSCs by the forced
transduction of Oct4, Sox2, K1f4, and c-Myc (Takahashi et al. 2007). These
iPSCs closely resemble ESCs in their gene expression pattern and epigenetic
“profile, and the transduced transcription factors restore iPSC pluripotency
~ both in vitro and in vivo. Regenerative treatments that use patient-derived
autologous somatic stem cells or iPSCs are the most desirable, from both
a safety and ethical perspective. We anticipate that human iPSCs will
ontribute substantially to making the clinical use of autologous pluripotent
- stem cells a reality. The transplantation of allogeneic human somatic stem
- cells derived from hESCs or hiPSCs is also a promising approach, especially
for treating acute diseases or injuries such as stroke or spinal cord injury, in
which cells must be transplanted during the acute to sub-acute stage.
Besides being an attractive source of allogeneic MSCs, DMCs are a
‘potential cell source for generating hiPSCs. DMCs can be reprogrammed
into hiPSCs (DMC-hiPSCs) using retroviral reprogramming-factor gene
“transfers (Kanemura 2010, Shofuda et al. 2012). DMC-hiPSCs have
characteristics equivalent to hESCs in colony morphology (Fig. 9.6), global
- gene expression profile including human pluripotent stem cell markers,
- DNA methylation status of OCT3/4 and NANOG promoters, and the ability
. to differentiate into components of three germ layers in vitro as well as
- in vivo (Shofuda et al. 2012).
Moreover, PCM-DM is a practical, versatile human substrate for both
‘the feeder-free generation and the stable long-term maintenance of hiPSCs
_ (Pukusumi et al.,, submitted). These unique properties of DMCs offer several
“advantages for clinical use, not only as an attractive alternative to allogeneic
MSCs for regenerative medicine, but also as a practical contributor in hiPSC-
banking systems, which will increase the feasibility of using allogeneic stem
cells for clinical applications (Kanemura 2010).

Ethical Advantages of Fetal Adnexa-Derived DMCs

Since fetal adnexal tissues must inevitably be dealt with in association
‘with childbirth, obtaining samples does not require surgery or invasive .
procedures, or entail additional pain or risk for the donor. This alone makes
fetal adnexal tissue an advantageous source of allogeneic human cells. The
maternal, rather than fetal, origin of DMCs also has significant advantages.
Consent to the clinical use of samples can be obtained from the donor
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phase contrast

Figure 9.6 Human iPSCs Generated from DMCs. Left: phase-contrast image of DMC-derived
human iPSC colonies cultured on MEF feeder. Right: alkaline phosphatase activity. Scale bar
=100 pm. . : :

directly, which is especially important when using human allogeneic cells or
tissues for medical purposes. Screening donors’ clinical history and health,
especially with regard to infectious or inherited diseases, is indispensable;
here again, the maternal origin of DMCs makes it feasible to examine the
donor’s condition and history with her consent. In view of developing the
large-scale processing and availability of human cells, tissues, and cell-
and tissue-based products (HCT/Ps), DMCs have significant advantages
without the ethical and medical issues associated with fetal-derived cell
sources, reducing both the potential risks and costs of making HCT/Ps
available for clinical use.

Conclusions

Many researchers have reported the successful isolation of MSCs from fetal
adnexal tissue, a promising new source of cells for regenerative medicine.
Among these, DMCs, which are MSCs isolated from the term decidua vera,
are of special interest. DMCs have a typical fibroblast-like morphology, high
proliferative potential lasting through more than 30 population doublings,
good in vitro differentiation into chondrocytes, and moderate differentiation
into adipocytes—although unlike BM-MSCs, DMCs show little evidence
of osteogenesis. It has been demonstrated that hiPSCs can be efficiently
generated from DMCs. PCM-DM is a potent and versatile non-animal
substrate material capable of supporting feeder-free culture and generating
hESCs and hiPSCs. These unique properties of DMCs resolve many ethical
concerns associated with the use of hESCs and hiPSCs and offer significant
advantages for their clinical use.
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L1CAM molecule is a cell adhesion molecule in nervous and
enteric systems and is responsible for X-linked hydrocephalus
(XLH) spectrum, which is a rare condition with severe congenital
hydrocephalus, dysgenesis of the corpus callosum, intellectual
disability, spasticity, and adducted thumbs. Several cases of XLH
accompanied by Hirschsprung disease (HSCR) have been
reported in the literature, but whether HSCR results from a
gain-of-function mutation in cases with XLH, i.e., a neomorphic
mutation, or the severe end of the LICAM mutation spectrum
remains unclear. The present patient was a Japanese boy with
severe congenital hydrocephalus with aqueductal stenosis as well
as hypoplasia of the corpus callosum. HSCR had been confirmed
by a biopsy. A mutation analysis of the LICAM gene showed a
C61T mutation in exon I, resulting in a truncating nonsense
mutation at amino acid position 21 and producing an extremely
short protein that was unlikely to interact with other proteins.
These findings suggest that XLH-HSCR represents the severe end
of the XLH spectrum, rather than a neomorphic mutation. A
thorough abdominal investigation to rule out HSCR should be
considered in patients with XLH accompanied by severe con-
stipation. © 2012 Wiley Periodicals, Inc.

