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-CBL (CBL) encodes a multifunctional

protein engaged in the regulation of
intracellular signaling pathways."? It
was first identified as a cellular counter-
part of the viral oncogene, v-CBL, that
causes murine lymphoma.** Although
no genetic evidence existed suggesting its
role in human carcinogeriesis, the recent
discovery of c-CBL mutations in myeloid
cancers has unveiled a unique oncogenic
mechanism mediated by gain-of-function
of a mutated tumor suppressor, closely
associated with allelic conversion of 11q
arms.’” In this review, we summarize our
current knowledge about ¢-CBL muta-
tions and discuss the molecular mecha-
nisms of their gain-of-function.

Myeloproliferative Neoplasms and
Related Disorders

Myeloproliferative neoplasms (MPNs) are
a heterogeneous group of blood cancers,
characterized by clonal hematopoiesis that
causes excessive production of one or more
components of mature blood cells with
hypercellular bone marrow and extramed-
ullary hematopoiesis.'® Some patients also
show abnormalities in cell morphology
and differentiation with dysplastic bone
marrow, and are classified into myelo-
dysplastic/myeloproliferative  neoplasms
(MDS/MPN) in the new World Health
Organization (WHO) classification.!!
A genetic hallmark of MPN and MDS/
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MPN is frequent mutations of genes on
signal transduction pathways, which have
been causally linked to hypersensitivity
of neoplastic progenitors to growth fac-
tors and cytokines.” A notable example
is JAK2 V617F mutations found in most
cases of polycythemia vera (PV), a form
of MPNs that is characterized by overpro-
duction of mature erythrocytes together
with other blood components.!*

JAK2 Mutations in MPNs

These
active kinases that transmit signals from
erythropoietin receptor, and induce a
hypersensitive proliferative response to
erythropoietin.” Of particular interest
about JAK2 mutations in PV is the pres-
ence of one or more subclones showing
acquired uniparental disomy (aUPD)
involving the 9p arm that leads to
homozygous JAK2 mutations (JAK2™"
) by allelic conversion (Fig. 1)."” One of
the initial discoveries of JAK2 mutations
relied on the detailed mapping of loss of
heterozygosity (LOH) caused by aUPD
in 9p."* The consequence of 9p-aUPD is
loss of wild type JAK2 and duplication of
mutated JAK2, but the latter seems to be
more important for the clonal selection
of UPD clones, because mutated JAK2 is
duplicated without loss of wild-type allele
in 9p trisomy in some cases.'® Similarly
gain-of-function mutations of ¢MPL are

mutants encode constitutive
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i Figure 1. In cancer cells, LOH is frequently associated with a mutated tumor suppressor locus, in
| which a normal copy of the tumor suppressor is lost by simple allelic deletion (A), or replaced by

the mutated copy through allelic conversion that leads to copy number neutral LOH or aUPD (B).
In either case, the common consequence is biallelic loss-of-function of the tumor suppressor. In
addition, LOH caused by aUPD is also implicated in the common mechanism of homozygous mu-

| tations of proto-oncogenes. A number of gain-of-function oncogenic mutations found in aUPD

| regions have been shown to exist in a homozygous state, including mutations of JAK2 (9pUPD), |

| MPL (1pUPD), NRAS (1pUPD), KRAS (12pUPD), BRAF and FLT3 (13qUPD). The clonal outgrowth of '
| aUPD-positive clones indicates that two copies of mutations confer a growth advantage to aUPD

| positive cells through their gain-of-function.

frequently found in primary myelofibrosis
in close association with 1p-aUPD."” Thus,
aUPD, or copy number neutral LOH,
is associated not only with biallelic loss-
of-function of classical tumor suppressor
genes in the Knudsons paradigm,'® but
also with gain-of-function of proto-onco-
genes. Moreover, genome-wide analysis of
genetic imbalances in a variety of myeloid
neoplasms revealed that aUPD is another
genetic feature of MPNs, where 42%
of chronic myelomonocytic
(CMML) cases had one or more regions
of aUPD and were grouped into several
discrete clusters, which may or may not
harbor mutations of known cancer related
genes.” Among these one of the most
prominent is the cluster that is defined by
11q-aUPD, from which mutated -CBL
proto-oncogene was identified.”

leukemia

¢-CBL Mutations in MDS/MPNs

Although ¢-CBL mutations have been
reported in a variety of myeloid neo-
plasms including acute myeloid leuke-
mia, myelodysplastic syndromes, as well
as classical myeloproliferative disorders,
the majority of CBL-mutated cases are
MDS/MPN, including CMML (~15%),

juvenile myelomonocytic leukemia
(JMML) (~17%), and atypical chronic
myeloid leukemia (~5%).>>"*° In most
cases, c-CBL mutations are associated with
11q-aUPD involving ¢-CBL locus, which
converts these mutations into a homozy-
gous state. Loss of wild-type ¢-CBL is rarely
caused by chromosomal deletion.®? ¢-CBL
mutations  exclusively occur indepen-
dent of RAS and PTPNI1I in CMML and
JMML.#* Notably, e-CBL mutations have
a germline origin in some JMML cases.®
Approximately halfof the CBL mutations in
JMML cases involve Y371, while mutations
are widely distributed within linker/RING
finger domain in other neoplasms. -CBL
mutants strongly transform fibroblasts and
enhance proliferation of hematopoietic pro-
genitors in methylcellulose culture.” These
geneticand functional observations indicate
that mutant ¢-CBL may have some gain-of-
function, which promotes clonal evolution,
especially of aUPD-positive clones carrying
two copies of the mutations.

c-CBL as a Tumor Suppressor
Gene

¢-CBL proto-oncogene is a cellular homo-
logue of a viral oncogene, v-CBL, isolated
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from the Casitas-NS-lymphoma virus that
induces murine lymphoma.>* Together
with other two homologues CBL-b and
CBL-c, it comprises the CBL family of
proteins. All ¢-CBL proteins have ‘an
N-terminal domain for binding to phos-
phorylated tyrosine kinases (TKB domain)
connected through a linker sequence to
the RING finger, but CBL-c lacks most of
the C-terminal domains shared by c-CBL
and CBL-b (Fig. 2A). While c-CBL has
multivalent molecular functions in signal
transduction and cytoskeletal regulation,
the most intensively studied-function is
its role in negative regulation of receptor
tyrosine kinase (RTK) signalings, which
depends on the E3 ubquitin ligase activ-
ity of this molecule."”! After RTKs are
phosphorylated on cytokine stimulation,
c-CBL binds to the phosphorylated RTKs
through the TKB domain, and mono-
ubiquitinates these RTKs at multiple
sites in concert with the E2 conjugating
enzyme, which is followed by internaliza-
tion and degradation/recycling of the phos-
phorylated RTKs.?! Thus, c-CBL prevents
excessive RTK signaling after cytokine/
growth factor stimulation and potentially
acts as a tumor suppressor. ¢-CBL”" mice
have an enlarged thymus, splenomegaly
with extramedullary hematopoiesis.”*** In
these mice, hematopoietic progenitor pools
are expanded,”* and their hematopoietic
progenitors exhibit hypersensitive pro-
liferative responses to cytokine stimula-
tions. When introduced into BCR/ABL
transgenic mice, a c-CBL"" allele acceler-
ates blastic crisis.” Moreover, ¢- CBL” mice
developed invasive cancer spontaneously
(in preparation), further supporting that
¢-CBL has tumor suppressor functions.

