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Abstract
Background.  Neuroblastoma (NB) is a common childhood malignant tumor of neural crest (NC) origin with re-
markable heterogeneity in outcomes. Amplification of the oncogene MYCN is strongly associated with highly ma-
lignant behaviour and poor prognosis.
Methods. This study aims to use a human embryonic stem cell (hESC)-derived NC model to identify novel down-
stream effectors of MYCN that can be potentially used as prognostic marker and/or therapeutic target.
Results. We show that MYCN-driven NB derived from human neural crest cells (hNCCs) recapitulate the patho-
logical and molecular features of MYCN-amplified neuroblastoma (MNA-NB). By using this platform, we iden-
tify a group of 14 surface protein-encoding genes that are associated with MYCN expression level in MNA-NB. 
Among these genes, high CD55 expression is correlated with poor survival in MNA-NB but not in non-MNA-NB. 
Furthermore, CD55 promotes tumorigenesis, tumor growth, and cancer stemness in MNA-NB cell lines (MNA-NBL) 
through regulating the JNK pathway. Mechanistically, MYCN binds to both canonical and noncanonical E-boxes 
on the promoter of CD55 to regulate its transcriptional expression. Finally, neutralizing antibody targeting CD55 
significantly attenuates cancer stemness, suppresses tumor growth, and improves survival exclusively in MNA-
NBL-inoculated mice.
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Conclusion.  MYCN shapes CD55 into a cancer stem cell regulator which represents a prognostic marker and 
therapeutic target of MNA-NB. The hESC-derived NC model serves as a valuable platform for investigating 
NB initiation and progression and developing potential therapeutic targets.

Key Points

•	 Induced deregulation of MYCN in hNCCs is sufficient to induce tumors that 
recapitulate MNA-NB.

•	 CD55 promotes tumorigenesis and cancer stemness only in MNA-NB.

•	 CD55 can be used as a prognostic marker and therapeutic target for MNA-NB.

Neuroblastoma (NB) is a childhood malignancy of neural 
crest (NC) origin, leading to ~15% of cancer-related death 
in the pediatric population.1 The clinical hallmark of NB 
is its biologic heterogeneity and wide range of clinical be-
havior, which spans from spontaneous regression to highly 
aggressive metastatic disease unresponsive to standard 
anticancer therapy.2 The extensive clinical and pathologic 
heterogeneity of this malignancy explicitly reflects the 
unique developmental biology of the NC.3 NC originates 
in the ectodermal layer of developing vertebrate embryo, 
giving rise to multipotent neural crest cells (NCCs) which 
migrate and contribute to a remarkably diverse array of 
tissue types ranging from the peripheral nervous system to 
the craniofacial skeleton. While the definitive cell of origin 
of NB is still not clear, it is widely accepted that NB arises 
from the sympathoadrenal lineage of NC.4 Recently, this as-
sumption is challenged by studies showing that NCCs can 
be transformed into an immortalized phenotype capable 
of forming metastatic neuroectodermal tumors in mice, 
resembling human NB.5,6 Oppositely, expression of MYCN 
in sympathoadrenal progenitors was only able to induce 
proliferation and neural differentiation, but not sufficient 
for tumorigenesis.7 These findings suggest the involve-
ment of genetic events at earlier NC developmental stage 
during NB onset. Thus, a developmental stage- and species-
appropriate platform may help explain the cellular and mo-
lecular basis of this disease and identify potential targets for 
specific biological interventions.

Among the genetic alterations identified in NB, ampli-
fication of the MYCN is observed in about 20% of cases, 
and has long been associated with high-risk disease 
and poor outcome.8 MYCN encodes an E-box-binding, 
basic-helix-loop-helix-leucine zipper transcription 
factor that activates or represses discrete target genes 

involved in cancer development. Of note, while inhibi-
tion of MYCN protein leads to tumor growth inhibition 
in NB mouse models,9–11 MYCN is not amenable for di-
rect pharmacologic inhibition.11,12 On the other hand, di-
vergent outcomes have been observed among patients 
with MYCN-amplified neuroblastoma (MNA-NB).13 Thus, 
improvement of treatment efficacy requires the devel-
opment of additional therapies based on targetable path-
ways that are activated in the high-risk group.14 In this 
study, we sought to exploit the human embryonic stem 
cell (hESC)-derived NC model to recapitulate human NB 
initiating process and to unveil MYCN downstream ef-
fectors that can be used as prognostic markers and/or 
therapeutic targets for MNA-NB.