Key words: hydrocephalus; Hirschsprung disease; neural cell
adhesion molecule L1

INTRODUCTION

The L1 cell adhesion molecule [LICAM, OMIM 308840] is
expressed primarily in the central nervous system and represents
an important component of the ligand—receptor network of guid-
ance forces that influence axonal growth and guidance [Kenwrick
et al., 2000]. Reflecting its expression pattern, mutations in the
L1CAM gene, located at Xq28, lead to an X-linked hydrocephalus
(XLH) spectrum characterized by severe congenital hydrocephalus
accompanied by intellectual disability, spasticity, and thumb
flexion over the palm [Jones, 2006]. Recently, LICAM was shown

© 2012 Wiley Periodicals, Inc.
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to be expressed by neural crest cells as they colonize the developing
gut in mice [Anderson et al., 2006].

Not unexpectedly, the association of XLH and Hirschsprung
disease (FISCR) has been observed in several cases [Okamoto et al.,
1997, 2004; Vits et al., 1998; Parisi et al.,, 2002; Basel-Vanagaite
et al., 2006; Nakakimura et al., 2008; Griseri et al., 2009; Jackson
et al., 2009]. So far, the classes of mutation found in patients with
XLH and HSCR included missense and truncating mutations
devoid of an intracellular domain. The mechanistic basis by which
the additional phenotype, i.e., HSCR, arises from these classes of
mutations, has been unclear. Two mechanisms can be considered:
first, the feature, i.e., HSCR, might represent the result of a gain-of-
function mutation in that HSCR is an additive but atypical feature
of XLH. Hence, HSCR could be interpreted as a “neomorphic”
mutation from a structural standpoint and may represent a “gain-
of-function” mutation from a functional standpoint. In support of
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disease; XLH, X-linked hydrocephalus.
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this “gain-of-function” mutation hypothesis, the LICAM protein
functions as a hetero-multimer with other proteins, such as TAG-1.
Presently known classes of mutations including missense and
truncating mutations devoid of an intracellular domain are not
incompatible with this hypothesis. Alternatively, XLH-HSCR may
represent the severe end of the LICAM mutation spectrum, in
which the morphogenesis of both the central nervous system and
the neural crest-derived system, i.e., enteric neurons, are affected.

CLINICAL REPORT

The propositus is a Japanese boy born to nonconsanguineous
parents. There was no family history of known inherited genetic
conditions or HSCR. A prenatal ultrasound diagnosed the propo-
situs as having hydrocephalus at 28 weeks of gestation. An amnio-
centesis revealed a normal karyotype of 46, XY. He was born at 37
and 3/7 weeks of gestation with a birth weight of 3,088 g. Magnetic
resonance imaging of the brain demonstrated severe hydrocephalus

