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Fig. 6. Effect of anti-integrin antibodies on growth of CD34+
bone marrow cells on human osteoblasts. Human CD34+ bone
marrow cells were cultured on osteoblasts for 2 weeks in the pres-
ence or absence of antibodies against CD29 or CD49d at a con-
centration of 5 pg/ml. Following cultivation, hematopoietic cells
were collected, counted, and positivity for CD33 and CD34 was
determined by flow cytometry (see fig. 3). Purified mouse IgG
served as a negative control.

and CDI166, are involved in cell-to-cell interaction be-
tween hematopoietic cells and osteoblasts. Since we ob-
served that FAK and AKT were colocalized with CD29/
49d and phosphorylated in hematopoietic cells adhering
to osteoblasts, we suspect that cell-to-cell interaction in-
duces activation of integrin-bound kinases, leading to
cell survival signals in hematopoietic cells in which AKT
is involved. Although CD34+ bone marrow cells were
cultured in the presence of 30% of the cultured superna-
tant of osteoblasts, most cells died over a 4-week culture
period (data not shown), suggesting that the soluble fac-
tors derived from osteoblasts are not sufficient to support
the survival of human CD34+ bone marrow cells, and
adhesion to osteoblasts must be important for the sur-
vival of hematopoietic cells.

Human osteoblasts have been reported to produce
several hematopoietic cytokines, including IL-1B, IL-6,
IL-7, G-CSF, M-CSF, GM-CSF, tumor necrosis factor-a,
LIF, OPG, receptor activator of NF-kB ligand, SDF-1,
VEGF, and osteoclast differentiation factor [1, 2, 10-12],
and not to produce IL-1a, IL-3, or SCF [10]. However, in
our experiment, human osteoblasts did not produce IL-7,
G-CSF, M-CSF, or GM-CSF. Although the precise reason
for the discrepancy is not clear, it may be attributable to
differences in cell culture conditions or donor age. Alter-
natively, different subsets or differentiation states related
todifferential cytokine production may be presentamong
the osteoblasts.

Several cytokines have been shown to contribute to the
maintenance, proliferation, and differentiation of HSCs.
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For example, Flt3-L and SCF play an important role in the
early stage of hematopoiesis [13]. An in vivo study has
demonstrated that SCF and IL-3 prevent unirradiated he-
matopoietic progenitors from undergoing apoptosis, and
Flt3-L has been demonstrated to induce survival and pro-
liferation of CD34+CD38- cells [14], suggesting the effects
of these cytokines on hematopoiesis in vivo to some extent
[15], but their effects in vitro, whether alone or in combi-
nation, are still a matter of controversy [2]. The results of
this study demonstrate that SCF and IL-3, but not Flt3-L,
induce proliferation of CD34+ bone marrow cells to some
extent in our culture condition. When added to the cocul-
ture system of human osteoblasts and human CD34+ bone
marrow cells, however, each of them significantly promot-
ed the proliferation of hematopoietic cells. SCF and Flt3-L
induced in particular significant growth of hematopoietic
cells cultured on osteoblasts. Since our RT-PCR experi-
ments revealed no expression of SCF and IL-3 mRNA in
osteoblasts, the major role of osteoblasts in hematopoiesis
could be to maintain HSCs as HSCs and therefore the lack
of proliferation-inducing cytokines is appropriate for this
role. In the context of the microenvironment, other cells
should supply these factors to the niche. Alternatively, it is
also possible that disaggregated osteoblasts do not produce
these factors when they are grown in monocultures but do
so in the niche when in the appropriate context.

CD184, a receptor for CXC subfamily chemokines,
was originally identified as an orphan receptor [16]. It was
suggested that CD184 and its sole ligand SDF-1 play an
important role in hematopoiesis and are required for
homing of stem cells and progenitor cells from the liver
to the bone marrow (2, 16-18], but their role at the mo-
lecular level remains unknown. Tokoyoda et al. [18] stat-
ed that contact between the earliest HSCs and SDF-1-ex-
pressing cells is necessary for B lymphopoiesis. In our
study, the CD184 expression pattern was dramatically al-
tered by cytokines and the presence of osteoblasts. Al-
though the exact mechanism of action remains to be elu-
cidated, the different expression pattern of CD184 may be
related to the different function of hematopoietic cells,
e.g. homing. Further investigation to identify the role of
CD184 expression in hemalopoiesis is now underway.

In conclusion, human osteoblasts have the ability to
support the survival and differentiation of human CD34+
bone marrow cells. Addition of cytokines to this culture
system stimulates human CD34+ bone marrow cells to
differentiate into various blood cells. Osteoblasts provide
a useful in vitro model of the hematopoietic microenvi-
ronment, and further studies are required Lo elucidate the
role of the microenvironment in early hematopoiesis.
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Abstract

Background: The Dickkopf (DKK) family comprises a set of proteins that function as regulators of Wnt/f3~catenin signaling
and has a crucial role in development. Recent studies have revealed the involvement of this family in tumorigenesis,
however their role in tumorigenesis is still remained unclear.

Methodology/Principal Findings: We found increased expression of DKK2 but decreased expression of DKK1 in Ewing
family tumor (EFT) cells. We showed that EFT-specific EWS/ETS fusion proteins enhance the DKK2 promoter activity, but not
DKK1 promoter activity, via ets binding sites (EBSs) in the 5’ upstream region. EWS/ETS-mediated transactivation of the
promoter was suppressed by the deletion and mutation of EBSs located upstream of the DKK2 gene. Interestingly, the
inducible expression of EWS/ETS resulted in the strong induction of DKK2 expression and inhibition of DKK1 expression in
human primary mesenchymal progenitor cells that are thought to be a candidate of cell origin of EFT. In addition, using an
EFT cell line SK-ES1 cells, we also demonstrated that the expression of DKK1 and DKK2 is mutually exclusive, and the ectopic
expression of DKK1, but not DKK2, resulted in the suppression of tumor growth in immuno-deficient mice.

Conclusions/Significance: Our results suggested that DKK2 could not functionally substitute for DKK1 tumor-suppressive
effect in EFT. Given the mutually exclusive expression of DKK1 and DKK2, EWS/ETS regulates the transcription of the DKK
family, and the EWS/ETS-mediated DKK2 up-regulation could affect the tumorigenicity of EFT in an indirect manner.
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Introduction A number of activators and antagonists in the Wnt/ f}-catenin
signaling pathway have been cloned and investigated. The
Dickkopf (DKK) family s comprised of secreted protein

modulators of Wnt/ fi-catenin signaling [6,7]. In human, the

The Wnt/fcatenin signaling pathway is known to regulate
development, differentiation, and a variety of biological phenom-

ena. Recent findings support notion that the aberration of

canonical Wnt/p—catenin signaling is involved in malignant
transformation [1,2,3]. Mutations in components of the pathway
have been observed in primary human cancers. These mutations
often allow ligand-independent Wit/ B-catenin signaling in tumor
cells. Among the components, the tumor suppressor Adenomatous
polyposis coli (APC) and the scaffold protein Axin are frequently
mutated in colon cancer [4] and hepatocellular carcinoma [5]
respectively. Mutations in -catenin itself are also found in a
number of cancers. These changes induce the stabilization of fi-
catenin in the cytoplasm and an abnormal accumulation of free -
catenin in the nucleus, resulting in the aberrant activation of Wnt
target genes through T-cell factor family members,

';'®'. PLoS ONE | www.plosone.org

family consists of DKK1, DKK2, DKK3/REIC and DKK4, all of
which have two cysteine-rich domains. DKKI interacts with low-
density lipoprotein receptor (LRP) 5/6, a component of the Wnt
receptor complex, and inhibits canonical Wit/ fl-catenin signaling
(Mao et al. 2001). DKK2 is structurally very similar to DKK1 and
also interacts with LRP5/6, but its effect on Wnt/B-catenin
signaling is thought to be rather agonistic [8,9]. DKKs have been
found to be important in multiple developmental processes such as
limb development [10,11,12] and bone formation [13,14].

