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Neuroblastoma (NB), the most frequent solid tumor of early childhood, is diagnosed as a
disseminated disease in >60% of cases, and several lines of evidence support the resistance to
apoptosis as a prerequisite for NB progression. We show that autocrine production of netrin-1,
a multifunctional laminin-related molecule, conveys a selective advantage in tumor growth
and dissemination in aggressive NB, as it blocks the proapoptotic activity of the UNC5H
netrin-1 dependence receptors, We show that such netrin-1 up-regulation is a potential
marker for poor prognosis in stage 4S and, more generally, in NB stage 4 diagnosed infants.
Moreover, we propose that interference with the netrin-1 autocrine loop in malignant neuro-
blasts could represent an alternative therapeutic strategy, as disruption of this loop triggers in

vitro NB cell death and inhibits NB metastasis in avian and mouse models.

Dependence receptors now number more than a
dozen, including deleted in colorectal cancer
(DCC) (1), UNC5H (2), Patched (3), some inte-
grins {4), neogenin (3), p75NR (6), RET (7),
ALK (8}, and TrkC (9). Although they have no
structural homology (other than possibly in a do-
main referred to as the DART [dependence-asso-
ciated receptor tansmembrane] domain) (10},
they all share the functional property of inducing
cell death when disengaged from their trophic li-
grands, whereas the presence of their wophic li-
gands blocks this proapoptotic activity. Such
receptors thus create cellular states of dependence
on their respective ligands (11, 12),

The prototype dependence receptors are the
newrin-1 receptors, Newrin-1, a diffusible lam-
inin-related protein, has been shown to ply a
major role in the control of neuronal navigation
during the development of the nervous system
by interacting with its main receptors, DCC (13,
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14, 15) and UNC5H (16, 17). However, DCC
and UNCSH (e, UNC5HI, UNC5H2,
UNC5H3, and UNC5H4) have been shown to
belong to the dependence receptor family (1. 2).
This dépendence effect upon netrin=1 has been
suggrested to act as a mechanisin for eliminating
tumor cells that would develop in settings of li-
gand unavailability (for reviews see references 18,
19). Along this line, disruption of the proapop-
totic signaling of these newrin-1 receprors in the
gastrointestinal traces of mice., by netrin-1 overex-
pression or by inactivaton of UNCSH3, is asso-
ciated with intestinal tumor progression (20, 21).

Thus, loss of the dependence receptors’ pro-
apoptotic activity represents a selective advan~
tage for tumor cells. In this respect, DCC was
proposed in the early 19905 to function as a tu-
mor suppressor gene, whose expression is lost in
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the vast majority of human cancers (22, 23). This hypothesis
also fits with the observation that UNC5H genes are down-
regulated in most colorectal tumors, hence suggesting that loss
of UNCSH genes represents a selective advantage for tumor
development (21, 24, 25). We have analvzed expression of ne-
trin-1 and its receptors in neuroblastoma (INB), the most fre-
quent extracranial solid tumor of early childhood. The aggressive
and metastatic stage 4 NB displays three distince clinical patterns
at presentation and dissemination sites based on patents” ages.
Indeed, neonates and infants (<1 vr of age) with stage 4S and
stage 4 without 4S features have an overall good prognosis,
whereas stage 4 in children (>1 yr of age) shows a poor prog-
nosis. We describe in this paper that, rather than the loss of
netrin-1 recepror expression, a large fraction of aggressive NBs
has evolved to select a gain of ligand expression that apparently
represents a similar selective growth advantage. We therefore
propose to use distuption of this selective advantage as an anti-
cancer strategy in NB.

RESULTS

Netrin-1 is up-regulated in a large fraction

of aggressive NB

We focused on stage 4 NB with a specific interest in compar-
ing netrin-1 and its receptors’ expression levels between the
three distinet clinical pacternis of stage 4, based on disease dis-
wribution and age of the patients (26). On the one hand. there
are the neonates and infants (<1 yr of age) with stage 4S (2-5%
of all NB) and the similarly young stage 4 without 4S features,
hereafter termed [1yrT] stage 4, who make up 10% of the NB
population. On the other hand: there are the stage 4 children
1 yr of age), comprising 45% of all NBs, who will hereafter
be termed {1yr *] stage 4. These three clinical aspects of stage
4 NB differ in their respective malignant behaviors and associ-
ated prognoses: good for stage 4S and [lyr 7] stage 4 (5-vr
event-free survival >80%), and dismal for [Tyr *] stage 4 (3-vr
event-free survival of ~30Y6) despite intensive treatment in-
cluding high-dose chemotherapy and hematopoietic stem cell
transplantation (27, 28).

We first analyzed the expression of netrin-1 and its de-
pendence receprors, DCC, UNC3H1, UNC5H2, UNC5H3.
and UNC5H4, by quantitative RT-PCR (Q-RT-PCR} ina
pancl of 102 stage 4 NB tumors including 24 stage 45 and 12
[tyr7] stage 4. As shown in Fig. 1 A, netrin-1 is up-regulated
in [1yr'] stage 4 as compared with both stage 4S (P < 0.05)
and [1yr7] stage 4 (P < 0.01). Similar results were obtained
when comparing netrin-1 protein level by immunohisto-
chemisery (Fig. 1 B and quantification in Fig. S1 A). Interest-
ingly, netrin-1 is detected mainly in tunor cells and is barely
detected in stroma cells (Fig. 1 B and Fig. S1 B). Conversely,
netrin-1 dependence receptor expression analysis showed that
DCC was only weakly expressed in the different stage 4 NB
(Fig. S1 C) as reported (29), whereas UNC5HI, UNC5H2,
UNC5H3, and UNC5H4 expression showed no significant dif-
ferences when comparing [1yr™] versus [1ve*] stage 4 (Fig. | C).
However, we observed that the different UNCS3H receptors
are up-regulated specifically in stage 4S (mean increase in
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UNCS5H expression in stage 4S vs. other stage 4 NBs: 2.98-
fold, P < 0.007), suggesting UNC3H receptors as halimarks
of stage 45 NB. The UNC5H!I and UNC5H4. which show
the highest messenger RNA (mRNA) expression, could also be
seen at the protein level by immunchistochemistry (Fig. 1 D).

In an attempt to correlate netrin-1 up-regulation with the
molecular signacure of these mors, we compared netrin-!
up-regulation and DCC/UNCSH!1 levels to the profile of
gene expression perfornied in a small panel of nine stage 4 NBs
(30). We failed to detect any correlation between netrin-1 up-~
regulation or DCC/UNCS5HT1 levels with the molecular sig-
nature of apoptosis or invasion effectors (Fig. S1 D). Considering
patients’ outcomes, although 38% of [1yr*] stage 4 NBs have
selected up-regulation of netrin-1, this event failed to be sig-
nificantly associated with poor outcome in this aggressive form
of the disease (unpublished data). Moreover no association be-
tween netrin-1 up-regulation and MYCN amplification
(MNA) was detected (unpublished data). Thus, newrin-1 up-
regulation may be considered as an addidonal component of
the genetic complexity that these tunors displav.

Despite a largely favorable prognosis among infants with
stage 4 NB (i.e, stage 4S and [1yr7] stage 4) with no MNA,
many succumb to the disease. Thus, we assessed whether ne-
trin-1 expression may serve as a prognostic marker for the in-
fants with stage 4 NB. As shown in Fig. 1 E, the overall survival
of infants with stage 4S ditfered markedly based on whether
the tumor displayed high levels of netrin-1 expression (netrin-
1 high) or low-level expression (netrin-1 low), with the ne-
trin-1 expression threshold being its median expression value
in the 102 cases. Indeed, although 100% of the infants survived
after 10 yr (including 1 MNA out of 17), when the NB 4S was
netrin-1 low, the 3-yr overall survival was only 46% when the
NB 4S5 was netrin-1 high (P = 0.0109). Furthermore, 43% of
the non-MNA patients with high-level newin-1 expression
died. More generally, when a similar overall survival analysis
was performed on all infants with stage 4+ NB (i.c. stage 4S and
[1yr~] stage 4), a sinilar dichotomy was observed. Indeed, 5-yr
overall survival was found to be 90% for the netrin-1-low infants
yet only 48% for netrin-1-high infants (P = 0.032; Fig. | F).
These data suggest that netrin-1 is a potential prognostic marker
for aggressiveness in stage 4 NB diagnosed in infants. Whether
or not it constitutes an independent prognostic marker of stage
4 NB in neonates and infants deserves to be tested in a larger
patient cohort. Nevertheless, these data indicate that a netrin-t
threshold may turn as an alternative determinant for the bio-
logical behavior of stage 4 NB in infants, potentially suggesting
its involvement in a cell death process of very early childhood
neuroblasts, reminiscent of that operating during nervous sys-
tem development (31).