Methods

hESC Cell Culture and hNCC Differentiation

hESC cell lines, H7, and H9 purchased from WiCell 
Research Institute (WA-09, WA-07 WiCell Research 
Institute, Madison, WI, USA), were cultured on Geltrex-
coated 6-well plates with Essential 8 medium (Thermo 
Fisher, Waltham, MA, USA). For hNCC induction, on day 
0, hESC were treated by Accutase and seeded at 900,000 
cells per well. On day 1, the medium was changed into 
hNCC differentiation medium as previously described.15 
Cells were passaged onto Geltrex-coated plates when 
reached 90% confluence every 3 or 4  days. On day 16, 
cells were collected for characterization or used for other 
functional tests as described previously15 and detailed in 
the Supplementary Methods.

Importance of the Study

In this study, we utilized a hESC-derived NC model to 
study the development of NB. We are able to identify 
a group of cell surface protein-encoding genes that 
are associated with MYCN in MNA-NB, among which 
CD55 is characterized as a prognostic marker and ther-
apeutic target. Our findings have the potential to help 

us distinguish a subset of patients with the worst prog-
nosis that requires personalized treatment. In addition, 
hESC-derived NC model may provide a powerful plat-
form for the identification of novel targets underlying 
known genetic lesions and serve as a foundation for the 
development of molecular-based treatment.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
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Neuroblastoma Cell Lines

Neuroblastoma cell lines (NBL) SKN-AS, SKN-SH, and 
SKN-BE(2)C were purchased from ATCC whereas NBL-S 
and MHH-NB-11 were purchased from DSMZ (Leibniz 
Institute DSMZ-German Collection of Microorganisms and 
Cell cultures, German). Cells were cultured as detailed in 
the Supplementary Methods.

Lentiviral Transduction of MYCN

TET-on-MYCN lentiviral vector (pLVX-Tight-hMYCN-
EF1a-rtTA-IRES-ZsGreen) was purchased from Viral 
Therapy Technologies Co. Ltd (Wuhan, China). Virus 
was packaged in 293FT cells according to the pro-
tocol as described in ViraPower™ Lentiviral Expression 
Systems (Thermo Fisher). Cells were infected with 
MOI at about 5. ZsGreen cells were sorted out by flow 
cytometry (FACS) until the purity reached more than 
95%. Doxycycline (DOX) was added into the culture 
medium to activate MYCN deregulation at the different 
time points after hESC induction. Other knockdown and 
overexpression experiments were performed as detailed 
in the Supplementary Methods.

Cell Proliferation Assay

Cell proliferation was determined by MTT assay as detailed 
in the Supplementary Methods.

Migration and Invasion Assay

Migration and invasion were determined using Corning 
transwell (Cat#3422) as detailed in the Supplementary 
Methods.

Colony Formation, Sphere Formation, and Soft 
Agar Assay

Colony formation, sphere formation, and soft agar assays 
were used to compare the growth properties between con-
trol- and MYCN-hNCCs as detailed in the Supplementary 
Methods.

Reverse Transcription–polymerase Chain 
Reaction (RT-PCR) Analysis

Total RNA was extracted by TRIzol (Invitrogen, Cat#A33251) 
according to the manufacturer's instructions, and RT-PCR 
was performed as detailed in the Supplementary Methods.

Western blotting

Protein samples were extracted by RIPA buffer with 1:200 
PImix and 1:100 PMSF at 4  °C for 1  h (150  mM NaCl, 
50 mM Tris–Cl, 1% NP-40, 0.5% DOC, 0.1% SDS). Western 
blotting was conducted as detailed in the Supplementary 
Methods.

IHC Staining

IHC staining of tumors was done by using streptavidin–
biotin–peroxidase complex method as detailed in the 
Supplementary Methods.