with aqueductal stenosis as well as hypoplasia of the corpus
callosum (Fig. 1A and B). A ventriculoperitoneal shunt was placed
at the age of 15 days for the treatment of the severe and progressive
hydrocephalus. Since he had severe constipation and abdominal
distention, a rectal biopsy was performed at age 13 days. The
biopsy showed the absence of rectal ganglion cells, confirming a
diagnosis of HSCR. He underwent surgical resection and recon-
struction of the internal anal sphincter muscle at age 43 days.
Postoperatively, he was noted to have hydronephrosis with sub-
sequent frequent urinary tract infections. Given his characteristic
facial features with frontal bossing and adducted thumbs (Fig. 1C)
and severe developmental delay, a mutation analysis for the
L1CAM gene was performed. LICAM is composed of six immu-
noglobulin superfamily domains followed by five fibronectin
type III domains, a single-pass transmembrane region, and a
cytoplasmic domain [Bateman et al., 1996]. The mutation analysis
of our patient demonstrated a C61T mutation in exon 1 with a
resultant truncating nonsense mutation at amino acid position 21
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(i.e., Q21X) causing a near-complete deletion of the L1CAM
molecule.

DISCUSSION

Here, we have described a patient with XLH and biopsy-proven
HSCR who exhibited a nonsense mutation in exon 1 of the LICAM
gene, resulting in an extremely short protein devoid of the immu-
noglobulin domain that is essential for the molecule’s heterophilic
interactions with other proteins. Based on our observation of the
phenotype and genotype of the propositus, we suggest that XLH-
HSCR represents the severe end of the XLH spectrum, rather than a
neomorphic mutation. In a review of the phenotypic spectrum of
previously reported patients with XLH-HSCR and pathological
mutations (Table I), the diagnosis was made in all patients based
on severe structural abnormalities, such as severe hydrocephalus,
dysplastic corpus callosum, and hypoplastic cerebellum. These
observations further support the hypothesis that XLH-HSCR rep-
resents the severe end of the XLH spectrum. HSCR may occur in
patients with other L1 CAM-related features, such as agenesis of the
corpus callosum, spasticity, or the absence of speech, without severe
hydrocephalus and constipation. The review also revealed that
infrequent features included micropenis, reported by Parisi et al.
[2002]. Further confirmation in a large group of patients is needed
to clarify whether this infrequent urogenital feature is related to the
XLH spectrum. Yet another possibility includes the potential role of
modifier genes and environmental factors.

The nonsense mutations previously reported in exons 13, 18, and
22 are likely to create transcripts susceptible to nonsense-mediated
mRNA decay. Hence, the mRNA derived from these alleles will
probably be reduced. In this situation, the total amount of partially
functional protein is likely to be dependent on the efficiency of
nonsense-mediated mRNA decay. Currently, the efficiency of non-
sense-mediated mRNA decay is unpredictable based on the specific
mutation type [Montfort et al., 2006]. Considering these factors,
the validity of the proposed phenotype—genotype correlation or
severe phenotype because of the extreme degree of protein trunca-
tion presented herein remains uncertain.

From a clinical standpoint, one should keep HSCR in mind when
seeing patients with severe congenital hydrocephalus and consti-
pation. A thorough abdominal investigation for HSCR may be
warranted especially in the presence of adducted thumbs and severe
congenital hydrocephalus with structural central nervous system
abnormalities, such as dysplastic corpus callosum and hypoplasic
cerebellum.
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Whole-genome sequencing of liver cancers identifies
etiological influences on mutation patterns and recurrent
mutations in chromatin regulators
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Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related death worldwide. We sequenced and analyzed
the whole genomes of 27 HCCs, 25 of which were associated
with hepatitis B or C virus infections, including two sets of
multicentric tumors. Although no common somatic mutations
were identified in the multicentric tumor pairs, their whole-
genome substitution patterns were similar, suggesting that
these tumors developed from independent mutations, although
their shared etiological backgrounds may have strongly
influenced their somatic mutation patterns. Statistical and
functional analyses yielded a list of recurrently mutated genes.
Multiple chromatin regulators, including ARIDTA, ARID1B,
ARID2, MLL and MLL3, were mutated in ~50% of the tumors.
Hepatitis B virus genome integration in the TERT locus was
frequently observed in a high clonal proportion. Our whole-
genome sequencing analysis of HCCs identified the influence
of etiological background on somatic mutation patterns and
subsequent carcinogenesis, as well as recurrent mutations in
chromatin regulators in HCCs.

