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Distinct role of ShcC docking protein in the differentiation of

neuroblastoma

I Miyake', M Ohira?, A Nakagawara® and R Sakai'

!Growth Factor Division, National Cancer Center Research Institute, Tokyo, Japan and *Division of Biochemistry, Chiba Cancer

Center Research Institute, Chiba, Japan

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 ShcC 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 TNBI 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 TNB1 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 et «al., 1993;
Nakagawara and Brodeur, 1997) whereas the cellular
signaling involved in the regulation of the aggressiveness
of neuroblastoma is largely unknown.

The She 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 Shc family has three members, ShcA/She, ShcB/
S1i/Sck and ShcC/Rai/N-She encoded by different genes
(Nakamura et 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 ef 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 et 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
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remains to be elucidated. We have recently shown that expression levels of ShcC protein with several factors
constitutive tyrosine phosphorylation of ShcC is in- linked to unfavorable outcome of neuroblastoma.
duced in a subset of neuroblastoma cells by the Furthermore, we investigated the functions of ShcC in
activation of anaplastic lymphoma kinase (ALK) owing  cell proliferation, differentiation and in vivo tumorigeni-
to ALK gene amplification and the constitutively  city of neuroblastoma cells by knockdown of ShcC
activated ALK-ShcC signal pathway could induce cell expression in neuroblastoma cell lines expressing a high
survival, anchorage-independent growth of the cells and  level of SheC without ALK amplification.
progression of tumors (Miyake et af., 2002, 2005). In our
study, significant amplification of ALK was observed in
3 of 13 neuroblastoma cell lines and in only 1 of 85 cases Results
of human neuroblastoma samples (Osajima-Hakomori
et al., 2005). Considering these results, it was suspected  Expression and tyrosine phosphorylation of SheC in
SheC might also contribute to the signal pathway  neuroblastoma cell lines
associated with the tumor behavior in ALK-indepen- At first, the expression of ShcA and ShcC was analysed
dent manners in majority of neuroblastoma cells. in 11 neuroblastoma cell lines using each specific

In a recent report, high expression of ShcC mRNA was antibody (Supplementary Figure A) along with DLD-1
shown to be a poor prognostic factor in neuroblastoma as a control, which is known to express ShcA protein
patients through the semiquantitative reverse transcriptase ~ (mainly p46ShcA and p52ShcA), but not SheC protein
-PCR analysis of tissue samples (Terui et al, 20095), (Figure 1a). The three cell lines with ALK gene
suggesting the possibility that ShcC protein might be  amplification (NB-39-v, Nagai and NB-1: Group A)
causative of tumor progression in neuroblastoma patients. expressed ShcC at a moderate level in contrast to their
In the current study, we examined the expression levels of  significant phosphorylation so that ALK-SheC complex
ShcC protein in tumor samples of 46 neuroblastoma is mediating the dominant oncogenic signal (Miyake
patients and confirmed the significant association of the et al.,, 2002; Osajima-Hakomori et 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), ShcC (upper panel) and tyrosine phosphorylation of ShcC was analysed in 11 neuroblastoma cell
lines including the cell lines with anaplastic lymphoma kinase (ALK) gene amplification (4LK 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 SheC/SheA 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 p52ShcC (short exposure: lower panel) and p67SheC
(long exposure: upper panel). Each isoform of ShcC/SheA is indicated by opened or filled triangles. Asterisks show heavy chains of
immunoglobulin.
Oncogene
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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 ShcC expression (YT-v, NH-12, TNB-1
and SCCH-26: Group B) and the other with almost no
ShcC 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 ShcC 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 4S; a single copy of MYCN),
type II (stage 3 or 4; a single copy of M YCN) and type
III (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 g-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, pS52ShcC and
p67SheC, showed similar patterns of expression. As
shown in Table 2, the expression level of ShcC 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 III and 1V) (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 SheC has specific functions in malignant
phenotypes of neuroblastoma presumably by modulat-
ing cellular signaling.

Oncogene

Biological effects of ShcC downregulation on TNB-1 cells
To elucidate the biological functions of ShcC in the
tumor characteristics causing unfavorable outcomes of
neuroblastoma patients, we investigated the effects of
SheC 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 ALK 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). ShcC-knockdown cells showed a relatively weak
effect on growth rate in the normal culture condition
(Figure 2Ab).

Downregulation of ShcC induces neurite outgrowth and

increases differentiation-related markers in TNB-1 cells

ShcC 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 et 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 ERKI1/2 due to ShcC

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 96 h
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 PC12 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 p525heC p67SheC p52ShcA p66ShcA
1 1 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
7 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 7 1 A 0.15 0.05 0.42 0.31
11 1 7 1 A 0.003 0 0.35 0.36
12 2 38 1 A 0.047 0 0.41 0.20
13 2 7 I 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
i9 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 22 1 A 0.10 0 0.63 0.63
22 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 5 1 A 0.03 0 1.03 0.28
28 4 55 i A 0.22 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 A* 0 0.068 1.17 0.53
32 4 57 1 A* 0.10 0.093 1.2 0.42
33 4 102 1 A* 0.15 0 1.5 0.49
34 it 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* 0.47 0.18 0.47 0.49
38 3 26 amp A* 0.84 0.57 1.1 0.58
39 4 23 amp D 0.38 0.13 0.99 0.35
40 4 7 amp D 0.25 0.15 1.1 0.58
41 4 >132 amp D 0.96 0.55 1.32 0.65
42 4 18 amp D 0.22 0.13 0.99 0.63
43 4 >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 ShcC and
p52/66 ShcA, 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-1 cells by knockdown of ShcC
was examined. It was found that inhibition of the ERK
pathway abolished the neurite outgrowth of TNB-I cells
by SheC knockdown, indicating that ShcC 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, RafCAAX (Leevers et 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 ShcC knockdown on ERK activation is enhanced
by collagen stimulation by ShcA-Grb2 signaling