Netrin-1 high expression is not only detected in 384 of
[1yr*] stage 4 and in poor outcome [1yr~] stage 4 primary NB
tumors but also in a fraction of NB cell lines mainly derived
from stage 4 tumor material (Fig. 2 A and Fig. S2 A). Two
human NB cell lines, IMR32 (netrin-1 high) and CLB-Ge2
(newrin-1 low), were evaluated further, In spite of a marked dif-
ference in netrin-1 and DCC expression, the UNC5H levels
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are stmilarin IMR 32 and CLB-Ge?2 cells: UNC3H1, UNCAHH3,
and UNC5H4 show the highest expression (Fig. 2 B). Specifi-
cally, UNC5H1T, UNC5H3; and UNC5H4 proteins could be
detected at the plasma membrane by confocal analysis (Fig. 2 C).
To test the hypothesis that the high netrin-1 mRINA levels de-
tected in IMR32 cells are ‘associated with an autocrine netrin-1

production, we next performed netrin-1 immunohistochenis-
try on IMR32 and CLB-Ge2 cells. As shown in Fig. 2D, a
netrin-1-specific membrane staining was detected i a homo-
geneous pattern in IMR32 cells, whereas no specific staining
was detected for CLB-Ge2 cells. Confocal analysis further con-
firmed the presénce of netrin-1 at the cell membrane (Fig. 2 E

A z ! B a-netrin-1 u-netrin-1
oy
§ 100] - Stageds m=17 5E-2 £ 35E-2
=g n=24
L @ 080 m= 8BE-2 £21E-
3:: % 060 {controt controt
Z< 040 m=3.86-2 £31E-2
=z Y :
P4 % 0.20 l [1yr+]Stage 4
0.004 st uiil
c D w-UNCSH1 «-UNC5H1
Stage 4S
¥
x2 “contral
¢ g i
a i
% 3 I {1yr+]Stage 4 2 |
3% L «-UNCSH4 -UNC5H4
Toeo* . e @ *
UNCSH1 UNCSH2 UNCS5H3 UNC5H4
jcontrof control
{1yr+]Stage 4 !
E Stage 4S patients F Infants
10 n=17 1.0
n=21
— 0.8} -. 0.8
S p=00109 § p=0032
€ 0.6} €06
2 n=7 > n=9
g 0.4} g 04F
>
602} © 02}
0.0 bt pecpseord 0.0 T T e ey 20 s

0123458678910
Years post diagnosis

0 1.2.3 456 78910
Years post diagnosis

Figure 1. Netrin-1 up-regulation is detected in aggressive NB. (A} Netrin=1 mRNA levels in 102 stage 45 [n = 24), [1yr 7] stage 4 {n = 12), and
[1yr'] stage 4 {n = 66) NBs measured by Q-RT-PCR. HPRT housekeeping gene was used as a control. Mean nietrin-1 mRNA expression value for each sub-
group is indicated by an “m" value. Mean netrin-1 mRNA levels in stage 4S and [1yr~] stage 4 were, respectively, compared with the mean netrin-1 de-
tected in [1yr'] stage 4. The data were statistically determined using Student's ¢ test compared with levels of [1yr*] stage 4.%, P < 005, P < 0.01. Each
sample was assessed in two independent experiments. {B} Representative netrin-1 immunohistochemistry on one [1yr*] stage 4 and one stage 45 tumor.
Insets show control without primary antibody. Bars, 50 um. T, tumor cells; S, stromal cells. Netrin-1 antibody specificity is further shown in Fig. 2 D and
Fig. S1 B. Immunchistochemistry was perfarmed on four [1yr] stage 4 and four stage 45 tumors. (C) Mean UNC5H mRNA levels in the different stage

4 NBs. Q-RT-PCR using UNC5H1-4-specific primers was performed. Mean UNCSH -4 mRNA levels in [1yr~] stage 4 and [1yre] stage 4 wiere, respectively,
compared with the mean UNCSH1-4 levels detected in stage 4S. Error bars indicate SEM. The data were statistically determined using Student’s ¢ test
compared with levels of stage 4S. %, P < 0.05; *, P < 0.01. Samples were analyzed in duplicates for each gene. (D) Representative UNCSH 1 and UNCSH4

immunohistochemistries on {1yr*] stage 4 and stage 4S tumors. Insets show control without primary antibody. Bars, 50 um. immunohistochemistry was
performed on four stage 4 [1yr*] and four stage 45 tumors. (E} Netrin-1 up-regulation is a marker of poor prognosis in stage 45 NB. Qverall survival in 3
panel of 24 infants diagnosed with stage 45 NB with primary tumors showing either netrin-1-low (gray} or netrin-1-high {black} levels. The data was
statistically determined using the Kzplan-Meier method. P-value is indicated. (F} Netrin-1 up-regulation is a marker of poor prognosis in infants with NB.
Data are presented as in E, with a panel of 30 infants bearing NB.
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Figure 2. Netrin-1 up-regulation is detected in NB cell lines. (A) Netrin-1 expression measured by Q-RT-PCR in a panel of 28 NB cell lines. HPRT
housekeeping gene was used as a control. The netrin-1 level is indicated as follows: —, not detectable; —/+, barely detectable; + to ++++, moderate to
very high expression. Mouse cell lines are in italics. Cell lines outlined and highlighted in grey are, respectively, netrin-i-low and netrin-1-high cell lines
further used in the experiments. (B) Netrin-1 receptor expression in IMR32 and CLB-Ge2 cell lines. DCC/UNCS5H Q-RT-PCR was performed on netrin-1-

expressing (IMR32) or netrin-1-low (CLB-Ge2) cells using specific primers. Ratio of netrin-1 and netrin-1 receptor expression ta the HPRT housekeeping
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and Fig. $2 B). To further analyze whether netrin-1 is secreted
from IMR 32 cells, netrin-1 ELISA assay was used to detect ne-
win-1 in the conditioned medium. As shown in Fig. 2 F, 11.7
ng/ml newin-1 was recovered from the conditioned medium
of IMR32 cells, whereas no netrin-1 was detected from the
conditioned medium of CLB-Ge?2 cells. Thus, together these
data suggest that the high newin-1 content observed in aggres-
sive NB could result from an autocrine expression of netrin-1
in NB cells.

As a first approach to apprehend the mechanisims leading to
netrini-1 up-regulation in aggressive NB, we analyzed whether
netrin-1 gene (NTN1) is amplified in IMR32 cells. As shown
in Fig, 2 G, although MYCN was amplified both in IMR 32
and CLB-Ge?2 cells compared with the NAGK control gene,
the NTNT gene was not found to be amplified in these two cell
lines. We then analyzed whether the increase in netrin-1 ex-
pression could be caused by a differential netrin-1 promoter ac-
tivation. A luciferase reporter gene fused to netrin-1 promoter
(32) was then transfected into IMR32 or CLB-Ge2 cells, and
luciferase activity was reported to an internal control in each
cell line. As shown in Fig. 2 H, netrin-1 promoter activity was
13.8-fold higher in IMR32 cells than in CLB-Ge2 cells, thus
supporting the view that netrin-1 up-regulation in NB is re-
lated to a gain in netrin-1 promoter activation.

Netrin-1 up-regulation is a selective advantage

for NB cell survival

To investigate whether the netrin-1 autocrine expression ob-
served in IMR32 cells provides a selective advantage for sur-
vival,”as would be expected from the dependence receptor
theory, cell death wus analyzed i response to. the distuption of
this autocrine loop. As a first approach;, netrin-1 was down-reg-
ulated by RNA interference. As shown in Fig. 3 A, the addition
of netrin-1 small interfering RNA (5iRNA) to IMR32 cells was
associated with a significant reduction in netrin-1T mRNA. This
mRNA reduction was associated with a decrease of netrin-1
protein as observed by inmunohistochemisuy (Fig. 3 B). Al-
though scramble siRNA failed to affect IMR32 cell survival, as
measured by trypan blue exclusion, netrin-1 siRINA treatment
was associated with IMR32 cell death (Fig. 3 C). In contrast,
CLB-Ge2 cell survival was unatfected after netin-1 siRNA
treatment (Fig. 3 C). To determine whether this increase in ccll
death was in part caused by an increase in apoptotic cell death,

caspase-3 activity was measured in response ro netrin~1 siRNA
treatment. As shown in Fig. 3 D, although significant apoprotic
cell death was detected upon netrin-1 siRNA - treatment in
IMR32 cells. no such effect was observed in CLB-Ge2 cells.
A similar proapoptotic effect of the netrin-1 siRNA was ob-
served in CLB-VolMo cells, another netrin-1 high cell line
(unpublished data).

Interference with netrin-1 triggers UNC5H-induced
apoptosis in NB cells

As a second approach, we looked for a compound that could
interfere with the netrin-1 ability to block DCC/UNC5H
proapoptotic activity. We recently reported that the fifth fi-
bronectin type [ domain of DCC (DCC-5Fbn; Fig. 4 A),
which is located in the DCC ectodomain, interacts with
netrin-1 and blocks the ability of netrin-1 to trigger multi-
merization of DCC and UNC5H receptors. Because mul-
timerization inhibits DCC or UNC5H-induced cell death
(unpublished data). DCC-5Fbn antagonizes newin-1 func-
tion, disrupting newin-1—-mediated inhibiton of DCC/
UNCS5H proapoptotic activity. Thus, DCC-5Fbn acts as a
trap for netrin-1 survival function. As shown in Fig. 4 (B-D},
the addition of DCC-5Fbn, but not the unrelated protein [L3R,
triggered IMR32 apoptotic cell death as measured by trypan
blue exclusion (Fig. 4 B), caspasc-3 activity assay (Fig. 4 C), and
terminal deoxynucleotidyl transterase—mediated dUTP-bio-
tin nick end labeling (TUNEL) staining (Fig. 4 D). This effect
was specific for netrin-1 inhibitdon because DCC-5Fbn had
no effect on CLB-Ge?2 cells, and the addicion of netrin-1 ulti-
mately reversed the DCC-5Fbn—-induced TMR 32 apoptotic
cell' death (Fig: 4. B-D). Similar results were obtained with
the CLB=VolMo cells (Fig. S2' D). To determine whether the
ability of DCC-5Fbn to kill NB cells is restricted to estab-
lished NB cell lines, a surgical biopsy from a tumor with high
netrin-1 level (unpublished data) was semidissociated and fur-
ther incubated with DCC-5Fbn. As shown in Fig. 4 E.
DCC-5Fbn triggered cell death as measured by caspase-3
activation, demonstrating that in viwo, disruption of the ne-
trin-1 autocrine loop is associated with NB cell death.