Gain of Function of CBL Mutants

How can we reconcile with the tumor
suppressor functions of c-CBL on the
one hand, and the oncogenic properties
of c-CBL mutants on the other? A simple
explanation would be an inhibition of
tumor suppressor function of wild type
¢-CBL by mutant ¢-CBL. Most -CBL
mutations in MPNs occur within the
linker/RING finger domains, through
which ¢-CBL binds E2 conjugating
enzymes, and thusare expected to compro-
mise the E3 ligase activity of the molecule.
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E Figure 2, (A) Structure of CBL family proteins. CBL family proteins in mammals have highly conserved domains, where an N-terminal TKB domain,

| consisting of a four-helix bundle (4H), a Ca**-binding EF (EF), and a src-homology (SH2) domains, is connected to a RING finger domain via a linker. c-

| CBLand CBL-b, but not CBL-c, have a proline-rich and other C-terminal components that end with a ubiquitin-associated and leucine zipper (UBA/LZ)
| domain. Their viral form, v-CBL, is truncated just after its SH2 domain. (B) CBL family proteins interact with a number of signal transducing molecules.
| Through their TKB domain, CBL family proteins target phosphrylated tyrosine kinases, including growth factor receptors and cytokine receptors, as

, well as, non-receptor tyrosine kinases. Ubiquitin conjugating enzymes have contact with CBL proteins via the linker/RING finger domain, which is

| central to the E3 ubiquitin ligase activity. The proline-rich domain provides a binding site for SH3 domains of Grab2, CAP and Src-family kinases. The

| Gterminal portion contains three tyrosine residues, Y700, Y731 and Y774, which are the major phosphorylated tyrosines, and which bind to the p85

| subunit of PI3 kinase (Y731), Vav (Y700) and Crk proteins (Y700 and Y774).

In fact, when expressed in fibroblasts,
tumor-derived linker and RING finger
mutants show severely compromised E3
ubiquitin ligase activity.”?* Moreover, two
linker mutants (Q367P and Y371S) have
been shown to inhibit the activity of wild-
type c-CBL protein, although they do not
make direct contact with E2 enzymes but
with the TKB domain. As expected from
the inhibitory action of these mutants
with regard to E3 ubiquitin ligase activ-
ity, transduction of the latter mutants
into NIH3T3 or hematopoietic cells
lead to prolonged activation of tyrosine
kinases after stimulation with a variety of
cytokines and growth factors, including

www.landesbioscience.com

epidermal growth factor, stem cell fac-
tor (SCF), Interleukin 3 (IL3), throm-
bopoietin, and FLT3 ligand.**® Given the
diverse spectrum of kinase targets of CBL,
the enhanced sensitivity of these cells to a
variety of cytokines is well expected.
Although these experimental data sup-
port a dominant negative mechanism of
mutant ¢-CBL, a simple dominant nega-
tive model is defied by an experiment, in
which mutant ¢-CBL was transduced into
¢-CBL"" hematopoietic progenitors. Lin
Scal*cKit* (LSK) hematopoietic progeni-
tors from ¢-CBL"" mice showed enhanced
survival or proliferative responses after
stimulation with a variety of cytokines,
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including SCF, IL3, or thrombopoietin,
as compared to those from ¢-CBL** mice.
However, transduction of mutant ¢-CBL
into ¢-CBL"" progenitors dramatically
augmented the responses to these cytok-
ines and also to FLT3 ligand, while the
effect of mutant ¢-CBL-transduction into
¢-CBL*" progenitors was unremarkable
even as compared to mock-transduced
CBL"" progenitors.” The augmented sen-
sitivity to these cytokines in c-CBL" cells
was nothing to do with the inhibition of
c-CBL functions, and thus is considered
to represent a true gain-of-function of
the mutant ¢-CBL. The gain-of-function
nature of e-CBL mutations is also predicted
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Flguro 3. Possible mechamsms of gain-of—function of mutated TP53 and < CBL The gain- of-
function of TP53 mutants is associated with their potential to induce carcinoma in mice as well
| as in human, which is considered to be mediated by inhibition of TP63 and TP73. TP53-deficient {
| mice frequently develop sarcomas and lymphomas but only rarely carcinomas, which are thought |
| to be suppressed by TP53 homologues, TP63 and TP73, in epithelial tissues, in the face of loss of
| TP53. Mutant TP53 inhibits tumor suppressor functions of TP63 and TP73, and compromises TP53- |
| like activity. Similarly, the gain-of-function of CBL mutants found in MDS/MPN may be explained |
| by the inhibition of CBL-b (red arrow), which would result in more profound defects in negative |
| regulation of tyrosine kinase signaling compared to simple loss of ¢-CBL. On the other hand, c-CBL |

Lis thought to have positive regulatory functions that are not directly related to the E3 ubiquitin
| ligase activity and could be the source of the gain-of-function of c-CBL mutants (blue arrow).

from the fact that in myeloid neoplasms,
11qLOH is caused by aUPD in most cases
and rarely accompanies 11q deletion,
although in this case the target gene has
tumor suppressor functions. Interestingly,
the effect of the gain-of-function effect
largely disappears by introducing wild
type c-CBL or in the presence of the wild-
type ¢-CBL allele,” which might explain
the observation that the wild type ¢-CBL
allele was lost in most MDS/MPN cases
with ¢-CBL mutations as a result of allelic
conversion or aUPD.

Origin of the Gain-of-Function of
Mutant CBL

The exact mechanism through which
mutant ¢-CBL acquires oncogenic func-
tions even in ¢-CBL"" cells is still elusive.
Because the gain-of-function of mutant
¢-CBL is largely neutralized by the pres-
ence of wild type ¢-CBL, one possibility
is that it could be mediated by the inhibi-
tion of some ‘CBL-like” activity still pres-
ent in ¢-CBL"" cells, most likely CBL-b.

{

Both ¢-CBL and CBL-b are expressed
in immature hematopoietic progenitors,
and ¢-CBL mutant inhibits E3 ubiquitin
ligase activity of both c-CBL proteins.>*
Although ¢-CBL/CBL-b-double knockout
mice are embryonic lethal, conditional
double knockout in T cells shows hyper-
sensitive to anti-CD3 stimulations and
prolonged TCR-signaling, as compared
to ¢-CBL or CBL-b single null T cells.””
This reminds us of the gain-of-function of
mutated TP53, which explains the differ-
ence in the phenotypes between 753
and 7P53™" mice. TP53" mice develop
tumors at a high frequency, but they are
mostly sarcomas or lymphomas and devel-
opment of carcinoma is very rare, whereas
TP53™" mice also develop carcinoma
in various organs. Thus, TP53 mutant
has more than null functions, which are
thought to be mediated by the inhibi-
tion of its homologues, TP63 and TP73,
expressed in epithelial tissues (Fig, 3).7%%
Like c-CBL, TP53 tumor suppressor gene
was first identified as an oncogene through
its mutated, oncogenic forms in cancer
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cells. On the other hand, the model of
gain-of-function mediated through CBL-b
inhibition fails to explain why CBL-b
mutations are extremely rare in CMML.
According to this model, essentially no
difference would be expected between the
mutations of -CBL and CBL-b, as long as
in either case, compromised E3 ubiquitin
ligase activity would result. The linker-
RING finger mutants of ¢-CBL would
be expected also to be able to inhibit E3
ubiquitin ligase activity of the wild-type
¢-CBL.

Another, but not necessarily exclusive,
explanation of the gain-of-function of
mutant ¢c-CBL would be related to positive
roles of c-CBL as a signal transducer rather
thananattenuator (Figs. 3A and 4). c-CBL
not only binds to a number of phospho-
rylated tyrosine kinases through its TKB
domain, which is indispensable for the
negative regulation of these kinases, but
also interacts with more than 150 different
proteins through a number of C-terminal
domains and residues, and acts as a multi-
domain adaptor protein, involved in signal
transduction (Fig. 2B).” When recruited
to phosphorylated tyrosine kinases, c-CBL
is also phosphorylated at multiple tyrosine
residues, and provides docking sites for
the SH2 domains of Vav (pY700),** CrkL
(pY700 and pY774)*-** and the p85 sub-
unit of PI3 kinase (Y731).%* ¢-CBL also
binds to Grab2,**° CAP,%' and Src family
tyrosine kinases® through the proline-rich
domain. Several lines of evidence suggest
that c-CBL positively transmits signals
through these interactions. For example,
c-CBL promotes cell survival and pro-
liferation, depending on the PI3 kinase
pathway,*>** and also enhances activation
of MAP kinases after stimulation of Met
tyrosine kinase.** c-CBL is also a key sub-
strate/effector of Src kinase, which plays a
central role in bone resorption and osteo-
clast migration.® It also is involved in
cytoskeletal rearrangements through acti-
vation of Racl and Cdc42, and R-Ras.*#
Normally, mediated by its E3 ligase activ-
ity, kinase-bound phosphorylated ¢-CBL
rapidly undergoes degradation,? by which
positive signaling should be terminated.
Thus, once linker/RING finger mutations
abolish the E3 ligase activity of ¢-CBL,
the consequence would be prolonged sig-
naling due not only to loss of negative
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regulation of tyrosine kinase, but also to
enhanced positive regulatory functions,
which should appear as gain-of-function
(Fig. 4).

