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Proliferation and Survival of Embryonic Sympathetic
Neuroblasts by MYCN and Activated ALK Signaling
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Neuroblastoma (NB) is a childhood tumor that arises from the sympathoadrenal lineage. MYCN amplification is the most reliable marker
for poor prognosis and MYCN overexpression in embryonic mouse sympathetic ganglia results in NB-like tumors. MYCN cooperates with
mutational activation of anaplastic lymphoma kinase (ALK), which promotes progression to NB, but the role of MYCN and ALK in
tumorigenesis is still poorly understood. Here, we use chick sympathetic neuroblasts to examine the normal function of MYCN and MYC
in the control of neuroblast proliferation, as well as effects of overexpression of MYCN, MYC, and activated ALK, alone and in combina-
tion. We demonstrate that MYC is more strongly expressed than MYCN during neurogenesis and is important for in vitro neuroblast
proliferation. MYC and MYCN overexpression elicits increased proliferation but does not sustain neuroblast survival. Unexpectedly,
long-term expression of activated ALK""""*" leads to cell-cycle arrest and promotes differentiation and survival of postmitotic neurons.
ALKF7L induces NEEM, RET, and VACHT and results in decreased expression of proapototic (BMF, BIM), adrenergic (TH), and
cell-cycle genes (e.g., CDC254, CDKI). In contrast, neuroblast proliferation is maintained when MYCN and ALK"''”*" are coexpressed.
Proliferating MYCN/ALK™"'”*" neuroblasts display a differentiated phenotype but differ from ALK-expressing neurons by the upregula-
tion of SKP2, CCNA2, E2F8, and DKCI. Inhibition of the ubiquitin ligase SKP2 (S-phase kinase-associated protein 2), which targets the
CDK inhibitor p27 for degradation, reduces neuroblast proliferation, implicating SKP2 in the maintained proliferation of MYCN/
ALK™"7*" neuroblasts. Together, our results characterize MYCN/ALK cooperation leading to neuroblast proliferation and survival that
may represent initial steps toward NB development.
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MYCN overexpression combined with activated anaplastic lymphoma kinase (ALK) is sufficient to induce neuroblastoma (NB) in mouse
sympathoadrenal cells. To address cellular and molecular effects elicited by MYCN/ALK cooperation, we used cultures of chick sympa-
thetic neuroblasts. We demonstrate that MYCN increases proliferation but not survival, whereas long-term expression of ALK""/7*"
elicits cell-cycle exit, differentiation, and survival of postmitotic neurons. Combined MYCN/ALK™'"7* expression allows long-term
proliferation and survival of neuroblasts with differentiated characteristics. In the presence of ALK”""”*" signaling, MYCN induces the
expression of the ubiquitin ligase SKP2 (S-phase kinase-associated protein 2), which targets p27 for degradation and is also upregulated
in high-risk NB. SKP2 inhibition supports a function for SKP2 in the maintained neuroblast proliferation downstream of MYCN/ALK,
which may represent an early step toward tumorigenesis. j

ignificance Statement

dulla. NB displays a broad clinical spectrum that correlates with
differentiation state. High-risk disease involving undifferenti-
ated, metastatic tumors relapses in the majority of cases and is
almost always fatal (Maris, 2010; Simon et al., 2011). A charac-
teristic feature of high-risk NB is amplification of MYCN, a

Introduction
Neuroblastoma (NB) is a childhood tumor that develops from
neural crest-derived cells in sympathetic ganglia and adrenal me-
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proto-oncogene encoding MYCN that belongs, together with
c-MYC (hereafter called MYC) and MYCL, to the MYC-family of
helix-loop-helix-Zip transcription factors (Brodeur et al., 1984).
Targeted expression of MYCN in tyrosine hydroxylase (TH)-
expressing cells of embryonic transgenic mice results in the post-
natal generation of NB (Weiss et al., 1997; Hansford et al., 2004;
Althoff et al., 2015).

Activating point mutations in the gene-encoding anaplastic
lymphoma receptor tyrosine kinase (ALK) were discovered in the
majority of familial and ~8% of sporadic NB (Chen et al., 2008;
George et al., 2008; Janoueix-Lerosey et al., 2008; Mosse et al.,
2008). One of the most common somatic mutations results in a
phenylalanine-to-leucine substitution at codon 1174 (F1174L).
ALK™7# is present in all NB subtypes, but in association with
MYCN amplification it defines a subset of NB patients with poor
outcome (De Brouwer et al., 2010). Expression of activated ALK
in sympathoadrenal cells of transgenic and knock-in mice in-
duced NB only when expressed transgenically using the strong
B-actin promotor (Heukamp et al., 2012) but not when under
control of the Th or endogenous Alk promotor (Berry et al., 2012;
Cazes et al., 2014). Similarly, ALK"""7#" expression was unable to
induce NB in zebrafish (Zhu et al., 2012). In contrast, the com-
bination of activated ALK and MYCN overexpression results in
fully penetrant and rapid generation of NB without any addi-
tional genomic alterations (Berry et al., 2012; Heukamp et al.,
2012; Cazes et al., 2014). Therefore, NB elicited by ALK/MYCN
cooperation represents an interesting model to study cellular and
molecular mechanisms of NB development. Comparing gene-
expression profiles of ALK/MYCN with MYCN tumors identi-
fied (1) increased expression of components of the PI3K/AKT/
mTor and MAPK pathway, which results in stabilization of
MYCN protein; (2) increased MYCN transcription; and (3) re-
duced apoptosis (Berry et al., 2012; Heukamp et al., 2012). In
addition, the tyrosine kinase receptor RET is induced in ALK/
MYCN tumors and controls tumor growth (Cazes et al., 2014).
Although the earlier onset and increased penetrance of tumor
formation implies a function of these signaling conduits in tumor
development, it remains unclear at which stage these mecha-
nisms are effective. Neuroblasts may either be induced to expand
from embryonic stages onwards or may depend for their postna-
tal survival on ALK/MYCN cooperation.

In embryonic sympathetic ganglia of both TH-MYCN and
wild-type mice clusters of highly proliferating cells are present
but selectively maintained postnatally in TH-MYCN ganglia
(Hansford et al., 2004; Alam et al., 2009). In the Ki-Alk mouse,
neuroblast proliferation is transiently increased in embryonic
and early postnatal ganglia but terminated at postnatal day 18
(Cazes et al., 2014). The situation in sympathetic ganglia and
adrenals coexpressing activated ALK and MYCN has not been
investigated.

