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Neuroblastoma is a neural crest-derived childhood tumor of the
peripheral nervous system in which MycN amplification is a hallmark
of poor prognosis. Here we show that MycN is expressed together
with phosphorylation-stabilizing factor CIP2A in regions of the neu-
ral plate destined to form the CNS, but MycN is excluded from the
neighboring neural crest stem cell domain. Interestingly, ectopic ex-
pression of MycN or CIP2A in the neural crest domain biases cells
toward CNS-like neural stem cells that express Sox2. Consistent with
this, some forms of neuroblastoma have been shown to share
transcriptional resemblance with CNS neural stem cells. As high
MycN/CIP2A levels correlate with poor prognosis, we posit that a
MycN/CIP2A-mediated cell-fate bias may reflect a possible mech-
anism underlying early priming of some aggressive forms of neu-
roblastoma. In contrast to MycN, its paralogue cMyc is normally
expressed in the neural crest stem cell domain and typically is
associated with better overall survival in clinical neuroblastoma,
perhaps reflecting a more “normal” neural crest-like state. These
data suggest that priming for some forms of aggressive neuro-
blastoma may occur before neural crest emigration from the CNS
and well before sympathoadrenal specification.
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N euroblastoma is the most common extracranial solid tumor
in childhood. Typically occurring before the age of 2 y with a
prevalence of 2.5-5 cases per 100,000 people (1), neuroblastoma is
thought to be a neural crest-derived tumor of sympathetic ganglia,
most commonly located in the adrenal glands. Amplification of
the transcription factor MycN occurs in ~20% of all neuroblas-
toma cases and is associated with aggressive disease with a poor
prognosis (2—4). Given the early onset of neuroblastoma, it has
been speculated that tumor initiation may reflect abnormal de-
ployment of events occurring at early stages of nervous system
development. In recent years, research in the field has focused on
tumorigenic changes in sympathoadrenal precursors. In contrast,
little attention has been given to the possible involvement of
earlier events in neural crest development in neuroblastoma onset.

The neural crest is a transient population of multipotent stem
cells that is induced during gastrulation at the neural plate border,
a region between the neural plate (the future CNS) and the
nonneural ectoderm (the future epidermis). After neural tube
closure, premigratory neural crest cells are initially contained with
the dorsal midline of the forming CNS. Subsequently, neural crest
cells undergo an epithelial-to-mesenchymal transition (EMT) to
delaminate from the dorsal neural tube and initiate migration
toward various destinations within the body. Upon localization at
their final sites, they differentiate into a myriad of different cell
types, including the neurons and glia of the peripheral nervous
system (PNS), melanocytes, and endocrine cells, as well as facial
bone and cartilage (5).

The Myc family of transcription factors is involved in many
important normal cellular events such as cell-cycle progression,
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self-renewal, and RNA biogenesis, but these proto-oncogenes are
also associated with tumor growth and polyploidy in several types
of cancer (6). During early nervous system development, MycN is
excluded from the neural crest stem cell region and instead is
expressed in adjacent neural precursors fated to become part of the
CNS, whereas its paralogue cMyc is endogenously expressed in the
neural crest (7). Later during neural development, MycN has been
associated with the maintenance of neural fate (8, 9), as it is
expressed by slowly proliferating neural stem cells (radial glial pro-
genitor cells) (10), and is required for neural progenitor expansion
and differentiation in the CNS (8, 9). In the peripheral nervous
system, MycN also promotes neural fate and differentiation (11, 12).

Following neural crest EMT from the CNS, MycN is expressed
only at very low levels in migrating neural crest cells (9, 13) and
appears to be further down-regulated before the cells coalesce to
form ganglia. Later, it has been reported to be reexpressed in dif-
ferentiating sympathetic ganglia after the onset of the expression of
proneural genes such as ASCLI (MASHI/HASHI) and lineage-
determining factors such as Phox2B and Hand2 (14-21). Some
data suggest that the initiation of MycN expression in the ganglia is
concomitant with Phox2a expression, followed by Gata2/3, the Trk
genes, and the noradrenergic enzymes tyrosine hydroxylase (TH)
and dopamine beta hydroxylase (DpH) that are associated with
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terminal differentiation and functionality of sympathetic neurons
(22-24), although this remains controversial (9, 25-27). Post-
natally, MycN is not expressed in the sympathetic ganglia (16).
Importantly, overexpression of MycN in mouse sympathoadrenal
progenitors in vivo is not sufficient for tumor formation but in-
stead results in increased neural differentiation (28). However,
neuroblastoma-like tumors were reported after enforced MycN
expression in migrating neural crest cells (29), suggesting that
premature exposure of neural crest cells to high MycN levels may
be important for neuroblastoma initiation.

Like MycN, CIP2A (cancerous inhibitor of protein phosphatase
2A) is overexpressed in several cancer types (30-34) and has been
shown to play a role during CNS development as well as in the
testis (35, 36). Although CIP2A is known to stabilize cMyc by
shielding it from protein phosphatase 2A (PP2A)-mediated deg-
radation (37), it has not previously been associated with MycN.

Here, we tackle the potential links between MycN/CIP2A func-
tion in early nervous system development and neuroblastoma. In the
embryo, we find that both MycN and CIP2A4 are coexpressed in
the forming CNS. However, upon initiation of cMyc expression in
the neural crest stem cell domain of the neural tube (7, 13), CIP24
shifts and is coexpressed with cMyc instead of MycN. As in the early
embryonic CNS, MycN and CIP2A are coexpressed in high-risk
neuroblastoma. Interestingly, ectopic expression of MycN in the
neural crest domain biases neural crest progenitors toward a more
CNS-like neural stem cell identity, so that MycN-expressing neural
crest cells may lack a normal neural crest identity. Similarly, some
neuroblastomas have a transcriptional resemblance to CNS neural
stem cells (38). This raises the intriguing possibility of a fate bias
from presumptive PNS to more CNS-like cells, leading to improper
differentiation of neural crest cells, perhaps contributing to the
priming of tumor initiation in neuroblastoma.