We next investigated. whether netrin-1 autocrine expres-
sion in NB cells acts as'a general cell survival factor, ie..
whether it has a trophicetfect similar to that of neurotroph-
ins, or whether it specifically inhibits death induced by

gene is presented. (C) Confocal analysis of UNCSH1, UNCSH3, and UNC5H4 receptor immunostaining in human IMR32 cells. Left and right correspond to
IMR32 cells transfected with scramble siRNA and specific siRNA UNCSH, respectively. A flucrescence intensity profile corresponding to the white dashed
bar is presented under each panel, Bars, 10 pm. (D) Immuncstaining on human IMR32 and CLB-Ce2 cell lines using netrin-1 antitody. Bottom insets show
contral without primary antibedy. Top insel: antibody specificity was tested by adding human recombinant netrin-1. Bars, 50 pm. {€) Confocal analysis of
petrin-1 immunostaining on 1MR32 cells. A fluorescence intensity profile corresponding to the white dashed bar is presented below. Bar, 5 pm. (F} Quanti-
fication of netrin-1 protein secreted in IMR32 and CLB-Ge?2 cells conditioned medium by sandwich ELISA assay. Quantification in ng/ml was made ac-
cording to a dose curve done with recombinant human netrin-1. Data are means of three independent experiments, Error bars indicate SEM. *, P < 0.05
using a two-sided Mann-Whitney test compared with level in IMR32 cells. (G) Quantification of NTNT and MYCN genomic DNA compared with control
NAGK genomic DNA by PCR, using genomic DNA specific primers for each gene, in IMR32 and CLB-Ge2 cells. {H) Ouantification of NTNT promoter activ-
ity in IMR32 and CLB-Ge2 cells. Both cell lines were transfected with the vector pGL3-NetP-Luc encoding luciferase under the control of NTNT promater.
Data presented are normalized on luciferase activity in cells transfected with pGL3 empty vector. Data are means of four independent experiments. Error
bars indicate SEM. *, P < 0,05 using a two-sided Mann-Whitney test compared with levels in IMR32 cells.
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netrin-1 dependence receptors. IMR32 cells were transfected
with either a dominant-negative mutant for DCC (DN-
DCC) or UNC5H (DN-UNC5H) proapoptotic activity.
These dominant-negative mutants of dependence receptors
actually encode the intracellular domain of these receprors
mutated in their caspase cleavage sites, and these mutants
have been shown both in vitro and in vivo to specifically
block the proapoptotic activity of their wild-type counter-
parts (3, 9, 33). Cell death was then analyzed after netrin-1
inhibition by siRINA. Although DN-DCC expression failed
to inhibir netrin-1 siRNA-induced IMR32 cell death, ex-
pression of DN-UNCS5H rendered IMR32 cells resistant to
netrin-1 siRNA (Fig. 3 A). To more formally exclude the
role in this death process of DCC or of altered forms of DCC
that are known to be expressed in IMR32 cells (Fig. S2 C)
(34), DCC was down-regulated by a siRNA approach and
cell death was induced via newin-1 siRNA. As shown in Fig.
5 B, DCC siRNA had no effect on cell death per se and
failed to inhibit netrin-1 siRNA-induced caspase-3 activa-
tion, strengthening the perception that in these cells DCC is
not proapoptotic. Neogenin, a DCC homologue, has also
been proposed to act as a receptor for netrin-1 (35, 36) even
though this is still a matter of controversy (3, 37). We then
investigated whether neogenin, which is expressed in IMR 32
cells (Fig. S2 C), could be implicated in the IMR32 cell death
observed here. Neogenin was down-regulated by a siRNA

A 120

§ 100
g 80
g 60
T 40
=
£ 2
. 0
& control
,\
C IMR32 CLB-Ge2
40+ 40 1
§30‘
[
S20
8
®10-

Figure 3.

approach and, as shown in Fig. S3 A, this has no effect on
netrin-1 siRNA-mediated IMR32 cell deach. Thus, the
netrin-1 autocrine loop probably blocks UNC3H-induced
IMR32 cell death.

To more specifically address the identity of the UNC5H
receptors involved in this cell death induction, we down-
regulated the expression of each UNCS5H receptor individu-
ally (UNCSH1, UNC5H2, UNC5H3, or UNC5H4) by a
siRINA approach (Fig. 5 C and Fig. §3 B) while inducing cell
death using neuin-1 siRINA (Fig. S3 C). None of the single
UNC3H siRNAs was sufficient to inhibit netrin-1 siRNA-
mediated IMR32 cell apoptosis, suggesting sonie redundancy
in UNC3H-induced cell death (Fig. 5 D). However, when
combinations of siRINAs were used, we observed that com-
bined silencing of the four UNCSH receptors was suthicient
to fully inhibit the death wiggered by netrin-1 autocrine loop
disruption (Fig. 5 D), whereas the same combination of siR-
NAs had no effect on CLB-Ge2 cell survival (Fig. S3 D). The
respective importance of UNCSH receprors in netrin-1
stRUNA-induced cell death was then assessed by the different
combination of two or three siRNAs; the combination of
UNCS35HI, UNCSH3, and UNC5H4 siRINAs was the only
one to fully block cell death (Fig. 5 E). Thus, in agreement
with the level of UNC5H receptors expressed in IMR32
cells. ic appears that disruption of the newrin-1 autocrine sur-

vival loop triggers UNCB5H-induced cell death. Moreover,
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Down-regulation of netrin-1 autocrine loop by siRNA triggers NB tumor cell death. {A] Analysis of netrin-1 expression using O-RT-PCR

in nontransfected {control) IMR32 cell line or 24 h after transfection with scramble siRNA (siRNA scr} or with netrin-1 siRNA (siRNA net). Data are means
of three independent experiments. Error bars indicate SEM. *, P < 0.05 using a two-sided Mann-Whitney test compared with levels in control.

{8) Immunostaining on IMR32 cell line using netrin-1 antibody in the absence of transfection (control} or 24 h after transfection with scramble SIRNA or
netrin-1 siIRNA. Note that the general caspase inhibitor 2-VAD-fmk was added to avoid cell death induced by netrin-1 SiRNA. insets show control without
primary antibody. Bars, 50 yum. {C and D) Celf death induction in IMR32 and CLB-Ge2 cell fines was quantified in nontransfected cells (control] or sfter
transfection with either scramble sIRNA or netrin-1 siRNA using trypan blue exclusion assay (C) or relative caspase-3 activity assay (D). Data are means of four
independent experiments. in C and D, error bars indicate SEM. *, P < 0.05 calculated using a two-sided Mann-Whitney test compared with level of control,
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UNC5HT. UNCSH3, and UNC5H4 are the receptors in-
volved in this proapoptotic effect.

Furthermore, in IMR32 cells, the proapoptotic serine
threonine kinase DAP kinase (DAPK). which is shown to be
required for UNC5H-induced cell death, exhibited a loss of
its inhibitory autophosphorylation (38) upon DCC-5Fbn
treatment (Fig. 5 F) or netrin-1 siRINA transfection (Fig. 5 G).
Accordingly, autophosphorylation was restored by a treat-
ment with excess netrin-1or by a combination of UNC5SH1,
UNCSH3, and UNC5H4 siRNAs. Morcover, the transtec-
tion of the antiapoptotic protein BCL-2 was sufficient to in-
hibit netrin-1 siRINA=induced cell death but did not inhibit
DAPK dephosphorylation, hence suggesting that DAPK acti-
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vation is not a result of cell death but is specifically engaged by
UNCAH after netrin-1 inhibidon (unpublished data).