In contrast to the CBL-b inhibition
model, the uni-laterality of c-CBL muta-
tions could be more easily explained,
because c-CBL and CBL-b have distinct
biological functions, as clearly shown by
the phenotypes of ¢-CBL-" and CBL-6"
mice.”***** For example, CBL-b lacks
one of the major phosphorylated tyrosines,
Y731, that provides a docking site for the
p85 subunit of PI3 kinase. Although the
exact molecular basis for the distinct
functions between both CBL proteins
remains to be elucidated, c-CBL-specific
positive regulatory function in imma-
ture hematopoietic progenitors may be
important for the pathogenesis of myeloid
neoplasms.

Conclusion

Allelic conversion leading to aUPD is an
important genetic mechanism of clonal
evolution in the pathogenesis of MPN, and
associated not only with loss-of-function
of tumor suppressor genes, but also with
gain-of-function mutations of proto-onco-
genes. Homozygous ¢-CBL mutations that
characterize a subset of MDS/MPD carry-
ing 11q-aUPD, represent a unique example
of gain-of-function mutations of tumor
suppressor/proto-oncogene. These linker/
RING finger mutations convert c-CBL,
which otherwise act as a tumor suppressor,
to a gain-of-function oncogenic protein.
Although its exact molecular mechanism
is still unknown, the gain-of-function of
oncogenic ¢-CBL mutants seems to be
related to disintegration of negative and
positive regulatory machineries of normal
c-CBL protein. Detailed analysis of the
oncogenic mechanisms of c-CBL mutants
is warranted, which should shed light on
a novel aspect of physiological function of
c-CBL. Considering their expression and
functions in a broad spectrum of tissues,
CBL family genes may be mutated in other
human cancers.
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Figure 4. Positive regulation of signal transduction by c-CBL. (A) Having E3 ubiquitin ligase

activity for negative regulation of signaling, c-CBL also works as an adaptor protein for multiple
signal transduction molecules. When bound to phosphorylated tyrosine kinases, ¢-CBL is rapidly
phosphorylated at multiple tyrosine residues, which in turn provide binding sites for a number of
signal transduction molecules. Several lines of evidence suggest that binding to these molecules
plays important roles in positive regulation of signal transduction (red arrows). Normally, phos-
phorylated c-CBL undergoes degradation, which is mediated by its E3 ubiquitin ligase activity.
Thus, degradation of mutated c-CBL could be retarded, leading to prolonged transmission of

positive signals (B). :
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CD133 (prominin-1) is a transmembrane glycoprotein
expressed on the surface of normal and cancer stem cells
(tumor-initiating cells), progenitor cells, rod photorecep-
tor cells and a variety of epithelial cells. Although CD133
is widely used as a marker of various somatic and putative
cancer stem cells, its contribution to the fundamental
properties of cancer cells, such as tumorigenesis and
differentiation, remains to be elucidated. In the present
report, we found that CD133 was expressed in several
neuroblastoma (NB) cell lines/tumor samples. Intrigu-
ingly, CD133 repressed NB cell differentiation, for
example neurite extension and the expression of differ-
entiation marker proteins, and was decreased by several
differentiation stimuli, but accelerated cell proliferation,
anchorage-independent colony formation and in vive
tumor formation of NB cells. NB cell line and primary
tumor-sphere experiments indicated that the molecular
mechanism of CD133-related differentiation suppression
in NB was in part dependent on neurotrophic receptor
RET tyrosine kinase regulation. RET transcription was
suppressed by CD133 in NB cells and glial cell line-
derived neurotrophic factor treatment failed to induce
RET in CD133-expressing cells; RET overexpression
rescued CD133-related inhibition of neurite elongation.
Of note, CD133-related NB cell differentiation and RET
repression were mainly dependent on p38MAPK and
PI3K/Akt pathways. Furthermore, CD133 has a function
in growth and RET expression in NB cell line- and
primary tumor cell-derived tumor spheres. To the best of
our knowledge, this is the first report of the function of
CD133 in cancer cells and our findings may be applied to
improve differentiation induction therapy for NB patients.
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Introduction

CD133 (AC133; human prominin-1) belongs to a family
of cell-surface glycoproteins harboring five transmem-
brane domains (Corbeil et al., 2001) and was originally
found as a hematopoietic stem cell marker (Yin et al.,
1997). CD133 was subsequently shown to be expressed
by a number of progenitor cells, including those of the
epithelium, where it is expressed on the apical surface
(Corbeil et al., 2000). Previously, it was found that
CD133-expressing cells in brain tumors have the
capacity for unlimited self-renewal, as well as the ability,
in small numbers, to initiate tumor formation and
progression in immuno-deficient mice (Singh et al.,
2004), suggesting that CD133-expressing cells satisfy the
important criteria required for tumor-initiating cells
(TICs) (Reya et al., 2001; Jordan et al., 2006). Using
similar methods, CD133 has recently been designated as
a marker associated with TICs in the colon (O’Brien
et al., 2007; Ricci-Vitiani er al., 2007), pancreatic
(Olempska et al., 2007), liver (Yin er al., 2007), skin
(Monzani et al., 2007) and prostate (Collins ez al., 2005;
Miki et al., 2007) cancers. Maw et al. (2000) reported
homozygosity for a 1-bp deletion (1878delG) in exon 16
of the CD133 gene predicted to cause a frameshift at
codon 614 and a prematurely truncated protein lacking
about half of the second extracellular loop, the final
membrane-spanning segment and the cytoplasmic-
C-terminal domain; this missense mutation caused
retinal degeneration in four affected members of a
consanguineous Indian family. This finding was further
confirmed by an article describing that loss of Prom-1 in
genetically modified mouse results in the progressive
degeneration of mature photoreceptors with complete
loss of vision (Zacchigna et al., 2009); however, to the
best of our knowledge, no reports have studied the
function of CD133 in tumorigenesis.

Neuroblastoma (NB) is the most common pediatric
solid malignant tumor derived from the sympathetic
nervous system. Unlike the many childhood malignan-
cies for which survival has been improved by recent
therapies, high-risk NB is still one of the most difficult
tumors to cure, with only 30% long-term survival
despite intensive multimodal therapy (Maris et al.,
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2007). The clinical presentation and treatment response
of advanced NB, which results in relapse and a
refractory state after a good responsive to the initial
chemotherapy, suggest that TICs likely exist in NB
tumors. A previous report indicated the isolation and
characterization of putative TICs using primary-sphere
formation with tumors and bone marrow metastases
from NB patients, although CD133 expression was not
detected in a bone marrow-derived high-risk NB tumor-
sphere sample (Hansford et al., 2007). On the other
hand, it was reported that sub-cloned NB cells
(designated ‘intermediate type’), which have a signifi-
cantly more malignant phenotype, with four- to fivefold
greater plating efficiencies in soft agar and sixfold higher
tumorigenicity in athymic mice, expressed high amounts
of CD133 mRNA compared with less malignant sub-
clones (Walton er al., 2004); therefore, the function of
CD133 in NB tumorigenesis and aggressiveness remains
unresolved.