In addition, it has been recently reported that DKKs play a
crucial role in cell transformation [15]. Hyper-methylation of the
promoter and gene silencing of DKK1 were observed in tumor
cells, including colorectal cancer [16] and malignant melanoma

February 2009 | Volume 4 | Issue 2 | e4634



cells [17]. Given evidence that ectopic expression of DKKI
suppresses features of transformation in tumor cells [18,19,20],
DKKI1 might inhibit tumorigenicity. However, the expression of
DKKI is elevated in some tumor cells including myeloma cells
[21], hepatoblastoma cells and Wilm's tumor cells [22]. Therefore,
the molecular function of DKK1 in cancer is controversial and still
not fully elucidated. DKK3/REIC is also proposed as a tumor
suppressor. The overexpression of DKK3/REIC inhibits tumor
growth in prostate cancer [23], melanoma [17] and hepatocellular
carcinoma [24]. The down-regulated expression of DKK3/REIC
in osteosarcoma [25,26], hepatoblastma [26] and prostate cancer
[27] further supports this notion. Although these studies indicate
that the modulation of DKK expression contributes to tumorige-
nicity, the underlying molecular mechanism is not fully under-
stood.

Ewing family tumor (EFT) is a pediatric cancer arising from
bone and soft tissues. In EFT, a specific translocation results in
production of the fusion protein EWS/ETS, where the C-terminal
of EWS, including the RNA-binding domain, is replaced with a
DNA-binding domain of the ets gene family, such as FLI1, ERG,
EIAF, ETVI and FEV [28]. The consequent fusion proteins have
been proposed to act as an aberrant transcriptional regulator and
believed to play an important role in the initiation and
development of EFT. EWS/FLII, transactivates the expression
of cyclin D1 [29], cyclin E [30] and TERT [31] through the Spl,
E2F or ets DNA-binding sites located in each promoter, but
suppresses the expression of p21 [32] and TGFBRII [33,34].

In this paper, we present evidence of enhanced DKK2 but
suppressed expression of DKKI1 in EFT cells. The experiments
including those using inducible EWS/ETS expression systems in
human primary bone marrow-derived mesenchymal progenitor
cells (hMPCs) [35] demonstrated that the expression of DKKs is
regulated by the EFT-specific chimeric protein, EWS/ETS. We
further address the role of DKKs in the tumorigenicity of EFT.

Materials and Methods

Animals

All the animals used in this study were treated in accordance
with regulation on Animal Experimentation at National Research
Institute for Child Health and Development.

Plasmid construction

To construct a luciferase reporter vector using the 5 upstream
region of the DKK2 gene, the = 1955/+49 genomic fragment of the
gene was amplified by PCR from human lymphocyte genomic
DNA and cloned into the EcRV site of the reporter vector pGL4
(Promega) to generate pGL4-DKK2. Serial deletions of pGL4-
DKK2 were generated by digestion with restriction enzymes and
subsequent sel-ligation. The resultant reporter vectors were
designated pGLA-DKK2AApnl (—1741/4+49), pGL+DKK2AMNMel
(= 1241/+49) and pGLA-DKK2ASad (—521/+49). Mutagenesis of
putative ets binding sites (EBS) in the DKK2 5'upstream region was
performed using KOD-plus (TOYOBO). The primers used for the
mutagenesis were as follows: for the —1585/—=1573 genomic
fragment of the DKK2 5’upstream region (designated EBS-1): 5'-
CTACCTTAAA GAAACCTTAT TCAAAAGATA3' and 5'-
AGATTTTTCA CATTTTAGTG TGTGGGGTTT-3'; for the
—904/-895 genomic fragment of the DKK2 5'upstream region
(designated EBS-2):  5-GCACCTTGCC AAGGAAGACA
GGATCTCAAA-3" and 5-CTTCTAGCCC CAGTGAATTA
CAAGAGAAGC-3'. A flag-tag and a Gateway cassette were
amplified from pifw [36] by PCR and the product was inserted into
the EcoRV site of pcDNA™3 (Invitrogen) (termed pcDNAS3-

'@ PLoS ONE | www.plosone.org
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Figure 1. The expression pattern of the DKK family in Ewing’s
family tumor (EFT). A, B, Real-time RT-PCR analysis using pediatric
tumor cell lines for DKK1 (A) and DKK2 (B) expression. EFT: Ewing’s
family tumor, NB: neuroblastoma, BL: Burkitt lymphoma, RMS:
Rhabdomyosarcoma, EC: embryonal carcinoma. Data are normalized
to the mRNA level in SCCH196 (for DKK1) and Ramos (for DKK2) which is
arbitrarily set to 1. Signal intensity was normalized using that of a
control housekeeping gene (human GAPDH gene). Data are relative
values with the SD for triplicate wells.

doi:10.1371/journal pone.0004634.g001

flagDEST). Full-length EWS/FLI1 type I, EWS/ERG and EWS/
E1AF ¢cDNAs were amplified from ¢cDNAs prepared from NCR-
EW2 [37], W-ES [38] and NCR-EW3 cells [37], respectively, by
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Figure 2. The effect of EWS/ETS expression on the activity of the DKK2 promoter. A, Schematic representation of the 5'upstream region of
the DKK2 gene. The nucleotide numbering represents the distance from the translation start site (+1). Kpnl (—1741), Nhel (—1241), and Sacl (—521)
sites were used to construct a series of deletion mutants of the DKK2 promoter (see Materials and Methods). Consensus ets binding sites are boxed
(EBS-1, EBS-2 and EBS-3). B, Western blot analysis for EWS/ETS expression. HEK293 cells were transiently transfected with pcDNA3-flagDEST or
pcDNA3-flagEWS/ETS and then analyzed by anti-flag Western blotting. C, The effect of EWS/ETS expression on the activity of the DKK2 promoter.
HEK293 cells were co-transfected with reporter plasmids and the expression vector. Luciferase activity was measured after 48 hours. Data are relative
values with the SD for triplicate wells. Data are normalized to the value for the empty vector (pcDNA3-flagDEST) which is arbitrarily set to 1. The
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transfection efficiency was normalized relative to the f-galactosidase activity (See Materials and Methods). D, Schematic representation of a series of
deletion mutants of the DKK2 5’ upstream region. Kpnl (—1741), Nhel (—1241) and Sacl (—521) sites were used to construct a series of deletion
mutants of the DKK2 promoter (see Materials and Methods). E, F, G, The transactivation of deletion mutants of the DKK2 promoter by EWS/ETS
expression. HEK293 cells were co-transfected with reporter plasmids and the expression vector. Data are normalized to the value for the empty vector
(pcDNA3-flagDEST) which is arbitrarily set to 1. Luciferase activity was measured after 48 hours. Data are relative values with the SD for triplicate

wells. The transfection efficiency was normalized relative to the f-galactosidase activity (See Materials and Methods).

doi:10.1371/journal pone.0004634.g002

PCR and cloned into the Xmal-EcoRV sites of pENTR™11
(Invitrogen). The resulting pENTR11-EWS/ETSs were recom-
bined with pcDNA3-flagDEST using the LR recombination
reaction as instructed by the manufacturer (Invitrogen) to construct
the flag-tagged EWS/ETS expression vector pcDNA3-flagEWS/
ETSs. The human DKK1 and DKK2 ¢cDNAs without a stopcodon
were subcloned into pENTR™11 and the resulting pENTR11-
DKKI and pENTRI11-DKK2 were recombined with pcDNA-
DEST40 C-terminally V5-His-tagged (Invitrogen) using the LR

recombination reaction as instructed by the manufacturer, to obtain

pcDNA-DEST40-DKKI1 and -DKK2.