Among several culture conditions of cells examined for
the effect of ShcC RNAI on the activity of ERK, the
most obvious activation of ERK was observed after the
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Table 2 Correlation between the expression of SheC protein and
identified prognostic factors of neuroblastoma

p52 p67

Average t-Test Average t-Test

SheC
Age (months)
12> 0.071 0.037
>12 0.27 <0.001 0.18 0.015

Stage
I 0.03 0.0084
1I-1v 0.26 <0.001 0.14 <0.001

MYCN
Single 0.083 0.040
amp. 0.43 0.002 0.25 0.005

Death in 12 months
- 0.10 0.047
+ 0.41 0.006 0.25 0.009

p32 P66

Average t-Test Average t-Test

ShcA
Age (months)
12> 0.72 0.53
>12 0.82 0.2 0.52 0.32

Stage
I 0.68 0.52
-1 0.82 0.1 0.52 0.22

MYCN
Single 0.73 0.51
amp. 0.88 0.16 0.55 0.16

Death in 12 months
— 0.75 0.50
+ 0.84 0.27 0.57 0.11

Expression levels of SheC and ShcA in tissue samples from 46
neuroblastoma patients quantified were analyzed statistically using
t-test. The variables compared are age, onset of the disease (months);
stage, INSS stage; MYCN, single copy or amplification of MYCN
gene. Statistically significant correlation (P<0.01) is indicated in bold.

cells were plated on collagen dishes following suspend-
ing condition (Figure 4a, lower panel). On the contrary,
the activation level of ERK due to ShcC RNAI was not
significant in the suspending condition (Supplementary
Figure E, left panel) showing that ShcC RNAi-induced
ERK activation depends on attachment to the specific
extracellular matrix (ECM).

In contrast, ERK activation was consistently sup-
pressed by knockdown of ShcA regardless of these
culture conditions (Figure 4a, upper panel).

Integrins-mediated extracellular signaling lead the
activation of Ras/ERK signaling by ShcA, and that
process is reported to be associated with Src family
kinase (Wary er al., 1996, 1998), focal adhesion kinase
(Hecker et al., 2002) or some RTKs (Moro ef al., 1998;
Hinsby et al., 2004). In TNB-1 cells, enhanced ShcA
phosphorylation and ShcA-Grb2 complex formation

Oncogene

was observed following collagen stimulation and further
increased by ShcC RNAi (Figures 4b and c). To
examine whether the phosphorylation of ShcA is
necessary for the neurite formation, the effect of double
knockdown of both ShcC and ShcA was examined in
TNB-1 cells. ERK activation and neurite outgrowth
were not detected in the absence of both SheC and
SheA, indicating that ShcC RNAi-induced neurite
outgrowth of TNB-1 cells might be dependent on the
ShcA expression in adherent state (Figure 4d).

Expression of ShcC suppresses the phosphorylation of
ShcA in KU-YS cells stimulated by EGF

To further analyse the effects of ShcC expression on
ShcA phosphorylation in neuroblastoma cells, we
introduced a vector expressing p52SheC into KU-YS
neuroblastoma cells, which do not express a detectable
amount of endogenous SheC protein (Figure 1A), and
obtained several stable clones expressing p52ShcC at
different levels (Figure 5a). As controls, clones over-
expressing p46/p52ShcA, or expressing the expression
vector alone were also prepared. We checked the ShcA
phosphorylation of each clone under the stimulation of
EGF (Figure 5b). EGF stimulation to the control and
ShcA expressing cells showed typical activation of ShcA,
whereas the cell expressing ShcC showed decreased
levels of ShcA phosphorylation according to the levels
of ShcC protein. We also confirmed that activation of
ShcA by EGF was suppressed in the cells transiently
overexpressing SheC (Supplementary Figure F). Those
cells showed almost the same level of EGF receptor
(EGFR) activation induced by EGF, judging from the
phosphorylation levels of EGFR indicating that the
expression of ShcC negatively affected the EGFR-ShcA
signaling after the activation of EGFR, such as
competing manners against ShcA. In addition, we
examined whether tyrosine phosphorylation of SheC is
crucial for the suppression of ShcA phosphorylation by
establishing two clones that express a p52ShcC mutant,
3YF lacking all three tyrosines, which are reported to be
involved in the tyrosine phosphorylation of ShcC
(Miyake et al., 2005). It was revealed that the 3YF
mutant of ShcC could suppress the EGF-induced
activation of ShcA in both clones almost as efficiently
as the original ShcC in ShcC2 cells (Supplementary
Figure G), suggesting that negative regulation of ShcA
phosphorylation by ShcC does not require tyrosine
phosphorylation of SheC.