ChIP-seq

For ChIP-sequencing analysis, raw data of normalized ChIP-
seq reads were downloaded from NCBI (GSE80154) and 
analyzed by UCSC genome browser.

ChIP-Q-PCR

ChIP-Q-PCR was performed according to protocol pub-
lished by Abcam (ChIP protocol for cross-linking chro-
matin immunoprecipitation (X-ChIP)) and detailed in the 
Supplementary Methods.

Luciferase Reporter Assay

The effects of exogenous MYCN expression on CD55 pro-
moter activity were examined in HEK-293 cells as detailed 
in the Supplementary Methods.

RNA-sequencing of hNCCs, NBL, and 
hNCC tumors

RNA-sequencing was performed by BGI (BGISEQ-500) and 
sequencing files were normalized by Partek software using 
Robust Multiarray Average (RMA). Differential expression 
genes (DEGs) were analyzed by one-way analysis of vari-
ance (ANOVA, P-value <0.01), using Partek Genomics Suit 
7.0. PCA and heatmap analyses. More information is pre-
sented in the Supplementary Methods.

Cohort Studies

Leming Shi clinical cohort GSE62564 (n = 498) and Kocak 
cohort GSE45547 (n  =  649) were used to study the clin-
ical correlation. The raw data was downloaded from NCBI, 
and normalized and analyzed in Partek Genomics Suit 7.0. 
Classification of clinical cohorts was described in Leming 
Shi cohort and Kocak cohort. DEGs in MYCN-hNCCs vs. 
hNCCs were compared to the MNA-NB cases in Leming 
Shi cohort (92/498) and Kocak cohort (92/649) to identify 
genes that are positively or negatively correlated with 
MYCN in MNA-NB (Figure 3B). The common genes from 
above comparison were further analyzed using the human 
surfaceome protein database16 to identify potential surface 
protein-encoding genes that are correlated with MYCN in 
MNA-NB (Figure 3C).

Animal Studies

All animal experiments were conducted in accordance 
with the University Laboratory Animals Service Center's 
guidelines on animal experimentation with approval from 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
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Fig. 1  MYCN deregulation induces tumorigenic phenotype in hNCCs. (A) MYCN-hNCCs maintain an undifferentiated phenotype in vitro. Photos 
were taken at 1 month and 4 months after MYCN induction, scale bar = 100 µm; (B) Representative Western blotting shows that deregulation of 
MYCN decreases the expression of differentiation markers, quantification is shown at the right; (C) MTT test shows MYCN-hNCCs proliferate 
faster than control hNCCs; (D) Cell cycle analysis reveals that MYCN-hNCCs are accumulated in the S phase, quantification is shown at the right; 
(E) Colony formation assay shows that MYCN-hNCCs form more colonies than control hNCCs; (F) Sphere formation assay shows MYCN deregula-
tion improves sphere forming capacities of hNCCs; (G) MYCN-hNCCs acquire stronger migratory ability in transwell migration assay; (H) MYCN-
hNCCs acquire stronger invasive ability in transwell invasion assay; (I) Both control hNCCs and MYCN-hNCCs were challenged by etoposide 
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the Animal Ethnics Committee of the University. Detailed 
information is described in the Supplementary Methods.

Statistical Analysis

Results were analyzed by GraphPad Prism 7.0. Two-tailed 
Student's t-test was used to compare differences between 
two experimental groups. The one-way ANOVA test was 
used to determine statistical differences among three ex-
perimental groups. The overall survival (OS) and event-free 
survival (EFS) were calculated using the Kaplan and Meier 
method, and the curves were compared using the Mantel–
Cox log-rank test. In each group, data were triplicated or 
indicated elsewhere, and each bar represents mean ± 
SD. Stars on each bar represent statistical significance 
compared to control group, and additional comparisons 
were indicated with line segments (*P < 0.05, **P < 0.01, 
***P < 0.001, ns indicates no significant difference).