Cell cultures

H4-1 (primary hMPCs), UEET-12, UET-13 (hMPCs with an
extended life span through retroviral transduction) [39] and UET-
13 transfectants [35] were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% Fetal Bovine Serum (FBS) or Tet
System Approved FBS (Takara) at 37°C under a humidified 5%

A C
Er
_ pGL4-Dkk2 ANhel
WT-EBS-1  GAAAGGAAATTC  § ° +
Muta-EBS-1  GAAACCTTATTC 3 7
WI-EBS2  GCAGGAAGCC £ ° pest
Muta-EBS-2 GCACCTTGCC - 5 FLIt
3l ERG
'E- E1AF
z
i LB
51 4 | B
0 | Ll
3 o
w)
S &
B =
=
s
s ™ PGL4-DkK2 AKpni
2wl @
£ 1
3
- 104 DEST
? 3! FLIt
- ERG
4 64 " E1AF
2
1l
8
- 24
- 3l
ol -
® v =
E ) R
5 m m M
z W wuw
& Y
= - -
= =2
o

Figure 3. Mutational analysis of EBS in the DKK2 promoter. A, The substitutions in EBS-1 and EBS-2. The underlined sequences indicate the

mutated sequences in EBS. B, C, The suppression of EWS/ETS-mediated activation of the DKK2 promoter by the mutations. HEK293 cells were co-

transfected with mutated reporter plasmids and the expression vector. Luciferase activity was measured after 48 hours. Data are relative values with

the SD for triplicate wells. Data are normalized to the value for the empty vector (pcDNA3-flagDEST) that is arbitrarily set to 1. The transfection
was normalized relative to the fi-galactosidase activity (See Materials and Methods).

doi:10.1371/journal pone.0004634.g003
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Figure 4. Direct binding of EWS/FLI1 to EBS of the DKK2 promeoter. A, Inmunoprecipitation (IP) and Western blot analysis of HEK293 cells
stably transfected with pcDNA3-flagDEST (HEK-DEST) or pcDNA3-flagEWS/FLIT (HEK-EWS/FLI1). Cells were lysed and Immunoprecipitated by anti-flag
antibodies. The IP products were analyzed by Westen blot analysis. B, Real-time RT-PCR analysis using HEK293 transfectants for DKK2 expression.
Data are normalized to the mRNA level in HEK-DEST cells which is arbitrarily set to 1. Signal intensity was normalized using that of a control
housekeeping gene (human GAPDH gene). Data are relative values with the 5D for triplicate wells. DEST: HEK-DEST cells; FLI1: HEK-EWS/FLI1. €, D,
Binding of EWS/FLI1 to EBS of the DKK2 promoter in vivo. The ChIP analysis was done as described under Materials and Methods. For the ChIP analysis
using HEK293 transfectants, soluble chromatin was immunoprecipitated with anti-flag antibodies or normal mouse immunoglobulin (IgG) and
analyzed by PCR. For the ChIP analysis using SK-ES1 cells, soluble chromatin was immunoprecipitated with anti-FLI1 antibodies or normal rabbit
immunoglobulin (lgG) and analyzed by PCR. The upper figure indicates a schematic representation of the site of the DKK2 promoter detected in the
ChiP analysis. Arrows indicate the position of the specific primer used for ChiP.

doi:10.1371/journal.pone 0004634.g004

CO; atmosphere. The EFT cell lines EES-1, SCCH196, RD-ES, For the generation of SK-ES1 transfectants with DKK1 and
SK-ESI, NCR-EW2, NCR-EW3 and W-ES, neuroblastoma (NB)  DKK2, SK-ES| cells wansfected with pcDNA-DEST40-DKK1
cell lines NB9, NB69 and GOTO, and Rhabdomyosarcoma and -DKK2, respectively and selected as described above. The
(RMS) cell line NRS-1 were maintained as described previously consequent stable transfectants were designated SK-ES1-DKKI1
[35]. Other NB cell lines NB1, NB19 [40], CHP134 and IMR32 and -DKK2, respectively. As a negative control, SK-ES1 cells
[41], the Burkitt lymphoma (BL) cell lines BJAB, Ramos, Daudi,  were also transfected with empty vector pcDNA-DEST40 and
P3HR1 and Raji (obtained from Japanese Collection of Research  designated as SK-ES1-DEST.
Bioresources, JCRB, Osaka, Japan) were cultured in RPMI 1640
medium with 10% FBS. Embryonal carcinoma (EC) cell lines Western blot analysis
NCR-G2 and NCR-G3 [42] were cultured in a l:] mixture of The Western blot analysis was performed as described [43].
DMEM and Ham’s F12 medium with 10% FBS. Briefly, cell lysate was prepared, separated on a 10% SDS-PAGE
HEK293 cells were cultured in DMEM with 10% FBS. Stable gel, and transferred onto a PVDF membrane. After blocking with
transfection of HEK293 cells with pcDNA3-flagDEST or 5% skim milk in PBS containing 0.01% Tween-20 (Sigma)
pcDNA3-lagEWS/FLI1 was performed using Lipofectamine ™ (PBST), the membrane was incubated with appropriate primary
2000 (Invirogen) according to the manufacturer’s directions. and secondary antibodies. As the primary antibody, anti-flag M2
Individual resistant clones were selected in the presence of  (Sigma), anti-V5 (Invitrogen) or anti-Actin (Sigma) was used.
1000 pg/ml of G418 for a month and designated as HEK-DEST HRP-conjugated anti-rabbit or anti-mouse IgG antibody (Dako-
and HEK-EWS/FLII cells. Cytomation) was used as the secondary antibody. Blots were
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for 48 hours and then the culture medium was analyzed by Western blotting. C, D, E, F, Relative level of DKK1 (C, D) and DKK2 (E, F) in UET-13
transfectants in the absence or presence of tetracycline. UET-13 transfectants were treated with or without 3 pg/ml of tetracycline for the indicated
periods. Real-time RT-PCR was performed to investigate the expression pattern of the DKK family. Signal intensity was normalized using that of a
control housekeeping gene (human GAPDH gene). Data are relative values with the SD for triplicate wells and normalized to the mRNA level at

0 hour which is arbitrarily set to 1.
doi:10.1371/journal.pone.0004634.g005

detected using an ECL Plus Western Blotting Detection System
(GE Healthcare Bio-Science Corp) and exposed to X-ray film
(Kodak) for 5-30 minutes. Secreted DKK2 was detected using
anti-DKK2 antibody (Biovision). For the detection of secreted
DKKs-V5 proteins, 20 ml of each cell culture supemnatant in SK-
ES| wansfectants was collected and added to BD TALON Metal
Affinity Resin (Clontech). After incubation overnight, the
supernatant was removed. The resin-protein complex was purified
and analyzed by Western blotting as described above.