Here, we used chick sympathetic neuroblasts to investigate the
effects and interactions of MYCN, MYC, and activated ALK on
neuroblast proliferation and survival. We demonstrate that neu-
roblast proliferation depends mainly on MYC. Overexpression of
MYCN or MYC supports continued high-level proliferation
but not neuroblast survival. In contrast, ALK""'7*"expressing
neuroblasts display only an initial proliferation increase and
subsequently leave the cell cycle, acquire a mature neuron mor-
phology, and display increased survival. Importantly, the com-
bined expression of ALK™'7*" and MYC proteins supports both
neuroblast proliferation and survival. Compared with ALK*"!7#E-
expressing neuroblasts, MYCN/ALK""'7*" cells maintain elevated
levels of neuronal differentiation markers and show increased
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expression of the cell-cycle-related MYCN target genes SKP2,
DKC1, E2F8, and CCNA2. Cell-cycle exit observed upon SKP2
(S-phase kinase-associated protein 2) inhibition supports a func-
tion of SKP2 in the control of MYCN/ALK™'7*" neuroblast
proliferation.

Materials and Methods

Plasmid construction. Expression vectors used were constructed by clon-
ing restriction enzyme-digested or PCR-amplified DNA fragments with
standard protocols. The PiggyBac (PB-CAG-eGFP) and PBase (mPB) ex-
pression vectors described previously (Cadifianos and Bradley, 2007;
Nagyetal.,2011), were obtained from the Wellcome Sanger Institute and
from Andres Nagy at the Samuel Lunenfeld Research Institute, Mount
Sinai Hospital, Toronto, Canada, respectively. PB-CAG-eGFP was used
as parental plasmid replacing eGFP by either MYC, MYCN, or ALK™17#-
or generating a control plasmid without eGFP [PiggyBac (PB) control].
Plasmids containing human MYCN and ALK*"*”*" were generously pro-
vided by Christian Beltinger (University Clinic Ulm, Ulm, Germany) and
by Isabelle Janoueix-Lerosey (Institut Curie, Paris, France), respectively.
The chicken MYC plasmid has been described previously (Zinin et al.,
2014).

Cell culture, electroporation, pharmacological treatment, and immunostain-
ing. Paravertebral lumbosacral sympathetic chain ganglia were dissected
from embryonic day (E) 7 chick embryos of either sex and dissociated to
single cells as described previously (Rohrer and Thoenen, 1987; Zackenfels et
al., 1995). Cells were either plated directly or transfected by electroporation
using Amaxa Nucleofector II and the Basic Neuron Small Cell number
(SCN) Nucleofector Kit (Program SCN2). For integration of MYC, MYCN,
and ALKF77# into the chick genome, the PB DNA-transposition method
wasapplied (Ding et al., 2005), in which the genes of interest, cloned between
the two PB arms of the PB vector pCYL50 are cotransfected with Pbase-
expression vector (for a schematic representation of the PB system, see
Woodard and Wilson, 2015). Specifically, cells were cotransfected with GFP-
expression vector and PB (controls) or with GFP-expression vector, PB, and
PB-expression vectors for MYC, MYCN, and ALKF7# For knockdown
experiments, cells were also electroporated with siRNA against MYC,
MYCN, or with control siN1. The following concentrations of DNA or RNA
were used: PB-CAG-eGFP (0.25 ug/200,000 cells), PB-CAG-NMYC (0.25
1g/200,000 cells), PB-CAG-Cmyc (0.25 wng/200,000 cells), PB-CAG-
ALKT74E (0.2 pg/200,000 cells), #PBase (0.3 ug/200,000 cells), and empty
PB-CAG vector (0.25 pg/200,000 cells) as control. iBONI siRNA Quattro
siGgMYCN (50 pmol of each siRNA/200,000 cells; Riboxx), iIBONI siRNA
siGEgMYCN(1) 5'-UAUUUCUUCUUCAUCAUCCCCC-3" (Riboxx),
siRNA siGgMYCN(2) 5'-CAACAGUUGCUAAAGAAAACCCCC-3" (Ri-
boxx), siRNA siGgMYCN(3) 5'-CGCCAAUUCACCAGCAGCAUAAU
UA-3' (Invitrogen Block-iT; stealth 905), siRNA siGgMYC 5'-AGAUCAG-
CAACAACCGAAA-3' (Eurofins Genomics; all at 100 pmol siRNA/200,000
cells; Eurofins Genomics) and, as control, iBONI siRNA Negative Con-
trol-N1 and Invitrogen Block-iT control 3'-UAAUGUUGUA
GUCGUCGUGUAAGCG-5" (200 pmol/200,000 cells). After nucleopora-
tion, cell debris was removed by density step-gradient centrifugation and
15,000 cells were plated per well on four-well culture dishes coated with 0.5
mg/ml poly-pr-ornithine (Sigma-Aldrich) in 0.15 m borate buffer, pH 8.3,
and 10 pg/ml laminin (Invitrogen) in PBS, pH 7.3, and cultured in MEM,
10% (v/v) horse serum, 5% (v/v) fetal calf serum, 1% (w/v) penicillin/
streptomycin, and 1% (w/v) glutamine at 5% CO,. Where indicated, 2%
chick embryo extract (CEE) was added to the medium to support long-term
survival (Haltmeier and Rohrer, 1990). BET bromodomain protein inhibi-
tor JQ1 (ab141498, Abcam), RET inhibitor vandetanib (15706, Cayman
Chemical), and SKP2 inhibitor SKPin C1 (4817, Tocris Bioscience) were
dissolved in sterile DMSO at 10 mm (JQ1, C1) or 5 mMm (vandetanib) and
diluted to appropriate final concentrations in medium. Proliferating neuro-
blasts were detected by 5-ethynyl-2-deoxyuridine (EdU) labeling using the
Click-iT EAU Alexa Fluor 647 imaging kit (Invitrogen) as described previ-
ously (Reiff et al., 2011; Holzmann et al., 2015) combined with immuno-
staining for TH and GFP or Alk and GFP. GFP expression was analyzed by
staining with anti-GFP antibody (1:400, rabbit, polyclonal; A-11122, Invit-
rogen) followed by Alexa 488 anti-rabbit as secondary antibody. TH expres-
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sion was detected by staining with anti-TH antibody (1:50, mouse,
monoclonal; generated and characterized previously; Rohrer et al.,
1986; Bonnefoy et al., 1988) followed by Alexa 546 anti-mouse sec-
ondary antibody. Alk expression was detected by anti-ALK antibody
(1:1000, rabbit, monoclonal; #3633, Cell Signaling Technology) fol-
lowed by Alexa 546 anti-rabbit secondary antibody. Cell nuclei were
visualized with DAPI (Sanofi Aventis). Images were acquired at a
magnification of 20X using Zeiss Axiolmager.Z1 equipped with an
AxioCam MRm camera.

The proportion of EdU-labeled, TH-positive, or Alk-positive and
GFP-positive transfected neuroblasts was quantified in =3 independent
experiments. For cell survival, the number of TH-positive and GFP-
positive cells was determined for each experiment on 20 arbitrarily cho-
sen visual fields per cultured dish and =3 independent experiments were
evaluated. For apoptosis assays, the percentage of transfected GFP-
positive cells with pyknotic nuclei was determined in five independent
experiments. All results are provided as mean = SEM of =3 independent
experiments and statistically analyzed with unpaired two-tailed Stu-
dent’s ¢ test or one-way ANOVA with the Tukey—Kramer multiple com-
parisons test.