To gain insight into the molecular alterations of virus-associated
HCC, we performed whole-genome sequencing (WGS) of 27 HCC
tumors from 25 affected individuals, including two sets of multicentric

tumors (MCTs) and matched normal lymphocytes (Supplementary
Table 1). This included 11 hepatitis B virus (HBV)-related HCCs,
14 hepatitis C virus (HCV)-related HCCs and 2 HCCs without HBV or
HCV infection (NBNC). Two affected individuals (HC3 and HC7) had
two independent synchronous tumors, which were determined to be
MCTs, not intrahepatic metastases, on the basis of their clinicopatho-
logical features. After PCR duplication removal, we obtained an aver-
age of 39.8x (tumor) and 32.7x (lymphocyte) coverage of the genomes
by uniquely mapping 50-125 bp reads using paired-end sequencing
(Supplementary Fig. 1). We identified somatic point mutations and
indels with a false positive rate of less than 5% and 10%, respectively
(Supplementary Note). We detected 4,886-24,147 somatic point
mutations per tumor (Fig. 1a and Supplementary Table 2), and the
average number of somatic point mutations at the whole-genome
level was 4.2 per megabase. One tumor (HC11), which exhibited an
exceptionally large number of somatic mutations (24,147 substitutions
with predominant C>T/G>A transition at CpGs and 8,950 indels;
Fig. 1a), was determined to have a DNA mismatch-repair defect due
to a somatic nonsense mutation (encoding p.Glu234*) in MLHI.
Analysis of the ratio of the depth of coverage identified 294 deleted
regions (log,R ratio < 1) and 20 amplified regions (log,R ratio > 2)
(Supplementary Table 3 and Supplementary Note). Inconsistencies
in mapped reads and subsequent PCR validation identified an average
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Figure 1 Somatic substitution patterns of HCCs. (a) The number of somatic substitutions and indels (top) and somatic substitution patterns (bottom) of
the 27 HCC genomes. (b) Repair on the transcribed strand. Fitted curves show the effect of gene expression and strand bias on substitution prevalence.
We used Agilent microarray expression data (Whole Human Genome 8 x 60K Oligonucleotide Microarray) in this transcription-coupled repair (TCR)
analysis, and expression level indicates Agilent microarray intensity level units with a log, scale. UT, untranscribed strands; T, transcribed strands.

of 20.8 genomic rearrangements per tumor (Supplementary Table 4
and Supplementary Note). The number of somatic substitutions,
indels and rearrangements were not significantly different between
HBV- and HCV-related HCCs (Supplementary Fig. 2).

The distribution of somatic substitutions in HCC genomes is sig-
nificantly deviated from the assumption of a uniform mutation rate
(x-square test; P value < 1 x 1073%0), and we identified a dominance
of T>C/A>G transitions (odds ratio (OR) = 2.02, 95% confidence
interval (CI) = 1.95-2.08; Fig. 1a), as described previously!, as well as
C>A/G>T transversions (OR = 1.43, 95% CI = 1.36-1.50) and C>T/
G>A transitions (OR = 1.75, 95% CI = 1.68-1.82), particularly at CpG
sites (OR = 4.55, 95% CI = 4.30-4.80) (Supplementary Fig. 3). As
C>T/G>A transitions are also dominant in other cancers?, T>C/A>G
transitions and C>A/G>T transversions could be characteristic muta-
tional signatures of HCC genomes.

To examine the influence of transcription-coupled repair,
we compared gene expression levels (Supplementary Tables 5 and 6)
and the number of substitutions in seven HCCs. Only T>C and C>A
changes but not C>T changes were effectively repaired on the tran-
scribed strand (Supplementary Fig. 4a—c), and these repairs occurred
more frequently in highly expressing genes
(HB10 in Fig. 1b and Supplementary Fig. 5).
Of note, transcription-coupled repair did
not occur in the mismatch repair-deficient
tumor with MLH]1 inactivation (HC11 in
Fig. 1b). Another case (HB11) had a familial
disposition to cancer (Supplementary
Table 1) and exhibited a distinct mutation

Figure 2 Mutation patterns of MCTs. (a) Circos
plots20 of the MCTs from two subjects (HC3

signature (increased indels, less dominance of T>C/A>G transi-
tions and a decreased effect of transcription-coupled repair at T>C
transitions) (Fig. 1a,b), although no causal mutation explaining the
DNA-repair deficiency was identified. These findings suggest that
transcription-coupled repair preferentially repairs somatic substitu-
tions that are specifically increased in cancer.