Results

Expression Pattern of CIP2A Overlaps with MycN in the Early Neural
Plate and Closing Neural Tube. CIP2A is a known stabilizing factor
for cMyc, which is important for neural crest specification (7, 13).
However, we found that CIP2A expression starts in the developing
neural plate (Fig. 14) at the gastrula stage [Hamburger Hamilton
(HH) stage 4] and well before the onset of cMyc expression, which
initiates only at the time of neural tube closure. This prompted us
to examine other potential binding partners for CIP2A. Although
not previously implicated as a CIP2A-binding partner, in situ hy-
bridization shows that CIP24 and MycN have very similar ex-
pression patterns during the early neurulation stages (Fig. 14),
whereas cMyc is absent from the neural plate (7, 13). At stage
HH7, CIP24 and MycN are expressed at high levels in the neural
plate but are absent from the neural plate border, which will give
rise to the neural crest as highlighted by Pax7 immunostaining. As
the neural tube closes (starting at stage HHS in the cranial region),
CIP2A4 and MycN are coexpressed throughout the neural tube
except in the dorsum, where cMyc expression initiates. Finally, at
stage HHO, as the cranial neural crest initiates migration, CIP24
expression shifts from the neural region to neural crest and is
apparent in the premigratory neural crest cells, overlapping with
cMyc, but is down-regulated in other parts of the neural tube that
remain marked by MycN expression (Fig. 1 B and C and SI Ap-
pendix, Fig. S14). Along the entire body axis, MycN and CIP2A4 are
expressed in the neural plate and neural tube, whereas cMyc ex-
pression is absent before the premigratory neural crest stage (S/
Appendix, Fig. S1B). Migrating neural crest cells (stage HH10)
express high levels of cMyc and CIP2A4 but much lower levels of
MycN mRNA, which remains strongly expressed in the more
ventral parts of the neural tube that will form the CNS. CIP2A4
expression was also detected in the ectoderm at these later stages
(Fig. 1 B and C and SI Appendix, Fig. S1B). Taken together, the
results show that CIP24 expression overlaps with MycN during
early nervous system development before cMyc expression but
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subsequently is coexpressed with cMyc in premigratory and mi-
grating neural crest cells.

MycN Is Not Expressed in the Forming Peripheral Ganglia. Since neu-
roblastoma tumors are typically found in sympathetic and adrenal
sites, we next examined the expression pattern of MycN at the end
of neural crest migration and onset of their condensation into
peripheral ganglia. To this end, we performed in situ hybridization
using a specific probe that gave strong expression in other parts of
the embryo (limb buds, neural plate, neural tube, and others).
Despite long exposure times, we failed to detect MycN expression
either in migrating neural crest cells or condensed dorsal root or
sympathetic ganglia (Fig. 2 4 and B) from stage HH12 (equivalent
to human ~E24/week 3.5) to E4 (equivalent to human E40-42/
week 6). Similarly at E7 (equivalent to human ES0-52/week 7-7.5)
the TH" sympathetic ganglia did not express MycN (Fig. 2 C and
D). These results suggest that MycN is largely absent from the
peripheral nervous system during the early stages of embryogen-
esis corresponding to the first trimester in human development.

Effects of the Loss of MycN or CIP2A on Early Nervous System Development
and the Neural Crest. To investigate their developmental role, we next
performed loss-of-function experiments using translation-blocking
morpholinos (Mo) against CIP24 or MycN. These were electro-
porated into the epiblast so that a blocking morpholino was intro-
duced on one side of the embryo, and a control morpholino (CoMo)
was introduced on the contralateral side as an internal control (S/
Appendix, Fig. S24). To demonstrate morpholino efficacy, we com-
pared the ability of CIP2AMo or MycNMo versus the control
morpholino to block expression of a construct containing the trun-
cated 5" UTR and OREF, including the morpholino-recognition se-
quence, of their respective genes driving expression of RFP. Both
morpholinos produced efficient and specific loss of the corresponding
construct (SI Appendix, Fig. S2 B-D).

The results show that the loss of CIP2A disrupts the induction
and early specification of neural crest cells. Expression of the
neural plate border markers MsxI/2 and Pax7 at stage HH7 was
reduced in over 80% of the embryos (n = 39) (Fig. 34-C and H).
In a transverse section, MsxI/2 expression was nearly completely
missing on the CIP2AMo side of the neural plate border at stage
HH7 (Fig. 3 B and B’). Slightly later in development (stage
HHS), expression of the neural crest-specifier gene FoxD3 was
severely reduced, with >90% of embryos displaying a strong
phenotype (n = 12) (Fig. 3 E, E’, and H) as viewed in whole
mounts. In contrast, embryos electroporated with the CoMo
alone showed no phenotype and little loss of neural crest marker
expression (stage HH7, n = 19 and stage HHS, n = 20), displaying
only normal variation between the two sides (Fig. 3 4, D, and H).

To further demonstrate the specificity of CIP2A knockdowns,
we performed rescue experiments. To this end, CIP2A was
expressed together with the CIP2A morpholino. We observed a
dose-dependent effect, with 88% of the embryos rescued to
normal with 1 pg/pL of CIP2A (n = 8) (Fig. 4B and SI Appendir,
Fig. S2E) and 57% rescued with 0.5 pg/pL (n = 7).