Immunoprecipitation (IP)

IP was performed as described previously [44]. Whole cell
extracts were incubated with anti-flag M2 antibody (Sigma) and
the protein-antibody complex was bound to protein G-Dynal
beads (Invitrogen). The bound complexes were washed and
collected by centrifugation and separated by SDS-PAGE.

Reporter assay

HEK293 cells were transiently transfected with a mixture of
100 ng of pGL4 or the pGL4-DKK2 reporter vector series and
300 ng of pcDNA3-flagDEST or pcDNA3-flagEWS/ETS using
Lipofectamine™ 2000 (Invitrogen). The cells were also transfect-
ed with 25 ng of pcDNA/GW-40/LacZ (Invitrogen) for the
standardization of transfection efficiency. The luciferase activity
and f-gal activity were measured 48 h after the transfection as
described before (Mon et al., 2003).

RT-PCR analysis

RT-PCR analysis was performed as described [35]. Total RNA
was extracted from cells using a RNeasy kit (QIAGEN) and reverse
transcribed using a First-Strand cDNA Synthesis Kit (GE Healthcare
Bio-Science Corp). The primers used for the detection of DKK1 and
DKK2 were as follows: DKKI primers, 5-CGCTAGTCCC
ACCCGCGGAG GGGACGCAGG -3" and 5-CCTTCTTTCA
GGACAGGTTT ACAGATCTTG -3'; DKK2 primers, 5'-
GAAGCGCTGC CACCGAGATG GCATGTGCTG -3" and 5'-
GATGATCGTA GGCAGGGGTC TCCTTCATGC -3"). For the
detection of DKK-V5 fusion , the following V5-specific
primer was used: V5 (reverse): 5'-ACGCGTAGAATCGAGACC-
GAGAGAGGGTT-3'. The human GAPDH gene was detected as
an internal control with the following primers: GAPDH (forward): 5'-
CCACCCATGG CAAATTCCAT GGCA-3', GAPDH (reverse):
5"-TCTAGACGGC AGGTCAGGT CCACC-3'. PCR products
were electrophoresed with a 1% agarose gel and stained by ethidium
bromide.

Real-time RT-PCR analysis

Real-time RT-PCR was performed using SYBR® Green PCR
Master Mix, TagMan® Universal PCR Master Mix and
TagMan® Gene Expression Assays, Inventoried assay on an ABI
PRISM® 7900HT Sequence Detection System (Applied Biosys-
tems) according to the manufacturer’s instructions. The human
GAPDH gene was used as an internal control for normalization.

@ PLoS ONE | www.plosone.org

Subcutaneous tumorigenicity assay

Immuno-deficient mice (CB17-SCID 8 weeks old, Clea Japan,
Inc) were maintained under pathogen-free conditions. SK-ES]
transfectants were sl.wpmded m-lOO pl of PBS and injected s.c. into
mice. Cells were mjecmd,m a of 1>510 cel!s per body. Mice
were monitored weekly- ‘ ieter was measured with
precision calipers. Mice mﬁm 28 days of momtonng
Chromatin |mmunopm:m (&;3 assay % e

For preparing the antibody- protein G-Dynal beads (Invitrogen)
complex, protein G-Dynal beads were washed with 0.5% BSA in
PBS, and anti-flag antibody, anti-FLI1 antibody (Santa cruz) or
mouse IgG was added. The beads mixtures were incubated and
rotated overnight at 4°C. HEK-EWS/FLII cells or SK-ES1 cells
were cross-linked by 1% formaldehyde for 10 minutes at room
temperature. The medium was aspirated and the cells were lysed:
using cell lysis buffer A [50 mM HEPES pH 7.5, 140 mM NaCl,
1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100,
and Complete protease inhibitor cocktail (Roche)]. The cells were
pelleted and resuspended in cell lysis buffer B [10 mM Tris-HCI
pH 8.0, 200 mM NaCl, ] mM EDTA, 0.5mM EGTA, and
Complete protease inhibitor cocktail]. Nuclei were then pelleted
and lysed with cell lysis buffer C [10 mM Trs-Hel pH 8.0,
100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% deoxycho-
late, 0.5% N-lauroylsarcosine, Complete protease inhibitor
cocktail] on ice. The nuclear lysates were sonicated and then
precleared with salmon sperm DNA/ protein G-Dynal beads for
3 hours. The cleared supematant was incubated with anti-flag
antibody, anu-FLI1 antibody or mouse IgG- protein G-Dynal
beads complex. Sixteen hours after the incubation, the immune
complexes were collected with centrifugation and washed 7 times
using RIPA buffer [50 mM HEPES pH 7.5, 500 mM LiCl, | mM
EDTA, 1% NP-40, 0.7% N-lauroylsarcosine, and Complete
protease inhibitor cocktail]. The DNA-protein cross-linking was
reversed by heating at 65°C. The chromatin was purified and
analyzed by PCR using specific primers (EBS-2: 5'-GCAG-
GAAGCC  AAGGAAGACA-3"  and 5-GCGAATAGGA
AATCCCAGAT AGG-3'). PCR products were electrophoresed
with a 2% agarose gel and stained by SYBR® Green I (Takara).

Increased DKK2 and suppressed DKK1 expression in EFT
cells

To identify the specific genes related to EFT cells, DNA
microarray-based global expression profiling was done using EFT
cell lines and other tumors found in children. By comparing the
expression patterns, genes were identified as typically up-regulated
in EFT cells and other cells (data not shown). Among these genes,
we particularly focused on DKK2 (up-regulated) and DKKI
(down-regulated) because they are members of the DKK family
and sr.mcturally well rl:la.lcd but revealed opposite expression
patterns in EFT cells. Similar rcaulu were obtained. from the
microarray assay using EFT and NB tissue samples in the Gene
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Figure 6. Mutually exclusive expression of DKK1 and DKK2 in SK-ES1 cells. A, B, Validation of DKK-V5 expression in SK-ES1 cells. The
expression of DKK1-V5 and DKK2-V5 in SK-ES1 transfectants was observed by RT-PCR (A) and Western blot analysis (B). DEST#1, #2: SK-ES1-DEST#1,
#2, DKK1#1, #2: SK-ES1-DKK1#1, #2, DKK2#1, #2: SK-ES1-DKK2#1, #2. As an internal control, human GAPDH (for RT-PCR) and p-Actin (for
Western blot) were used, respectively. C, Secretion of DKKs-V5 into cell culture supernatants. Secreted DKKs-V5 proteins were absorbed by TALON
Metal Affinity Resin (Clontech) and analyzed by Western blotting, D, E, Relative level of DKK1 and DKK2 in SK-ES1 transfectants in SK-ES1-DKK1 (D)
and SK-ES1-DKK2 (E). Signal intensity was normalized using that of a control housekeeping gene (human GAPDH gene). Data are relative values with
the SD for triplicate wells and normalized to the mRNA level at DEST#1 which is arbitrarily set to 1.

doi:10.1371/journal.pone.0004634.g006
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Expression Omnibus database GEO
GSE1825) (data not shown).

We first confinned the expression pattern of DKK genes
obtained with the microarray assay by conducting a Real-time
RT-PCR analysis. The increased expression of DKK2 was
confirmed in EFT cells (Fig. 1A). DKK2 expression was especially
increased in NCR-EW3 cells that express EWS/EIAF. In contrast,
the expression of DKK 1 was suppressed in most EFT cells (Fig. 1B).