One of the characteristic features of HCC is multiple occurrences
or MCTs in a strong carcinogenetic background. First, we compared
somatic mutation sites of the two pairs of MCTs (HC3 and HC?). In
protein-coding regions, no common somatic mutations were identi-
fied. ATM, FSIP2 and LRFN5 were mutated in both MCTs of HC3,
but the locations of the mutations were different. In non-coding
regions, WGS identified 30 and 37 common somatic point muta-
tions and indels in the HC3 and HC7 pairs, respectively. However,
most of these occurred in repetitive regions, and all candidates that
could be analyzed by Sanger sequencing (n = 20) were found to be
germline variants (Supplementary Note). We also found no common
structural alterations in these MCTs (Fig. 2a). These findings suggest
that these synchronous MCTs developed through an accumulation of
a completely different set of genetic alterations. Second, we applied

and HC7). Each circle plot represents validated b
rearrangements (inner arcs) and copy-number
alternations (inner rings). In rearrangements,
lines show translocations (green), deletions
(blue), inversions (orange) and tandem
duplications (red). Copy-number gain and loss
regions are shown in green and red. (b) PCA of
the somatic substitution patterns of 25 HCC HBIQ
genomes. Two sets of MCT pairs (HC3 and HC7) ors
are shown by green and blue, respectively, and

PC3

are circled in red. (c¢) Three-dimensional plot @ 2.

of principal components (PCs) for 25 HCCs on c32

somatic substitution pattern. Two sets of MCT

@
Q
HC)
[©]
HB4
o ©
HC%ch HB6
Q
NBNG2 H%g NBNC1
HB2
HB? H%)S © O tes
HC12HCS
- 0 o
3-9 $3H91 Ny

pairs (HC3 and HC7) are shown in green and 3 -2
blue, respectively.

-1 0 1 2 3

PC1

NATURE GENETICS VOLUME 44 | NUMBER 7 | JULY 2012

761

— 174 —



°
9]
>
-
)
a
o
£
)
]
=
2
£
<
I3
£
3
2
e
@
£
<
g
S
=
©
2
o
—
1<)
&
©

LETteRS.

Table 1 Significantly mutated genes and their mutation frequency in the validation set

CDS length  Coding Frequency
Gene Chr. Start End (bp) indel Missense Nonsense Splice site  Total P value g value in validation set
TP53 17 7,572,927 7,579,912 1,218 o] 11 0 3 14 0 0 NA
ERRFI1 1 8,073,270 8,075,679 1,397 1 0 2 o] 3 0.00020  0.0034  3.1% (2/65)
zZic3 X 136,648,851 136,652,229 1,412 0 3 0 0 3 0.00050  0.0041  3.3% (4/120)
CTNNB1 3 41,265,560 41,280,833 2,398 0 3 0 0 3 0.0015 0.0071 NA
GXYLT1 12 42,481,588 42,538,448 1,351 0 3 0 0 3 0.0013 0.0071 0.8% (1/120)
OTOPI 4 4,190,530 4,228,591 1,859 1 2 0 o] 3 0.0015 0.0071  0.8% (1/120)
ALB 4 74,270,045 74,286,015 1,882 3 0 0 o] 3 0.0022 0.0089  3.3% (4/120)
ATM 11 108,098,352 108,236,235 9,415 1 4 0 0 5 0.0037 0.013 5.0% (6/120)
ZNF226 19 44,674,234 44,681,827 2,424 1 1 1 o] 3 0.0043 0.014 3.3% (4/120)
usPzs 21 17,102,713 17,250,794 3,260 1 2 0 o] 3 0.0051 0.015 0% (0/120)
Wwpe1 8 87,386,280 87,479,122 2,857 2 1 0 0 3 0.0060 0.016 7.7% (5/65)
IGSF10 3 151,154,477 151,176,497 7,892 0 4 0 0 4 0.0091 0.023 3.3% (4/120)
ARIDIA 1 27,022,895 27,107,247 6,934 2 1 0 0 3 0.011 0.026 10% (12/120)
UBR3 2 170,684,018 170,938,353 5,819 0 3 0 0 3 0.018 0.041 0.8% (1/120)
BAZ2B 2 160,176,776 160,335,230 6,643 0 3 0 0 3 0.024 0.050 1.6% (2/120)