Interference with netrin-1 inhibits NB progression

and dissemination

We next assessed whether in vivo modulation of newin-1
could be used to limit/inhibit NB progression and dissemina-
tion. An clegant chicken model has been developed in which
graft of NB cells in the chorioallantoic membrane (CAM) of
10-d-old chick embrvos recapitulates both tumor growth ata
primary site, i.e., within the CAM, and wmor invasion and dis-
semination at a secondary site, metastasis to the lung (Fig. 6 A).
Ina first approach. IMR32 or CLB-Ge2 cells were loaded in
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Figure 4. Disruption of netrin-1 autocrine loop by a decoy receptor fragment triggers NB tumor cell death, (A} Scheme representing netrin-1
and its receptors DCC and UNC5H and the fifth fibronectin type Il domain of DCC {DCC-5Fbn) used to induce cell death. Tne downstream effector DAPK
implicated in UNCSH-induced celf death is also represented. (B-D} Quantitative analysis of cell death in IMR32 and CLB-Ge2 cell lines treated with 1 pg/
mi DCC-5Fbn, with or without addition of netrin-1in excess {150 ng/mi) 1o reverse the effect of DCC-5Fbn. A negative control was also performed by
adding an unrelated IL3R peptide produced in the same condition as DCC-5Fbn. Cell death was quantified by trypan blue exclusion assay (B} while apop-
tosis was monitored by measuring relative caspase-3 activity {C} or by TUNEL staining (D). Bars, 100 pm. In D, TUNEL staining was performed on three
independent experiments, (E} Effect of DCC-5Fbn on fresh [1yr'] stage 4 NB. Tumoral cells were directly resuspended from the surgical punction and were
plated for 24 h in presence of reatment. In B and C, data are means of six independent experiments. In £, data are means of two independent experi-
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ments. Error bars indicate SEM. ™ P <
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Figure 5. NB tumor cell death occurs via UNC5H/DAPK proapoptotic signaling. (A} Quantification of ceil death in IMR32 cells transfected with
either 3 dominant-negative mutant for DCC proapoptotic activity (DN-DCC) ar a dominant-negative mutant for UNCSH praapogtotic activity (DN-
UNCSH). Top: DN-DCC and DN-UNCSH proteins exgression were analyzed by Western blot. Bottom: cell death was quantitied by measuring relative cas-
pase-3 activity after scramble or netrin-1 siRNA transfection. SEM are indicated. Data are means of three independent experiments, ”, P < 0.05 calculated
using a two-sided Mann-Whitney test compared with level of control. (B) Quantification of cell death in IMR32 cells transfected with either a scramble
siRNA or a netrin-1 siRNA together or not with a DCC siRNA. Top: DCC siRNA efficiency was verified by Western blotting on HEK293T cells transfected
with pCR-hDCC together with scrambie or DCC siRNA. Bottom: cell death was quantified by measuring relative caspase-3 activity. Data are means of
three independent experiments, SEM are ingicated.”, P < 0.05 calculated using a two-sided Mann-Whitney test compared with level of control. Simifar
results were obtained when neagenin or MYCN were down-regulated {Fig. S3 A). {C) Analysis of specificity and efficiency of each UNCEH siRNA by West-
ern blot in HEK293T cells transfected with UNCSH1, H2, H3, or H4 encoding vector together with each UNCSH siRNA. (D and E) Quantification of cell
death in IMR32 cells transfected with either a scramble SiRNA or a netrin-1 siBNA together with various combinations of UNCSH SiRNA, i.e, one UNCSH
(D} or two or four UNCSH (E}. Apoptosis was monitored by measuring relative caspase-3 activity. The use of combined UNC5H1, UNC5HZ, UNCSH3, and
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10-d-old CAM and embryos were treated on days 11 and 14
with PBS or DCC-5Fbn. 17-d-old chicks were then analyzed
for primary tumor growth and metastasis to the lung. As
shown in Fig. 6 (B and C), specifically in CAMs grafted with
IMR32 but not with CLB-Ge?2 cells, DCC-5Fbn signiticantly
reduced primary tumor size. This size reduction was associ-
ated with increased tumor apoptosis, as shown by an increased
caspase-3 activity in the tumor lysate (Fig. 6 D). More impor-
tantly, DCC-5Fbn also reduced lung metastasis formation, as
shown in Fig. 6 E. Sumilar results were obtained when CAM-
gratted embryos were treated with netrin-1 siRNA (unpub-
lished data). To next asséss whether DCC-5Fbn ¢ould also
induce the regression of metastatic lesions, IMR32 cells were
CAM grafted and DCC-5Fbn (or PBS) treatiment started after
metastasis to the lung is known to occur; i.e:, treatments were
performed on days 14 and 15 because pulmonary metastases
are routinely detectable at day® 13. As shown in Fig. 6 F. pul-
monary metastases were markedly reduced, suggesting that
DCC-5Fbn not only inhibits tumor dissemination but also
induces regression of metastatic lesions at the secondary site.
As a second in vivo approach, we used the IGR-N-91
model derived from a BM metastasis of human MY CN-ampli-
fied stage 4 NB. When subcutaneously xenografted into nude
mice, IGR-N-91 cells gave rise to different tumor cell lines de~
rived from the nude mouse primary tumor xenograft (PTX) or
from disseminated metastatic foci into BM, blood, and myocar-
dium (Myoc) of the animal {39). It is of interest that although
the parental IGR-N-91 and the cell line derived from the PTX
show no or very low netrin-1 expression, the different cell lines
derived from secondary localizations showed a marked expres-
ston of netrin-1 both at the RINA level (Fig. 7 A) and ac the
protein level (Fig. 7 B). When cell death was investigated in
these different cell lines upon treaunent with DCC-5Fbn, a di-
rect correlation was observed between the level of netrin-1 and
cell susceptibility to DCC-5Fbn (Fig. 7 C). Specifically, al-
though PTX cells failed to undergo cell death upon DCC-
SFbn treaunent, this treatnent triggered netrin-1-high Myoc
cell death (Fig. 7 C). This observation supports the overall view
that gaining netrin-1 dependence receptor resistance, via an au-
tocrine netrin-1 expression in the case of the IGR-N=91 model,
likely promotes N tumor cell survival outside of the primary
tunor site. To test whether this netrin-1 expressiont may then
be used as a target to inhibit metastasis in vivo, Myocand PTX
cells were injected intravenously into nude mice and lung colo-
nization was quantitated after daily inwaperitoneal treaunent
with PBS or DCC-5Fbn. Although lung colonization was not
reduced upon DCC-5Fbn weamment in PTX-injected. mice
(not depicted), a significant decrease in lung colonizaton was
detected in DCC-5Fbn—treated Myoc-injected mice (Fig. 7 D).
Thus, in both chick and mouse models, disruption of the ne-

trin-1 autocrine loop inhibited or completely prevented the
dissemination of netrin-1—expressing NB cells.

DISCUSSION

Together, the data obtained in the chick and mouse models
described in the previous sections, in NB cell lines, and in che
human pathology all support the view that a fracton of NB
shows an autocrine production of netrin-1. This clevated ne-
win-1 level likely confers a selective advantage acquired by the
cancer cell to escape newin-1 dependence receptor—induced
apoptosis and, consequently, to survive in settings of environ-
mental absence or limitation of netrin-1. Tt is therefore interest-
ing to note that not only N B but also other neoplasms associated
withi poor prognosis, for example. metastatic breast cancer and
pancreatic cancer, also express high levels of netrin-1 (33, 40).
suggesting that netrin-1 up-regulation nay be a common fea-
ture for several aggressive cancers. From a mechanistic point of
view, in a large fraction of NB, this autocrine expression of ne-
trin-t probably inhibits UNC5H-induced cell death. How-
ever. because DCC has been shown to display reduced
expression in NB and because this reduction has been associ-
ated with NB aggressiveness in human NB (29), it is tempting
to speculate that netrin-1 up-regulation can also, in some NB,
inhibit DCC-induced apoprosis. Interestingly, this netrin-|
up-regulation appears to block a death signal wvolving the ser-
ine threonine DAPK. whose activity is regulated via its auto-
phosphorylation. It is therefore of interest to note that DAPK
was-described to be a negative regulator of tumor progression
and, more specifically, of metastasis. (41). Thus, it can be sug-
gested that a fraction of low netrin-1—expressing NB may have
selected a loss of function of DAPK for survival. This would be
compatible with the finding that metastasis in NB is associated
with ‘a loss of caspase-8, a selective advantage which provides
survival ro NB cells by inhibiting the proapoptotic signaling of
the dependence recepror integrin o331 (42).

[t is then interesting to wonder why such 4 large fraction of
aggressive NBs have selected a gain of neuin-1 rather than a
loss of the netrin-1 dependence recepror death pathways. A
possible explanation is that netrin=1 expression not ouly con-
fers a gain in survival, but may also lead to enhancement of non-
apoptotic signaling mediated by newin-1 receptors. Netrin-1
wis indeed shown to bind a compléx that includes some e~
grins (43). These integrins regulate cell migration and invasive-
ness and, thus, may play a role in cancer progression. Netrin-1
was also proposed to play a role in angiogenesis, although
whether netrin-1 is proangiogenic ot antiangiogenic is contro-
versial (44-47) and this effect on angiogenesis may increase
NDB metastases development. It is also of interest to note that
INB is a complex disease that originates from migrating neural
crest cells, Newin-1 up-regulation may then be implicated in

UNC5H4 or UNCSH1, UNCSH3, and UNCSH4 siRNAs, leading to the absence of death induced by netrin-1 SiRNA, are presented in gray. Data are means of
three independent experiments. Error bars indicate SEM. ™, P < 0.05 calculated using a two-sided Mann-Whitney test compared with level of control.

{F and G) Immunodetection of phospharylated DAPK {P-DAPK] in IMR32 cells either treated with DCC-5Fbn {F) or transfected with netrin-1 siRNA alone
or with UNCSH1, H3, and H4 siRNAs (G). In F and G, immunodetection was performed on three independent experiments,
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the main function played by netrin-1 during nervous system
development that is neuronal navigation. Along this line, ne-
trin-1 and DCC have been shown to play an important role
during neural crest cell migration (48), and it is then tempting
to suggest that the gain in netrin-1 expression also promotes
NB cell migration.