SheC downregulation negatively affects anchorage-
independent growth and in vivo tumorigenicity

We investigated the effect of ShcC knockdown on the
anchorage-independent growth and in vivo tumorigeni-
city of TNB-1 cells by establishing cells with stable
suppression of ShcC expression using the miR RNAi
expression vector (as described in ‘Materials and
methods’). As analysed in the mixed clones by soft agar
colony formation assay; stable suppression of ShcC
caused marked inhibition of anchorage-independent
growth (Figure 6a). Three isolated clones of ShcC miR
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Figure 2 Biological effects of SheC downregulation using small interfering RNA (siRNA) on TNB-1 cells. (A) (a) Expression of ShcC
(lower panel) and ShcA (upper panel) was suppressed by RNA interference using specific siRNA oligonucleotides corresponding to
SheC and SheA, respectively, then, detected by western analysis with each specific antibody. (b) Growth rate of siRNA-treated cells in
tissue culture condition. TNB-1 cells 48 h after the transfection with ShcA/SheC siRNA cultured by 30-mm dishes were counted at the
indicated time points. The results represent the average values (£ s.d.) of three replicated experiments. (B) Downregulation of ShcC
induces neurite outgrowth and increases the expression of differentiation-related markers in TNB-1 cells. (a) Evaluation of neurite
outgrowth of ShcA or SheC-knockdown TNB-1 cells 72 h after siRNA treatment without any extracellular matrix (ECM) stimulation.
(b) Expression of several molecules used as differentiation-related markers in ShcC-knockdown TNB-1 cells (left panel:
immunostaining of neuritis as described in ‘Materials and methods’; right panel: western analysis using indicated antibodies). As a
positive control of differentiation, 2.5 uM retinoic acid (RA) was treated 24 h before analysis. AR, AR2/CRI, CR2: two independent
siRNA of ShcA /ShcC; Li: treated with only Lipofectamine 2000; acl, ac2/ccl, cc2: control siRNA for ShcA /ShcC siRNA,
respectively. NC: negative control for universal siRNA (as described in ‘Materials and methods’).
RNAIi (miShcC-1, -2 and -3) were prepared by checking Ki-67 showed no significant difference among each
the level of SheC protein along with clones of LacZ miR  tumor tissue (Figure 6d).
RNAIi (miLacZ-1 and -2) as controls (Figure 6b). These
clones with suppressed level of ShcC showed the same
morphological features of neurite formation in tissue
culture condition as observed in the cells transfected  Discussion
with ShcC siRNAs (data not shown). The volumes and
weights of subcutaneous tumors in nude mice were It has already been shown that some signal pathways
measured at 6 weeks after injections of the cells and  strongly affect tumor progression and treatment resis-
evaluated in at least 4 independent injections per clone.  tance (Schwab er al., 2003). Other than the Trk family,
Control LacZ miR RNAI clones (miLacZ-1, milLacZ-2) the PI3K/Akt pathway (Opel ef al., 2007), Ret (Iwamoto
developed large tumor masses in vive (Figure 6c), et al., 1993; Marshall et al., 1997), hepatocyte growth
whereas remarkable reduction of the size and weight factor/c-Met pathway (Hecht et al., 2004) were reported
of tumors (or almost disappearance of tumors in some  to be closely associated with several diagnostic profiles
cases) was observed by the stable suppression of ShcC  and biological characteristics of neuroblastoma cells.
expression. These tumors from ShcC miR RNAI clones This is the first study to show that the expression of
showed marked increase in numbers of apoptotic cells SheC protein, a member of the Shc family docking
compared with control tissues as shown by terminal  proteins, is significantly correlated with malignant
transferase dUTP nick-end labeling (TUNEL) staining. phenotypes associated with advanced neuroblastoma.
On the other hand, staining by a proliferation marker, Expression of both p52 and p67 isoforms of SheC,
Oncogene
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Figure 3 Persistent activation of extracellular signal-related kinase 1/2 (ERK1/2) in ShcC downregulation induces neurite outgrowth
in TNB-1 cells. (a) Downregulation of SheC positively affects the ERK1/2 and Akt pathway in TNB-1 cells. Activation of ERK1/2 and
Akt in the cells treated with ShcA or ShcC siRNA were examined by western blotting. The levels of activation were quantified
comparing to that of cells treated with control siRNA (NC). (b) Effect of MEK inhibitor on neurite outgrowth induced by ShcC RNAi
in TNB-1 cells. The siRNA-transfected cells indicated were treated with dimethylsulphoxide (DMSO) or PD98059 and incubated for
3h in the tissue culture condition, then counted for neurite-containing cells.
shows significant correlation with clinical stage and  activation of the ShcA-Grb2-ERK pathway caused by
MYCN gene amplification whereas the expression of  downregulation of SheC may be due to a competitive
both isoforms of ShcA, p52 and p66, showed little  effect between ShcC and ShcA for binding to certain
. association with those aspects. These results, in the  RTKs. This possibility is supported by another experi-
protein level, give further evidence that ShcC is a factor ~ ment showing that both EGF-induced phosphorylation
which determines the prognosis of neuroblastoma, of ShcA and complex formation between ShcA and
which was recently suggested by analysis of the mRNA  Grb2 in KU-YS cells are suppressed by the expression of
expression of ShcC (Terui et al., 2005). ShcC in a dose-dependent manner. It was shown that
The biological analysis of TNB-1 cells treated with  the expression of the PTB domains of ShcC partially
ShcC-specific siRNAs provided evidence that ShcC  interfered with the binding of endogenous ShcA to
protein expressed in the neuroblastoma cells is suppres-  activated EGFR in 293 cells (O’Bryan er al., 1998).
sing the differentiation of neuroblastoma cells. Neurite ~ These data are consistent with our current findings
outgrowth of TNB-1 cells, induced by downregulation  described above. It is suspected that some types of
of ShcC was dependent on sustained activation of the  differentiation signals mediated by ShcA are blocked by
MEK/ERK pathway. Sustained activation of the ERK  the overexpression of ShcC in some neuroblastoma cells
pathway triggered by factors such as NGF is required  such as TNB-1, and the suppression of ShcC protein
for neuronal differentiation in some neuronal tumor by RNAI causes the ShcA-mediated differentiation of
cells such as PCI2 cells (Qui and Green, 1992; Yaka these cells.
et al., 1998). The fact that constitutively activated Raf- Elevated level of ShcA phosphorylation and ERK
ERK signaling induced neurite outgrowth in the same  activation induced by ShcC downregulation was more
cell line (Supplementary Figure C), such as the RTK-  significant under the stimulation of collagen I than
related pathway might induce the ERK activation and  without any ECM stimulation. In addition, in suspend-
cellular differentiation in TNB-1 cells, although NGF  ing condition we could not detect any activation of
stimulation failed to induce neurite elongation of TNB-1 ShcA nor ERK signal after ShcC downregulation
cells (data not shown). (Supplementary Figure E). These results indicate that
Interestingly, elevation in the level of phosphorylated  the difference between ShcA and ShcC might be in
ShcA followed by activation of the ERK pathway by  interaction with matrix-adhesion signals. ShcA is
ShcA—Grb2 signals was observed in TNBI when the  considered to be implicated in the adherent related
ShcC protein expression was suppressed by RNAI. This ~ pathway, phosphorylated by forming a complex with
Oncogene
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Figure 4 Elevation of extracellular signal-regulated kinase ()-activated level in ShcC-knockdown cells is increased by collagen
stimulation by ShcA-Grb? signaling. (a) Elevation of the ERK1/2-activated level due to SheC downregulation is further increased 2h
after collagen stimulation. siRNAs of ShcA/SheC-transfected TNB-1 cells (AR, AR2/CR1, CR2, respectively) were incubated in the
tissue culture condition for 70 h and stimulated by collagen type I. Duplicated cells were harvested 0 and 2 h after collagen stimulation
(as described in ‘Materials and methods’). (b) After collagen stimulation ShcA was phosphorylated more strongly in ShcC-knockdown
cells than the control cells. Asterisks show heavy chains of immunoglobulin. (¢) ShcA—Grb2 complex formation (upper panel) were
increased by downregulation of ShcC. (d) The ShcA-knockdown effect on the neurite outgrowth in cells transfected with ShcC siRNA
was evaluated by the same method performed in Figure 2Ba. The number of neurites observed in the cells transfected with both ShcA
and ShcC siRNA was obviously decreased compared to cells transfected with only SheC siRNA.