Next we examined the effects of the loss of MycN, a member
of the Myc family that is expressed in in the neural plate (the
future CNS) in a similar fashion to CIP2A. Similar to the loss of
CIP2A, the loss of MycN also caused a deficit of neural crest
precursors at the neural plate border (stage HH7, n = 39) as
shown in a transverse section (Fig. 3 F and H). Slightly later,
when the neural tube is closed (stage HHS, n = 37), the expression
of FoxD3 in premigratory neural crest cells in the dorsal neural tube
was clearly affected also (Fig. 3 G and H; stage HH7: 67% strong,
28% mild, and 5% no phenotype; stage HHS: 82% strong, 5% mild,
and 11% no phenotype). The phenotype was penetrant throughout
the embryo from cranial to trunk levels. These results suggest that
knockdown of both MycN and CIP2A impacts neural crest devel-
opment although neither gene is expressed in the presumptive
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Fig. 1.

Expression patterns of CIP2A, MycN, and cMyc in the developing neural tube and neural crest cells in the chicken embryo. (A) Whole-mount in situ

hybridization shows that CIP2A and MycN, but not cMyc, are expressed in the neural plate (NP) during gastrulation throughout the anterior-to-posterior axis.
B, areas shown in panel B; s, somites. (B) In contrast, the neural plate border (NPB) that later forms the neural crest does not express any of the three genes at
stages HH4-7 as also seen in transverse sections. As the neural tube closure begins at stage HH8, CIP2A is expressed throughout the entire neural tube (NT),
whereas MycN is restricted to the ventral parts that will form the CNS. cMyc expression onsets at late stage HH8 in the dorsal neural tube that will become the
neural crest (NC). By stage HH9 CIP2A and cMyc are restricted to the dorsal neural crest area, whereas MycN is expressed in the remaining neural tube but not
in the dorsum. CIP2A expression is also seen in the nonneural ectoderm (E) after stage HH9. (Scale bars: 20 um.) (C) A schematic diagram summarizing the
expression patterns seen in A and B and S/ Appendix, Fig. S1. Red represents the neural crest, blue represents neural stem cells of the future CNS, and gray is
future epidermis. The thin red line for MycN represents a much lower expression level of MycN in the migrating neural crest compared with the other stages

and genes, respectively.

neural crest at this early developmental time point. Thus, we spec-
ulate that both MycN and CIP2A are required for proper develop-
ment of the neural plate and thus the neural stem cells that form the
CNS, and that disruption of this process secondarily affects subse-
quent neural crest development in the neural plate border (39).

Epistatic Relationship Between MycN and CIP2A. To examine
whether CIP2A and MycN may be functionally associated, we
asked whether the loss of CIP2A, predicted to lead to faster
degradation of MycN, can be compensated by the overexpression
of MycN. To this end, we knocked down CIP2A using a mor-
pholino and coinjected MycN to test whether this was sufficient
to rescue the phenotype. Indeed, 75% of the embryos (n = 12)
were rescued by coinjection of 0.75 or 1 pg/uL MycN (Fig. 4 4, A,
and B) and 62% (n = 4) were rescued with 0.5 pug/uL MycN. In-
terestingly, a small percentage (<20%) of the embryos showed a
slight increase in the expression of the neural crest marker FoxD3
(Fig. 4B). These results reveal a dose-dependent ability of MycN
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to rescue the effects of loss of CIP2A, consistent with an epistatic
interaction.

Ectopic MycN or CIP2A Causes a Shift in Neural Crest Identity Toward
a More CNS-Like Fate. Since amplification of MycN is a hallmark
of neuroblastoma with poor prognosis, we next examined the effects
of elevated MycN or CIP2A in the neural plate border and pre-
sumptive neural crest domain, sites where MycN is not endoge-
nously expressed. The results show that overexpression of either
CIP2A or MycN significantly reduced the expression of neural crest
markers FoxD3 and Pax7 at all axial levels from cranial to anterior
trunk (Fig. 5 A, B, and D). Instead, ectopic MycN in the dorsal
neural folds led to enhanced CNS stem cell identity as shown by
increased Sox2 throughout the neural tube (from ventral to dorsal,
Fig. 5 C and D, and “Sox2 all” in Fig. 5G).

Importantly, the neural crest domain, as indicated by the ex-
pression of Pax7, was significantly reduced in size, suggesting that
ectopic MycN may have neuralized a large proportion of the cells
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Fig. 2. MycN is not expressed in the developing sympathetic ganglia. (4) At
day 4 of chicken embryo development, MycN is expressed in the dorsal
neural tube and the dermatome (arrowheads), but no MycN expression was
detected in the peripheral ganglia as shown by in situ hybridization in the
trunk level. The ganglia are highlighted by HNK immunostaining. (B) High-
magnification images of the E4 sympathetic ganglia with no MycN expres-
sion. (C) At day 7, MycN expression is visible in the ventricular apical region
surrounding the neural tube, but no expression is detected in the TH-
immunopositive sympathetic ganglion. (D) High magnification of the
E7 sympathetic ganglia with no MycN expression (boxed area in panel C). d,
dermatome; da, dorsal aorta; drg, dorsal root ganglion; n, notochord; nt,
neural tube; sg, sympathetic ganglion. (Scale bars: 100 pm.)

in the neural crest domain (green arrowheads in Fig. 5E), as also
shown by a decrease in overall Pax7 expression on the MycN-
injected side compared with control embryos (Fig. 5G). Consis-
tent with this possibility, even the small remaining population of
Pax7* neural crest cells had significantly higher Sox2 levels com-
pared with the endogenous Sox2 expression levels on the control
side (Fig. SE and “Sox2 dorsal” in Fig. 5G).