Results

MYCN Deregulation Induces Tumorigenic 
Phenotype in hNCCs

Two hESC cell lines (H7 and H9) were used to differentiate into 
hNCCs as described in the previous study15 (Supplementary 
Figure S1A–C). Induction of MYCN using 1  µg/mL DOX re-
sulted in a more than 20-fold increase in MYCN mRNA ex-
pression compared to control cells in the absence of DOX 
(Supplementary Figure S2A–C). Deregulation of MYCN at the 
initiation stage of hESC differentiation (Day 0-2) led to a dra-
matic suppression on hNCC differentiation (Supplementary 
Figure S2D and E). We activated MYCN overexpression at 
day 16 after hESC induction (Supplementary Figure S3A) at 
which >98% of the cells in the hESC-differentiating culture 
are hNCCs (Supplementary Figure S1B), and monitored 3 dif-
ferent batches of transduced cells for up to 4 months. While 
control cells started to undergo differentiation, MYCN-hNCCs 
remained at an undifferentiated state and still proliferated ro-
bustly (Figure 1A). The expression levels of neural markers 
such as TUJ1, GFAP, and TH were markedly decreased in 
MYCN-hNCCs compared to control hNCCs (Figure 1B), which 
was in keeping with the analysis of clinical data (GSE62564) 
showing the downregulation of the above neural markers in 
MNA-NB compared to non-MNA-NB (Supplementary Figure 
S3B). Deregulation of MYCN promoted cell proliferation and 
DNA synthesis (Figure 1C and D), colony formation and sphere 
forming abilities (Figure 1E and F), migration and invasion 
(Figure 1G and H), and chemoresistance (Figure 1I). In addition, 
single MYCN-hNCCs could form colonies in soft agar at around 
4 weeks, whereas no colonies were formed with control 
hNCCs (Figure 1J). Taken together, these results indicate that 
MYCN deregulation induces tumorigenic properties in hNCCs.

MYCN-hNCC-generated Tumors Recapitulate 
Human NB

MYCN-hNCCs developed tumors in 10 out of 12 (83%) mice 
with a range of tumor onsets from 35  days to 50  days; 
whereas no tumor was formed at normal hNCC-injected 
sites. Histologically, primary tumors resembled human 
NB, composed of poorly-differentiated basophilic cells 
with big nuclei and scant cytoplasm (Figure 1K, H&E 
staining, left upper corner). Most tumors express neuronal 
and/or NC markers showing the histological feature of NB 
(Figure 1K). 4 out of 10 tumors were submitted for RNA-
seq analysis, and unsupervised analyses were performed 
to compare the MYCN-hNCC tumors (n  =  4) with the 27 
tumor types included in The Cancer Genome Atlas data 
(n  =  2001 samples). Among the 27 tumor types, MYCN-
hNCC tumors clustered most closely to human NB (Figure 
2A). When MYCN-hNCC-derived NB were compared with 
individual NBL, the hNCC-derived NB most matched with 
MNA-NBL in the Cancer Cell Line Encyclopedia (CCLE) da-
tabase (Figure 2B). Altogether, both histological and mo-
lecular characterization indicate that MYCN-hNCC tumors 
recapitulate human NB, in particular, MNA-NB.

While it has been well established that NB is of NC or-
igin, no direct comparison between NBL and hNCCs has 
been reported. We therefore conducted RNA-seq analyses 
and performed unsupervised principal component anal-
ysis (PCA) in 2 NBL with MYCN amplification (SKN-BE(2)
C and IMR32), 2 NBL without MYCN amplification (SKN-AS 
and SKN-SH), and control- and MYCN-hNCCs. At the 
whole genomic level, MYCN-hNCCs clustered closer to 
NBL than to the control hNCCs (Figure 2C), supporting the 
gene signature of MYCN-hNCC tumors (Figure 2A). The 
GSEA analysis of the 9868 DEGs comparing control- and 
MYCN-hNCCs identified several well-recognized MYCN/
MYC-downstream pathways such as ribosome biogenesis, 
mitochondrial activity, embryo development, and apop-
tosis (Figure 2D). MYCN deregulation exhibited a robust 
positive regulatory effect on most of the genes involved 
in ribosome biogenesis (Figure 2E), which is consistent 
with previous studies showing a strong correlation of ribo-
some biogenesis with MYCN expression and poor survival 
in neuroblastoma patients.17 Unlike the ribosome biogen-
esis pathway, MYCN activated or repressed discrete target 
genes involved in other pathways (Figure 2D–F). Of note, 
MYCN-hNCCs showed significant up-regulation of genes 
involved in neuroectodermal differentiation such as HES7, 
PAX5, LAMA3, NOG, ACSL4, and downregulation of mes-
oderm genes such as YAP1, TGFBR2, SOCS3, STRA6, and 
FN1 (Figure 2F; Supplementary Figure S3C), supporting 
a lineage switch role of MYCN. Further examination be-
tween control- and MYCN-hNCCs unveiled 1585 DEGs (653 
upregulated genes and 932 downregulated genes) with 
fold change >1.5 and FDR q-value <0.01 (Supplementary 
Figure S3D and E; Supplementary Table 3).