As different types of stage 4 NBs are distinguished, not
only by the age of the children but also by the tissues in

A Neuroblastoma cells B
innoculation (Day 10)

which metastases are found, one may wonder about the
implication of netrin-1 produced in the normal tissues in
which the winor cells spread, and this would be interesting
to explore. In particular. it would be interesting to evaluate
whether, according to the classical “seed and soil” theory
for metastasis (for review see reference 18), netrin-1 ex-
pression in specific tissues may favor metastasis develop-
ment more specifically in these tissues. It is also intriguing
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Figure 6. Disruption of netrin-1 autocrine loop inhibits NB progression and dissemination in a chick model. {A} Schematic representation of
the experimental chick model, IMR32 or CLB-Ge2 cells were grafted in CAM at day 10 and DCC-5Fen or PBS was injected on days 11 and 14. Tumors and
fungs were harvested on day 17. (B-D) Effect of DCC-SFbn on primary tumor growth and apoptosis. (B) Representative images of IMR32 (top) or CLB-Ge2
{bottom) primary tumors formed on CAM treated either with DCC-5Fon (right] or PBS {left). Bars, 2 mm. {C) Guantitative analysis showing the mean pri-
mary tumoar size. (D) Caspase-3 activity was determined in the primary tumor lysates from DCC-5Fbn/PBS-treated IMR3Z or CLB-Ge2-grafies embryos.
{E} Effect of DCC-5Fbn on lung metastasis. Percentage of embryos with fungs invaded by human IMR32 or CLB-Ge?2 cells after two injections (days 1 and
14) of either DCC-5Fbn or PBS was performed ss descrited in the Materials and methods. (F} Effect of DCC-5Fbn on lung metastasis regression. Quantifi-
cation of lung metastasis in embryos CAM grafted with IMR32 cells and treated after metastasis formation {days 14 and 15} with DCC-5Fn or P8BS, The
number of embryos studied in each condition is indicated above the graphs and results are from three independent experiments. In C-F, errars bars indi-
cate SEM. C-F: %, P < 0.05; ™, P < 0.005 calculated using a two-sided Mann-Whitney test compared with level of control. £:**, P < 0.005 calculated

using a Chi-squared test.
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to note that others have shown that in some particular cell The observation that low levels of netrin-1 in NB corre-

lines, netrin-1 is able to promote apoptosis rather chan in- late with good outcome is of clinical interest, in particular in
hibit apoprosis (49), so that the view of netrin-1 up-regula- NB diagnosed in neonates and infants. Indeed. low neerin-1
tion being only a survival-selective advantage to block expression predicts long-term survival in infants (100% in 4S
apoptosis via dependence receptors is probably only part of  stage and 90% in infants in general) in a type of pathology in
the overall regulatory mechanisms that links NB, netrin-1, which therapeutic management is highly dependent on pre-
and its receptors. sentation and MNA (50, 31). This is particularly true with
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Figure 7. Disruption of netrin-1 autocrine loop inhibits NB dissemination in a mouse model. (A} Analysis of netrin-1 expression using Q-RT-PCR
ir [GR-N-31 cell line and the IGR-N-91-derived cell lines PTX , BM, Blood, and Myoc. Note that althcugh PTX cells fail to express netrin-1, netein-1 mRNA
is highly expressed in Myoc cells. {8} Immunostaining on IGR-N-91 cells and the different derived cell lines PTX, BM, Blood, or Myoc using netrin-1 anti-
body. Bar, 50 um. (C) Cell death was quantified in IGR-N-21, PTX, BM, Blood, or Myoc cell lines weated or not with DCC-5Ftn, with or without addition of
netrin-1 in excess to reverse the effect of DCC-5Fon. A negative control was also performed by adding an unrelated IL3R peptide produced in the same
condition as DCC-5Fbn, Data are means of three independent experiments. Errors bars indicate SEM. *, P < 0.0, calculated using a two-sided Mann-
Whitney test compared with level of contrel. (D) Quantification of lung colonization in PTX or Myoc cells in i.v injected mice treated with PBS or DCC-
5Fbn for 22 d. Quantification was performed as described in the Materials and methods. Large bars indicate the median values for both groups. P-value
was calculated using 3 two-sided Mann-Whitney test compared with level of control.
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stage 45 infants who receive no (or minimal) treatment based
on the lack of MNA, even though current statistics show that
1 in 10 of these infants will eventually dic of NB. In this pa-
per, we propose that determination of low neuin-1 level
confirms a good prognosis for these infants without therapy,
whereas the infants with high netrin-1 expression should be
considered for more intensive treatment. Regarding infants
or children with high netrin-1-expressing NB tumors, an al-
ternative or supplementary wrgeted teatnent based on dis-
ruption of the netrin-1 autocrine survival loop may improve
standard high-dose chemotherapy regimen efficiency. We
propose that a treatment based on inhibiton of the interac-
tion between netrin-1 and its dependence receptors, or inhi-
bition of the ability of netrin-1 to multimerize its receptors,
could potentially improve the survival of a large fraction of
the patients suffering from aggressive NB. Moreover, it is in-
terestinng to note that no correlation between netrin-{ up-
regulation and molecular signature of apoptosis and invasion
was observed'in NB tumors. (Fig. St D), strengthening the
case for netrin-1-as an original target for NB. Future preclini-
cal and clinical studies should assess whether such therapeutic
strategies, ‘which could include small molecules (drugs),
monoclonal antibodies, or the DCC-5Fbn recombinant pro-
tein presented in this paper, used alone or in combination
with standard chemotherapy, could be of therapeutic benefit
for infanes and children with NB.

MATERIALS AND METHODS

Cell lines, transfection procedure, and reagents. Humun NB cell lines
were obtained from the tumor banks ac Centre Léon Bérard and at nstitut
Gustave Roussy. More specifically, IMR32 and CLB-Ge2 cell lines were cul-
tured in RPMI 1640 GlutaMAX medium (Invitrogen) contining 10% FBS.
IGR-N-91 cell line and its derivadives, as well as HEK293T cells, were cul-
tred i DME medium (Invitrogen) containing 10% FBS. Cell lines were
wanstecred using Lipofeceamine 2000 reagene (Invitrogen) for siRNA or Lipo-
fectamine Plus reagent (Invitrogen) for plasmids. Netrin-1 was obtained from
Axxora and was used at a concentration of 130 ng/ml in all in vitro assays.

Human NB tumor samples and biological annotations. According to
parental consent, surgical human NB tumor materal was immediately fro-
zen. Material and annotations were obtained from the Biological Resourées
Ceenters of both national referent Insticutions for NB oreatment (Centre Léon
Bérard and ac lustitut Gustave Roussy). Protocols using human mareral
were approved by the locdd ethics Committees of Lyon University and Paris
Xi University. MYCN genomic content was assessed on histologically qual-
ified tumons as previously described (32). For immunohistochenistries, 5~
pin sections were prepared and frozen at —80°C.

Plasmid constructs, siRNA, and DCC-5Fbn production. The domi-
nane=negatve mutant for UNCIH and DCC (pCR-UNCIH2-IC-DH 2N
and pCR-DCC-IC-D1290N, respectively) and the plasmids encoding Neo-
wenin (PCDNA3-Neaogening and UNC3HE (pCDNAJ-UNC3HI1-HA)
have been previously deseribed (1, 2, 3). The plhismids encoding UNC3H2
(POCHNAZT-UNCIB-HA), UNC3H3 (pCDNAUNCSC-HA), and
UNC3H (pCAGI-hUSHH- Hs) were gifts from L Arakawa (Nadonal Can-
cer Institute. Tokyo, Japan), M. Tesier-Lavigne (Genentech, San Francisco,
CA)Y, L. Guan (University of Michigan, Ann Arbor, MI), and N. Yamamoto
{Osaka Univenity, Osaka, Japan). Human netrin- 1=encoding plasmid (peak®-
hNTN{-His) way obtined from D.E. Bredesen (The Buck Institute for Age
Research, Novato, CA). P974-DCC-3Fbn allowing bacterial expresion of
the fifth fibronectin type HI domain of DCC was obtained by inserting 4 Psel—
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Bambil DNA fragment generated by PR wsing pDCC-CMV-S a8 a4 tem-
plate. DCC-5Fbn production was pertormied using a4 standard procedure. In
brief, BL2T cells were forced to express DCC-3Fbu in response to imidazole,
and the BL2T lysate was subjected to affinity chromatography using TLAG-
Sepharose (Sigma-Aldrich). A peptide corresponding to che ectodonmain of
TLAR was produced in the same conditions and used as 2 control. For cell cul-
e use. neern-1, DCC, and neogenin iRNAS (Santa Cruz Biotechnology,
lue) were designied as a0 poal of three trget-specific 20-23-nt silkNAs,
UNCAHT, UNCAH2, UNCHA. and UNC3H4 RNAs were designed by
Sigma-Aldrich, MYCN sRRINA was designed by Thenno Fisher Scientific,

Cell death assays. 2 X L{F cells were grown i sermmn-poor medium and
were treated {or not) with | pg/ml DCC-3Fbn or tanstected with siRNA
using, Lipofectamine 2000, Cell death was analyzed using trypan blue stin-
ing procedures as previously deseribed (1) The extent of cell death is pre-
sented s the pereentage of rypan bluc—positive cells in che different cell
populations. Apoptosis was monitored by measuring caspase-3 aceiviey as
described previously (1) using the Caspase 3/CPP32 Fluorimetric Assay kit
(Geataur). For detection of DNA fragmientation, treated cells were oveo-
spun, and TUNEL was performed with 360 Ul TUNEL enzytne and
6 pM biotinylated dUTP (Roche) as previously deseribed (33).