Although very low Sox2 levels are normally present in neural
crest cells (see control side in Fig. 5E), quantitative analysis at
single-cell-level resolution revealed a significant increase in the
cells that expressed high or intermediate levels of Sox2 in
the MycN-overexpressing neural crest domain. Conversely, the
number of cells that express no or low levels of Sox2 (normally
75% of the neural crest cells) was reduced to 45% due to en-
hanced MycN expression (see pink arrowheads indicating high
Sox2 levels and purple arrowheads indicating intermediate Sox2
levels in Fig. 5E and quantifications in Fig. SH). Ectopic MycN
also caused a significant decrease in the proportion of Sox2™ cells
[from 42% (SD = 0.06) on the control side to 20% (SD = 0.1) on
the MycN-injected side; P = 0.003, n = 7], consistent with an
overall increase in Sox2 levels on the MycN-injected side (Fig.
5G). In contrast, the Pax7 levels in individual cells were decreased
by 25% on average (Fig. 5I) but displayed less variance (ranging
from medium to high levels) than Sox2 expression on both the
MycN-overexpressing and the control sides (Fig. SE). Cells
expressing both high Pax7 and high Sox2 levels on the control side
were extremely rare, with only a few found at the border region
between CNS and neural crest domains in seven embryos; this
number was significantly (14-fold) higher following MycN over-
expression (Fig. 5J). These results suggest that ectopic MycN shifts
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the presumptive neural crest domain toward a more CNS-like
neural stem cell fate. This is consistent with reports showing
that fate changes can occur by tweaking transcription factor levels
in the neural plate border (40). Importantly, these results suggest
that the abnormally high levels of Sox2 do not abolish neural crest
identity but rather result in a mixed identity (high/intermediate
Sox2*/Pax7*), which we refer to as “CNS-like” neural crest cells.

CNS-Like Neural Crest Cells Emigrate from the Neural Tube and Are
Migratory. The results described above raised the intriguing
question of whether these Sox2*/Pax7* CNS-like neural crest cells
can undergo EMT, migrate, and contribute to the peripheral
nervous system. To address this possibility, we examined embryos
at later times, when neural crest cells were emigrating and mi-
grating through the periphery. The results showed that neural
crest cells with excess MycN were able to undergo EMT to leave
the CNS. Although some migrating MycN-overexpressing cells
lacked Pax7, perhaps reflecting bias toward a neural fate (Fig. SF,
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Fig. 3. Neural crest is lost upon knockdown of MycN or CIP2A. (A-C) Whole-
mount images of a chicken embryo electroporated with a control morpho-
lino shows similar expression of the neural plate border marker Msx1 on
both sides (A), while knockdown of CIP2A significantly reduces the expres-
sion of both Msx1 (B and B’) and Pax7 (C) along the entire neural axis of the
embryo at stage HH7 (arrowheads). (D-E') The phenotype persists at stage
HH8, as expression of the neural crest specifier gene FoxD3 is reduced from
anterior to posterior parts of the embryo. (F and G) Similarly, morpholino-
mediated knockdown of MycN causes a loss of the expression of Msx-1 (F)
and FoxD3 (G). (Scale bars: 20 um.) (H) Quantification of the phenotypes.
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Fig. 4. CIP2A and MycN cooperate in the developing neural tube. (A and A’) Loss of CIP2A is rescued by coexpression of MycN as shown by whole-mount in
situ hybridization for FoxD3 (A) and in a transverse section of the same embryo (A’). (Scale bars: 20 pm.) (B) Quantification of the rescue experiments.

blue arrowheads), most remained Pax7" (Fig. 5F, white arrow-
heads). In addition, there was variability in the MycN-RFP levels,
with some cells expressing high levels of Pax7 having low MycN-
RFP expression (Fig. SF, pink arrowheads). This is expected, since
the expression levels of constructs are variable from cell to cell
after electroporation.

In line with the premigratory stages (Fig. 5 D and E), shortly
after emigration we noted fewer migrating neural crest cells (n =
3) (SI Appendix, Fig. S2F). With time, however, the numbers of
the neural crest cells observed migrating further laterally increased
(Fig. 5 F and K). Immunostaining showed that migrating MycN-
overexpressing neural crest cells had lost their Sox2 expression (S/
Appendix, Fig. S2F), in accordance with previous reports (40, 41).
These results suggest that the CNS-like Pax7"/MycN* neural crest
cells are able to undergo EMT and that migrating MycN-
overexpressing cells matured from Sox2* precursors into periph-
eral nervous system progenitors. This is consistent with previous
experiments showing that overexpression of MycN at the migra-
tory stage causes an excess of neural crest cells that predominantly
differentiate into peripheral neurons (11).

Strong Association of High MycN and CIP2A Levels with Aggressive
Forms of Neuroblastoma. Next, we asked whether the scenario func-
tioning during early neural plate and neural crest development
might be recapitulated in neuroblastoma. To this end, we examined
potential correlations between the expression of CIP2A4, MycN, and
c¢Myc in neuroblastoma samples using three independent datasets:
KOCAK (Fig. 6), SEQC498 (SI Appendix, Fig. S3), and Versteeg88
(SI Appendix, Fig. S4).