In situ hybridization. In situ hybridization (ISH) for MYC, MYCN, and
SCG10was performed in fixed tissue as described previously (Zinin et al.,
2014; Ribeiro et al., 2016). Briefly, E7-derived sections were incubated
with digoxigenin-labeled single-stranded RNA probes at 72°C for MYC
and MYCN and 68°C for SCG10, followed by incubation with alkaline
phosphatase-coupled antibody and nitroblue tetrazolium plus 5-bromo-
4-chloro-3-indolyl phosphate (purple) substrates.

Chicken embryo electroporation. In ovo electroporation was performed
as previously described (Kaltezioti et al., 2010). Briefly, white Leghorn
chicken eggs were incubated until Hamburger Hamilton stage 12-14
(E2). Plasmids were used at a concentration of 1-2 mg/ml with 0.025%
Fast Green (Sigma-Aldrich), injected into the lumen of the neural tube
(10 pl total volume). For PB transposition, a 2:1 ratio of transposon

Expression of MYCNand MYCin developing chick sympathetic ganglia. A, ISH for MYCand MYCN on sections of E7 chick
sympathetic ganglia reveals much lower signals for MYCN compared with the strong MYCexpression. SCGT0 expression is shown to
illustrate the location of sympathetic ganglia (SYM), dorsal root ganglia (DRG), and spinal cord (SC). Arrowheads point to sympa-
thetic ganglia. B, High MYC expression compared with MY(N is shown by qRT-PCR on dissected E7 sympathetic ganglia (mean =

Electrodes were spaced 4 mm part and posi-
tioned lateral to the neural tube. Embryos were
> pulsed 3X for 30 ms each at 28 V. Eggs were
@;‘ reincubated for 3 d followed by fixation for 4 h
at 4°C in 4% paraformaldehyde in PBS. Em-
v bryos were washed in PBS, cryoprotected with
20% sucrose, mounted in Tissue Tec (Sakura
Fintek), and sectioned at 12-14 um. For EAU
labeling, embryos received 500 um (500 ul)
EdU in PBS 4 h before fixation. Sections were
triple-stained for GFP, TH, and EdU
and analyzed for the percentage of EdU-
labeled, transfected Th-expressing neuro-
blasts on =20 sections per embryo.
Electroporation experiments were quanti-
fied from seven control and seven MYCN-
transfected embryos.
qRT-PCR analysis. For qRT-PCR analysis of
cultured sympathetic ganglion cells, cultures
were kept on poly-pL-ornithine/laminin-coated
3.5 cm culture dishes. After 2 or 8 d of cultivation,
cells were harvested with a cell scraper and RNA
was isolated using the RNeasy Kit (Qiagen) fol-
lowing the manufacturer’s instructions. qRT-
PCR was performed using the QuantiTect SYBR
Green PCR Kit with the following QuantiTect
primer assays (Qiagen): Gg_ MAD2LI_1_SG;
Gg_CCNA2_1_SG; Gg_PLKI1_2_SG; Gg SOX
11_1_SG; Gg_SMC2_1_SG; Gg_CDKI_1_SG;
Gg_SKP2-2-SG; Gg_E2F8_1_SG; Gg_CDC25A_
1_SG; Gg-DKCI_1_SG; Gg_GAPDH_1_SG;
Gg_SLCI8A3_1_SG; Gg_BCL2L1_1_SG; Gg_
BMF_1_SG; Gg_BOK_1_SG; Gg_VIP_1_SG;
Gg_MYC_1_SG; Gg_NEFM_1_SG; Gg_DBH._
1_SG; Gg_TH_1_SG; Gg RET_1_SG; Gg_
BIRC5_1_SG; Gg BID_1 _SG; Gg BCL2 1_SG; Gg_MYCN_1_SG;
Gg TLX3 1_SG; Gg_LIN28B_1_SG; Gg_NTRKI_1_SG. Note that Gg-
MYCN primers do not recognize human MYCN used for overexpression
experiments. The temperature profile for all gPCR experiments was the fol-
lowing: 95°C for 15 min and 40 cycles (94°C for 15 s, 55°C for 30s, 72°C for
30 s). At least triplets of every condition were performed in parallel
and experiments were repeated independently at =3 times. Data are normal-
ized to GAPDH as reference genes, expressed as a gene expression ratio, and
statistically evaluated using the relative expression software tool (Pfaffl et al.,
2002).

Results

MYCN and MYC are coexpressed in sympathetic neuroblasts
during neurogenesis

In the embryonic chick spinal cord and dorsal root ganglia, MYC
and MYCN mRNA are expressed in a mirror image pattern
(Zinin et al., 2014). MYCN is restricted to SOX2-positive prolif-
erating progenitors, whereas MYC is observed in differentiated
Islet]-expressing neurons. In sympathetic ganglia, MYC is ex-
pressed at much higher levels compared with MYCN as judged
from ISH and qRT-PCR analysis of sympathetic ganglia dissected
at E7 (Fig. 1). Similar results were obtained for cultures of E7
sympathetic ganglion cells (15-fold higher by qRT-PCR; n = 3;
p < 0.05). E7 represents the peak of neurogenesis in chick sym-
pathetic ganglia, which are mainly composed of proliferating
neuroblasts at this developmental stage (Holzmann et al., 2015).
In view of the strong difference in their expression levels (Fig. 1),
it was of interest to investigate to which extent neuroblast prolif-
eration depends on MYC and/or MYCN.
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Figure 2.

Proliferation of E7 sympathetic neuroblasts depends on MYC signaling. A, The number of proliferating neuroblasts, identified by EdU labeling (Aa—Ad) is reduced by siMYC (Ab),

SiMYCN(2) (Ac), and JQ1 (Ad). Scale bar, 20 wm. B, Quantification of neuroblast proliferation in cells transfected with control siN7, siMYC, siMYCN(2), or treated with JQ1 (500 nm; mean == SEM;
n = 3; ***p < 0.001). C, Dose—response of the antiproliferation effect of JQ1. Whereas neuroblast proliferation is blocked at 500 nm, non-neuronal cell proliferation is not affected by JQ1.
Non-neuronal cells were identified by the much larger size of their nucleus compared with neuroblasts. D, E, siMY( treatment leads to a significant reduction in MYCRNA and upregulation of MYCN
RNA (D), whereas JQ1 treatment reduces both MYCand MYCN expression as shown by gRT-PCR (E; mean = SE; **p << 0.01; ***p << 0.001; statistical analysis by relative expression software tool).