Previous reports about CD133 expression in NB and
its function as a stem cell marker in several tumors
prompted us to study the function of CD133 in NB cells
(Walton et al., 2004; Hansford et al., 2007). Our results
clearly indicated that CD133 also seems to regulate cell
proliferation and tumorigenesis in NB cells. Impor-
tantly, CD133 represses NB cell differentiation and is
decreased by several differentiation stimulators. We
studied the molecular mechanism of CD133-related
differentiation inhibition in NB cells and found that it
was in part dependent on RET tyrosine kinase receptor
regulation via signal pathway modification. Further-
more, CD133 is expressed in NB cell spheres and has a
function in sphere growth and RET regulation.

In specific malignancies, for example NB and acute
promyelocytic leukemia, differentiation induction therapy
using retinoic acid is clearly effective. In vitro experiments
indicated that all-trans-retinoic acid (ATRA) treatment
induced morphological and biochemical differentiation in
these cancer cells, suggesting that the induced differentia-
tion seems to repress the tumorigenic activity of cancer
cells (Brodeur et al., 2000; Weinberg, 2006). Together,
CD133 may regulate NB tumorigenesis and proliferation
by preventing differentiation.

Results

CD133 has a function in NB cell proliferation

First, we checked the expression of CD133 in NB cell
lines and found its expression in 7 out of 20 (53%) cell
lines (Figure 3d and Supplementary Figure 1S). A high
level of cell-surface expression of CD133 was detected in
TGW and SK-N-DZ cells, and modest expression was
found in IMR32 (Figure la; Supplementary Figure
1Sa). Next, we knocked down CDI33 in highly
expressing NB cells and analyzed the knockdown-
induced phenotype. Figure 1b shows that infection
of shRNA-reduced CD133 mRNA and protein and
CD133 knockdown in TGW cells effectively resulted
in significant growth retardation. Inhibition of cell
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proliferation by CDI133 small-interference RNA was
also observed in SK-N-DZ cells (Supplementary Figure
S1). Furthermore, stable knockdown of CD133 in TGW
cells suppressed cell proliferation under anchorage-
independent conditions (Figure Ic). To test tumorigeni-
city in vivo, CDI133-silenced TGW cells were injected
subcutaneously into nude mice. Mock shRNA lenti-
virus-infected cells formed large tumors within 9 days
post-injection; CD133 shRNA lentivirus-infected cells
formed very small tumors (Figure 1d). Next, we
examined the effect of CD133 on NB cell proliferation
(Supplementary Figure 2S). CD133 was successfully
expressed in SH-SYSY cells by lentivirus. The prolifera-
tion rate of CDI33-expressing SH-SY5Y cells was
2-2.5-fold greater than mock cells. Moreover, a soft agar
colony formation assay showed that CDI133-expressing
cells formed more and bigger colonies than mock-control
cells.

CD133 knockdown induces NB differentiation

In NB cells, differentiation into a neuronal phenotype is
induced when cells are treated with several stimulations.
Glial cell line-derived neurotrophic factor (GDNF)
induced neurite outgrowth in TGW cells (Figure 2a,
center). In CD133 knocked-down TGW cells, neurite
formation was observed even under normal culture
conditions (Figure 2a, KD). We scored cells with neurite
length longer than the cell body diameter as neurite
positive (Figure 2b). CD133 knocked-down cells showed
intensified neurite extensions when compared with mock
cells. Mock-infected and CD133 knocked-down cells
were collected at the end of the experiment, and mRNA
was extracted and subjected to RT-PCR (Figure 2c).
With GAP43/neurofilament (NF) 68 as neuronal differ-
entiation markers, these expressions were constitutively
upregulated in CD133 knocked-down cells. Along with
differentiation induced by treatment with ATRA or
phorbol-12-myristate-13-acetate (TPA) in parental
TGW cells, CD133 expression was suppressed at both
protein and mRNA levels (Supplementary Figure 3S).
These results indicated that CD133 may suppress the
differentiation of NB cells.

CD133 regulates RET expression in NB cells

To identify the mechanism of CD133-related cellular
differentiation, we studied the expression of several
neurotrophic receptors and RET receptors because they
are the important signal transduction pathway mole-
cules, which have important functions in sympathetic
nerve and NB cell differentiation (Kaplan et al., 1993;
Klein, 1994; D’Alessio et al., 1995; Enomoto et al.,
2001). We introduced CD133 cDNA into several NB cell
lines (Figure 3a), and checked the effect of CDI133
overexpression on RET expression using a primer pair
recognizing all RET isoforms, RETS5I, RETY9 and
RET43, formed by alternative splicing of C-terminal
exon cassettes (Myers et al., 1995; Enomoto et al., 2000).
Intriguingly, in RET and all RET isoforms, transcrip-
tions were suppressed in CD133-overexpressing NB cells
(RET reduction was 1.3-3.8-fold by qPCR); however,
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Figure 1 CDI33 knockdown inhibits the growth of human neuroblastoma (NB) cells. (a) Flow cytometric analysis of CD133
expression profiles in TGW cells. CD133 fluorescence is depicted on the y axis, and the percentage of CD133-positive cells is shown in
the left upper corner of each plot. (b) Stable knockdown of CDI33 by lentivirus-mediated shRNA was performed as described in
Materials and methods. CD133 expression was detected by semi-quantitative RT-PCR and western blotting analysis in TGW cells.
Growth curves were obtained by WST-8 assay. Anchorage-independent colony formation (c) and in vivo tumorigenic assay (d). TGW
cells were stably transduced with shRNA against mock or CD133 (KD). (c¢) Colonies were stained with MTT dye and directly counted
under a phase contrast microscope. (d) Tumor development in BALB/c AJcl nu/nu mice on injection of TGW cells stably infected with
shRNA against mock (arrow) and CD133 (KD, arrowhead) cells. Tumor volume was measured every 3 days. Data are presented as the

mean * s.d. of tumors in four mice.

the effects of CDI133 on TrkA/B/C, p75SNGFR and
GDNF expressions did not show a specific tendency.
CD133 knockdown clearly increased RET mRNA (RET
induction was 2.5-3.0-fold by gPCR). CD133-mediated
RET downregulation was also observed at the protein
level (Figure 3b). Furthermore, CD133 expression in
primary NB spheres resulted in transcriptional suppres-
sion of RET (Figure 3c). These results suggest that
CD133 suppresses RET gene transcription in NB cells.

To study the expression pattern of CD133 and RET
mRNA in human NBs, we performed semi-quantitative
RT-PCR. CD133 was expressed in 7 of 20 NB cell lines
tested (Figure 3d), and only 1 NB cell line was RET
positive in the 7 cell lines. We further studied CDI133

and RET expression in unfavorable patient-derived
tumors (stages 3 and 4, TrkA(-), MYCN amplified).
Again, RET expression was profoundly repressed in
CD133-expressing NB tumors (Figure 3e). Finally, we
studied the transcriptional activity of RET promoter in
CD133-expressing cells. RET promoter reporter-derived
luciferase activity was significantly suppressed in
CD133-expressing cells (Figure 3e).

CD133 regulates NB cell differentiation

in a RET-dependent manner

We investigated the biological effects of CD133 over-
expression on RET downregulation in SH-SY5Y cells.

99
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Significant neurite outgrowth was observed when mock-
infected cells were stimulated with GDNF (Figure 4a).
At the same time, no obvious difference was observed
between mock- and GDNF-treated CD133-expressing

cells. These results implied that CD133 overexpression
inhibited NB cell differentiation.
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Figure 2 CD133 silencing induces differentiation in TGW cells.
TGW cells were infected with lentivirus vectors encoding shRNA
against CDI133 (right) or a mock (left) as a negative control. Ten
days after infection, cells were treated with buffer (mock and KD)
or GDNF (10 ng/ml, middle). Cells were scored for the presence of
neurites longer than one cell diameter 72 h after treatment (photo:
(a), bar graphs: (b)). Data are presented as the mean % s.d. from at
least three independent experiments. Statistical analysis was
performed by Student’s r-test. (c) NB differentiation-related
molecule neurofilament 68 (NF68) and GAP43 expressions
in RT-PCR and WB. NF68 protein was not detected by WB in
TGW cells.