Fyn (Wary et al., 1998) through its proline-rich region
that is not conserved in SheC.

In tissue culture and in transgenic mice, signaling
through Fyn has been closely associated with neurite
extension and cell adhesion (Brouns et al., 2000, 2001).
Berwanger et al. (2002) referred to the inverse correla-
tion between the expression of Fyn and progression of
neuroblastoma from 94 primary neuroblastoma speci-
mens, showing that expressed Fyn-induced differentia-
tion and growth arrest of neuroblastoma cell lines.
Another report indicated that active Fyn kinase induces
a lasting activation of the MAPK pathway through
inhibition of MAPK phosphatase 1 (Wellbrock et al.,
2002). We confirmed that neurite outgrowth of ShcC-
knockdown TNB-1 cells was suppressed by Src family
inhibitor, PP2 (Supplementary Figure H). These data
suggest the possibility that Integrin~Fyn—ShcA signals

— 127 —

| Miyake et af
669
C ip: ﬁ oGrb2
NC CR1
collagen + - + - + WB:
» == oShcA
whole
£2%
ugt NC AR1 CR1 AR1+CR1
could be closely associated with the differentiation of
TNB-1 cells induced by ShcC downregulation along
with the signals of RTK-~ShcA/ShcC.

Noticeably, the interference of the ShcA-mediated
signaling by ShcC protein is independent of tyrosine
phosphorylation of SheC. The function of the nonpho-
sphorylated domain of ShcC such as SH2 might be also
highlighted. As for the difference in the downstream
signaling between SheC and ShcA, little is known so far.
Regarding to this point, Nakamura et a/. (2002)
indicated that inhibition of NGF-induced ERK activa-
tion by the expression of ShcC was due to the different
Grb2-binding capacity between ShcA and SheC in
response to NGF. It was previously reported that ShcA
preferentially binds to TrkA (Yamada et al., 2002),
which is the key receptor against NGF due to neurite
outgrowth with the sustained ERK phosphorylation,
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Figure 5 High expression of SheC suppresses the phosphorylation of ShcA in KU-YS cells stimulated by epidermal growth factor
(EGF). We generated stable clones of KU-YS cells expressing Flag-tagged ShcA and diverse levels of p52SheC (SheCl and SheC2)
other than clones transfected with the control vector. (a) Each expression level was detected by western analysis. (b) Levels of
expression and tyrosine phosphorylation of EGFR (middle panel), ShcA (upper panel) and ShcC (lower panel) were analysed by
immunoprecipitation and immunoblotting using the antibodies indicated in figure in the KU-YS clone cells stimulated by EGF
(as described in ‘Materials and methods’). Asterisks show heavy chains of immunoglobulin.
whereas ShcC associated with TrkB rather than TrkA  suppressing the differentiation and by promoting the
(O’Bryan et al., 1998; Liu and Meakin, 2002). In  anchorage-independent growth in the majority of
neuroblastoma, the function of signal pathways down-  neuroblastoma cells which has high expression of ShcC
stream of these two neurotrophin receptors might be  protein. From these points of view, we suggest that
quite different (Nakagawara et al., 1993), also suggest-  ShcC is a potent tool for predicting the phenotype of
ing the distinct function of downstream signal mediated  neuroblastoma and is also a good candidate for
by SheC. therapeutic targets of advanced neuroblastoma.
The effect of ShcC knockdown in in vive tumorigeni-
city was quite remarkable comparing the effect in
growth rate in tissue culture condition. We found that .
: . Materials and methods
anchorage-independent growth in cells was also drama-
tically decreased by knockdown of ShcC as shown by coif culture and tissue samples
soft agar assay (Flgure 6a). Furthermore, the proportion DLD-1 cells and all cell lines of neuroblastomas in this study
of apoptotic cells in the nude mouse tumors generated  were prepared as described in the previous report (Miyake
from neuroblastoma cells in vivo was remarkably et al., 2002). These cells were cultured in an RPMI 1640
increased by the knockdown of ShcC. In recent study, — medium with 10% fetal calf serum (FCS) (Sigma, St Louis,
Magrassi et al. (2005) showed that ShcC positively ~ MO, USA) at 37°C in an atmosphere containing 5% CO».
effects on cell survival by PI3K-AKT pathway in Anonymous 46 frozen neuroblastoma tissues were used in
glioma cells using dominant negative form of ShcC. g“s dsmd,y' rlrhe.fsianzple? twereldlvtlded lmtzo thfg subsetls using
Theses data indicate that ShcC has additional function rodeur’s classification; type I (s age 1, = or 4o; a SIngle copy
0 th otecti £ ¢ £ tosis. i of MYCN), type II (stage 3 or 4; a single copy of MYCN)
in the protection from some types ol apoptosis in and type III (all stages; amplification of MYCN) (Brodeur