Proliferation of sympathetic neuroblasts depends on

MYC proteins

Neuroblast proliferation was analyzed in cultures of dissociated
E7 chick sympathetic ganglia by EAU labeling as described previ-
ously (Zackenfels et al., 1995; Reiff et al., 2010, 2011). E7 is the
earliest age sympathetic ganglia can be reliably dissected from the
chick embryo. To investigate the role of MYC proteins in neuro-
blast proliferation, siRNA directed against MYC or MYCN was
used (Zinin et al., 2014). siMYCled to a reduction in the propor-
tion of proliferating EdU-labeled cells to 30 = 0.5% of control
siRNA cultures, whereas MYCN knockdown by siMYCN(2) had a
much smaller effect (reduction to 67 = 5%; Fig. 2A, B). Prolifer-

ation was reduced to a similar level in response to two additional
siMYCN RNAs [siMYCN(1), siMYCN(3)] and an siMYCN RNA
mixture (see Materials and Methods; data not shown).

MYC mRNA level is decreased and MYCN mRNA is upregu-
lated by siMYC as shown by qRT-PCR (Fig. 2D), which is consis-
tent with previous evidence for inverse correlation between MYC
and MYCN expression (Breit and Schwab, 1989; Henriksen et al.,
2011; Zinin et al., 2014). Increased MYCN expression is unlikely
to functionally compensate for the loss of MYC since MYCN is
expressed at much lower levels than MYC in vivo (Fig. 1) and in
cultured cells (see above). MYCN RNA levels were not affected by
treatment with several different MYCN siRNAs. This may be ex-
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plained by previous observations in NB cell lines that MYCN
RNA, in contrast to MYCN protein, is affected only transiently by
siRNA treatment (Bell et al., 2007; Henriksen et al., 2011). To-
gether, expression and knockdown results suggest that MYC
rather than MYCN is important for neuroblast proliferation dur-
ing sympathetic neurogenesis.

As the BET bromodomain protein inhibitor JQ1 interferes
with the expression of MYC and MYCN in tumor-cell lines and
inhibits MYC-dependent tumor growth (Delmore et al., 2011;
Heukamp et al., 2012; Puissant et al., 2013; Henssen et al., 2016),
we also investigated the effects of JQ1 treatment in primary sym-
pathetic neuroblast cultures. Proliferation was efficiently blocked
by JQ1, with half-maximal effects at 100 nm and complete inhi-
bition at 500 nm (Fig. 2B,C). MYC and MYCN levels were both
reduced (Fig. 2E). The virtually complete block in neuroblast
proliferation cannot be explained by the rather mild reduction in
MYC and MYCN levels, which implies an action of JQ1 on MYC
targets in addition to controlling MYC expression (Henssen et al.,
2016). Notably, JQ1 did not interfere with the proliferation of
ganglion non-neuronal cells present in the culture, excluding a
nonspecific proliferation block (Fig. 2C).

Overexpression of MYCN and MYC leads to maintained
neuroblast proliferation in vitro but does not sustain survival
In normal cells, expression of MYC family members is low and
depends continuously on mitogenic signaling. Elevated levels
are observed in many cancers, including NB where deregulated
MYCN expression correlates with bad prognosis. To study effects
of MYC protein overexpression, chick sympathetic neuroblasts
were transfected with plasmids designed for genomic integration
by Piggybac (Pb) transposase, allowing permanent expression
(Ding et al., 2005; Lu et al., 2009; Nagy et al., 2011; Woodard and
Wilson, 2015). As normal neuroblast proliferation depends on
MYC, rather than MYCN, the effects of both MYC proteins
were analyzed. Neuroblasts were cotransfected with Pb-flanked
CAGGS-GFP, CAGGS-MYC, or CAGGS-MYCN and an epi-
somally expressed Pb transposase plasmid. Transfected neuro-
blasts, identified by coexpression of GFP and TH, were analyzed
for proliferation by EdU labeling after 2 and 8 d in culture (dic;
Fig. 3). The proportion of EdU */TH *-labeled transfected cells is
significantly increased by both MYCN and MYC expression at 2
and 8 dic (Fig. 3B, C). MYCN overexpression increases cell num-
bers at 8 dic compared with GFP-transfected controls (Fig. 3E),
but increased proliferation in response to MYC or MYCN does
not result in a net increase in cell numbers compared with 2 dic
(Fig. 3, compare D, E), which suggests that overexpression of
MYC proteins is unable to maintain neuroblast survival. With
increasing time in culture, survival of MYC-expressing and
MYCN-expressing cells is further decreased, which may in part
be due to tumor suppressor and apoptosis pathways induced by
oncogenic levels of MYC proteins (Lowe et al., 2004). This notion
is supported by the finding that the percentage of apoptotic cells
is increased by MYCN expression (Fig. 3E).

MYCN overexpression increases neuroblast proliferation

in vivo

MYCN is sufficient to elicit NB development, but in MYCN
mouse NB models, neuroblast proliferation and sympathetic
ganglion size are not increased during embryonic and early post-
natal development (Hansford et al., 2004; Alam et al., 2009;
Althoff et al., 2015). To address the in vivo effects of MYCN
overexpression in chick sympathetic neuroblasts, we electropo-
rated neural crest cells in 2-d-old (E2) chick embryos with Pb-
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flanked CAGGS-GFP, CAGGS-MYCN, and Pb plasmid and
analyzed E5 embryos for the proportion of proliferating EdU */
TH */GFP " neuroblasts. MYCN overexpression leads to a signif-
icantly increased proliferation of sympathetic neuroblasts
compared with control GFP-transfected embryos (Fig. 4). Thus,
MYCN is sufficient to increase chick neuroblast proliferation
both in vitro and in vivo. Only a small proportion of sympathetic
ganglion cells was transfected and thus effects on ganglion size
and survival could not be investigated.

Expression of constitutively active ALK*"7* interferes with
neuroblast proliferation and induces neuron differentiation
and survival