14

Figure 3 CDI33 inhibits RET expression in NB cells. (a) SH-
SYSY, NB-69 and NB-9 cells were infected with mock or CD133-
expressing lentivirus, and TGW and SK-N-DZ cells were stably
infected with shRNA against mock or CD133 (KD) lentivirus.
Semi-quantitative RT-PCR analyses were performed with CD133-
modified NBs using specific primers against each RET isoform, Trk
families, GFRa-1/2 and GDNF. GAPDH was used as a loading
control. Expression level of RET (pan) was analyzed by qPCR. In
qPCR, relative RET values were normalized by GAPDH. Data are
representative results of at least three independent experiments.
(b) CD133-expressing SH-SYSY or CD133 knocked-down TGW
cell lysates were subjected to western blotting for CD133 and pan-
RET expression. Pan-RET antibody detected two bands corre-
sponding to RET isoforms (arrows). (¢) Primary sphere from a
stage 4 NB patient was infected with mock or CD133-expressing
lentivirus. Five days after infection, RNA was extracted for semi-
quantitative RT-PCR of CDI33/RET and qPCR of RET.
GAPDH was used as an internal control. Data are representative
of three tumor samples. (d) Expression of CD133 and RET mRNA
in NB cell lines. In all, 18 NB cell lines with amplified M YCN and 2
cell lines with a single copy of MYCN were used for semi-
quantitative RT-PCR analysis. (e) Semi-quantitative RT-PCR
analysis in unfavorable primary NBs. The results of 12 NBs are
shown. Unfavorable NBs: International NB Staging System (INSS)
stage 3 or 4, TrkA (—), with MYCN amplified. (f) Effects of CD133
on RET promoter (0.8kb) activity in SH-SYSY cells. pGL4.17-
RET promoter-driven luciferase activities were normalized to pRL-
SV40 early enhancer/promoter-driven Renilla luciferase activities
as the transfection control and expressed as relative values.
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We examined the effect of the co-expression of CD133
and RET (RET9) on SH-SYSY cells. RET-expressing
lentivirus was co-infected into stably CD133-expressing
SH-SYSY cells. Ten days after infection, ectopic RET
and CD133 expressions were observed both at protein
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and mRNA levels (Figure 4b and data not shown). As
seen in Figure 4a, GDNF significantly induced neurite
outgrowth of CDI33/RET co-expressing SH-SYS5Y
cells. CD133 single-infected cells did not respond to
GDNF, suggesting that the response was dependent
on RET receptor expression. However, the expression
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of neuronal cell differentiation markers induced by
GDNF was not recovered by RET in CD133-expressing
cells (Figure 4b). These findings indicated that
CD133 inhibits GDNF-promoted neuronal differentia-
tion via not only by RET but also by the other signal
pathways.

CD133 regulates RET expression and NB cell
differentiation by modification of signaling pathways

To identify the mechanism of RET downregulation in
CD133-expressing cells, we studied the signaling mole-
cule status in CD133 knocked-down cells (Figure 4c)
and found a strong suppression of Akt (473S, 308T) and
p38MAPK phosphorylation, but not ERK1/2 in both
TGW and SK-N-DZ cells. To confirm the Akt and
p38MAPK phosphorylation status caused by CD133
downregulation, we treated TGW cells with kinase
inhibitors. MEK inhibitor (PD98059, PD), p38MAPK
inhibitor (SB203580, SB) and PI3K inhibitor
(LY294002, LY) induced neurite elongation in NB cells,
and SB and LY were more effective for neurite
elongation than PD. RET induction by kinase inhibitors
was correlated with neurite elongation; however, differ-
entiation markers NF68 and GAP43 were significantly
induced by SB treatment. These results suggest that
downregulation of p38MAPK and PI3K/Akt pathways
has a function in CD133-related neurite elongation and
differentiation marker expression is affected mainly by
the p38MAPK pathway.

CD133 has a function in tumor-sphere growth and cell
survival

It was previously reported that NB TICs were accumu-
lated in NB spheres in serum-free media (SFM)
(Hansford er al., 2007). These observations prompted
us to study the function of CDI133 in tumor-sphere
formation of NB cells. In IMR32 cells, only a small
fraction of cells expressed CD133 (Supplementary
Figure 1Sa). IMR32 cells were cultured in SFM with
epidermal growth factor and fibroblast growth factor
for a week, and sphere formation, upregulation of
CD133 (11.8-fold induction) and suppression of RET
(2.8-fold reduction) were observed (Figure 5a). In
primary NB cells from bone marrow metastasis,

<
Figure 4 NB cell differentiation was regulated by CD133-dependent

RET suppression via signal pathway modification. (a) Mock, CD133
and/or RET9 co-expressing SH-SY5Y cells were treated with GDNF
(50ng/ml) for 72h. Cells were scored for the presence of neurites
longer than one cell diameter after GDNF treatment. (b) CD133 and/
or RETY co-infected SH-SYSY cells were cultured with or without
GDNF treatment. Semi-quantitative RT-PCR analyses of CDI133,
GAP43, RET and GAPDH were performed. (c) The levels of phospho-
Akt (p-Akt(473S) and p-Akt(308 T)), total-Akt, phospho-p38MAPK
(p-p38), total-p38MAPK, phospho-ERK (p-ERK), total-ERK and
tubulin were analyzed by western blot analysis. (d) TGW cells were
cultured with DMSO (mock, 0.1%), PD98059 (PD, 5 um), SB203580
(SB, 5 um), LY294002 (LY, 5pum), GDNF (50 ng/ml) or ATRA (5 pm)
for 96 h. Cells were scored for the presence of neurite longer than one
cell diameter after treatments. Semi-quantitative RT-PCR analysis of
RET|NF63/GAP43/GAPDH, and qPCR of RET were performed.
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Figure 5 CDI133 enhances cellular survival of NB cells in
neurospheres. IMR32 cells (a) and primary NB cells (b) were
cultured in 10% fetal bovine serum containing medium (adherent)
or SFM (sphere) for a week. Semi-quantitative RT-PCR
and qPCR analyses were performed with adherent or sphere
cell RNAs using specific primers for CDI133 and RET. GAPDH
was used as a loading control. Primary NB cell results are
representative of three tumor samples. (¢) IMR32 cells were stably
infected with mock or CD133-expressing lentivirus. The expression
levels of CD133 and GAPDH were determined by semi-quantitative
RT-PCR. Cells were cultured in 96-well culture plates with
SFM. After 5 weeks, spheres were measured and counted under a
microscope with an eyepiece micrometer. (d) Enzymatically
dissociated IMR32- or primary NB-sphere cells were stained
with trypan blue and counted to determine the number of
viable cells.
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the upregulation of CDI133 (1.4-fold induction) and
downregulation of RET receptors (5.9-fold reduction)
were found in SFM medium, but not in the medium
with 10% fetal bovine serum (Figure 5b). Next, we
introduced CD133 into IMR32 cells by lentivirus
infection, and after 5-week culture in SFM, we found
that CD133-expressing cells formed many more large
spheres than mock cells (Figure 5c). Moreover, CD133-
expressing spheres made from IMR32 and primary NB
cells contained many more living cells than the mock
control (Figure 5d), suggesting that CD133 promotes
NB cell survival in tumor-sphere formation.