addition to the induction of differentiation of cells. and Nakagawara, 1992; Ohira er al., 2003). A total of 15
It was indicated that ShC.C mlght have a potent samples belonged to type I, 18 samples to type II and I3
function for tumor progression in neuroblastoma by  samples to type III. Staging classification was according to the
Oncogene
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Figure 6 ShcC downregulation negatively affects tumorigenicity in vivo. (a) Cells transfected with the miR RNAI vector for ShcC
(miShcC) and LacZ (miLacZ) that also contains an EmGFP coding sequence for co-cistronic expression with the pre-miRNA were
cultured in medium containing blasticidin (Invivogen) for only 1 week, and then mixed. Multiclone cells for LacZ and ShcC were
analysed for the ability of anchorage-independent growth using soft agar assay by 1 x 10* cells per a well of six-well plate for 3 weeks
(as described in previous report: Miyake er al., 2005). The results represent the average value (*s.d.) of three replicated experiments.
(b) Expression levels of ShcC in clones of TNB-1 cells stably transfected with miR RNAI expression vector for LacZ (miLacZ-1 and
miLacZ-2) and SheC (miSheC-1, -2 and -3) were detected by western analysis using «hShcC (as described in ‘Materials and methods’).
(¢) Nude mouse tumors derived from two clones of LacZ miR RNAi and three clones of ShcC. Upper panel: Photographs of tumors
from nude mice at 6 weeks after subcutaneous injections of 5x 10° cloned cells (bar: 20mm); lower panel: ability of in vive
tumorigenicity is shown by average weight (£ ) of four tumor derived from each clone. (d) ShcC-knockdown cells show tendency to
apoptosis in vivo. Upper panel: Photographs of a cross-section of each tumor tissues from milacZ-1 and miShcC-2 using microscope at
a magnification of x 400, that were stained with hematoxylin and eosin (HE), diaminobenzidine (DAB) by terminal transferase dUTP
nick-end labeling (TUNEL) assay and anti-Ki-67 antibody (bar: 25 pm); lower panel: the tendency to apoptosis was defined as the
number of positive stained cells per 1000 tumor cells in TUNEL assay and the proliferating activity was indicated as the labeling index
of Ki-67 by counting 1000 tumor cells. The data show the average scores £ s.d. of positive cells in three different areas of each slide.
Staining of each sample was owing to the procedure by SRL Inc.
International Neuroblastoma Staging System and N-Myc (Santa Cruz Biotechnology), anti-c-Src¢ antibody (Upstate
amplification (> 10 copy) accepted as a poor prognostic risk Biotechnology Inc.), anti-phospho-Src family antibody
factor was checked before clinical intervention. (Tyr416) (Cell Signaling), anti-Grb2 antibody (BD Transduc-
tion Laboratories), anti-T7tag antibody (Novagen, San Diego,
CA, USA) and anti-Flag M2 antibody (Sigma). As secondary
Reagents ) antibodies, horseradish peroxidase-conjugated anti-rabbit and
The polyclonal antibodies against the CH1 domain of human anti-mouse IgGs (GE Healthcare, Buckinghamshire, UK) were
ShcC (amino acid 225-324):0hShcC were generated by the  yged. All inhibitors used in this study (PD98059, LY294002,
same method as described previously (Miyake er al., 2002). PP2 and PP3) were purchased from Calbiochem, San Diego,
Polyclonal antibodies of human ShcA:xhShcA were prepared CA, USA.
as described in previous reports (Miyake et al., 2002).
Other antibodies were purchased as follows: antiphospho-
tyrosine antibody (4G10) (Upstate Biotechnology Inc, Cell stimulation, immunoprecipitation and immunoblotting
Charlottesville, VA, USA), anti-ShcA/ShcC monoclonal anti- Cell stimulation analysis with EGF (Wako) was performed as
bodies: aShcA/aSheC (BD Transduction Laboratories, San Diego, described (Miyake et al., 2002). The cells were starved for 24 h
CA, USA), anti-g-tubulin antibody (Zymed Laboratories, and treated for 5 min with EGF (100 ng/ml). As for stimulation
San Francisco, CA, USA), anti-p44/42 MAPK (ERK1/2), anti- with collagen type I, cultured cells with or without serum for
phospho-p44/42 MAPK (P-ERK1/2), anti-Akt, and anti- 24 h were detached from culture dishes by pipette treatment
phospho-Akt (Serd73) (P-Akt) antibodies (Cell Signaling, and after the suspending condition for 30 min, seeded onto a
Danvers, MA, USA), anti-chromogranin A (ChrA) antibody collagen type I-coated dish (Iwaki, Tokyo, Japan). Cells were
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti- harvested after 2h using PLC lysis buffer. Control cells were
GAP43 antibody (Zymed Laboratories), anti-MAP2 antibody harvested before the attachment on the collagen I-coated
Oncogene
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surface. The immunoprecipitation and western analysis were
performed using the procedure described in a previous report
(Miyake et al., 2002).