As baseline for investigating the interaction between MYC pro-
teins and activated ALK in cultured sympathetic neuroblasts, the
long-term effects of activated ALK signaling were analyzed using
the Piggybac transposon system. Constitutively active ALK in-
creases neuroblast proliferation in short-term (2 dic) cultures
(Fig. 5A, B; Reiffetal., 2011). Unexpectedly, proliferation is com-
pletely arrested after 8 dic (Fig. 5 A, B). This seems not to be due to
death of proliferating cells but rather to increased differentiation,
reflected by mature morphology, including large, phase-bright
cell bodies and a high number of long, branched neurites (Fig.
5Ad). Indeed, the number of ALK""'7#_transfected cells surviv-
ing up to 8 dic is significantly higher than the number of control
transfected cells (Fig. 5C). ALK™'* -induced differentiation
generates sympathetic neurons that can be maintained for several
weeks in culture (Fig. 5D). Increased neuronal differentiation of
ALK™7*_expressing sympathetic neuroblasts compared with
MYCN-transfected cells is also reflected by augmented expres-
sion of differentiation genes, analyzed by qRT-PCR at 8 dic (Fig.
6). ALK*""7*_transfected cells were compared with MYCN-
transfected rather than GFP-transfected control cells because it
was not possible to get sufficient RNA due to the poor survival of
the latter (Fig. 5Ac). As expected from the differentiated neuronal
morphology of ALK*"'7*" cells, the pan-neuronal gene NEFM is
strongly upregulated. The increase in RET and SLCI8A3
(VACHT), together with decreased TH expression suggests a
shift toward cholinergic differentiation observed also in ALK-
induced NB (Cazes et al., 2014; Lambertz et al., 2015; Fig. 6). It
should be noted, however, that TH expression is maintained in
ALK-induced sympathetic neurons (Fig. 5D). Decreased MYCN,
MYC, TLX3, LIN28B, and BIRC5 expression correlate with de-
creased proliferation and/or loss of properties characteristic
for early neuroblasts in ALK™'7* -transfected versus MYCN-
transfected cultures (Huang et al., 2013; Hennchen et al., 2015).
The long-term survival of ALK™'7*-induced differentiated neu-
rons may be explained by a decreased expression of the proapo-
ptotic genes BMF and BID. As expected for cultures mainly
composed of postmitotic sympathetic neurons, the expression of
genes involved in cell-cycle regulation and mitosis (CDC25A,
E2F8, SKP2, MAD2L1, DKCI, PLK1, CCNA2, CDK1, SMC2) and
of a gene-controlling sympathetic neuroblast proliferation
(SOX11; Potzner et al., 2010) are reduced in ALK cultures
compared with proliferating MYCN-driven neuroblast cultures.

ALK"''7*L and MYC proteins cooperate to maintain long-
term sympathetic proliferation and survival

To analyze whether cooperative interactions between activated
ALK and MYCN described in mouse and zebrafish NB models
(Berryetal., 2012; Heukamp et al., 2012; Zhu et al., 2012; Cazes et
al., 2014) also take place in embryonic chick sympathetic neuro-
blasts, ALK™7*L and MYC or MYCN piggybac plasmids were
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Figure3.

Sympathetic neuroblast proliferation is increased by MYCand MYCN overexpression. A, E7 sympathetic ganglion cells were transfected with expression vectors for GFP (Aa, Ad), GFPand

MYC(Ab, Ae), or GFP and MYCN (Ac, Af) and analyzed by GFP/Th/EdU-triple immunostaining after 2 (Aa—Ac) and 8 dic (Ad—Af) for proliferating EdU-incorporating neuroblasts. Scale bar, 20 pum.
B, C, Quantification reveals a significantly increased proliferation of MYC-expressing or MYCN-expressing neuroblasts compared with GFP controls at 2 (B) and 8 dic (C; mean == SEM; n = 3;***p <
0.001). D, Neuroblast number is not significantly increased compared with controls at 2 dic. E, Neuroblast number in control and MYC cultures are strongly decreased at 8 dic compared with 2 dic.
Overexpression of MYCN increases the number of surviving neuroblasts at 8 dic (mean = SEM; n = 3; *p <C 0.05). F, The percentage of pyknotic cells is increased in MYC-expressing or
MYCN-expressing neuroblasts, not quite reaching significance for MYC (mean = SEM; n = 5; **p < 0.01).

cotransfected (Fig. 7). Interestingly, proliferating neuroblasts are
maintained in these cultures, which is demonstrated by the pres-
ence of EdU-labeled neuroblasts not observed in ALK*"*" cul-
tures at 8 dic (Fig. 7Ad—Af,B). Triple-immunostaining for ALK/
GFP/EdU demonstrated that transfected ALK-expressing cells

have incorporated the S-phase marker EAU (Fig. 7 D, E). Whereas
in ALK™7*" cultures, EdU-labeled cells are virtually absent at 8
dic (Figs. 5Ad, 7Ad,D,E), 24 = 2.6% (mean = SEM; n = 5) of
ALK */GFP " cells are EdU-labeled in MYCN/ALK™'”#" cultures
(Fig. 7E). The higher percentage of GFP/Th/EdU cells compared
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Figure4.  MYCNoverexpression increases neuroblast proliferation in vivo. A, Migrating neural crest cells were transfected by electroporation with Pb plasmid and piggybac transposon vectors for
GFP (control) or GFP and MYCN (MYCN). At ES, proliferating cells were labeled by an EdU pulse and, after fixation of the embryo, cross sections from the GFP-expressing transfected area were
triple-immunostained for EdU, Th, and GFP. B, Quantification of the percentage of EdU-labeled GFP */Th ™ neuroblasts revealsa significantincrease in MYCN-expressing cells (mean = SEM;n = 7;
**p < 0.01). Arrows point to GFP ™/Th ™ neuroblasts with increased EdU-labeling in MYCN transfected cells.

with GFP/ALK/EAU cells (Fig. 7 B, E) may reflect the presence of
a small subpopulation of proliferating cells with low or absent
ALK expression. The vast majority of neuroblasts in MYC/
ALK™"7* and MYCN/ALK"""7*" cells show a differentiated mor-
phology, which is distinct from cells expressing either MYCN/
MYC or ALK™'7*' They have increased cell-body size and
neurite growth compared with MYCN/MYC cells, but remain
smaller and display thinner neurites compared with ALK™'7#"-
expressing neurons (compare Figs. 3Ae,Af, 5Ad, 7Ad—Af). Com-
parative gene expression analysis of a number of marker genes by
qRT-PCR revealed only relatively minor differences between
MYCN/ALK*"'7* and ALK™'7*" cultures (Fig. 8A). The un-
changed expression levels of TLX3, TRKA, TH, DBH, NEFM,
LIN28B, and RET argues against major effects of MYCN on dif-
ferentiated properties of ALK™'7*" _transfected cells. The down-
regulation of endogenous chicken MYCN is explained by
negative autoregulation in response to overexpressed human
MYCN (Penn et al., 1990; Luo et al., 2004), which is not detected
by the chicken-specific qRT-PCR primers. Although all analyzed
genes controlling cell cycles and mitosis were previously shown to
be direct or indirect MYCN target genes (Westermann et al,,
2008; Otto et al., 2009; Bell et al., 2010; Valentijn et al., 2012;
Puissant et al., 2013), only a subset (i.e., SKP2, CCNA2, DKCI,
and E2F8) is induced when MYCN is acting in combination with
ALK signaling. Notably, SKP2, CCNA2, DKCI, and E2F8 expres-
sion is also significantly increased in MYCN/ALK™ 7% mouse NB
compared with ALK™'7%" sympathetic ganglia (Cazes et al.,
2014). E2F8 is an atypical member of the E2F family of transcrip-
tion factors (Maiti et al., 2005), but recent evidence demonstrates
that E2F8 controls proliferation and tumorigenicity in hepatocel-
lular carcinoma cell lines and is required for the growth of lung