(500 ng/ml) for consecutive 3 days. MTT test shows MYCN-hNCCs are more resistant to etoposide challenge; (J) MYCN-hNCCs are capable of 
forming colonies in soft agar colony formation assay whereas control hNCCs cannot, scale bar = 0.1 cm, quantification is shown at the right; (K) 
H&E and IHC staining of MYCN-hNCC-derived tumors. H&E staining is shown at the upper left corner. Representative immunohistochemistry im-
ages show the expression of various neuronal markers, scale bars = 20 μM.
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(500 ng/ml) for consecutive 3 days. MTT test shows MYCN-hNCCs are more resistant to etoposide challenge; (J) MYCN-hNCCs are capable of 
forming colonies in soft agar colony formation assay whereas control hNCCs cannot, scale bar = 0.1 cm, quantification is shown at the right; (K) 
H&E and IHC staining of MYCN-hNCC-derived tumors. H&E staining is shown at the upper left corner. Representative immunohistochemistry im-
ages show the expression of various neuronal markers, scale bars = 20 μM.
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Fig. 2  Molecular characterization of MYCN-hNCCs. (A) T-SNE mapping of MYCN-hNCC tumors with 27 clinical cancer types from TCGA (RNA-
sequencing) reveals that MYCN-hNCC tumors cluster with NB. Each dot represents one tumor sample. Color code for different cancer types is 
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 878 Weng et al. CD55 as a therapeutic target in MYCN-amplified neuroblastoma

  
A

Lo
g 10

 o
f p

-v
al

ue

100

250

428

498

129

863

674

MYCN-NCCs Vs
Ctrl-NCCs
upregulated

Genes positively correlated
with MYCN in MNA-NB
(Leming Shi cohort)

Genes positively correlated with
MYCN in MNA-NB (Kocak cohort)

Genes negatively correlated with
MYCN in MNA-NB (Kocak cohort)

MYCN-NCCs Vs
Ctrl-NCCs
downresulated

Genes negatively correlated
with MYCN in MNA-NB
(Leming Shi cohort)

22

74
746

846

66

777

1430

36

84

2796 4 622790 10 119

Surface
protein
-encoding
genes

7

6
R = –0.03, P = 0.56 R = 0.26, P = 0.01

R = –0.07,
P = 0.11

Non-MNA NB

Leming Shi cohort Kocak cohort

Non-MNA NB MNA NB MNA NB

R = 0.29,
P = 4.97E-03

5

4

Lo
g 2 

of
 C

D
55

Log2 of MYCN

3

2

1

0 2 4

100 CD55-low in non-MNA NB (n = 218)
CD55-high in non-MNA NB (n = 183)

80

P = 0.81

60

40

20

0

O
ve

ra
ll 

su
rv

iv
al

 p
ro

ba
bi

lit
y 

%

100

0 48 96 144
Months

192

0 48 96 144
Months

192

80

60

40

20

0

O
ve

ra
ll 

su
rv

iv
al

 p
ro

ba
bi

lit
y 

%

6 8 10

Log2 of MYCN

6 7 8 9 10 11 12

Log2 of MYCN Log2 of MYCN

4 6 8 10 12 14 18 13 14 15 16 17

12

11

10

9

8

7

6

5
16

0

5

4

Lo
g 2 

of
 C

D
55

3

2

1

13

12

11

10

Lo
g 2 

of
 C

D
55

Lo
g 2 

of
 C

D
55

9

8

7

6

Surface
protein
-encoding
genes

Downregulated
DEGs

Upregulated
DEGs

Expression
0–16
16–32
32–64
64–128
128–256
256–512
512–1024
1024–2048
2048–4096
4096–8192