All three datasets display substantial mRNA expression levels
of all three transcripts, although the MycN levels were in the
highest range (Fig. 64 and SI Appendix, Fig. S44). The expres-
sion pattern for MycN was bimodal, presumably reflecting MycN-
amplified versus nonamplified status: In the first group, the
majority of samples had lower expression levels, ranging from
2log'? to 2log'®, whereas in the second group the levels ranged
from 2log'® to 2log!®. Expression levels of cMyc were in the range
between 2log'! and 2log!® and were lowest for CIP2A4, ranging
from 2log’ to 2log'* (Fig. 64). When the expression levels of MycN
were compared in the MycN-amplified versus the nonamplified
group, the results clearly show that the levels in the nonamplified
group are comparable to cMyc levels, and thus the levels were
much higher in the MycN-amplified tumors (Fig. 6B). As in the
early embryo (Fig. 1), the expressions of the two Myc family
members show a strong inverse correlation (Fig. 6C and SI Ap-
pendix, Fig. S3A4), suggesting that they are not likely to be
coexpressed in the same neuroblastoma tumors. However, MycN
and CIP24 mRNA expressions show positive correlation in the
complete dataset as well as in stage 4 tumors only, reminiscent of
the situation we observe in the early embryo (Fig. 5) after ectopic
MycN expression in the neural crest domain (Fig. 6D and SI
Appendix, Figs. S3B and S4B). However, although this correla-
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tion is maintained in both the MycN-amplified and nonamplified
stage 4 tumors in the SEQC498 dataset (SI Appendix, Fig. S3B),
it is lost in the MycN-amplified cases in the KOCAK dataset
(Fig. 6E), suggesting a stronger correlation with the “more
physiological” MycN expression levels (Fig. 6B). Conversely,
expression of cMyc and CIP2A correlated negatively in the
KOCAK dataset as well as in stage 4 tumors only; however, their
expression was weaker in the MycN-nonamplified stage 4 tumors
(Fig. 6F), whereas their correlation was weaker in the complete
dataset and was lost in stage 4 tumors in the SEQC498 dataset (SI
Appendix, Fig. S3D). The number of individual tumors in the MycN-
amplified and/or the stage 4 group is low (even in the largest
KOCAK dataset there are 41 and 65 tumors, respectively). Thus,
the sample size may be too low for statistical significance or for
drawing firm conclusions. In line with the other datasets, in the
Versteeg88 dataset CIP2A correlates with MycN in the MycN-
nonamplified group (SI Appendix, Fig. S4B) and correlates nega-
tively with cMyc in the MycN-amplified group (SI Appendix, Fig.
S4C). We also found that MycN (as previously known) and
CIP24 individually correlate significantly with the International
Neuroblastoma Staging System (INSS) stages, i.e., highest ex-
pression is found in the most aggressive stage 4 tumors, whereas
c¢Myc shows an opposite declining trend (Fig. 6G and SI Ap-
pendix, Figs. S3C and S4E).

Consistent with previously published results, high expression
of both MycN (3, 4) and CIP24 (42) correlate with poor prog-
nosis in neuroblastoma in all three clinical datasets analyzed here
(Fig. 6 H and J and SI Appendix, Figs. S3 E and G and S4D).
However, the correlation between CIP2A and outcome is signifi-
cant only in the complete dataset and in the MycN-nonamplified
tumors but is lost in the MycN-amplified tumors and stage 4 tu-
mors (Fig. 6H and SI Appendix, Fig. S3E). In contrast, expression
of cMyc was associated with improved patient survival in both the
complete dataset and stage 4 tumors (Fig. 6/ and SI Appendix, Fig.
S3F) and thus shows an inverse correlation compared with its
ortholog MycN (Fig. &/ and SI Appendix, Fig. S3G). Together,
these results are consistent with functional cooperation between
MycN and CIP2A in the development of clinical neuroblastoma.

CIP2A Promotes SOX2 Expression in MycN-Amplified Neuroblastoma
Cells. To further explore the functional relationship of MycN and
CIP2A in neuroblastoma, we utilized a panel of neuroblastoma
cell lines with [SK-N-BE(2); NGP cells] or without (SK-N-AS
cells) MycN amplification. Both MycN-amplified neuroblastoma
cell lines were positive for CIP2A and Sox2 but expressed very low
or undetectable levels of cMyc (Fig. 74). Instead, SK-N-AS cells
that harbor normal MycN copy numbers expressed extremely low
protein levels for both MycN and Sox2 but expressed substantial
levels of cMyc (Fig. 7B). This reciprocal relationship between
cMyc and MycN is reminiscent of our observations in the dorsal
neural tube of early embryos (Fig. 1) as well as in clinical neuro-
blastoma (Fig. 6).
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Fig. 5. Enhanced MycN in the neural crest domain causes a fate bias toward CNS-like neural stem cells. (A-B’) Ectopic expression of either CIP2A (A and A’) or
MycN (B and B’) leads to a significant decrease in the size of the neural crest domain as shown by in situ hybridization for FoxD3. (C) Electroporation of MycN-
RFP causes an increase in Sox2 protein levels throughout the neural folds. (D) This leads to both full and partial neuralization of the Pax7* neural crest
domain. (E) Enlarged view of the boxed area in D highlights the different levels of neuralization due to ectopic MycN: completely neuralized Sox2*/Pax7~ cells
(green arrowheads), partially neuralized Pax7M9"/Sox2"9" cells (pink arrowheads), and Pax7Migh/sox2intermediate (q||g (purple arrowheads). (F) Neural crest cells
are able to emigrate and migrate despite ectopic MycN, and most of the cells also express Pax7 (white arrowheads), while some are MycN*/Pax7~ (blue
arrowheads). Electroporation causes variability as shown by a lower MycN level in some cells (pink arrowheads). e, ectoderm; NT, neural tube. (G)
Pax7 expression is significantly decreased on the MycN ectopic side (P = 0.0041; t test), reflecting the smaller size of the neural crest domain, and Sox2* levels
are increased both in the entire neural tube (Sox2 all), and the neural crest domain (Sox2 dorsal) (P = 0.0021). (H) Ectopic MycN increases Sox2 levels in Pax7*
neural crest cells (high, P = 8.6E-06; medium, P = 0.042; t test). Conversely, the proportion of normal neural crest cells with no or low Sox2 levels was reduced
from 75 to 45% (P = 7.4E-05; t test) on the MycN-injected side (/), and Pax7 expression decreased by 25% (P = 0.0031; t test). (J) The number of cells with high
levels of both Pax7 and Sox2 is increased by 14-fold (P = 0.011; t test). (K) The MycN-overexpressing side has more Pax7* migratory neural crest cells than the

control side. The lines inside the box plots represent the median values. (Scale bars: 50 pm.) *P < 0.05, **P < 0.01.