Quantification and statistical analysis of expression levels of
SheClShcA
The intensity of each band obtained by western analysis was
measured using a molecular imager (GS-800; Bio-Rad,
Hercules, CA, USA) and standardized according to control
signals, such as the bands of TNB-1 and a-tubulin.

t-Test performed by Excel was used to evaluate the
significance of the two groups quantified expression levels of
indicated molecules.

Knockdown of ShcAIShcC by RNA interference
For siRNAs, Stealth RNA duplex oligoribonucleotides
(Invitrogen, Carlsbad, CA, USA) was used to knockdown
ShcC/ShcA protein. The following two 25-mer oligonucleotide
pairs for each molecule were available. As for ShcC, CR1:
5-GCUGGCCAAAGCGCUCUAUGACAAU-3'  (nucleo-
tides 141-165), CR2: §-CCAAGAUCUUUGUGGCGCACA
GCAA-3 (nucleotides 2447-2471). As negative controls for each
oligonucleotide pair, ccl: GGCUCCAGAACGGCCUUAGU
AACAU-3, cc2: GGAAACCGACAACUACGAUGUCAAU,
respectively. As for ShcA, ARL: 5-GGAGUAACCUGAA
AUUUGCUGGAAU-3 (nucleotides 335-359). AR2: ¥-GCCU
UCGAGUUGCGCUUCAAACAAU-3 (nucleotides 689-611).
As a negative control for each, acl: GGAAACCGUAAUAUU
CGGUGUGAA, ac2: 5-UGCCGCGAUUCGCGUUACAAC
UUAAU, respectively. As the other negative control for
universal siRNA, Stealth RNAi Negative Control Duplexes
(Medium GC Duplex) (Invitrogen) was used (NC). Cells were
transfected with siRNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells (5 x 10° per
well of a six-well plate) in suspending condition were transfected
twice at 24 h interval (5ul of 20 uM siRNA each) and analysed
48 h after second transfection.

A system stably expressing miRNA was generated using the
BLOCK-T Pol II miR RNAi Expression Vector Kit with
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EmGFP (Invitrogen) according to the manufacturer’s instruc-
tions. In the generation of the miR RNAIi vector for humans,
ShcC was chosen as the target sequence, using the top/bottom
oligo sequence: 5-TGCTGCTTGGAGGCTTTCTCTTCTT
GGTTTTGGCCACTGACTGACCAAGAAGAAAGCCTC
CAAG-¥/5-CCTGCTTGGAGGCTTTCTTCTTGGTCAGTC
AGTGGCCAAAACCAAGAAGAGAAAGCCTCCAAGC-3.
Cells stably expressing the miR RNAi vector for ShcC
(miShcC) and LacZ (miLacZ), that were also expressing green
fluorescent protein were established and cultured in medium
containing blasticidin (InvivoGen, San Diego, CA, USA) at a
concentration of 15 pg/ml for 3 weeks. Three clones expressing
the ShcC RNAI vector were selected by significant suppression
of the SheC protein (< 10%), and two clones from the control
LacZ vector were also selected. Cells transfected with miR-
negative control plasmid (one of kit components) were used as
other control cells (Vec).

Generation of KU-YS cells stably expressing ShcAlSheC

The full-length human ShcA c¢DNA for transfection was
donated by Dr N Goto. ShcA and ShcC ¢cDNAs were inserted
with C-terminal Flag epitope tag into a mammalian expression
vector pcDNA3.1A. All parts amplified by PCR were verified
by sequencing. The stable expression of the full-length of ShcA
and full-length of SheC in KU-YS cells were obtained
by transfection using transfection reagent Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
The KU-YS cells transfected with pcDNA3.1 vector (mock)
were used as a control. Then, cells were selected according to
the method described previously and the expression level of
each independent clone was evaluated by immunoblotting
analysis.
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Abstract. Multidetector row CT (MDCT), which has been
used extensively in adult patients, has also recently been used
for the evaluation of children. As pediatric surgeons, we pre-
operatively examined 10 cases of liver tumors by MDCT and
performed three-dimensional reconstruction and a volumetric
analysis. Instead of angiography, which requires general
anesthesia in children, this method can provide a fine image
of the anatomy between the tumor and the vessels, as well as
identify the presence of any anomalous vascular branches. It
also makes it possible to calculate the residual liver volume
for the proposed operation and to determihe the optimal cut
line. However, there are still certain problems associated with
pediatric cases, including the determination of the appropriate
volume of contrast medium, the occurrence of allergic reactions
to the contrast medium, and the timing of enhancement. The
resolution of the specific problems in the pediatric application
of MDCT, and the development of a more effective procedure
is thus required.

Introduction

Currently multidetector row CT (MDCT) has made it possible
to obtain more valuable information than was previously
possible with conventional CT. The MDCT is superior in
spatial and temporal resolutions. In adult cases, the MDCT
has been frequently applied as a diagnostic tool for tumors. In
pediatric cases, however, some such problems as the necessity
to use anesthesia, difficulty of respiratory restriction, deter-
mining the adequate volume of contrast medium, and the
estimated irradiation have been recognized, the application of
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MDCT procedures in the pediatric population has therefore
been limited. The development of the multidetector (16 or 64
slice spirals) has solved some of these problems. This study
presents 10 cases of pediatric liver tumors, which were
evaluated by MDCT using three-dimensional reconstruction
and volumetry.