200
MYCN

–5 –4 –3 –2 –1 0

Fold change (Log)

1 2 3 4 5

150

50

0

C

D

E F

B

CD55-low in MNA NB (n = 46)

CD55-high in MNA NB (n = 46)

P = 0.02

R = 0.262
P = 0.01

Lo
g 2 o

f C
D

55

Log2  of A
B

C
G

2

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.5

1.5

Lo
g 2 o

f C
D

55

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.5

1.5

1.0

Lo
g 2 o

f C
D

55

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.5

1.5

1.0

Lo
g 2 o

f C
D

55

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.5

1.5

1.0

Lo
g 2 o

f C
D

55

5.0

4.5

4.0

3.5

3.0

2.5

2.5

1.0

1.5

Lo
g 2 o

f C
D

55

5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.5
1.5
1.0

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

Log2  of C
D

34

6.0

5.0

4.0

3.0

2.0

1.0

0.0

Log2  of K
IT

8.0

7.0

6.0

5.0

4.0

3.0

1.0

2.0

0.0

Log2  of P
O

D
X

L

8.0

7.5

7.0

6.0

6.5

5.0

5.5

4.5

4.0

Log2  of G
N

3L

7.5

7.0

6.0

6.5

5.0

5.5

4.5

4.0

Log2  of C
D

90

9.0
8.5
8.0

6.5
6.0

7.5
7.0

5.0
5.5

4.5

R = 0.262
P = 0.01

R = 0.298
P = 0.0039

ABCG2 KIT

CD34

R = 0.214
P = 0.01

GNL3

PODXL R = 0.215
P = 0.04

CD90 R = 0.28
P = 0.0001

CD55-low in non-MNA NB (n = 218)
CD55-high in non-MNA NB (n = 183)

P = 0.63

CD55-low in MNA NB (n = 46)

CD55-high in MNA NB (n = 46)

CD5

P = 0.03
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Identification of CD55 as a Prognostic Marker 
of MNA-NB

In order to correlate our findings to the NB patients, we 
compared the DEGs with Leming Shi cohort containing 
401 cases of non-MNA-NB and 92 cases of MNA-NB. 
Comparison of the 1585 transcripts that were MYCN targets 
in hNCCs to MYCN amplification-related targets in NB re-
vealed moderate overlap (Figure 3A), 278/653 upregulated 
genes, and 397/932 downregulated genes in MYCN-hNCCs 
were associated with MYCN amplification (Supplementary 
Figure S3F). Interestingly, some genes that have never 
been characterized as MYCN targets, such as GNL3 and 
DCAF4, are significantly associated with MYCN amplifica-
tion, poor survival rate, higher risk disease, and disease 
progression (Supplementary Figure S4A and B). Given 
that MYCN-hNCC tumors recapitulate MNA-NB more, we 
further analyzed our gene list exclusively in MNA-NB de-
rived from two independent cohorts (Leming Shi cohort, 
92 cases; Kocak cohort, 92 cases). As a result, 129 genes 
were found to be positively whereas 66 genes were nega-
tively associated with MYCN expression level in MNA-NB 
(Figure 3B). Cell-surface proteins are of great biomed-
ical importance, as more than 65% of approved human 
drugs listed in the DrugBank target a cell-surface pro-
tein. Therefore, we further compared the DEGs with the 
2800 human surface protein-encoding genes listed in the 
Surfaceome protein dataset,16 aiming to pinpoint potential 
prognostic markers and therapeutic targets for MNA-NB. 
Eventually, 10 genes were identified to be upregulated 
and 4 genes were downregulated in MNA-NB (Figure 3C; 
Supplementary Figure S4C). Among the 14 cell surface 
protein-encoding genes, 6 genes (CD55, ABCC4, QSOX2, 
SCARB1, SLC7A5, SLC19A2) are associated with MYCN ex-
pression exclusively in MNA-NB, but not in non-MNA-NB 
(Figure 3D; Supplementary Figure S5A). In addition, high 
expression level of these genes is correlated with poor 
survival in MNA-NB patients (Supplementary Figure S5B). 
CD55 encodes for a glycosylphosphatidylinositol-anchored 
protein that inhibits complement-mediated lysis via disso-
ciation of the C3 and C5 convertases.18 We found that in the 
cases where MYCN amplification and CD55 high expres-
sion occurred together, the overall survival and disease-
free survival rate were significantly reduced relative to the 
already-poor prognosis of MYCN amplification (Figure 3E, 
bottom). In contrast, CD55 was not correlated with survival 
in non-MNA-NB (Figure 3E, top). More interestingly, CD55 
expression exhibited positive correlation with stem cell 
markers in MNA-NB (Figure 3F).