To test for a possible direct interaction between CIP2A and
MycN, we used the proximity ligation assay (PLA) to examine
the physical proximity of these proteins in the SK-N-BE(2) cell
line. The results show that CIP2A and MycN indeed associate
with each other (Fig. 7C).

We next addressed whether the in vivo cooperation between
CIP2A and MycN in the regulation of Sox2 expression shown in
avian embryos (Fig. 5) was a cell-autonomous process. To this end,
we tested the effects of CIP2A depletion in neuroblastoma cells
using three independent siRNAs. CIP2A depletion caused changes
in cellular responses in a cell-viability assay (Fig. 7D), with cells
exhibiting decreased anchorage-independent growth in a soft agar
assay (Fig. 7E). Importantly, CIP2A depletion significantly reduced
Sox2 protein expression in the MycN-amplified cell lines, consistent
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with the in vivo results. Levels of MycN were slightly increased,
possibly due to a compensatory effect caused by a lack of the normal
half-life protected by CIP2A (Fig. 7A4). Interestingly, in the MycN
wild-type cells that display a more neural crest-like expression
profile (low levels of Sox2/MycN and physiological levels of cMyc),
the loss of CIP2A had no effect on cMyc (Fig. 7B), further sug-
gesting that CIP2A expression in neuroblastoma is connected to
MycN and not to cMyc. These results suggest that the cooperation
of MycN and CIP2A in Sox2 regulation observed both in vivo and in
vitro is cell autonomous. They also confirm that the molecular
features detected in neuroblastoma cells and in clinical neuroblas-
toma are similar to those observed during early CNS development.

Finally, we tested whether Sox2 and MycN correlate in clinical
neuroblastoma. The expression levels of Sox2 in the KOCAK and
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Fig. 6. CIP2A and MycN are strongly correlated with a poor prognosis, while cMyc correlates with better survival probability. (A) MycN, cMyc, and CIP2A show
substantial expression levels in neuroblastoma with CIP2A displaying the lowest range. The expression of MycN is bimodal, and the expression in the highest
group exceeds the level of cMyc and CIP2A. Note the different values on the x and y axes in each image. (B) The bimodal expression of MycN mRNA in MycN-
amplified (amp) and nonamplified (hon amp) tumors shows how the amplified levels are above physiological levels. (C-E) Expression of cMyc and MycN shows
negative correlation in clinical neuroblastoma samples (C), whereas MycN correlates positively with CIP2A, as shown both in the complete dataset and in stage
4 tumors only (D), but, presumably due to the extremely high expression levels, the correlation is lost in the MycN-amplified stage 4 tumors, whereas strong
correlation is shown in the stage 4 nonamplified group (E). (F) CIP2A and cMyc correlate negatively in the complete dataset and stage 4 tumors, but the
correlation is weaker in the MycN-nonamplified stage 4 tumors. (G) CIP2A expression correlates significantly with the INSS stage, and cMyc shows an inverse
correlation. (H) Kaplan—Meier curves showing a significantly lower survival probability for patients with high CIP2A levels in the complete dataset and in
MycN-nonamplified tumors (with more physiological MycN expression levels). The correlation is lost in the stage 4 tumors and in the MycN-amplified group. (/
and J) High cMyc expression levels (which may represent physiological rather than overexpressed levels) correlate with better survival probability in clinical
neuroblastoma in both the complete and stage 4 datasets (/), whereas MycN, as previously known, correlates with a poor outcome (J). *P < 0.05; na, not
available.

SEQC498 clinical datasets were low, with the majority of the tu-
mors ranging from 2log’ to 2log’, and there is no significant
correlation with MycN (SI Appendix, Fig. S5 A and B). This is in
line with our finding that Sox2 levels are down-regulated after
emigration from the neural tube during normal development and
in MycN-overexpressing neural crest cells (SI Appendix, Fig.
S2F). We also tested whether we could detect a correlation be-
tween MycN and other commonly known neural stem cells
markers such as Nestin or Mushashi2, but no significant corre-
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lations were noted (SI Appendix, Fig. S5 C-F). These results
suggest that the expression of Sox2 in neuroblastoma cell lines
may be a sign of regression into an earlier developmental time
point that is not maintained in tumors in vivo but exists under
certain culture conditions in vitro.

Discussion
Despite extensive efforts and different forms of therapy, treat-
ment of aggressive high-risk neuroblastoma remains a challenge.
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Therefore, understanding the initial steps of tumor formation is
crucial for designing novel approaches for treatment. Neuroblas-
toma originates in neural crest-derived sympathetic nerves and is
associated with reduced neural differentiation capacity and thus
an enhanced stem cell-like profile. The etiology remains unknown,
and it is likely that multiple mechanisms lead to the heterogeneous
group of tumors classified as neuroblastoma. Interestingly, a
transcriptome analysis performed over a decade ago reveals that
some neuroblastomas have twice as many genes in common with
CNS neural stem cells than do normal sympathoadrenal progen-
itors (38). Since cancer cells often express features that mirror
their stem cell origin, this raises the intriguing possibility that
factors that might bias neural crest cells toward a more CNS-like
state may play a role as a priming event in neuroblastoma. During
nervous system development, CNS and PNS precursors arise in
adjacent domains within the forming neural plate, with neural
crest stem cells in the neural plate border and CNS precursors in
the immediately lateral neural plate domain. This led us to in-
vestigate whether misregulation of the events that guide fate de-
termination at the neural plate border could help explain the
initiation mechanism underlying neuroblastoma formation.