Q-RT-PCR.: To wssay: wetrin=1. DOC,and UNCSH recepror expres-
sion” in N sanples,: ot RNAT wiis extiscred fronn histologically: quali-
fied tuinior biopsies: (>60% immature. neuroblastsy using cthe’ NucleoSpin
RINAIL kit (Macherey-Nagel), and: 200 ng were reverse transeribed using
T Superscripe TE reverse: transcription® {(nvitrogen); {U RNase inhibitor
(Roche), and 230 ng of random hexamer (Roche). Toral RNA was ex-
tracted from mouse and human cell lines wsing the NucdleoSpin RNAI
kit and 1 pg was reverse manscribed using the iSeript ¢DNA Synthesis kit
(Bio-Rad Liboratories). Real-time Q-RT-PCR was performed on a § ight-
Cycler 2.0 apparatus (Roche) using the FghtCyaler FastStart DNA Master
SYBER Green | kit (Roche). Reaction conditions for all optinal ampliti-
cations, as well as primer selection for murine and human netrin-1, DCC.
and UNC5H -4, were determined as already deseribed. The ubiquitously
expressed hunan HPR'T genes showing the least variability in expression
in NB was used as;an intermal control (345, The sequences of the prim-
en are the following: NTNI, 3'-TGCAAGAAGGACTATGCUGTC-3"
and 3-GCTCGTGCCCTGCTTATACAC-3; UNCIHIL 5 -CATCAC-
CAAGGACACAAGGTTTGC-3 and 3'-GGCTGGAAATTATCTTCT-
GCCGAA-Y T UNCGIH2: 3'-GGGCTGGAGGATTACTGGTG-3 and
S -TGCAGGAGAACCTCATGGTC-3 UNCSH, A -GCAAATTGCT-
GGCTAAATATCAGGAA-Y and 3'-GCTCCACTGTGTTCAGGUTA-
AATCTT-3 UNC3H4, 3'-GGTGAACCCAGCCTCCAGTCAG-3 and
SCTTCCACTGACATCACTTCOCTCOC-3: DCC, 3'-AGCCAAT-
GGGAAAATTACTGCTTAC-3 and 3 -AGGTTGAGATCCATGATT-
TGATGAG-3; and HPRT, 3'-TGACACTGGCAAAACAATGCA-3
and 3 -GGTCCTTITCACCAGCAAGOT-3Y

Genomic DNA quantification. Geénomic DNA fram IMR32 and CLB-
Ge2 cells was extracted with the NucleoSpin: Tissue kit (Macherev-Nagel).
30 ng of genomic DNA was used o perform quandeative PCR using privn-
ory specific to NTNT and MYCN genornic sequeiices, Real-time quantica-
tive PCR was performed on a LightCycler 2.6 apparatas using the Light
Cycler FastStart DNA Master SYBER Green T ki, NAGK (the N-acetyl-
glucosamine kinase gened, which is located on chromosome 2 stmilarly to
the MYCN gene but separated from the MYCN amplicon, was used as an
internal control gene o determine the gene dosage (33). For cach pair of
primers, genomic DNA amplification was assessed by polymerase activadon
at 93°C for 1 min, followed by 35 cycles at 95°C for 105, 63°C for 30 5,
and 72°C for 10 s. The sequences of the primers are the following NTNJ.
F-CTCTOTCCCCCACTTGTTOT-3 and 3'-CCATGAACCCCAC-
TGACTCT-3; MYCN, 3-GTGCTCTCCAATTCTCGCOT-3" and
F3-GATGGCCTAGAGGAGGG s and NAGK, 3'-TGGGCAGA-
CACATCGTAGCA-3 and 3’ -CACCTTCACTCCCACCTCAAC-Y,
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Irmmunohistochemistry and imununoblotting analysis. 1P colls were
cenwrifugated on coverslips with a cytospinner (Shandon Cyrospin 3: Thermo
Fisher Scientific). Tumor slides and cells were fixed in 4% panaformaldehyde.
The shides were then incubated at room temperature for 1 h with an antibody
recopnizing the human newin-1 {1:150; R&D Syscems), UNCSEH {1:100; Ab-
cam), UNCAH3Z (1:100; R&D system), or UNCSH4 (1101 Santa Cruz Bio-
technology, Inc.). After rinsing in PBY, the stides were ncubated with an Alexa
488 donkey anti—rat antibody (Invitrogen), an Alexa 488 donkey anti-rabbican-
body (Invirogen), a Cy3 donkey anti—nouse antibody (Jackson Imnuno-
Research Laboratories), or an Alexa 488 donkey anti—goat antibody (Invitrogen),
respectively. For amor shides, netrin- 1 and UNC5H signak were amplified us-
ing biognyl-tyramide {TSA; Thenno Fisher Scientific) and Alexa 488—strepravi-
din (Invirogen). Nuclel were visualized with Hoechst swaining, Densitometric
value corresponding to netrin-1 signal was quantified with AxioVision Release
4.6 software. hnmunobloss were perfonned as already deseribed using and—
phospho-DAPK and and-DAPK (Signia-Aldrich) (38), and-DCC (1:500; Sants
Cruz Biotechnology, Inc), anti-ncogenin (1:300; Santa Crur Biotechnology,
Inc., anti-HA (1:7,300; Signu-Aldrich), ang-THS (1100w, QIAGEN), and-
MYCN (1:1000: BD), or and-factin (11,000, Millipore) andbadices.

Netrin-1 ELISA assay. Detection of netrin-1 protein in IMR32 and CLB-
Ge2 cell culture medivm was performied using 4 moditied ELISA assay. {n brief,
96-well plates (Nune-Tnimuno plite MaxiSorp; Thermo Fisher Scientific) were
coated with 200 ng/well of purified recombinat extracellular domain of DCC
(IDCC-Ec=Feh. To minimize aspecific binding, cach well was incubated with
10 4 of blocking soluton, containing 3% (wt/vol) BSA (Sigma-Aldrich) in
0,05% PBS-Tween. 3 ml FBS fice cell culture medium was added sequentially
(300 pd 'well) to coated 90-well plates and incubated for 1 hat 37°C. Atter three
washes with 0.5% BSA PBS. 100 g of rat ant—netrin-1 antibody (diluted 1:500
in blacking solution) was added to cach well and incubated for XV min at 37°C.
After extensive washing, cach well was incubuted with 160 pd { IRP-conjugated
goat anti~rat antibody (1:L000; Jackson mmunoResearch Laborarories) for 30
min at 37°C. After removal of unbound antibody by three washes in 0.3% BSA/
PUS, the plates were incubated for 5 win at room tanperature with ECL West-
em Bloting Substrate (Thermo Fisher Scientfic). Luminescent signal was mea-
sured using a Luminoskan Ascent apparatus (Thenmo Fisher Scienritic).

Reporter assay. 107 cells were placed in 12-well plates and transteceed with
the firefly luciferase reporter under the contral of dhe netrin-1 promorer
(PGLI-NetP-Luc) or the pGL3 empty vector. All tanstections were done in
triplicate and the Dual-Luciferase Reporter Assay system (Promega) was per-
formed 48 h atter mansfection according o the munufacturer’s protocol, us-
ing the Luminoskan Ascent apparatus, As an internal control of tansfection
efficiency, the renilla luciferase-encoding plismid (pRE-CMV: Promegy)
was catransfected, and for each sample firefly tuciferase activity was normal-
ized to the renilla luciferase activity.

Chicken model for NB progression and dissemination. 107 NB colb
suspenided in 40l of complete mediun were seeded on Hi-d-old chick CAM.
10 pgr DCC-3Fbn o the same PBS volume was injected in the mor on days
1t and 14, For siRINA treanment, 4 pg of scramble or netrin-1 siRNA wus
injected under the same conditions as for DCC-5Fbn. On day 17, umons were
resected and the area was measured with AxioVision Release 4.6 software (Carl
Zeiss, Inc.). To test the effect of DCC-5Fbn on metstasis regression, 3 pg
DCC-50bn or PBS was injected on days 14 and 13 in 3 chorioalantoic ves-
sel. To assess imetastasts, hungs were harvested from the timor-bearing embryos
and genomic DNA was extracted with a NucleoSpin Tissue kit (Macherey-
Nugel). Metastasis was quantitied by PCR-based detection of the hunan Ala
sequience using the primers 5-ACGCCTGTAATCCCAGCACTT-3 Gense)
and 3-TCGCCCAGGCTGGAGTGCA-Y (antisense) with chick GAPDH-
specific primens sense, 3'-GAGGAAAGGT TGGTGGATCG-3; anti-
sense. 3'-GGTGAGGACAAGCAGTGAGGAACG-3") ay contrals. For both
couples of primers, metastasis was assessed by polymerase activation at 95°C for
2 min followed by 30 cycles at 95°C for 305, 63°C for 30 s, and 72°C tor

30 5. Genomic DNA exaacted from lungs of healthy chick embryos was used to
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determine the threshold between NB celbHnvaded and —oninvided hings, To
monitor apoptosis in primary wmors, primary wmors and sarrounding CAM
were resected and broken up in lvsis buffer and caspase-3 activity was measured
using the Caspase 3 CPP32 Fluorimetric Assay kit