Discussion

Increasing evidence highlights the function of CD133 as
a marker of CSCs in various human tumors; however,
its function in tumorigenesis remains to be elucidated by
molecular biology experiments. In this study, CD133-
knockdown experiments indicated that CD133 represses
differentiation in NB cells; CD133 was clearly decreased
by differentiation-inducing stimulation, for example
ATRA and TPA treatments. Brodeur er al. (2000)
indicated that neurotrophic factors and their receptors
have a significant function in NB behavior and the
potential to send intracellular signals into the nucleus to
produce neuronal differentiation in the normal sympa-
thetic nerve system. Among the NB cell differentiation-
related neurotrophic receptors, RET transcription was
regulated by CD133 in NB cell lines. The expression of
CDI133 effectively inhibited NB cell differentiation
(neurite extension and differentiation markers). Further-
more, RET expression partly rescued the CD133-related
inhibition of differentiation. These findings suggest that
CD133-mediated RET suppression has a considerable
function in NB cell differentiation. Regarding the
function of RET in NB differentiation, Peterson and
Bogenmann (2004) suggested that RET receptor activa-
tion inhibits cell cycle progression and enhances
responsiveness to NGF; thus, NB cell differentiation
requires the collaboration of functional RET and TrkA
signal pathways; they also reported that GDNF treat-
ment induced RET transcription in NB cells. Intrigu-
ingly, our results indicate that CDI133 expression
effectively suppressed RET mRNA in NB cells and
CDI133 knockdown induced NB cell differentiation,
suggesting that suppression of CD133 by small-inter-
ference RNA administration will increase RET tran-
scription in CD133-expressing NB tumors and may be
useful in differentiation induction therapy for resistant-
and relapsed-NB tumors. In addition, transcriptional
suppression of CDI33 could be useful to induce
differentiation in NB cells; however, the exact mechan-
ism of transcriptional regulation of CD133 has not been
clarified. Although seven CDI133 mRNA isoforms
controlled by five alternative promoters were reported
previously (Shmelkov er al, 2004), the promoter
activities of these isoforms were studied only by
pGL3-enhancer vector, suggesting the existence of other
cis-elements in the CD133 locus.



Several studies have been reported to elucidate the
molecular mechanism and signaling pathways that
regulate the behavior of CD133-expressing cancer cells.
Nikolova et al. (2007) reported that WNT-conditional
media had effects on the proliferation and differentia-
tion of cord blood-derived CD133-positive cells, and
Fan et al. (2006) showed that Notch signal inhibition by
GSI-18 reduced the CD133-positive fraction in brain
tumor cells. Regarding the analysis of the intracellular
signaling pathway related to the CDI133 function, one
report suggested the significance of the Akt/PKB path-
way in the expression of survival proteins, phosphor-Bad
and Bcl-2 in CD133-positive hepatocellular carcinoma
cell survival (Ma er al., 2007). In our study, CD133-
knockdown experiments indicated that CD133-related
RET repression and NB cell differentiation were caused
by signal pathway activation, for example p38MAPK
and PI3K/Akt pathways. To support this observation,
treatment with kinase inhibitors showed a correlation
between neurite elongation and RET induction in NB
cells, and that differentiation marker protein induction
was mainly dependent on the p38MAPK pathway. These
findings suggest that CD133 prevents NB cell differentia-
tion via signal transduction pathways. To the best of our
knowledge, this is the first report of CD133-related signal
pathway modification resulting in cell differentiation. As
CD133 is a membranous protein on stem cells and cancer
stem cells, it is possible that CD133 affects membranous
receptor functions and the downstream signal pathways.
In addition, Boivin et al. (2009) reported the phosphor-
ylation of CD133-cytoplasmic tyrosine-828 and tyrosine-
852 by Src and Fyn tyrosine kinases. Site-directed
mutagenesis of these tyrosine residues in CD133 will
provide important information for CD133 functions in
our experimental system using NB cells.

Materials and methods

Cell culture and reagents

Human NB cell lines were obtained from official cell banks
(RIKEN Cell Bank, Tsukuba, Japan and ATCC, Manassas,
VA, USA) and cultured in high-glucose DMEM (Sigma-
Aldrich, St Louis, MO, USA) or RPMI1640 (Wako, Osaka,
Japan) supplemented with 10% heat-inactivated fetal bovine
serum (Invitrogen, Carlsbad, CA, USA) and 50 pg/ml penicillin/
streptomycin (Sigma-Aldrich) in an incubator with humidified
air at 37 °C with 5% CO,. NB cell lines subjected to molecular
biology and biochemistry experiments were MYCN single-copy
SH-SYSY cells and MYCN-amplified TGW, SK-N-DZ and
IMR32 cells. GDNF was obtained from Invitrogen. ATRA was
from Sigma-Aldrich. Phorbol-12-myristate-13-acetate (TPA)
was from Nacalai Tesque (Kyoto, Japan). LY294002 was from
Cell Signaling Technology (Beverly, MA, USA). PD98059 and
SB203580 were from Calbiochem (San Diego, CA, USA).

Fluorescence-activated cell sorting analysis

NB cell lines growing in the log phase were enzymatically
removed from 10 cm diameter culture dishes, washed with cold
PBS and treated with biotinylated AC133 (CD133/1) mono-
clonal antibodies (Miltenyi Biotec, Auburn, CA, USA) or
control IgG2A (eBioscience, San Diego, CA, USA) for 15 min
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at 4 °C. The primary antibody was removed, and then the cells
were washed twice with ice-cold PBS containing 0.1% BSA,
and a 1:200 dilution of phycoerythrin-labeled streptavidin
(eBioscience) added for 15min at 4°C. After washing, flow
cytometry was performed using a fluorescence-activated cell
sorting Caliber (BD, San Jose, CA, USA).

Knockdown of CD133

For RNAIi experiments, predesigned, double-stranded SMART-
pool small-interference RNA targeting human CD133 (prominin-1)
was purchased from Dharmacon (Lafayette, CO, USA) and
Silencer Negative Control small-interference RNA #1 was
purchased from Ambion (Austin, TX, USA).

Lentivirus-mediated gene transduction and knockdown

The packaging cell line HEK 293T (4 x 10°) was plated and
transfected the following day. Then, 1.5 pg transducing vectors
containing the gene [pHR-SIN-CMV-G-DLI1 or CSII-CMV-
MCS-IRES2-Bsd vector (RIKEN Bioresource Center, Ibaraki,
Japan)] or shRNA [pLKO.1 (Sigma-Aldrich)] and 2.0pg
packaging vectors (Sigma-Aldrich) were co-transfected with
Fugene 6 transfection reagent (Roche Applied Science,
Indianapolis, IN, USA) according to the manufacturer’s
protocols. The medium was changed the following day, and
cells were cultured for another 24 h. Conditioned medium was
collected and cleared of debris by filtering through a 0.45 pm
filter (Millipore, Bedford, MA, USA). Then, 1 x 10° NB cells
were seeded in each well of a six-well plate, and transduced by
lentiviral-conditioned media. Transduced cells were analyzed
by western blotting and RT-PCR.

Cloning of human CD133 cDNA

The human CDI133 cDNA (RefSeq NM_006017) was cloned
from human colon cancer cell line Caco-2 mRNA by RT-PCR
using specific primer sets described in Supplementary Table 1S.
CD133 cDNA fragment was sub-cloned into a lentiviral-based
vector (pHR-SIN-CSGW) (Hasegawa et al., 2006).

Western blot analysis

The cells were lysed in buffer containing 5Smm EDTA, 2mMm
Tris-HCI (pH 7.5), 10 mm B-glycerophosphate, 5pg/ml apro-
tinin, 2mM phenylmethylsulfonyl fluoride, 1 mm Na3;VOy, a
protease inhibitor cocktail (Nacalai Tesque) and 1% SDS.
Western blot analysis was performed as reported previously
(Kurata et al., 2008). For CD133 detection, we used AC133
monoclonal antibody. Anti-RET (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-phospho- and total Akt, p38,
ERK (Cell Signaling Technology) and anti-tubulin antibody
from Lab Vision (Fremont, CA, USA) were also used.