The majority of studies on neuroblastoma initiation to date
have focused on finding links to sympathetic ganglia formation. In
contrast, far less attention has been paid to the possibility that
predisposing oncogenic changes in the premigratory and early
migrating neural crest may occur before the cells have migrated to
the site of sympathetic ganglia formation. This prompted us to test
the hypothesis that the initiation of some forms of neuroblastoma
may occur at early time points in nervous system development and
well before specification of the sympathoadrenal lineage. Given
that the great majority of neuroblastoma research is done in
neuroblastoma cell lines that already are malignant, the initial
mechanism(s) that triggered the disease may be masked under a
series of secondary defects. Therefore, we went back to the early
embryo to test the role of both endogenous and ectopic MycN and
CIP2A as possible priming factors.

Amplification of MycN remains the strongest single indicator
of poor prognosis in neuroblastoma (43). Previously, the de-
velopmental role of MycN has been examined primarily at later
stages, during neural crest migration and gangliogenesis. In the
spinal ganglia and the developing CNS, MycN promotes neural
fate and differentiation (8, 9). Overexpression of MycN in mi-
grating neural crest cells of chicken embryos increases the pro-
portion of neurons at the expense of other derivatives (11).
Reciprocally, loss of MycN in mouse embryos reduces the size of
the entire nervous system, including peripheral, spinal, and cra-
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nial ganglia (12), and decreases the number of mature neurons in
the spinal ganglia (9). Although it has been assumed that MycN
was expressed in chick and mouse peripheral ganglia during their
formation and maturation (9, 21, 25, 26), we were not able to
detect any MycN mRNA in the chick sympathetic ganglia at any
time point from migratory stages to late gangliogenesis (E2-
E7 corresponding to E50-52/week 7-7.5 in humans as the latest
time point) (Fig. 2). In contrast to our results, a previous study
proposes that there is weak MycN expression in sympathetic
ganglia. However, they also find strong expression of cMyc at the
same stage in sympathetic ganglia (25), in line with previous
findings (10) and our results here regarding the reciprocal ex-
pression pattern of these two orthologs in the embryo and in
neuroblastoma. We cannot rule out the possibility that MycN is
turned on in the sympathetic ganglia later in gestation and then
is turned off again before birth. Taking the data together, we
speculate that MycN expression in neuroblastoma is ectopic and
may reflect an abnormal priming of the early neural crest toward
a more CNS-like neural stem cell fate.

While MycN overexpression in sympathoadrenal progenitors in
vitro leads to neural lineage commitment and tumor-like charac-
teristics, the onset of this oncogenic program is inhibited in an in
vivo context (28). In contrast, MycN overexpression in migrating
neural crest cells is sufficient for in vivo transformation and for-
mation of tumors with phenotypic resemblance to neuroblastoma
(29), again suggesting that time points before sympathoadrenal
lineage specification may be the root of some forms of neuro-
blastoma. We find that MycN amplification in premigratory neural
crest stem cells within the neural tube biases them toward Sox2*
neural stem cells (Fig. 5). While some cells are completely ven-
tralized, losing Pax7 expression, others coexpress high Sox2 levels
while retaining Pax7. We hypothesize that these cells may be
“primed” for neuroblastoma formation, as they retain the ability
to undergo EMT and migrate despite their ectopic CNS-like
neural stem cell bias. We speculate that the retention of high
MycN levels in the migrating neural crest cells may abnormally
induce proliferation and the maintenance of neural identity but
that these cells are unable to differentiate normally when they
reach the ganglia due to their neural progenitor state.

We report an interesting reciprocal relationship between cMyc
in the neural crest domain and MycN in the remaining neural tube.
Although we have shown that cMyc expression is critical for the
maintenance of early neural crest identity and self-renewal ca-
pacity (Fig. 1) (7, 44), MycN seems to function primarily in CNS
neural stem cells. Similarly, we show that the expression of cMyc
and MycN in clinical neuroblastoma (Fig. 6) is complementary in a
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manner paralleling that in the embryo (Fig. 1). Our results using a
combination of functional studies in the embryo (Fig. 5) together
with neuroblastoma cell lines (Fig. 7) and publicly available tu-
mor datasets (Fig. 6 and SI Appendix, Figs. S3 and S4) suggest
that MycN overexpression (or in many cases amplification)
biases their fate from neural crest toward CNS-like neural stem
cells and that this bias reflects an early developmental event. The
fact that CIP2A partners with MycN only during the early neural
plate stage and not later after neural tube closure or in the mi-
grating neural crest cells further strengthens our hypothesis that
some tumors are primed at an early developmental time point. It
is intriguing to speculate that this early mechanism may reflect
the underlying cause of initiation of the most aggressive forms of
neuroblastoma. Our findings also bring neuroblastoma closer to
other pediatric CNS tumors such as medulloblastoma, raising the
possibility that common mechanisms may underlie the initiation
of these tumors.

Many pediatric malignancies arise from embryonic cell types
that have persisted and give rise to tumors in early childhood
(45). Pediatric tumors are thus unlikely to be driven by the
gradual accumulation of genetic lesions but rather via oncogenic
cells that are predisposed to malignant growth while carrying few
mutations (46). In Drosophila, it has been shown that in-
termediate neural progenitors born during a particular time
period are predisposed to malignancy (47). Similarly, we specu-
late here that, rather than immediately initiating rapid tumor
growth, these early events may serve as a priming event for tu-
mor susceptibility so that cells ectopically exposed to high MycN
levels early in development have the potential for metastatic
tumor growth later during ganglia formation.