cancer cells (Dengetal., 2010; Park etal., 2015). The upregulation
of the SKP2 oncogene is of particular interest as high SKP2 ex-
pression is observed in high-risk NB (Westermann et al., 2007).
SKP2 is an essential component of the ubiquitin proteasome sys-
tem and promotes proliferation largely by degradation of the
cyclin-dependent kinase inhibitor p27 (Carrano et al., 1999; Na-
kayama et al., 2004; Hershko, 2008). The onset of p27 expression
during sympathetic neurogenesis correlates with neuroblast cell-
cycle exit and p27 overexpression blocks neuroblast prolifera-
tion, which together imply that p27 is involved in the termination
of sympathetic neurogenesis (Reiff et al., 2010; Holzmann et al.,
2015). Thus, it was of interest to test the function of SKP2 in
MYCN/ALKF74 cells using the SKP2-inhibitor C1, which spe-
cifically interferes with SKP2—p27 interaction and prevents p27
degradation (Wu et al., 2012). The complete block of neuroblast
proliferation observed at 8 dic upon C1 addition between 5 and 8
dic (Fig. 8B) demonstrates an essential role of SKP2 in sympa-
thetic neuroblast proliferation, downstream of MYCN and
activated ALK.

The specific functions of MYCN in the ALK™'7* context
must also include pathways linking RET expression to sympa-
thetic neuroblast proliferation. The tyrosine kinase receptor
RET is upregulated in ALK*"'7**/MYCN NB compared with
TH-MYCN mouse NB and is important for tumor growth, as
shown by the effects of the RET inhibitor vandetanib (Cazes etal.,
2014). Interestingly, we now observed that RET levels are not
increased in ALK™'7*'/MYCN cultures compared with ALK /7
neuron cultures (Fig. 8A) but in contrast are elevated in both
ALK™"7*'/MYCN and ALK*"'7*" compared with MYCN cultures
(Fig. 6; data not shown). This implies that RET induced by acti-
vated ALK acquires a function in neuroblast proliferation only in
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combination with MYCN. Indeed, when
ALK7*/MYCN cultures were treated
with the RET-inhibitor vandetanib be-
tween 5 and 8 dic, the percentage of EdU-
labeled neuroblasts was reduced from
43 + 4% to 26 * 6% (mean = SEM; n =
3;*p < 0.05).

Long-term maintenance of
ALK/MYCN-expressing neuroblasts
ALK™7*_induced sympathetic neurons
can be maintained for several weeks in
culture (Fig. 5D), whereas the number of
MYCN-expressing or MYC-expressing
neuroblasts decreases despite continued
cell proliferation (Fig. 3). The coexpres-
sion of ALK™"”* and MYCN increases
survival compared with MYC-expressing
or MYCN-expressing cells, but there is
only a small net increase in neuroblast
numbers in MYCN/ALK ™7 cultures at
8 dic (Fig. 7C). This is most likely due to
MYC protein-induced apoptosis, which
may be reflected by increased BID expres-
sion (Fig. 8A).

As the extent of MYC protein-induced
apoptosis is strongly dependent on the pres-
ence of extracellular survival factors (Lowe
et al,, 2004), we took advantage of our pre-
vious observation that survival of avian
sympathetic neuroblasts infected by the
MYC-expressing myelocytomatosis virus
(MC29) isimproved by the addition of CEE,
a classical component of avian neural crest
culture media (Haltmeier and Rohrer,
1990). We now demonstrate a strong in-
crease in the number of ALK/MYCN-
neuroblasts at 8 dic in the presence of CEE
(Fig. 9). As ganglion non-neuronal cells also
proliferate under these conditions, it re-
mains unclear whether increased survival is
a direct effect of CEE components on
sympathetic neuroblasts or caused by
signals from non-neuronal cells. Irre-
spective of the underlying mechanism,
this result demonstrates that survival
of ALK"™'7*"/MYCN-expressing cells
depends on environmental signals. De-
velopment of NB from ALK™'7%Y/
MYCN-coexpressing neuroblasts may
also depend on the presence of extrinsic
survival signals.

Discussion

NB can be induced in mouse sympathetic
ganglia and adrenals by forced expression
of MYCN or activated ALK. MYCN/ALK
coexpression results in earlier onset and
increased penetrance of tumor formation,
but the mechanisms that underlie this co-
operation are incompletely understood.
Using cultures of embryonic chick sympa-
thetic neuroblasts, we now demonstrate
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Figure 5.  Effects of activated ALK on cultured chick sympathetic neuroblasts. 4, E7 sympathetic ganglion cells were transfected with
expression vectors for GFP (control; Aa, Ac) or GFP and ALK""'7* (Ab, Ad) and analyzed by GFP/Th/EdU-triple immunostaining after 2
(Aa, Ab) and 8 dic (Ac, Ad) for proliferating EdU-incorporating neuroblasts. Note the neuronal morphology induced by activated ALK
signaling at 8 dic (Ad). B, Quantification reveals a significantly increased proliferation of ALK "”#.-expressing neuroblasts compared with
GFP controls at 2 dic (mean == SEM; n = 6; **p << 0.01). At 8 dic, in contrast, proliferating neuroblasts are absent (mean = SEM;n = 6;
*p << 0.05; unpaired two-tailed ttest). €, ALK "7 expression does not affect neuroblast number at 2 dic but results in a strongly increased
survival of Alk-induced neurons (mean == SEM; n = 4; **p << 0.01). D, Sympathetic neuronsinduced by activated ALK survive for extended
culture periods (3 weeks; Db), in contrast to GFP-transfected control neuroblasts (Da). Please note the large neuron cell bodies
and extensive neurite network of ALK-induced sympathetic neurons. Scale bar, 50 pum.
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Figure 6.

Effects of ALK signaling on the expression of marker genes for apoptosis, neuron differentiation, early sympathetic neuroblasts, proliferation, and mitosis analyzed by qRT-PCR.

Differential gene expression between ALK"""7*_-transfected and MYCN-transfected 8 d cultures analyzed by qRT-PCR (mean = SE; *p < 0.05; **p << 0.01; ***p < 0.001; statistical analysis by
relative expression software tool). Note that the MYCN bar corresponds to endogenous chicken MYCN and not from the transfected gene.

that (1) MYC or MYCN overexpression alone increases prolifer-
ation but not long-term survival; (2) neuroblasts respond to
ALK*"7* signaling by a transient increase in proliferation fol-
lowed by cell-cycle withdrawal, differentiation, and long-term
survival of ALK™"!7*"-induced sympathetic neurons, whereas (3)
overexpression of both ALK*"/7#*t and MYCN results in neuro-
blasts, which proliferate, are more differentiated, and show im-
proved survival compared with neuroblasts expressing MYCN
only; (4) E2F8, DKC1, CCNA2, and the ubiquitin ligase subunit
SKP2, which targets p27 for degradation, are induced by MYCN
under conditions of activated ALK signaling; and (5) SKP2 inhi-
bition reduces proliferation of MYCN/ALK™'7*" cells. Together,
our data provide a novel view of how MYCN/ALK may coop-
erate and implicate SKP2 upregulation as an important early
step preventing terminal cell-cycle withdrawal and thus pro-
moting NB formation.