(Accession number:

Direct regulation of DKK2, but not DKK1, promoter
activity by EWS/ETS proteins

Previous reports revealed that EWS/ETS proteins enhance the
promoter activity of several genes via the ets DNA-binding sites on
the promoters [45]. A sequence analysis and TF search (http://
www.cbrejp/ research/db/TFSEARCH.html) revealed the 5'
upstream region (—1955 to +49) of the DKK2 gene to have two
putative EBSs, here designated EBS-1 (—1585 to —1573) and
EBS-2 (=904 to —895). Although, the TF search did not recognize
it, we also found a putative EBS (GGAA/T) element, designated
as EBS-3 (— 140 to — 131). Thus, we next isolated the 5 upstream
region of the DKK2 gene and cloned it into the reporter plasmid
pGL4 (DKK2 full-Luc) (Fig. 2A) to test the effects of EWS/ETS
expression on DKK2 promoter activity with transient transfection
reporter assays in HEK293 cells. As shown in Fig. 2B and C, co-
transfection of EWS/ETS with pGLA-DKK2 resulted in an
enhancement of reporter activity ~ 10-fold compared with co-
transfection with empty expression vector. To map the site in the
DKK2 5" upstream region required for activation by EWS/ETS
expression, reporter assays using a deletion series of pGL4-DKK2
were performed. Co-transfection of the EWS/ETS expression
vector with DKK2 pGIA4-DKK2AKpnl or -DKK2AMiel resulted
in a strong induction of the reporter activity (~ 15-fold) (Fig. 2D-
F), whereas that with pGL4-DKK2ASacl led to only a faint
enhancement (Fig. 2G), indicating that the sequence from -521 to
+49 in the DKK2 gene is not sufficient for EWS/ETS-mediated
enhancement of DKK2 transcription.

To determine whether the EBSs are involved in the EWS/ETS-
induced transactivation of the DKK2 promoter activity, effects of
mutagenesis of EBS-1 and EBS-2 were tested. As shown in Fig. 3A
and 3B, the mutation of EBS-1 suppressed the EWS/ETS-induced
enhancement of the reporter activity of DKK2AKpul. When both
EBS-1 and EBS-2 were simultaneously mutated, the suppressive
effect against EWS/ETS was further strengthened (Fig. 3B).
Likewise, the mutation of EBS-2 suppressed the EWS/ETS-
induced activation of the reporter activity of DKK2 AMel-Luc
(Fig. 3A, C).

We next evaluated the direct binding of EWS/ETS proteins to
the EBSs in the DKK2 5’ upstream region. In this assay, HEK293
cells were stably transfected with pcDNA-flagDEST and pcDNA-
flagEWS/FLI1, respectively. The overexpression of flag-tagged
EWS/FLI1 protein was confirmed in the IP-western blot assay
(Fig. 4A). DKK2 expression was significandy up-regulated in
HEK-EWS/FLI1 transfectants, approximately 10 fold, compared
with HEK-DEST cells (Fig. 4B). When the ChIP assay was
performed using these cells as illustrated in Fig. 4C (upper figure),
we found that EWS/FLII preferentally bound to EBS-2 in HEK-
EWS/FLI1 transfectants (Fig. 4C). Similarly, we also demonstrat-
ed that EWS/FLII bound to EBS-2 in SK-ESI cells (Fig. 4D).

We also examined the effects of EWS/ETS expression on
DKKI promoter activity. Although we also isolated the 5’
upstream region of the DKK1 gene (—2108/480) and conducted
reporter assays as for the DKK2 gene, no significant enhancement
of DKKI promoter activity mediated by EWS/ETS expression
was observed (data not shown),

@ PLoS ONE | www.plosone.org

EWS/ETS Regulates DKK

Alteration of DKK1 and DKK2 expression by EWS/ETS in
human MPCs

Although the origin of EFT is still unknown, some experimental
results point to hMPCs. In hMPCs, DKKI1 has a crucial role in
proliferation and osteogenic differentiation [46,47]. As shown in
Fig. 5A, DKKI1, but not DKK2, was expressed in primary hMPCs,
H4-1 cells, UEET-12 cells and UET-13 cells. The expression of
DKK2 protein was also confirmed in EFT whereas not in UET-13
cells (Fig. 5B). In EFT cell lines, by contrast, DKK2, but not DKK1,
was expressed. We previously reported that the tetracycline-
dependent expression of EWS/ETS confers EFT-like phenotypes
in UET-13 cells [35]. Therefore, we tested the change of DKK gene
expression using this model. As shown in Fig. 5C-F, both EWS/
FLI1 and EWS/ERG expression resulted in a considerable increase
in DKK2 gene expression. It is worth noting to describe that the
expression level of the DKK1 gene was significantly decreased after
EWS/ETS expression in UET-13 cells.

Mutually exclusive expression of DKK1 and DKK2 in SK-
ES1 cells

To further elucidate the biological roles of DKK genes in EFT
cells, we introduced the DKK1 and DKK2 genes into the EFT cell
line SK-ES|1, in which the level of DKK2 expression is relatively
low (Fig. 1A). Independent transfectants were confirmed to indeed
express each gene by RT-PCR and Western blotting (Fig. 6A-C).
Interestingly, when the DKK1 transfectants were examined by
real-time PCR analysis, a reduction in DKK2 expression was
found (Fig. 6D). In contrast, DKK2 overexpression induced a
reduction in DKKI expression in SK-ES1 cells (Fig. 6E). These
results suggested that the expression of DKK1 and DKK2 related
reciprocally in a mutually exclusive fashion in SK-ES1 cells.

Expression of DKK1 inhibits the formation of
subcutaneous tumors

We next investigated the effect of DKK1 and DKK2 expression
on tumorigenicity by subcutaneously implanting SK-ES1 trans-
fectants into CB17/SCID mice. SK-ES1-DEST#1 and SK-ES1-
DKKI1#1 were implanted subcutaneously into CB17/SCID mice.
The mice were sacrificed 28 days after injection. Four of the 10
mice injected with SK-ESI-DEST cells developed tumors
(experiment #1 in Table. 1, Fig. 7A), in the case of SK-ESI-
DKKI1#1 cells, however, only one tumor mass was observed after
similar preparation. In addition, the xenograft of DKKI-
expressing SK-ES] cells was significantly smaller than that of
control SK-ESI-DEST cells (Fig. 7A, B). There were no
morphological and pathological differences between xenogralts
formed by SK-ES1-DEST#1 and -DKKI1#1 cells. Reproducible
results were obtained by using another independent clone, SK-ES-
DKKI1#2 cells (experiment #2 in Table. 1). We also tested the
tumorigenicity of SK-ESI-DKK2 cells in a similar manner.

Table 1. Formation of subcutaneous tumors in CB17/SCID
mice by SK-ES1 cells.

Cells Number tumors/ number injected
Experiments#1 Experiments #2

DEST 4/10 5/5

DKK1 110 2/5

doi:10.1371/journal pone.0004634.4001
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Figure 7. The effect of ectopic DKK1 expression on tumor cell growth in vivo. A, Examples of Immuno-deficient mice that have been
injected with SK-ES1-DEST (DEST#1) and SK-ES1-DKK1 (DKK14:1) (left panels). The image was taken at 28 days after injection. Right panels indicate
the xenografts of mice injected with DEST#1 and DKK1#1. Red circles indicate the positions of tumors. B, Tumor growth rates from mice injected
with DEST#1 and DKK1#1. Diamond symbols indicate the tumor volume of mice injected with DEST#1; Box symbols indicate the tumor volume of

mice injected with DKK1#1.
doi:10.1371/journal.pone.0004634.g007

Although SK-ES1-DKK2#2 xenografts were significantly larger
than control SK-ES1-DEST xenografts, the clone SK-ESI-
DKK2#1 presented no significant difference from SK-ES1-DEST
clones (data not shown).