NB metastasis in nrde mice. 7-wk-old {2022 y bady weighe) female adhy-
mic nu/nu mice were abtained from Charles River Laboraconies. The mice
were housed in sterilized filter—topped cages and maintained in 1 pathogen—tiee
antimal faclity, IGR-N-21=derived PTX and Myoc cell lines were implanted by
v, injecton of 1 cells in 130 pl of PBS into a tail vein (day 0Y. 20 pyr DCC-
5Fbn or PBS with equal volume was ip. injected daily during 22 d. Lungs were
harvested ou day 23, Luny genomic DNA was exaucted with the NucleoSpin
Tissue kit, and quantticatdon of human tamor cells in lusgs was done by PCR-
based detection of the hunan Alu sequence wsing the primen 3 -CACCTGTA-
ATCCCAGCACTTT-3 ense) and 3'-CCCAGGCTGCAGTGCAGT-3
{antisense), using 23 ng of genotnic DNA s previowdy deseribed 36). PCR was
performed under the following conditions: 93°C for 2 min, 3¢t cvcles ag 93°C
for 3 s, 63°C for 205, and 72°C tor 20 s, Quandification of human DNA in
mice lungs was based on a standard curve using human genomiic DNA isolated
from PTX and Myac cell tines,

Online supplemental material. Fig. 51 associates newin-1 and DCC ex-
pression in NB tumors with cheir apoprosis and invasion molecular signatures
obtained with microarrays. Fig, 82 presents newin-1 mRNA and protein ex-
pression in NB ceft lines and shows CLB-VolMo newin-t-high cell bine ven-
sitivity to DCC-3Fbn decoy fragment. fn Fig, 83, MYCN and neogenin
implication in newrin-1 @RNA-induced cell death is studied, and specificity
and efficiency of UNCAH siRRINAs are presented at the mRINAL protein, and
celubar levels. Ontine supplemental nuaterial i available at hup://www jem
corg/cgi/content/full, jem. 20082299/DC L
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PIk1 regulates liver tumor cell death by phosphorylation of TAp63

S Komatsu'?, H Takenobu', T Ozaki', K Ando!, N Koida', Y Suenaga', T Ichikawa', T Hishiki?
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We previously found that Plkl inhibited the p53/p73
activity through its direct phosphorylation. In this study,
we investigated the functional role of Plkl in modulating
the p53 family member TAp63, resulting in the control of
apoptotic cell death in liver tumor cells. Immunoprecipita-
tion and in vitro pull-down assay showed that p63 binds to
the kinase domain of Plk1 through its DNA-binding
region. in vitro kinase assay indicated that p63 is
phosphorylated by Plkl at Ser-52 of the transactivating
(TA) domain. Plkl decreased the protein stability of
TAp63 by its phosphorylation and suppressed TAp63-
induced cell death. Furthermore, PIkl knockdown in
p53-mutated liver tumor cells transactivated p53 family
downstream effectors, PUMA, p21<#'"4F! and 14-3-30,
and induced apoptotic cell death. Double knockdown of
Plk1/p63 attenuated Plkl knockdown-induced apoptotic

cell death and transactivation. Intriguingly, both Plk1 and -

p63 are highly expressed in the side population (SP)
fraction of liver tumor cells compared to non-SP fraction
cells, suggesting the significance of Plk1/TAp63 in the
control of cell death in tamor-initiating SP fraction cells.
Thus, PIkl controls TAp63 by its phosphorylation and
regulates apoptotic cell death in liver tumor cells. Plk1/
TAp63 may be a suitable candidate as a molecular target
of liver tumor treatments.

Oncogene (2009) 28, 3631-3641; doi:10.1038/0n¢.2009.216;
published online 10 August 2009

Keywords: p63; phosphorylation; PIk1; apoptosis

Introduction

Polo-like kinase 1 (Plk1) is a key regulator of progression
through mitosis. Although Plk] seems to be dispensable
for entry into mitosis, its role in spindle formation and
exit from mitosis is crucial (Eckerdt and Strebhardt,
2006). Pkl is overexpressed in human tumors and has
prognostic potential in cancer (Strebhardt and Ullrich,
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2006). Previously, our laboratory reported that Plk!l is
highly expressed in hepatoblastoma samples and patients
with a high expression of Plkl showed significantly poorer
prognosis than those with a low expression (Yamada
et al., 2004), indicating Plk1’s involvement in carcinogen-
esis and its potential as a therapeutic target in liver cell
malignancy. In fact, depletion of Plkl by small interfering
RNA (siRNA) treatment resulted in the arrest of cell-
cycle progression at the G2/M phase, such that prolifera-
tion was dramatically reduced and apoptosis increased in
multiple cancer cell lines (Strebhardt and Ullrich, 2006);
however, the downstream effectors and the molecular
mechanism of Plk1-depletion-induced apoptosis have not
been identified in detail. In the previous paper, we found
that Plkl inhibits the pro-apoptotic function of p53
through physical interaction (Ando ef al., 2004) and that
Plkl has the ability to bind to and phosphorylate
transactivating (TA)p73 at Thr27, thereby inhibiting its
transcriptional as well as pro-apoptotic activity (Koida
et al., 2008), suggesting that p53 family molecules have a
significant function in Plkl-depletion-induced apoptosis
in cancer cells.

The p63 gene has strong homology to the tumor
suppressor p53 and the related gene, p73. p63 is actually
the oldest evolutionary conserved member of the p53
family phylogenetically (Blandino and Dobbelstein,
2004). It isa tumor suppressor gene and the most
frequent site of genetic alterations in human cancers
(Vousden and Lu, 2002). pS3 protein is a transcription
factor that regulates the expression of a wide variety of
genes. involved in- cell-cycle arrest and apoptosis in
response to: genotoxic or cellular stress (Levine, 1997;
Yang et al., 1998). Post-translational modification of
p53 families is a key to their regulation. By contrast,
reports on p63 phosphorylation are limited and its
analysis remains to be confirmed (Westfall et al., 2005;
Suh er al., 2006; MacPartlin et al.; 2008). In general,
many functional parallels are found among p53, TAp73
and TAp63.: When ectopically  overexpressed in cell
culture, TAp63 and TAp73 closely mimic the transcrip-
tional activity and the biological function of p53. In
reporter assays, p63/73-responsive promoters include
well-known p53 target genes involved in anti-prolifera-
tive and pro-apoptotic cellular stress responses such as
p21€irivart | 14-3-3¢, Bax, and so on (Candi et al., 2007).
Furthermore, both p63 and p73 isoforms contribute to
the regulation of cell survival and apoptosis in human
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tumors (Moll and Slade, 2004). Indeed, their ability to
regulate apoptosis is clearly a major mechanism by
which these genes contribute to human tumorigenesis
(Rocco et al., 2006). Initial studies in mice have shown
the pro-apoptotic activity of endogenous p63 and p73.
Germline deletion of p63 or p73 yielded mouse embryo
fibroblasts (MEFs) that were less sensitive to DNA-
damage-induced apoptosis than to wild-type cells when
transformed by adenoviral E1A protein (Flores et al.,
2002). Although the above-mentioned lines of evidence
indicate that p63 has an important function in DNA
damage, controlling cell-cycle arrest and apoptosis, and
in human cancer, its precise role in tumorigenesis
remains to be elucidated. For example, unlike p53, p63
is rarely mutated in human cancers (Kato et al., 1999),
thus indicating it is not a canonical tumor suppressor.
Furthermore, a potential role for p63 in carcinogenesis
is supported by the finding of p63 genomic locus
amplification andj/or overexpression in more than
80% of primary head and neck squamous cell carcino-
ma as well as in other squamous epithelial cell
malignancies (Massion et al., 2003). On the other hand,
some tumor types have been reported to lose p63
expression, suggesting the acceleration of tumorigenesis
by p63 downregulation (Urist et al., 2002; Koga et al.,
2003).

In liver cell malignancy, the precise role of p63 in
tumorigenesis and its clinical significance have not been
elucidated. Liver cancer ranks fifth in the world among
human cancers for incidence and. third for mortality
(Parkin et al., 2001). Hepatocellular carcinoma (HCC),
the most common malignant tumor of the liver, has an
extremely unfavorable prognosis (over 95% mortality
after 5 years), because of, in particular, the resistance of
HCC cells to chemotherapy or radiotherapy (Bruix and
Llovet, 2002). A high incidence of p53 mutation is
observed in developing countries (53%; Shen and Ong,
2004), although p53 missense mutations are observed in
~25% of HCC samples from industrialized countries,
where the tumor essentially develops from alcohol-
generated cirrhosis (Montesano et al., 1997). Previous
reports indicated that the expression of TAp63: and
deltaNp63 in HCC cell lines and the upregulation-of
TAp63 in response. to: certain forms of DNA damage
accompanied with the increase in p53 target gene
transcription (Petitjean et al.,, 2005)- and treatment
of HCC: with chemotherapeutic drugs resulted: in a
dramatic increase in TAp63alpha levels (Gressner ef «al.,
2005).

In this study, we have found that Plk1 directly binds
to. TAp63alpha and phosphorylates TAp63 at the Ser-
52, resulting in inhibition of its transcriptional activities
caused by acceleration of protein degradation. To the
best of our knowledge, this ‘is the first report to
determine the phosphorylated serine residue in the TA
domain of p63. Plkl-depletion-induced apoptosis and
activated p53 pathway downstream effectors are par-
tially cancelled by p63 depletion in HCC cells. Further-
more, our finding suggests the possibility that Plk1/p63
appears to be an important candidate for cancer stem-
cell-targeted therapy in liver cell malignancy.