Patients and methods

In our department, 10 cases of neo-infantile liver tumors
were admitted from 2003 to 2007. Each case was examined
preoperatively by MDCT. The clinical data of the patients
are summarized in Table 1. Regarding the age, 1 case was a
neonate, 6 cases were infants younger than 1 year, and 3
cases were infants older than 1 year, Histologically, 7 cases had
hepatoblastomas, 2 cases had infantile hemangioendotheliomas,
and the remaining case was a malignant rhabdoid tumor, Six
cases were treated by preoperative chemotherapy with cisplatin
(CDDP) and pirarubicin (THP-adriamycin). Preoperative
angiography with a transcatheter arterial chemoembolization
(TACE) was performed for 5 cases, which showed insuf-
ficiency only for the preoperative systemic chemotherapy.

The scanning was performed by an MDCT with 64
detectors. As the contrast medium, iopamidole (300 mg/ml)
was administered intravenously for 20 sec with a dose of 2
ml/kg. The condition of collimation was 1 or 2 mm and the
herical pitch was 5.5. The arterial phase, equilibrium phase,
and portal venous phase were captured in that order.

Triclofossodium syrup or pentobarbital suppositories
were routinely used as sedative agents. Intravenous ketamine
instillation was added in some cases. All cases were well
sedated and high quality images were acquired under spon-
taneous respiration.

The images from MDCT were transferred to a 3D work-
station (Virtual Place Advance, AZE) and then were analyzed.
By this method, the feeding vessels and accessory or aberrant
vessels were evaluated. In addition, the vessel architecture,
including the arterial system and portal venous system were
independently demonstrated and reconstructed as each phase
analysis. As a volumetric 3D-rendered analysis, the standard
liver volume and residual liver volume for several patterns of
proposed operation were calculated (1). The standard liver
volume (SLV) was also calculated by the Urata equation:
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Table I. Clinical data of each case.

Case Age Gender Histology Location of tumor Preoperative chemotherapy Angio + TACE
| 14 days F HB Rt. lobe ND ND
2 3 months F HB S3,4,5,6 Done Done
3 4 months M HB Lt. lobe Done Done
4 8 months F HB Lt. lobe Done Done
5 | year F HB Rt. lobe Done ND
6 1 year M HB Rt. lobe ND ND
7 3 years M HB Rt. lobe Done Done
8 5 months M MRT Rt. lobe, S4 Done Done
9 1 month M HET S3 ND ND

10 1 month F HET Bil. lobe ND ND

HB, hepatoblastoma; MRT, malignant rhabdoid tumor; HET, hemangioendothelioma; ND, not done; TACE, transcatheter arterial chemo-
embolization,

Table 1I. Abnormal vessels demonstration and volumetry analysis for each case.

Abnormal vessels

Case demonstration by MDCT Proposed operation SLV (ml) RLV (ml) RLV (%)
1 None Rt. lobectomy 114.1 674 59.0
2 SMA-RHA,LGA~LHA Central bisegmentectomy 497.2 294.5 59.2
3 None Lt. lobectomy 2679 213.1 79.0
4 None Extended It.lobectomy 296.5 160.0 540
5 Lt. IVC Rt. lobectomy 284.1 190.4 670
6 None Rt. lobectomy 109.2 68.1 624
7 None Rt. lobectomy 398.6 259.1 65.0
8 CA-MHA, LGA-LHA Extended rt. lobectomy 2330 953 40.9
9 None Tumor extirpation 176.8 161.3 91.2

10 None Biopsy NA NA NA

SMA, superior mesenteric artery; RHA, right hepatic artery; LGA, left gastric artery; LHA, left hepatic artery; CA, celiac artery; MHA, middle
hepatic artery; SLV, standard liver volume; RLV, residual liver volume; NA, not analyzed.

Table III. Advantages for each case obtained by MDCT reconstruction.

Detection of abnormal No need for Advantage by simultaneous Advantage by simulation of

Case vessels or feeding arteries angiography visualization of each phase proposed operation

1 0 o

2 O O O

3 o}

4 o o

5 O O O

6 o o

7 0

8 O O O

9 O ) O
10 O O O
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Figure |. Detection of anomalous vessels and feeding vessels. (a) Case 6 (hepatoblastoma). The left hepatic artery (LHA) was observed to branch from the left
gastric artery (LGA). The right hepatic artery (RHA) branched from the superior mesenteric artery (SMA). (b) Case 9 (hemangioendothelioma). The wmor
feeding artery from the left hepatic artery (LHA) is detected by 3-D reconstruction images.

B

SLV (ml) = 706.2 x body surface area (m?) (2). These
reconstruction and volumetric analyses were performed by
ourselves, namely by the ‘pediatric surgeons’.

Results

Detection of anomalous vessels and feeding vessels. Abnormal
vessels were detected in 3 cases (cases 2, 5, 8) (Table II). In
case 2, the reconstructed image detected anomalous
branching in the left hepatic artery (LHA) arising from left
gastric artery (LGA) and the right hepatic artery (RHA) arising
from the superior mesenteric artery (SMA) (Fig. 1a). In the
same way, anomalous branching vessels were detected in cases
5 and 8. Furthermore, this procedure also clearly demonstrated
the feeding vessels of huge tumors in cases 9 and 10. In case 9,
the huge tumor was fed by a branching artery from the LHA
(Fig. 1b). Those images were never inferior to those obtained
from angiography and were very informative for the operation.
In this manner, abnormal vessels or feeding arteries were
detected in 5 cases. Since this vascular informations obtained
by the reconstruction of the MDCT images was sufficient,
conventional angiography was unnecessary for these 5 cases
(Table III).