Expression and function of MYC genes during neurogenesis
in sympathetic ganglia

The relative expression of MYC genes differs strongly between
different parts of the nervous system (Stanton et al., 1992; Mar-
tins et al., 2008; Dominguez-Frutos et al., 2011). MYCN knock-
out and targeted deletion in neuronal progenitors result in
decreased brain size and reduced sensory ganglia (Charron et al.,
1992; Knoepfler et al., 2002), whereas conditional deletion of
MYC has only a minor effect (Hatton et al., 2006). The relative
expression and function of MYC and MYCN in developing sym-
pathetic ganglia has not been investigated, but the small reduc-
tion of ganglion size in MYCN knock-out mice (Sawai et al.,
1993) suggests a function for other MYC family members. The
present analysis shows that MYC is expressed at much higher
levels than MYCN and is essential for sympathetic neuroblast

proliferation, whereas MYCN knockdown has only a small effect.
Together, these results indicate that endogenous proliferation of
neuroblasts depends mainly on MYC. The importance of MYCN
in NB generation does not reflect its developmental function but
is related to MYCN gene amplification and redundant biological
effects of MYCN and MYC (Malynn et al., 2000).

Interference with MYC gene expression by JQ1-mediated BET
protein inhibition

Inhibition of BET bromodomain proteins by JQ1 treatment in-
terferes with the transcription of MYC and MYCN genes (Del-
more et al., 2011; Puissant et al., 2013). NB cell lines with MYCN
amplification are very sensitive to JQ1, which was explained by
BRD4-dependent MYCN transcription (Puissant et al., 2013).
Recent studies suggest that JQ1 causes a preferential loss of BRD4
and transcription from super-enhancers controlling both
MYC(N) and MYC(N) target genes (Lovén et al., 2013; Henssen
etal.,, 2016). The complete inhibition of sympathetic neuroblast
proliferation by JQ1 treatment, in contrast to findings with NB
cell lines with normal MYCN expression (Puissant et al., 2013),
demonstrates a strong difference between neuroblasts and NB
cell lines with implications for clinical treatment. In contrast to
other cells (Delmore et al., 2011), JQ1 treatment does not com-
pletely block MYC and MYCN expression in sympathetic neuro-
blasts. Thus, inhibition of sympathetic neuroblast proliferation
may in addition reflect effects of JQ1 on MYCN targets (Henssen
et al, 2016) and/or dependence on the activity of super-
enhancers controlling master genes of sympathetic neuron iden-
tity (e.g., PHOX2B, HAND2; Whyte et al., 2013), all of which also
affect neuroblast proliferation (Rohrer, 2011). Notably, the pro-
liferation of ganglion non-neuronal cells is not affected by JQ1,
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Figure 7. Coexpression of ALK"""7# and MYC proteins supports neuroblast proliferation and survival. A, E7 sympathetic ganglion cells were transfected with expression vectors for GFP and
ALK (Aa, Ad); or GFP, ALK”""7* and MYC (Ab, Ae); or GFP, ALK"""7*,.and MYCN (Ac, Af); and analyzed by GFP/Th/EdU-tripleimmunostaining after 2 (Aa—Ac) and 8 dic (Ad—AF) for proliferating
EdU-incorporating neuroblasts. Note that proliferating ALK/MYC cells (Ae, Af) are smaller and show a less mature neuronal morphology compared with neuronsinduced by activated ALK signaling
at 8 dic (Ad). B, Quantification reveals a significantly increased proliferation of MYC/ALK"""7*-expressing and MYC/ALKT"7*-expressing neuroblasts compared with ALK""7# neuroblasts at 2 dic
(mean = SEM; n = 6; *p << 0.05). At 8 dic, proliferating neuroblasts are present in transfected cultures but absent in ALK”"7# neuroblasts (mean == SEM; n = 6; **p < 0.01; unpaired two-tailed
ttest). €, The combined MYCN/ALKT""7* expression does not affect neuroblast numbers at 2 dic, but results in a strongly increased neuron number at 8 dic compared with ALK"""7# (mean = SEM;
n = 4;*p < 0.05). Data for GFP-transfected controls are included for comparison from Figure 58,C. D, Proliferation of sympathetic neuroblasts transfected with expression vectors for GFP and
ALKF"7 (Da); orfor GFP, ALK"""7*:, and MYCN (Db); and analyzed by GFP/ALK/EdU-triple immunostaining after 8 dic for proliferating EdU-incorporating ALK ™ neuroblasts. E, Quantification reveals
increased proliferation of ALK ™ neuroblasts in MYCN/ALK "7 compared with ALKT""7# cultures (mean = SEM; n = 3; **p < 0.01).
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Effects of combined MYCN/ALK signaling on the expression of marker genes for apoptosis, neuron differentiation, early sympathetic neuroblasts, proliferation, and mitosis

analyzed by qRT-PCR; effects of SKP2 inhibition on the proliferation of MYCN/ALK""'7* neuroblasts. 4, Differential gene expression between MYCN/ALK'""7*-transfected and ALKT'"74-
transfected 8d cultures analyzed by qRT-PCR (mean = SE; *p << 0.05; **p << 0.01; statistical analysis by relative expression software tool). B, E7 sympathetic ganglion cells were
transfected with expression vectors for GFP, ALK”"7#, and MYCN. Cultures were supplemented at 5 dic with 10 um SKP2 inhibitor SKPin C1in DMSO or with DMSO alone and analyzed by
GFP/Th/EdU triple immunostaining after 8 dic for the percentage of EdU-labeled proliferating MYCN/ALK""7* neuroblasts. SKP2 inhibition resulted in a virtually complete proliferation

block (mean = SEM; n = 3; ***p < 0.001).

indicating different BRD4-activated enhancers in neuroblasts
and glia.

Sympathetic neuroblast propagation by forced MYCN and
MYC expression

The initial steps in NB development are not well understood, as
illustrated by the finding that targeted MYCN expression in E10.5
mouse sympathetic neuroblasts does not increase proliferation
until postnatal stages (Hansford et al., 2004; Alam et al., 2009;
Althoff et al., 2015). We now demonstrate that continued over-
expression of MYC or MYCN in chick sympathetic neuroblasts
results in a strong increase in the percentage of proliferating cells.
MYCN overexpression also increases neuroblast proliferation in
vivo. The difference between MYCN-transfected chick neuro-
blasts and embryonic sympathetic ganglia of MYCN-expressing
mice may be due to higher MYCN expression levels in transfected
neuroblasts using the strong CAG promotor. Increased prolifer-
ation of MYC(N)-expressing neuroblasts does not, however, lead
to a net increase in neuroblast number, which is explained by
increased apoptosis. The apoptotic loss of MYC(N)-expressing

cells may either reflect the poor neuroblast survival also observed
in controls or the induction of antioncogenic programs that lead
to senescence and apoptosis (Lowe et al., 2004).