Significantly mutated genes with more than two mutations are shown. Chr., chromosome.

principal-component analysis (PCA) to further examine genome-wide
somatic mutation patterns. Two HCCs (HC11 and HB11) exhibited
quite distinct substitution patterns compared to the other samples
due to their mismatch-repair deficiency (Supplementary Fig. 6a).
Therefore, they were excluded from PCA. Notably, the pairs of each
MCT (HC3 and HC7) were tightly clustered in PCA (permutation
test; P value = 0.00050), indicating similar somatic substitution pat-
terns on the whole-genome level (Fig. 2b,c). Considering that these
MCTs shared the exact same genetic and environmental backgrounds,
the somatic substitution patterns are likely to be determined by the
etiological backgrounds in which the tumors developed.

We also examined associations between the principal components
and clinical factors. Although the correlations between somatic substitu-
tion patterns and age at diagnosis, tumor grade, liver fibrosis and tumor
size were not significant, habitual alcohol drinking and the occurrence
of synchronous or metachronous multiple liver nodules showed signifi-
cant association with principal components of the somatic substitution
patterns (habitual alcohol drinking, P = 0.028; multiple liver nodules,
P =10.016) (Supplementary Fig. 6b,c). Virus type showed a marginal
association with substitution pattern (P = 0.091) (Supplementary
Fig. 6d). In addition to viral infection, alcohol abuse, obesity, diabetes
and other metabolic disorders are also risk factors for liver carcino-
genesis, and its background etiology is very heterogeneous®. Multiple
background factors, including germline variants, epigenetic status of
liver, virus infection, exposure to other environmental carcinogens,
inflammation and a combination of these factors, would contribute to
the somatic mutation pattern in cancer genomes.

Across all 27 HCC genomes, we detected a total of 2,048 (75.9 per
tumor) protein-altering point mutations, including 1,734 missense
mutations, 101 nonsense mutations, 161 short coding indels and
52 splice-site mutations (Supplementary Table 2). After adjusting for

Figure 3 Mutant allele proportions of point mutations. HMG, highly
mutated genes, genes whose mutation frequency was greater than 3%

in the validation set (ARIDIA, IGSF10, ATM, ZNF226, ZIC3, WWP1

and ERRFI1); TSG, known tumor suppressor genes annotated by
MutationAssessor?!; NS, nonsynonymous; S, synonymous. Non-coding
includes point mutations in non-coding regions except for in splice sites.
The edges of the boxes represent the 25t and 75! percentile values.
The whiskers represent the most extreme data points, which are no

more than 1.5 times the interquartile range from the boxes. *P < 0.05;
**P<0.01; ***P< 0.001.

the regional deviation of somatic mutation rate and gene length, signif-
icantly frequent mutations were found to occur in 15 genes, with a false
discovery rate (FDR) of <0.05 (Table 1 and Supplementary Table 7).
TP53 and CTNNBI (encoding B-catenin) genes were significantly
mutated in HCC, as previously reported*. Five mutations of ATM were
detected in four tumors without TP53 mutations. Sequencing analysis
on an independent set of 120 HCCs detected 6 additional ATM muta-
tions (5%) (Table 1 and Supplementary Table 8). Three mutations of
ARIDIA, two frameshifts and one missense, were detected in three
tumors by WGS. ARID1A encodes a key component of the SWI-SNF
chromatin-remodeling complex, and ARIDIA mutations have been
detected in ovarian cancer® and many other cancers®. Sequencing
analysis of the 120 HCCs detected 12 additional mutations of ARIDIA
(10%) (Table 1 and Supplementary Table 8). WGS detected three
somatic mutations in ERRFI1, two nonsense and one frameshift, in two
tumors. ERRFII encodes a protein that inhibits the kinase domains of
EGFR and ERBB2 (ref. 7), and Errfil knockout mice showed enhanced
hepatocyte proliferation®. These mutations may cause the loss of inhib-
itory function and thereby activate the EGFR signaling pathway in
HCC. We detected 2 additional mutations of ERRFII (3.1%) in 65
independent HCCs (Table 1 and Supplementary Table 8). Three
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