Oncogene

286

Results

Physical and functional interaction between Plkl and p63
First, we examined whether Plkl interacts with TAp63.
COS-7 cells were transiently transfected with the
expression plasmid for FLAG-tagged Plkl and/or
HA-tagged TAp63alpha. Whole-cell lysates prepared
from transfected cells were immunoprecipitated with
a monoclonal anti-HA antibody, and the immuno-
precipitates were analysed by immunoblotting with
a monoclonal anti-FLAG antibody. As shown in
Figure la, FLAG-Plkl was co-immunoprecipitated
with HA-TAp63, and the analysis of the anti-FLAG
immunoprecipitates also showed that HA-TAp63 is
co-immunoprecipitated with FLAG-Plk1.

Furthermore, endogenous interaction between Plkl
and p63 was also detected using HaCaT cells
(Figure 1b). These results indicate that Plk! interacts
with p63 in mammalian cultured cells. As HaCaT cells
show a high expression level of deltaNp63, this
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Figure 1 Interaction between Plkl and p63 in cells. (a) Interaction
between exogenously expressed Plkl and TAp63. Whole-cell lysates
from COS-7 cells transfected with FLAG-Plk! and/or HA-TAp63
expression. plasmids: were immunoprecipifated with monoclonal
anti-HA antibody: (clone 3F10, Roche) and monoclonal anti-
FLAG antibody (clone M2, Sigma), and immunoblotted with
monocional anti-FLAG antibody and monoclonal anti-p63 anti-
body (clone 4a4) as indicated, to observe the interaction. Control
immunoprecipitation experiments and loading control B-actin
signals were also indicated. (b) Interaction between endogenous
Plk1 and p63. A total of 500 ug of nuclear extract from HaCaT cells
were immunoprecipitated with IgG. monoclonal anti-63 antibody
(clone 4A4) or monoclonal anti-Plk1 antibody and subjected to
SDS-PAGE (polyacrylamide gel electrophoresis) and protein
transfer. The transferred membranes were immunoblotted with
monoclonal anti-Plk1 antibody or monoclonal anti-p63 (clone 4a4)
antibody to observe the interaction. IgG, mouse IgG.



interaction was supposed to be between Plkl and
deltaNp63.

TAp63 binds to the kinase domain of Plkl through its
DNA-binding region

Next, to map the p63-interacting domain on Plkl, we
constructed FLAG-tagged Plkl deletion mutants, in-
cluding Pik1-(1-401), Plkl-(1-329) and Plk{-(1-98)
(Figure 2a). We then tested the interaction between
TAp63alpha and each of these Plkl deletion mutants.
COS-7 cells were transfected with the expression
plasmid encoding TAp63alpha and each Plkl deletion
mutant, and co-immunoprecipitation experiments were
carried out to determine the interaction.

We found that Pik1-(1-401) and Pik1-(1-329). re-
tained the ability to bind to TAp63alpha, whereas Plk1-=
(1-98) did not (Figure 2b). These results indicate: that
Plk1 physically interacts with TApé63alpha through'its
99-329 amino acid residues. To identify the essential
region of TAp63alpha required for the interaction with
Plkl, we carried out in vitro pull-down assays: The
indicated glutathione-S-transferase (GST)»TAp63alpha
deletion mutants (Figure 2¢) were purified with glu-
tathione-sepharose beads. Each of these GST fusion
proteins was incubated with radiolabeled FLAG-PlkI,
which was generated by the in vitro transcription/
translation system in the presence of [**S]methionine.
As clearly shown in Figure 2d, radiolabeled FLAG-Plk1
was efficiently pulled down by GST-TAp63alpha-(282—
357), implying that the region between amino acid
residues 282 and 353 of TAp63alpha is important for the
interaction with Plkl. As this binding site is common
between TAp63 and deltaNp63, in Figure 1b, it is
believed that Plkl binds to TAp63 as well as to
deltaNp63.

Pik1 directly phosphorylates Ser-52 of TAp63
Furthermore, to address whether Plkl could phosphor-
ylate TAp63, we carried out an in vitro kinase reaction.
GST and GST-TAp63alpha fusion proteins were
incubated with the active form of Plkl in the presence
of [y*?P]ATP. The reaction mixtures were separated by
SDS~polyacrylamide gel electrophoresis (PAGE) and
subjected to autoradiography (Figure 3a). The results
suggested that Plkl phosphorylates the region between
amino acid residues 20 and 96 of TAp63.

As described earlier (Nakajima er al, 2003), a
sequence (D/E)X(S/T)®D/E) (where X is any amino
acid and @ a hydrophobic amino acid) was identified as
a consensus motif for Plkl-dependent phosphorylation.
According to the search for a putative phosphorylation
site targeted by Plk1 within the amino acid sequence of
TAp63 (residues 20-96), we identified related motifs,
(39EPSEDG44 and S0EISMDCSS), in the NH2-term-
inal portion of TAp63alpha (Figure 3b).

To. further confirm whether Ser-41 or Ser-52 of
TAp63 could be phosphorylated by Plkl, we generated
a mutant form of GST-p63-(1-102), termed as ‘S41A’
and ‘S52A, where Ser-41 or Ser-52 was substituted to
Ala. Purified GST fusion proteins were subjected to
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the in vitro Kinase reaction. As shown in Figure 3c,
GST-TAp63-(1-102) and S41A mutant were strongly
radiolabeled in the presence of Plkl, whereas
S52A mutant was not labeled, indicating that Ser-52
of TAp63 is at least one of the phosphorylation sites
targeted by Plkl, and is located in the transcriptional
domain of TAp63. In addition, it seemed to be
interesting that the molecular size of the mutant
p63(1-102)S52A was smaller than that of p63
(1-102)S41A and p63(1-102), suggesting the effect of
phosphorylation of S52 of TAp63 on the molecular
weight of the 1-102 peptide.

Plk1 represses TAp63-mediated transcriptional activation
To address the effect of Plkl on the transcriptional
activity of TAp63, we carried out luciferase reporter
assays. H1299 cells were co-transfected with a constant
amount of the expression plasmid for TAp63alpha, the
luciferase reporter construct carrying p53/p63-respon-
sive p2]wIIWAFT BAX or MDM?2 promoter and Renilla
luciferase ¢cDNA (pRL-TK) together with or without
increasing amounts of FLAG-Plk1 expression plasmid.
Enforced expression of FLAG-Plki significantly re-
duced luciferase activities driven by the indicated
promoters in a dose-dependent manner (Figure 4a).
These results suggest that Plk1 has the ability to repress
the transcriptional activity of TAp63. Furthermore, to
examine whether the kinase activity of Plkl could be
necessary for the inhibition of TAp63 function, we
tested the possible effect of the kinase-deficient mutant
form of Plkl, PIk1(K82M) (Supplementary data) on
TAp63. For this purpose, we first examined whether
PIk1(K82M) could interact with TAp63 in cells. The
interaction between TAp63alpha and Plk1(K82M) was
confirmed bi-directionally (Figure 4b). These results
suggest that the kinase-deficient mutant form of
Plkl retains the ability to interact with TAp63 in cells.
To further examine the effect of the kinase activity
of Pkl on TAp63 function, we carried out luciferase
reporter assays. H1299 cells were co-transfected
with a constant amount of the expression plasmid for
TAp63alpha, a luciferase reporter construct bearing
p53/p63-responsive p2lr" . BAX or MDM2 pro-
moter and Renilla luciferase cDNA together with or
without increasing amounts of FLAG-PlkI(K82M).
As shown in Figure. 4c;, FLAG-PIkI(K82M) had a
negligible . effect on  the transcriptional activity of
TAp63. Collectively, these results indicate that kinase
activity of PIkT is required for the inhibition of TAp63
function.

Pikl reduces the protein stability of TAp63 by its

phosphorylation and suppresses TAp63-induced cell death
Next, we checked the effect of Plkl on TAp63-induced
cell death. H1299 cells were transfected with mock,
TAp63alpha, TAp63alpha/Plkl or TAp63alpha/KD
Pikl, and at 24h after transfection, the cells were
observed. TAp63alpha-transfected cells showed the
inhibition of cell growth and increase in shrunken
and floating cells compared with mock transfection;
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Figure 2 TAp63 binds to the kinase domain of Pikl through its DNA-binding region. (a) Schematic representation of Plk1 deletion
mutants. KD, kinase domain; Polo, polo-box; numbers indicate amino acid position. (b) Interaction between Plk1 deletion mutants and
TAp63. Whole-cell lysates from COS-7 cells transfected with the indicated expression plasmids were immunoprecipitated with
monoclonal anti-p63 antibody and immunoblotted with monoclonal anti-FLAG antibody to observe the interaction between Plkl
deletion mutants and TAp63. Immunoprecipitation with mouse IgG was used as a negative control. Equal amounts of protein derived
from cell lysates were immunoblotted with monoclonal anti-FLAG antibody. Control immunoprecipitation-immunoblotting
experiments of TAp63 were also indicated. (¢) Domain structure of wild-type TAp63alpha dand a schematic representation of GST-
tagged TAp63alpha deletion mutants. T4, transactivation domain; DB, DNA-binding domain; OD, oligomerization domain; SAM,
sterilea-motif domain. Numbers indicate amino acid positions. (d) Jn vifro pull-down assay. An equal amount of radiolabeled FLAG-
Plkl was incubated with GST or GST-TAp63alpha fusion proteins. After incubation, GST or GST-TApé63alpha fusion proteins
was recovered by glutathione-Sepharose beads, and bound materials were resolved by 10% SDS-PAGE (polyacrylamide gel
electrophoresis) followed by autoradiography.
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