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR analysis was as described pre-
viously (Kurata et al., 2008). Total cellular RNA for preparing
RT-PCR templates was extracted using ISOGEN (Nippon
Gene KK, Tokyo, Japan). The cDNA was synthesized from
1 pg total RNA and then subjected to PCR. Primer sequences
are described in Supplementary Table 1S. RT-PCR results are
representative of at least three independent experiments.

qPCR analysis

The qPCR analysis was performed as described previously
(Ochiai et al., 2010). The primers for gPCR were designed and
synthesized to produce 50-150bp products. The primer
sequence is listed in Supplementary Table 1S. The results were
representative of at least three independent experiments.
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Cell proliferation and soft agar assay

Cells were seeded into 96-well plates (750 per well) in culture
medium containing 10% fetal bovine serum. Every 24h,
cell viability was determined by water-soluble tetrazolium
salt (WST-8) assay using Counting kit-8 (Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocol. For soft agar
assay, 2 x 10° cells of stable infectants TGW or SH-SYS5Y cells
were seeded in soft agar as described previously (Aoyama et al.,
2005). Viable colonies were stained with 0.05 mg/ml MTT.

Tumor formation in nude mice

For tumor formation, 6-week-old female athymic BALB/c AJcl
nu/nu mice (CLEA Japan, Shizuoka, Japan) were injected into
the femur with 1x 10" TGW cells as described previously
(Aoyama et al., 2005). The handling of animals was in
accordance with the guidelines of Chiba Cancer Center
Research Institute.

Patients and tumor specimens

The 12 tumor specimens used in this study were kindly provided
by various institutions and hospitals in Japan. Informed consent
was obtained at each institution or hospital. All tumors were
diagnosed clinically as well as pathologically as NB and staged
according to the International NB Staging System criteria. The
patients were treated by standard chemotherapy protocols as
described previously (Kaneko et al., 2002; Iehara et al., 2006).
MYCN copy number, 7rkA mRNA expression levels and DNA
index were measured as reported previously (Ohira et al., 2003).
This study was approved by the Institutional Review Board of
Chiba Cancer Center.

Subcloning of human RET (RETY9)

Human RET9 (Crowder et al., 2004) full-length cDNA was a
kind gift from Dr Hideki Enomoto (RIKEN Center for
Developmental Biology, Hyogo, Japan). RET9 cDNA frag-
ment (3.4 kb) was sub-cloned into the NotI site of CSII-CMV-
MCS-IRES2-Bsd vector, which had been altered to accept the
Xbal and HindIII ends.

Cloning of human RET promoter

Human RET promoter 1.5kb (=919 to + 550, position +1 is
the transcription start site determined in a previous report
(Itoh et al., 1992)) was amplified from human genomic DNA
using Platinum Pfx polymerase (Invitrogen) with primers
(described in Supplementary Table 1S) by PCR amplification
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Abstract The patients were infant male twins born by cesarean delivery following a healthy pregnancy
at 36 weeks” gestation to unrelated parents. At 4 months of age, twin 2 presented with hepatomegaly and
a right suprarenal mass. Resection of an adrenal tumor and a liver tumor biopsy were performed. Twin |
had no symptoms at 4 months of age. Screening by abdominal ultrasonography showed multiple masses
in the liver but no adrenal mass. Metaiodobenzylguanidine scintigraphy showed positive findings in
multiple liver masses. A laparoscopic biopsy for a liver tumor was performed. All primary tumor and
liver tumor specimens from twin 2 and the liver tumor of twin | had the same histologic classification of
neuroblastoma and nearly identical genetic aberrations, including a chromosome gain or loss using
array —comparative genomic hybridization. From these clinical and pathologic findings and genetic
analyses, we strongly demonstrate the transplacental metastatic spread from twin 2 to twin 1. In the
literature, 9 pairs of concordant twin neuroblastomas, including the current twin, have been presented:
and the clinical findings of 5 twin pairs may represent placental metastases from one twin with
congenital neuroblastoma to the other twin. This study is the first report presenting the possibility of
twin-to-twin metastasis in monozygotic twins with neuroblastoma based on an analysis of the clinical
features and genetic aberrations.

© 2010 Elsevier Inc. All rights reserved.

is, when both twins 1 and 2 have neuroblastoma and
present either simultaneously or at different times, has not

Neuroblastoma is the most common neonatal solid
abdominal tumor [1]. The tumor originates from the neural

crest cells of the adrenal medulla or sympathetic ganglia.
The neuroblastoma concordance in monozygotic twins, that

* Corresponding author. Tel.: +81 92 642 5573: fax: +81 92 642 5580.
E-muail address: 1aji‘@pedsurg. med kyushu-u.ac jp (T. Tajini).

0022-3468/$ — see front matter © 2010 Elsevier Inc. All rights reserved.
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yet been described in detail. Furthermore, neuroblastoma in
monozygotic twins is of interest because of the resulting
insights regarding tumorigenesis and/or metastasis. In the
present study, we reported simultancous-onset neuroblas-
toma in monozygotic twins. Furthermore, we assessed the
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mechanism of this shared pathology using a genetic
analysis and a review of the pertinent literature.

1. Case report
1.1. Clinical features and outcomes

The patients were infant male twins born by cesarean
delivery following a healthy pregnancy at 36 weeks’
gestation to unrelated parents. During the gestational course,
the twins did not undergo exposure to extrinsic factors that
might affect neuroblastomas. At 4 months of age, twin 2
presented with hepatomegaly and a right suprarenal mass
(Fig. TA-D). The patient’s urinary vanillvlmandelic acid
(339 ug/mg Cr) and homovanillic acid (447 ug/mg Cr) were

2313

markedly elevated. Metaiodobenzylguanidine (MIBG) scin-
tigraphy showed positive findings in the patient’s right
adrenal tumor and multiple liver masses (Fig. 1B). An
adrenal tumor resection and liver tumor biopsy were
performed. Twin 1 had no symptoms at 4 months of age.
A screening by abdominal ultrasonography and a computed
tomographic scan showed multiple masses in the patient’s
liver, but no adrenal mass (Fig. 1C). The patient’s urinary
vanillylmandelic acid (15.9 ug/mg Cr) and homovanillic
acid (23.4 pg/mg Cr) were not clevated. Metaiodobenzyl-
guanidine scintigraphy showed positive findings in multiple
liver masses (Fig. D). A laparoscopic-assisted biopsy was
performed for the liver tumor. All specimens of the primary
adrenal tumor and liver tumor of twin 2 and the liver tumor of
twin 1 exhibited favorable neuroblastoma regarding the
Shimada classification [2] (Fig. 2A, B, C) and no MYCN
amplification. According to these histology and biology of

Fig. 1 Computed tomographic scan and MIBG scintigraphy of twin. A, Hepatomegaly and a right suprarenal mass in twin 2. B, Positive

findings at right adrenal tumor and multiple liver masses in twin 2 as analyzed by MIBG scintigraphy. C, Multiple masses in liver, but no

adrenal masses in twin 1. D, Positive finding at multiple liver masses in twin 1 using MIBG scintigraphy.
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Fig. 2 Histology of the primary adrenal and liver tumors of twin
2 and the liver tumor of twin 1. A, Primary adrenal tumor of twin 2
(hematoxylin and cosin [H&E] stain). B, Liver tumor ot twin 2
(H&E stain). C, Liver tumor of twin 1 (H&E stain). All sections
show a proliferation of rounded cells with hyperchromatic nuclei
and scant cytoplasm in a neuropil background, with histopathologic
similarities at 3 sites.

tumors, mild chemotherapy including low dose of cyclo-
phosphamide and vineristine was administered to twin 2 for a
period of 6 months and patient observation is continuing for
twin | for a period of 6 months after surgical intervention in
both cases, respectively.