Proliferation and differentiation of sympathetic neuroblasts:
alternative fates induced by activated ALK signaling

Although different tyrosine kinase receptors activate a com-
mon set of signal transduction pathways, distinct cellular ef-
fects are elicited by each receptor. For example, proliferation
or differentiation is elicited in PC12 cells by EGF and NGF,
respectively, correlating with transient and sustained activa-
tion of the MAPK signal cascade (Marshall, 1995). Here, we
observed that ALK™'7*" first increases proliferation and sub-
sequently induces cell-cycle exit, differentiation, and neuron
survival. These results may be explained by a maturation of
sympathetic neuroblasts with time, leading to a different in-
terpretation of ALK signaling in young versus more mature
neuroblasts. This would be in agreement with the results in the
Ki-Alk mouse where sympathetic neuroblasts show increased
proliferation but eventually leave the cell cycle and differenti-
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Figure9.  MYCN/ALKT"7*transfected cells can be expanded in the presence of CEE. A, E7 sympathetic ganglion cells were transfected with expression vectors for GFP and ALK™ "% (Aa); or GFP,
ALKFT7% and MYC (Ab); or GFP, ALK"""7*, and MYCN (Ac); and analyzed by GFP/Th/EdU triple immunostaining after 8 dic in the presence or absence of 2% CEE for proliferating EdU-incorporating
neuroblasts. Note the large proportion of EdU */Th * neuroblasts in MYC/ALK"""7#" (Ab) and MYCN/ALKT"7*" (Ac) cultures. Neuroblasts tend to grow in clusters in the presence of CEE that are,
however, much sparserin MYC/ALK"""7# compared with MYCN/ALKT"7# cultures. Scale bar, 20 tm. B, Combined MYC/ALKF""7# and MYCN/ALK""7# expression does not affect neuroblast number
at 2 dic but MYCN/ALKT"7# increases the number of surviving cells compared with 2 d cultures (mean = SEM; n = 4; *p << 0.05). Data from cultures without CEE are included for comparison with

Figure 7C.

ate (Cazes et al., 2014). An alternative explanation would be
that an initially low ALK expression is unable to induce differ-
entiation. This would be reminiscent to the finding that PC12
cells with low numbers of TrkA receptors do not differentiate
in response to NGF (Schlessinger and Bar-Sagi, 1994). Prolif-
eration effects may also be due to ALK located mainly in ER
and Golgi (Mazotetal., 2011) in contrast to ALK located in the
plasma membrane, where ALK elicits differentiation (Gouzi et
al., 2005). Regardless of these explanations, our data indicate
that cell-cycle exit and differentiation is the final result of
activated ALK in cultured sympathetic neuroblasts. In con-
trast to our in vitro findings, expression of activated ALK in
mouse sympathoadrenal cells leads to NB formation (Heu-
kamp etal., 2012). The low penetrance and late onset of tumor
formation suggests, however, that tumor initiation depends
on additional genomic aberrations identified in these tumors
(Heukamp et al., 2012).

ALK-induced sympathetic neuron differentiation

and survival

Cell-cycle withdrawal and morphological differentiation in re-
sponse to ALK™!7#" is reflected by decreased expression of genes
involved in cell-cycle progression and mitosis (e.g., CDC25A,
CCNA2, CDK1, MAD2L1, and SMC2), upregulation of the ge-
neric neuron differentiation gene NEFM, and low expression of
early neuroblast markers TLX3 and LIN28B (Huang et al., 2013;
Hennchen et al., 2015). Upregulated RET has no proliferative
function in ALK*"7*"-induced sympathetic neurons, in contrast
to MYCN/ALK™'7* neuroblasts and MYCN/ALK-induced
mouse NB (Cazes et al., 2014; Lambertz et al., 2015). The long-
term survival of ALK™"""*"-induced neurons is surprising as
sympathetic neuron death is tightly controlled by NGF/TRKA
signaling with TRKA acting as an apoptosis-inducing depen-
dence receptor (Nikoletopoulou et al., 2010). We propose that
survival is enabled by the reduced expression of proapoptotic
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BH3-only genes BMF and BID leading to the net dominance of
antiapoptotic proteins.

Cooperative effects of MYCN and activated ALK in
sympathetic neuroblasts

Neuroblasts coexpressing MYC(N) and ALK™'7* continue to
proliferate, whereas all ALK™"!"* -expressing cells have left the
cell cycle at 8 dic. Maintained proliferation results only in a small
increase in MYCN/ALK™'7* cells, suggesting that ALK signaling
may not be sufficient to interfere completely with the proapop-
totic effects of forced MYC(N) expression as indicated by in-
creased BID levels. Survival of MYCN/ALK™"'7*"expressing cells
is, however, maintained in CEE-supplemented cultures, leading
to expansion and net increase of MYCN/ALK™''7#" cells. Unex-
pectedly, this survival effect is selective for MYCN/ALK™ 74
cells, raising the question whether MYC/ALK cooperation may
be sufficient to induce NB.

Interestingly, the expression of the majority of genes analyzed
by qRT-PCR does not differ between MYCN/ALK*"'”*" neuro-
blasts and ALK*'!7#*'expressing neurons, which may reflect their
differentiated characteristics. From the analyzed genes involved
in the cell cycle and mitosis, only SKP2, DKC1, CCNA2, and E2F8
are upregulated. Of particular interest is the MYCN-induced
upregulation of the SKP2 oncogene (Hershko, 2008) and the re-
duction of MYCN/ALK*""”*" neuroblast proliferation by SKP2
inhibition. SKP2 is a direct MYCN and MYC target and the main
oncogenic mechanism of SKP2 is attributed to the degradation of
the CDK inhibitor p27 (Carrano et al., 1999; Sutterliity et al.,
1999; Bretones et al., 2011; Evans et al., 2015). High SKP2 expres-
sion is characteristic for high-risk NB and is inversely correlated
with p27 expression (Westermann et al., 2007; Chu et al., 2008).
P27 is induced when sympathetic neuroblasts leave the cell cycle
and p27 overexpression blocks cell cycle progression (Reiff et al.,
2010; Holzmann et al., 2015). Together, these results suggest that
SKP2 upregulation may be an essential early step induced by
MYCN/ALK™''7*" cooperation to maintain neuroblast prolifer-
ation during NB development.
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