Discussion

In this study, we found that the expression of DKK2 was
enhanced but that of DKKI1 was suppressed in EFT cells. The
suppression of DKK1 expression has been observed in several
tumors [16,48,49,50], and although elevated level of the DKK
family occur in a number of tumor cells, most reports to date have
been concemed with DKK1 and DKK3 [15]. In the case of
DKK2, its suppression in tumors such as malignant melanoma
[17] and gastrointestinal tumors [51] has been reported, but the
elevated levels in cancer have not. Hence, the expression profile of
the DKK family observed here is suggested to be specific to EFT.

We also demonstrated that the expression of DKK2 is regulated
by the direct interaction of the chimeric protein EWS/ETS with
EBS located in the promoter region of the gene. In contrast,
although we also investigated the effect of EWS/ETS on DKK1
transcription, EWS/ETS exhibited no significant effect on DKK1
promoter activity as assessed by the reporter assay. However, the
induction of EWS/ETS expression in human MPCs resulted in
not only an increase in DKK2 gene expression but also a
considerable decrease in DKKI gene expression. Moreover,
introduction of the DKK2 gene induced a reduction in DKK 1
gene expression and vice versa in SK-ES1 cell. Taken together,
our results indicate that EWS/ETS expression in EFT cells
directly induces the up-regulation of DKK2 gene expression that
consequently leads to a suppression of DKK 1 expression, although
the further analysis is required for understanding the underlying
mechanism of EWS/ETS-mediated modulation of DKK family
expression.

Although DKKI is known as a Wnt antagonist, the function of
DKK2 is still controversial. Some studies indicated that DKK2
also acts as an antagonist of Wnt signaling, whereas others showed
that DKK2 behaves rather agonistic to Wnt signaling. In some
tumor types, Wnt antagonists including DKKI1 act as tumor
suppressors [19,20,24,52,53]. As we demonstrated in this study,
ectopic expression of DKK1 in EFT cells resulted in the inhibition
of tumor growth in SCID mice, whereas DKK2 expression did not
and even possibly accelerated tumor growth in vive, demonstrating
that DKK2 does not act as a counterpart of DKKI. Therefore,
our findings support reports that presented DKK2 has a distinct
function from DKKI1. As we described above, the up-regulation of
DKK2 consequently leads to a suppression of DKKI and thus
possibly contributes to EFT phenotype indirectly by interfering
with the suppressive function of DKKI1 on tumor growth. To
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further investigate the role of DKK2 in EFT formation, we have
tested the effect of temporal DKK2 knockdown by transient
transfection with DKK2 siRNA, whereas no significant influence
on cell growth and cell death was observed as assessed by MTT
assay and Annexin V assay, respectively (data not shown). The
further experiments to elucidate the direct effect of DKK2 on EFT
phenotype are now underway.

Interestingly, it was recently suggested that DKKI1 also
functions independently of the canonical Wnt/B-catenin signaling
pathway. For example, several studies have indicated that DKK 1-
mediated tumor suppression is independent of canonical Wnt/ -
catenin signaling [20]. It was also reported that Wnt3A-mediated
activation of the canonical Wnt/B-catenin signaling pathway
induces neuritic outgrowth in EFT cells [54], and DKK1 mimics
Wt activity and induces neuritogenesis in EFT cells. Therefore, it
is possible that DKK2 also has a function independent of Wnt
signaling that is distinct from that of DKKI1.

As described above, DKKI1 has a significant function in hMPCs
and could stimulate cell proliferation while maintaining the
undifferentiated phenotype [55]. Therefore, adequate DKK
expression is essential for the maintenance of the MPC phenotype.
Although the origins of EFT are still unclear, hMPCs are thought
to be a candidate [56,57] and we previously showed that inducible
EWS/ETS expression in human MPCs confers EFT-like pheno-
types [35]. Since, as we found in this study, EWS/ETS expression
induces the down-regulation of DKKI1 expression and up-
regulation of DKK2 in UET-13 cells, an expression profile of
the DKK family typical of EFT cells, it is reasonable to speculate
that EWS/ETS-mediated change in the DKK family expression
profile in hMPCs is involved in the development of EFT.
Consistent with this, interestingly, a recent study revealed that
the expression of DKKI is up-regulated in EWS/FLI1-silenced
EFT cells [58], in which feature of the mesenchymal progenitor
including the capacity to differentiation into the osteogenic and
adipogenic lineages are conferred. Considering the significance of
DKKI! expression in hMPCs, EWS/ETS-mediated DKKI1
suppression could impair the characteristics of hMPCs and
contribute to their transformation into EFT.
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The biological and clinical heterogeneity of neuroblastoma
is closely associated with signaling pathways that control
cellular characteristics such as proliferation, survival and
differentiation. The Shc family of docking proteins is
important in these pathways by mediating cellular signaling.
In this study, we analysed the expression levels of ShcA and
SheC proteins in 46 neuroblastoma samples and showed
that a significantly higher level of SheC protein is observed
in neuroblastomas with poor prognostic factors such as
advanced stage and MYCN amplification (P<0.005),
whereas the expression level of ShcA showed no significant
association with these factors. Using TNBI1 cells that
express a high level of SheC protein, it was demonstrated
that knockdown of ShcC by RNAi caused elevation in the
phosphorylation of ShcA, which resulted in sustained
extracellular signal-regulated kinase activation and neurite
outgrowth. The neurites induced by ShcC knockdown
expressed several markers of neuronal differentiation
suggesting that the expression of ShcC potentially has a
function in inhibiting the differentiation of neuroblastoma
cells. In addition, marked suppression of in vivo tumor-
igenicity of TNBI cells in nude mice was observed by stable
knockdown of SheC protein. These findings indicate that
SheC is a therapeutic target that might induce differentia-
tion in the aggressive type of neuroblastomas.
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Introduction

Neuroblastoma is the most common pediatric solid
tumor derived from the sympathoadrenal lineage of
neural crest and its clinical and biological features are
heterogeneous. Some types of neuroblastomas show
favorable outcomes with spontaneous differentiation or
regression by minimum treatment, whereas other types
have malignant characteristics with metastasis and
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resistance to chemotherapy. Age of onset, tumor
volume, presence of metastasis, pathological features
and amplification of the N-myc gene are important
prognostic factors of neuroblastoma. Previously, it was
reported that the differential expression of Trk family
receptors might contribute to clinical and biological
outcomes of neuroblastomas (Nakagawara er al., 1993;
Nakagawara and Brodeur, 1997) whereas the cellular
signaling involved in the regulation of the aggressiveness
of neuroblastoma is largely unknown.

The Shc family of docking proteins is important in
signaling pathways mediating the activation of various
receptor tyrosine kinases (RTKs) such as the Trk family
triggered by extracellular stimulations, to specific down-
stream molecules. The Ras-extracellular signal-regu-
lated kinase (ERK) pathway and the phosphoinositide-3
kinase (PI3K)-Akt pathway are the most common
signals regulated by Shc family proteins, representing
important functions in cellular proliferation, survival
and differentiation.