Neuroblast hyperplasia is detected in normal ganglia before
and around birth. Some of these neuroblasts progress into
neuroblastoma-like tumors upon MycN overexpression under
the TH promoter (45) but do not fully recapitulate the metastatic
disease. It is intriguing to speculate that perhaps, in addition to
the constitutive ectopic MycN expression in the developing
ganglia, the early priming event in the neural plate border we
describe in this study triggers the formation of a full-blown
metastatic neuroblastoma. This also suggests that existing
mouse and zebrafish neuroblastoma models that activate MycN
in the peripheral ganglia may initiate the expression at a time
point that is too late for understanding the initiation of at least
some subgroups of the disease (45, 48-52). Finally, neuroblas-
toma occasionally occurs in association with other neural crest-
derived defects (also known as “neurocristopathies”) such as
Hirschsprung’s disease (53-56), which results from a failure of
neural crest cells to populate the most distal portions of the in-
testines. This supports the idea that early onset of neuroblastoma
may occur in multipotent neural crest stem cells before their
migration into respective target tissues and perhaps may limit the
pool of migrating cells.

We were intrigued by the fact that CIP2A is known to stabilize
cMyc, but little was known about its interaction with MycN. We
noted that CIP2A was expressed throughout the neural plate and
neural tube at a time when cMyc is not yet expressed. This
prompted us to study whether CIP2A might initially stabilize
MycN at early times until cMyc is turned on, and indeed, our
study reveals CIP2A as a binding partner of MycN (Figs. 4 and
7). CIP2A has an established role as an oncogene, and its
knockdown leads to down-regulation of several oncogenic driv-
ers (Akt, cMyc, and E2F1) due to PP2A dephosphorylation-
mediated degradation (57). Although the loss of CIP2A does
not compromise mouse viability, it causes defects in neural and
spermatogonial progenitors (35, 36). Here we show that it is, in
collaboration with MycN, also required for the correct formation
of the neural stem cell characteristics of the neuroectoderm at
the neural plate but not later, after neural tube closure (Figs. 2—4).
We also show that CIP2A couples with MycN in neuroblastoma
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(Figs. 6 and 7), which suggests that this early developmental role is
maintained in neuroblastoma. CIP2A is overexpressed in a large
fraction of all major human cancer types and, in line with previous
findings (37, 57), its inhibition leads to decreased tumor cell via-
bility in neuroblastoma cell lines (Fig. 7), suggesting that CIP2A
may be a potential target for neuroblastoma therapy.

cMyc is famous for its oncogenic properties and is overex-
pressed in multiple cancer types (58). Thus, it is counterintuitive
that its expression is associated with higher survival rates and
good prognosis in neuroblastoma (Fig. 6). There are several
possible explanations for this observation. First, cMyc in neuro-
blastoma may reflect a more normal multipotent neural crest
stem cell state that is capable of responding to cues from the
environment to promote differentiation (7). Second, the overall
expression levels of cMyc in neuroblastoma samples are signifi-
cantly lower than the expression levels of MycN in the MycN-
amplified tumors (Fig. 6) and thus are likely to be similar to the
endogenous physiological levels during embryonic development.
This is in line with the reports on high cMyc levels as a prognostic
marker for the poor outcome in a small percentage of the un-
differentiated subtype of neuroblastoma, NBUD (59, 60), in which
the overexpression of cMyc may have triggered the highly pro-
liferative oncogenic machinery that is not turned on in neural crest
cells during normal development (7). In line with this, a recent
study shows that a subset of high-risk neuroblastomas display up-
regulated cMyc due to enhancer hijacking, and overexpression of
cMyc under the DPH promoter induced tumor mass growth in
vivo in zebrafish (61). cMyc amplification is extremely rare in
neuroblastoma, but a case study reports undifferentiated mor-
phology, poor survival, and low levels of MycN expression in these
tumors (62). These studies further support our hypothesis that
physiological rather than overexpressed cMyc levels are associated
with the better outcome of the disease.

Despite their very different endogenous roles during the de-
velopment of the nervous system, it is important to keep in mind
that all Myc family members have oncogenic properties and,
upon misregulation, can trigger the onset of malignant trans-
formation. In fact, in line with the reports on poor prognosis with
very high cMyc levels, transcriptional profiles of downstream tar-
gets due to increased expression of any Myc member (MycN/
cMyc/IMyc) are very similar in neuroblastoma and other cancer
types, and all correlate with poor capacity to differentiate (63, 64).
It is thus possible that some of the reports on forced MycN/cMyc
overexpression in the sympathetic ganglia reflect this general on-
cogenic capacity instead of resembling the actual initiation process
of neuroblastoma. Our results highlight the normal role of MycN
in early neural development and raise the intriguing possibility
that the balance of CIP2A/MycN binding at the neural plate
border can influence cell-fate decisions in early embryos in a
manner that triggers priming of neuroblastoma cells.

Materials and Methods

Detailed information regarding materials and methods can be found in S/
Appendix, SI Materials and Methods. Briefly, whole-mount in situ hybrid-
ization and gain and loss of function experiments were performed on
chicken embryos as previously described (65-67). Morpholinos were pur-
chased from Gene Tools LLC (www.gene-tools.com/), immunostaining was
performed as described (7), and Western blot lysates from the neuroblas-
toma cell lines SK-N-AS and SK-N-BE(2) were made 2 d after RNAI infection;
the Western blot protocol was carried out as previously described (37, 68).
Fluorescence on the images was quantified by using ImageJ (NIH). The PLA
was performed according to the manufacturer’s instructions for the Duolink
kit (DUO92102; Sigma-Aldrich), and cell viability and proliferation was
measured using the WST-1 kit (5015944001; Roche). The statistical analyses
were performed on publicly available clinical neuroblastoma datasets
(KOCAK, SEQC498, and Versteeg88) acquired from the R2 microarray anal-
ysis and visualization platform (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi).
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