Eqch phase analysis. As shown by the images of case 5 (a one-
year-old girl with a hepatoblastoma in the right lobe) (Fig. 2a),
each contrast phase, arterial phase (Fig. 2b), equilibrium phase
(Fig. 2¢), and portal venous phase (Fig. 2d) were independently

extracted or combined as three-dimensional images,
respectively (Fig. 2e). By this method, the precise anatomical
association between the tumor and vessels could be clearly
demonstrated simultaneously. Since the simultaneous
evaluation of identical images is impossible by conventional
CT, this advantage was thus considered to be remarkable in
all cases (Table III).

Volumetry analysis. The residual liver volume was calculated
by a volumetric analysis for all cases (Table II). Since the
whole liver was occupied by the tumor in case [0, the
proposed operation was a biopsy. In the other 6 cases (cases
1,3,5,6,7,9), the residual liver volume was calculated as
>50% in the initially proposed operative procedure. Therefore,
an optimal cut line was defined by this volumetric analysis.
However, in the remaining cases (cases 2, 4, 8), the cut lines
were variously simulated in several ways, because a
sufficient residual liver volume was not expected by means
of an extended operation. For example, in case 2, the tumor
occupied the central area of the liver and it was attached to the
portal vein (Fig. 3a); therefore, various operative procedures
were simulated. The standard liver volume of the patient was
calculated at 497.2 ml. If the patients would have undergone
a left trisegmentectomy, then the residual liver volume would
only have been 28.3% of the standard liver volume (Fig. 3b).
On the other hand, if a central bisegmentectomy could be
performed, then the residual liver volume was estimated to
be 59.2% of the standard liver volume (Fig. 3c). Therefore,
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Figure 2. Each phase analysis (Case 5). (a) A 2-D image from a conventional CT. (b) A reconstructed image of the arterial phase. (¢) A reconstructed image of
the equilibrium phase. (d) A reconstructed image of the portal venous phase. (e) A reconstructed image of the combined multiphase images.

the central bisegmentectomy was selected for the preservation
of postoperative liver function. Using these analyses, the
most appropriate operation was performed in all cases.

Discussion

MDCT has multiple detectors along the body axis and
simultaneouly provides a vast amount of information during
one rotation of the X-ray tube. In comparison to the con-
ventional helical CT, MDCT is superior in both temporal and
spatial resolution (3). The reconstruction of images provides
much more information without the degradation of images,
and the amount of radiation exposure can also be reduced
“4).

The usefulness of MDCT for the evaluation of pediatric
disease has been reported. There have been several studies
dealing with complicated cardiac anomalies (5), vascular
diseases (6), respiratory diseases (7,8), or anorectal
malformations (9). However, there have so far been very few
studies involving pediatric neoplastic diseases, in particular,
regarding liver tumors (10,11). A conventional CT examination
and angiography were routinely performed for the preoperative
evaluation for liver tumors in many institutions. Repeated
CT scans were necessary to evaluate the efficacy of the
preoperative chemotherapy. Therefore, serious problems
were encountered regarding the accumulation of radiation
exposure. On the other hand, general anesthesia is necessary
for angiography and it is an invasive procedure for neonates

and infants. MDCT more rapidly provides images than does
conventional CT, which simplifies the process of sedation, and
the MDCT provides a better quality of images and decreases
the total accumulated dosage of radiation (12), MDCT also
makes it possible to image the precise vascular anatomy
including the anomalous branches, feeding arteries, or
drainage veins (13).

As shown by the presented cases, the reconstructed images
from MDCT were never inferior to those obtained by angio-
graphy. Anomalous vessel branches were detected in 3 of the
10 cases and 2 of them were confirmed by the findings by the
subsequent angiography . Therefore, when a chemoembolization
by TACE is not necessary, this MDCT reconstruction is con-
sidered to provide a sufficient evaluation of the vessels.

On the other hand, each image phase (arterial phase,
equilibrium phase, portal phase) could be independently and
simultaneously extracted or combined, respectively. These
combined images can not be obtained by conventional CT
procedures.

Furthermore, the software program for volumetry provides
a proposed remnant liver volume and an optimal cut line of
the liver. Various preoperative simulations can thus be con-
sidered. The residual liver volume was calculated to be above
40% for all the presented cases. This volumetric analysis
therefore positively contributes to the safety of the procedure
by assisting in the selection of the optimal operations.

Since the pediatric age ranges from the neonate to school
children having an adult physical constitution, standard-
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ﬂ Extendéd Ieft lobectbmy
SLV: 497.2ml
RLV : 141.0ml (28.3%)

Central bisegmentectomy
SLV: 497.2mi
RLV : 294.5 mi (59.2%)

Figure 3. The volumetric analysis (case 2). (a) A 2-D image of a conventional CT scan. (b) The simulation of an extended left lobectomy. The standard liver
volume (SLV) was 497.2 ml and the residual liver volume (RLV) was 141.0 ml (28.3%). (c) The simulation of a central bisegmentectomy. The residual liver

volume was 294.5 ml (59.2%).

ization of the regimen for each age group is considered to be
necessary. Relatively large diameter vessels are necessary for
the enhancing procedure, in spite of the difficulty of preserving
the vascular route. The volume of the contrast medium, allergic
events, and the timing of enhancement are still unsolved
problems.

In conclusion, the reconstruction images by MDCT and the
performance of a volumetric analysis provide extensive
useful information for the preoperative evaluation. Since
pediatric surgeons perform these reconstructive procedures
themselves, it is possible to.obtain the most adequate
preoperative evaluation, in ordér to then select the optimal
operation for each patient. The resolution of the specific
problems in the pediatric area, and the development of more
effective procedures is expected in the future.
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