The She family has three members, ShcA/She, SheB/
Sli/Sck and ShcC/Rai/N-She encoded by different genes
(Nakamura er al., 1996; O’Bryan et al., 1996; Pelicci
et al., 1996). ShcA protein having three protein iso-
forms, p46, p52 and p66, is ubiquitously expressed in
most organs except the adult neural systems, whereas
SheC (p52 and p67 isoforms) are exclusively expressed
in the neuronal system (Sakai er al., 2000). In the central
nervous system, ShcA expression is most significant
during embryonic development with sudden decrease
after birth. On the other hand, ShcC expression is
remarkably induced around birth and maintained in the
mature brain. The Shc family molecules have a unique
PTB-CH1--SH2 modular organization with two phos-
photyrosine-binding modules, PTB and SH2 domains,
which recognize various phosphotyrosine-containing
peptides with different specificities. CH1 domains
contain several tyrosine phosphorylation sites that
recruit other adaptor molecules such as Grb2. Func-
tional analysis of ShcB and ShcC on the neuronal signal
pathway indicate that these proteins in neuronal cells
potentially regulate epidermal growth factor (EGF) or
nerve growth factor (NGF) signaling in a similar fashion
to ShcA (O’Bryan ef al., 1996; Nakamura et al., 1998).

Major parts of neuroblastoma cell lines show the
expression and tyrosine phosphorylation of ShcC
protein, but its effect on the biology of tumor cells



remains to be elucidated. We have recently shown that
constitutive tyrosine phosphorylation of SheC is in-
duced in a subset of neuroblastoma cells by the
activation of anaplastic lymphoma kinase (ALK) owing
to ALK gene amplification and the constitutively
activated ALK-ShcC signal pathway could induce cell
survival, anchorage-independent growth of the cells and
progression of tumors (Miyake er al., 2002, 2005). In our
study, significant amplification of 4 LK was observed in
3 of 13 neuroblastoma cell lines and in only 1 of 85 cases
of human neuroblastoma samples (Osajima-Hakomori
et al., 2005). Considering these results, it was suspected
SheC might also contribute to the signal pathway
associated with the tumor behavior in ALK-indepen-
dent manners in majority of neuroblastoma cells.

In a recent report, high expression of ShcC mRNA was
shown to be a poor prognostic factor in neuroblastoma
patients through the semiquantitative reverse transcriptase
-PCR analysis of tissue samples (Terui er al, 2005),
suggesting the possibility that ShcC protein might be
causative of tumor progression in neuroblastoma patients.
In the current study, we examined the expression levels of
SheC protein in tumor samples of 46 neuroblastoma
patients and confirmed the significant association of the
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expression levels of ShcC protein with several factors
linked to unfavorable outcome of neuroblastoma.
Furthermore, we investigated the functions of SheC in
cell proliferation, differentiation and in vivo tumorigeni-
city of neuroblastoma cells by knockdown of ShcC
expression in neuroblastoma cell lines expressing a high
level of SheC without ALK amplification.

Results

Expression and tyrosine phosphorylation of SheC in
neuroblastoma cell lines

At first, the expression of ShcA and SheC was analysed
in 11 neuroblastoma cell lines using each specific
antibody (Supplementary Figure A) along with DLD-1
as a control, which is known to express ShcA protein
(mainly p46ShcA and p52ShcA), but not SheC protein
(Figure la). The three cell lines with ALK gene
amplification (NB-39-v, Nagai and NB-1: Group A)
expressed ShcC at a moderate level in contrast to their
significant phosphorylation so that ALK-ShcC complex
is mediating the dominant oncogenic signal (Miyake
et al., 2002; Osajima-Hakomori er al., 2005). Other
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Figure 1 (A) Expression and tyrosine phosphorylation of ShcC in neuroblastoma cell lines detected by specific antibody. The

expression of ShcA (lower panel), SheC (upper panel) and tyrosine phosphorylation of SheC was analysed in 11 neuroblastoma cell
lines including the cell lines with anaplastic lymphoma kinase (4LK) gene amplification (ALK amp.) along with DLD-1 as a control.
Lysates were immunoprecipitated and then immunoblotted with antibodies against the indicated molecules. The levels of expression/
phosphorylation of ShcC are indicated above. Asterisks show heavy chains of immunoglobulin. Positions of molecular mass markers
(kDa) are shown to the left. (B) Expression of ShcC and ShcA in the tissue samples of three subsets of neuroblastoma patients. (a)
Expression levels of ShcC/ShcA in the samples of 46 neuroblastoma patients were detected by western blotting being compared to the
level of expression in TNB-1 cells ( = 1.0) as an internal control among each experiment and was corrected by each expression level of
a-tubulin. (b) Expression of ShcC (upper panel)/ShcA (middle panel) of representative samples of each subset were detected on a filter.
The exposure time of the filter onto X-ray films was different to detect between p52SheC (short exposure: lower panel) and p67SheC
(long exposure: upper panel). Each isoform of SheC/ShcA is indicated by opened or filled triangles. Asterisks show heavy chains of

immunoglobulin.
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neuroblastoma cells with a single copy of the ALK gene
were divided into two groups, one with considerably
high levels of SheC expression (YT-v, NH-12, TNB-1
and SCCH-26: Group B) and the other with almost no
SheC expression (KU-YS, SK-N-DZ, SK-N-SH and
GOTO: Group C). Most of the cells in the Group B
showed a morphological tendency to aggregate each
other and rather low adhesion to the culture plate,
compared with the cells of the Group C (data not
shown). The degrees of ShcC phosphorylation in the
cells in Group B appeared to be lower than the cells
with ALK amplification (Figure 1A, middle panel). In
contrast to ShcC, the expression of ShcA was within
similar levels among neuroblastoma cell lines
(Figure 1A, lower panel).

The expression level of SheC is prominent in tissue
samples of poor risk neuroblastoma patients

Next we analysed the expression of ShcA and ShcC
protein in 46 primary human neuroblastoma specimens
using each specific antibody. These tissue samples were
classified into three subsets using Brodeur’s classifica-
tion; type I (stage 1, 2 or 48; a single copy of MYCN),
type 11 (stage 3 or 4; a single copy of M YCN) and type
IIT (all stages; amplification of MYCN) (Brodeur and
Nakagawara, 1992; Ohira et al., 2003). The expression
level of ShcA and ShcC in western blotting was
standardized by intensity of a-tubulin within each filter,
standardized by the amounts in TNB-1 cells as an
internal control among different filters and statistically
evaluated from at least two independent western blots
for each sample (Table 1). We found that there is a
significant difference in the expression levels of ShcC
among the subsets of neuroblastomas. In the group of
type II and type III, the expression level of ShcC protein
was substantially higher than that in the type I group
(Figure 1Ba). Both isoforms of ShcC, p52ShcC and
p67SheC, showed similar patterns of expression. As
shown in Table 2, the expression level of SheC has a
significant correlation with several clinical factors
including late onset of the disease (later than 12 months)
(p52/p67: P<0.001/P=0.015), advanced clinical stage
(stages 1IT and IV) (P<0.001) and gene amplification of
MYCN (p52/p67: P<0.002/P=0.005). Furthermore,
most of the samples from the patients who died within
12 months after the onset of the disease showed
significantly higher levels of ShcC expression than the
other group of samples in which patients lived longer
than 12 months (p52/p67: P=0.006/P=0.009). In
contrast, variable expression levels of both isoforms of
ShcA protein, p52 and p66, were observed in neuro-
blastoma samples with no significant difference among
three subsets of clinical group (P> 0.05) (Table 2; Figure
1Ba). The results of representative samples from each
subset are shown in Figure 1Bb. These data indicate that
the expression of ShcC protein is significantly associated
with multiple prognostic factors of neuroblastoma,
suggesting that ShcC has specific functions in malignant
phenotypes of neuroblastoma presumably by modulat-
ing cellular signaling.