1.2. Histologic and genetic analysis for specimens
of the primary tumor and the liver tumor of twin 2
and the liver tumor of twin 1

All specimens of primary adrenal tumor and liver tumor
of twin 2 and liver tumor of twin 1 were indicative of a
poorly differentiated neuroblastoma and also demonstrated a
favorable histology regarding the Shimada classification. A
histologic examination of several blocks of placenta revealed
no metastatic tumor thrombi in villous stem vessels. No
specimens had MYCN amplification, and all specimens
were triploid.

To evaluate whole-genome aberrations, a microarray-
based comparative genomic hybridization (array-CGH) was
performed according to the methods described in a previous
report by Tomioka et al [3] (244K Human CGH Oligo
Microarray, Agilent Technology). For all specimens, the
CGH type revealed entire chromosomal gains and losses type
[3], which is associated with a favorable prognosis.
Regarding the whole genome aberrations such as chromo-
some gains or losses, the only difference between the
primary adrenal tumor and the liver tumor of twin 2 was
chromosome 2; and the only difference between the primary
adrenal tumor of twin 2 and the liver tumor of twin 1 was
chromosome 14. Regarding chromosome 2, the primary
adrenal tumor of twin 2 had a 2p whole gain and a 2q whole
gain, whereas the liver tumor of twin 2 had a 2p partial gain
and a 2q partial gain. Chromosome 14 was unchanged in the
primary adrenal tumor of twin 2, but there was a 14q whole
loss in the liver tumor of twin 1.

The consents of patients’ parents for tumor preservation
and the biological analysis were obtained before surgery.
This study was performed according to the Ethical Guide-
lines for Clinical Research published by the Ministry of
Health, Labor, and Welfare of Japan on July 30, 2003.

2. Discussion

Neuroblastomas can be multifocal and can be concordant
or discordant (only one of the twins has the tumor) among
monozygotic twins. To the best of our knowledge, as shown
in Table 1, only 9 sets of monozygotic twins concordant for
neuroblastoma, including the current cases, have been
described: and no concordant neuroblastoma cases have
been described for dizygotic twins [4-11].

Neuroblastomas can present in multiple ways. The most
frequent presentation occurs in a child with a primary tumor
(abdominothoracic) with or without metastases. In 1972,
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Table 1  Review of literature of monozygotic twins concordant for neuroblastoma
References Case Sex Age Primary Metastasis Outcome Zygosity
Lee, 1953 1 M 4mo L adrenal Liver, bone, brain, testis DOD 8.5 mo Monozygous
2 M 4mo R adrenal Liver, bone, brain, testis AWD 20 mo
Cochran, 1963 3 F - R sympathetic Liver DOD 9.5 mo Monozygous
4 F - R sympathetic ~  Liver DOD 11 mo
Barrett and 5 - Infancy - - - Identical twin
Toye, 1963 6 —  Infancy - % o
Miller, 1971 7 M - - - DOD 13 d Twins, male
8 M - - — DOD 16 mo
Mancini, 1982 9 M  Birth L adrenal Liver, r adrenal medulla  Stillbirth Identical twin and
10 M 2mo None found Liver DOD 13 mo single placenta
Boyd, 1995 11 M 1wk Retroperitoneum Liver DOD 1wk *Diamnionic
12 M 2wk None found Liver, bone, skin, DOD 1 mo monochorionic placenta
bil adrenal medulla
J Anderson, 2001 13 F 3wk L adrenal Liver, bone marrow NED 18 mo Monozygous
14 F 6mo R adrenal Liver, r adrenal medulla NED 18 mo
I Adaletli, 2006 15 F 2 mo L adrenal Liver - NED 16 mo Monozygous
16 F 2 mo None found Liver NED 16 mo :
Tajiri, 17 M 4mo  None found Liver Ongoing mild Monozygous
(current cases) chemotherapy 6 mo
18 M 4mo L adrenal Liver Ongoing

observation 6 mo

DOD indicates died of disease; AWD, alive with disease; NED, no evidence of disease.
* Diamnionic monochorionic placenta: Histopathologic examination of metastatic placental tumors revealed tumor thrombi in the villous stem vessels

and terminal villi without gross macroscopic placental lesions.

Knudson and Strong [12] suggested 2 hypotheses that are the
most widely accepted etiologic model for childhood
neuroblastoma. The hypotheses invoke both inherited and
acquired genetic defects as the basis for tumor development.
In familial (hereditary) cases of neuroblastoma, the first
defect is an inherited germ line mutation present in all cells of
the body. A second defect or hit occurs postzygotically in
only somatic target cells, the neuroblast. In sporadic
(nonhereditary) cases, mutations are postzygotic events in
the same neuroblast. The pathogenesis of multifocal
neuroblastoma appears to occur through the multicentric
growth of neuroblastoma nodules or ncuroblastoma in situ
with a potential for regression or maturation [13].

The cause of the shared pathology of concordance for
neuroblastoma in monozygotic twins has not been well
established. The question remains whether the disease is a
simultaneous onset of malignancy in both twins or is
because of metastatic spread via placental vascular
anastomoses in utero from one twin with congenital disease
to the second twin. Only monochorionic placentas share
fetoplacental circulation and thus are a potential mechanism
for metastasis, In cases 11 and 12 in Table 1, the
histopathologic examination of metastatic placental tumors
revealed tumor thrombi in villous stem vessels and terminal
villi without gross macroscopic placental lesions [9]. The
massive hepatic metastases could have arisen as a first-pass
effect through the entrance of blood through the umbilical
vein. Systemic metastases could also occur if an umbilical

venous flow with tumor cells enters the right atrium.
Fetoplacental metastases are favored in cases in which one
twin within a twin pair manifests a readily identifiable
primary tumor and twin 2 manifests the disease either
simultaneously or later without a recognizable primary site.
When both twins of a given twin pair display obvious
primary tumors with similar disease extents, a diagnosis of
simultaneous primary neuroblastoma is favored. In view of
these clinical features, 5 pairs (cases 9, 10; cases 11, 12;
cases 13, 14; cases 15, 16; and cases 17, 18) of 9 pairs of
concordant twin neuroblastoma, as shown in Table 1, are
considered to be placental metastases from one twin with
congenital neuroblastoma to the other.

With the introduction of molecular and genetic markers
such as MYCN and DNA ploidy, clear-cut biological
markers are currently available to aid in differentiating
simultaneous primary tumors from the metastatic spread
between twins. However, the detailed whole genome
analysis of tumor samples from monozygotic twins had
never been done in the previous reports. When the primary
neuroblastoma generates in one of a twin, a variety of
chromosomal changes occur in the primary tumor. We have
identified a variety of chromosomal changes in primary
neuroblastomas using array-CGH or SNP array [3]. After-
ward, a little chromosomal change may occur in the
metastatic tumors, when neuroblastoma cells spread to
other organs. In the present study, the adrenal primary
adrenal tumor of twin 2 had a variety of genetic aberrations



2316

T. Tajiri et al.

including the gain or loss of chromosomes as analyzed by
array-CGH, whereas the liver tumor of twin 2 and the liver
tumor of twin 1 had only one genetic change from primary
adrenal tumor of twin 2 using array-CGH, respectively. This
result of genetic analysis suggests that placental metastases
from one twin with congenital neuroblastoma to the other has
occurred in the present cases.

In summary, in the current cases, twin | presents the
disease simultancously without a recognizable primary site:
and all primary tumor and liver tumor specimens from twin 2
and the liver tumor of twin | had the same histologic
classification of neuroblastoma and nearly identical genetic
aberrations, including a chromosome gain or loss using
array-CGH. From these clinical and pathologic findings and
genetic analyses, we herein strongly demonstrate the
transplacental metastatic spread from twin 2 to twin 1 as
the mechanism of shared neuroblastoma pathology. This
article is the {irst report presenting the possibility of twin-to-
twin metastasis in monozygotic twins with neuroblastoma by
the analysis of clinical features and genetic aberrations.
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