Oncogene

Biological effects of SheC downregulation on TNB-1 cells
To elucidate the biological functions of SheC in the
tumor characteristics causing unfavorable outcomes of
neuroblastoma patients, we investigated the effects of
ShcC knockdown on the cellular biology and signal
transduction in one of the neuroblastoma cell lines,
TNB-1, which expresses a high level of ShcC protein
with no 4 LK amplification. The expression of ShcC and
ShcA was suppressed by RNA interference using two
independent sets of specific small interfering RNA
(siRNA) oligonucleotides corresponding to ShcC and
ShcA, respectively (Figure 2Aa). The growth rate
of TNB-1 cells transfected with the ShcA siRNA
was severely suppressed (Figure 2Ab), owing to
impaired ability of proliferation and survival, which
is consistent with previous reports (Ravichandran,
2001). SheC-knockdown cells showed a relatively weak
effect on growth rate in the normal culture condition
(Figure 2Ab).

Downregulation of SheC induces neurite outgrowth and

increases differentiation-related markers in TNB-1 cells

SheC knockdown caused morphological changes to
rather flat and spindle shape and neurite extension
within 24 h after transfection of ShcC siRNA (Figure
2Ba). These neurite-bearing cells express higher amount
of microtubule-associated protein 2 (MAP-2), growth-
associated protein 43 (GAP-43), a protein expressed in
the growing neurites, and chromogranin A (Chr-A;
Figure 2Bb), markers of neuronal differentiation (Giu-
dici er al., 1992) than the control cells. On the other
hand, TNB-1 cells treated with ShcA siRNAs showed
no remarkable change compared with the control cells,
relatively round with small processes attached to the
dish surface (Figure 2Ba). These results suggest that the
endogenous ShcC negatively affects neurite outgrowth
and differentiation of TNB-1 cells.

Persistent activation of ERK1/2 due to SheC

downregulation induces neurite outgrowth in TNB-1 cells
Neuronal differentiation is closely associated with
mitogen-activated protein kinase (MAPK)/ERK kinase
(MEK)/ERK and PI3K-AKT pathways and both of
them might be controlled downstream of Shc family
signaling. Downregulation of ShcA induced the sup-
pression of extracellular signal-related kinase 1/2
(ERK1/2) and AKT pathways at 48 h after transfection
of siRNA, nevertheless ShcC downregulation appar-
ently elevated the base level of ERK phosphorylation
and slightly enhanced AKT activation (Figure 3a). This
elevation of ERK phosphorylation sustained until 96h
after transfection of siRNA. Similar effect on the ERK
activation was also observed in NH-12 and YT-v cells,
which express high amount of ShcC (Supplementary
Figure B). It is reported that sustained activation of
ERK is responsible for neurite outgrowth and differ-
entiation of PCI12 cells (Qui and Green, 1992). To
investigate whether neuronal extension of TNB-1 cells
by ShcC RNAI was induced by sustained activation of
ERK, the effect of MEK inhibitor, PD98059, on the
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Table 1 Characteristics of 46 neuroblastoma samples

Case Type Stage Age (months) MYCN Prognosis pS28heC p67SheC p525heA P66ShcA
1 I 1 8 1 A 0.01 0 0.92 0.58
2 1 7 1 A 0 0 0.92 0.52
3 1 8 1 A 0.13 0.07 1.16 0.58
4 1 1 1 A 0 0 0.81 0.63
5 1 4 1 A 0.013 0 1.26 0.62
6 1 8 1 A 0.03 0.006 0.81 0.60
T 1 8 1 A 0 0 0.54 0.70
8 1 7 1 A 0 0 0.40 0.48
9 1 9 1 A 0 0 0.40 0.58
10 1 ¥ 1 A 0.15 0.05 0.42 0.31
11 1 i 1 A 0.003 0 0.35 0.36
12 2 38 1 A 0.047 0 0.41 0.20
13 2 1 1 A 0 0 0.40 0.39
14 2 7 1 A 0.038 0 0.60 0.63
15 2 >132 1 A 0.03 0 0.83 0.62
16 I 3 8 1 A 0 0 0.56 0.45
17 3 7 1 A 0.72 0.45 0.42 0.49
18 3 7 1 A 0.03 0.01 1.2 0.62
19 3 8 1 A 0.015 0.01 1.3 0.67
20 3 23 1 A 0 0 0.25 0.32
21 3 2 1 A 0.10 0 0.63 0.63
2 3 > 108 1 A 0.23 0.03 0.45 0.36
23 3 18 1 A 0.074 0.025 0.75 0.45
24 3 47 1 A* 0 0.03 0.87 0.65
25 3 21 1 D 0.089 0.03 0.76 0.56
26 3 96 1 A* 0.054 0.001 1.6 0.54
27 4 ] 1 A 0.03 0 1.03 0.28
28 4 53 1 A 022 0.018 1.14 0.33
29 4 4 1 A 0 0 0.52 0.49
30 4 22 1 D 0.49 0.43 0.89 0.48
31 4 45 1 AY 0 0.068 117 0.53
32 4 57 1 A* 0.10 0.093 1.2 0.42
33 L] 102 1 A* 0.15 0 1.5 0.49
34 11 3 32 amp A* 0 0 1.6 0.37
35 3 13 amp D 0.11 0.10 0.86 0.53
36 3 33 amp D 0.77 0.50 0.64 0.50
37 3 21 amp A® 047 0.18 0.47 0.49
38 3 26 amp A* 0.84 0.57 1.1 0.58
39 R 23 amp D 0.38 0.13 0.99 0.35
40 S 7 amp D 0.25 0.15 1.1 0.58
41 R >132 amp D 0.96 0.55 1.32 0.65
42 B 18 amp D 022 0.13 0.99 0.63
43 R >24 amp D 0.10 0 0.76 0.54
44 4 59 amp D 0 0 1.80 0.85
45 4 30 amp D 0.99 0.76 0.60 0.56
46 4 34 amp D 0.56 0.21 0.53 0.47

Type, as described in “Materials and methods’; age: onset of the disease (months); stage, INSS stage: MYCN, single copy (1) or amplification (amp)
of MYCN gene; prognosis, alive (A) or death (D) within 12 months after diagnosis; A*, death after 12 months from diagnosis; p52/p67 SheC and
P52/66 SheA, the intensity of each band obtained by western analysis, standardized according to control signals, such as the bands of TNB-1 and a-

tubulin as described in ‘Materials and methods’.

differentiation of TNB-I cells by knockdown of SheC
was examined. It was found that inhibition of the ERK
pathway abolished the neurite outgrowth of TNB-1 cells
by SheC knockdown, indicating that SheC protein has
the potential to suppress neurite outgrowth which is
dependent on the sustained activation of the ERK
pathway (Figure 3b). In addition, the sustained
activation of ERK by the expression of activated Raf
protein, RaflCAAX (Leevers er al., 1994; Stokoe et al.,
1994) also induced neurite outgrowth in TNB-1 cells
(Supplementary Figure C) just as in PC12 cells (Dhillon
et al., 2003). We also analysed the effect of PI3K

inhibitor on neurite outgrowth induced by ShcC RNAI
to check the involvement of the PI3K-AKT pathway,
whereas no apparent effects on the number and length
of the neurite extension were observed (Supplementary
Figure D).

Effect of SheC knockdown on ERK activation is enhanced
by collagen stimulation by ShcA-Grb2 signaling

Among several culture conditions of cells examined for
the effect of SheC RNAi on the activity of ERK, the
most obvious activation of ERK was observed after the
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