CD55 is a Transcriptional Target of MYCN

In MYCN-deregulated hNCCs, we found a consistent cor-
relation between MYCN and CD55 (Figure 4A). In accord-
ance with this finding, while only 2–3% control hNCCs 
were CD55 positive, MYCN deregulation dramatically 

increased the percentage of CD55+ cells (Figure 4B). To de-
termine whether CD55 is a direct transcriptional target of 
MYCN, we first analyzed ChIP-seq data (GSE80151) derived 
from previously published study.19 The result showed that 
MYCN occupied on the active promoters of CD55 covering 
both canonical (CACGTG) and noncanonical (CANNTG) 
E-boxes, which were corroborated by the presence of ac-
tive transcription marks/factors (RNA polymerase II (Pol 
II), H3K27ac, H3K4me3) in MNA-NBL (Figure 4C). We then 
performed ChIP-Q-PCR to validate the binding activity 
of MYCN on the promoter of CD55 in hNCCs. The results 
showed that the enrichment of MYCN was significantly 
increased at both canonical and noncanonical E-boxes 
in the MYCN-hNCCs compared to control hNCCs (Figure 
4D). Of note, deregulation of MYCN led to a much stronger 
binding affinity at the noncanonical E-box than at the ca-
nonical E-box (27.2 vs. 7.3 folds). Moreover, we generated 
two luciferase reporter constructs containing either canon-
ical (−805 ~ −100) or noncanonical (+196 ~ +901) E- box, 
schematically represented in Supplementary Figure S5C. 
In line with the ChIP-Q-PCR data, cotransfection of MYCN 
was able to increase CD55 transcriptional activity with 
both canonical and noncanonical E-boxes. However, these 
effects were completely diminished in the mutant form-
transfected reporter assays (Figure 4E), providing an indi-
cation for a specific transcriptional activation of CD55 by 
MYCN. Recent studies have indicated that high activity of 
CMYC plays an important role in facilitating the aggressive-
ness of non-MNA-NB, implicating an independent subset 
of high-risk cases.20,21 Thus, we also evaluated the poten-
tial regulatory effect of CMYC on CD55 by using NBL-S cell 
line, in which neither CMYC nor MYCN is overexpressed. 
Our result showed that overexpression of CMYC did not 
affect CD55 expression (Supplementary Figure S6A). 
Alternatively, we knocked down CMYC in SKN-AS cells 
expressing high level of CMYC but without MYCN ampli-
fication (Figure 4F). Consistently, repression of CMYC had 
no effect on CD55 expression (Supplementary Figure S6B), 
suggesting that CMYC is not able to regulate CD55, at least 
in a subset of non-MNA-NB.

CD55 Promotes Tumor Growth and Cancer 
Stemness Only in MNA-NBL

To study the biological role of CD55 in NB with or 
without MYCN amplification, four NBL (SKN-BE(2)C 
and MHH-NB-11 with MYCN amplification, SKN-AS, and 
SKN-SH without MYCN amplification) were used. The ex-
pression levels of CD55 were found to be variable in the 
four NBL (Figure 4F), and the frequency of CD55+ cells 
ranged from only 3.82% of SKN-AS cells to nearly 46% 
of SKN-BE(2)C cells (Supplementary Figure S6C). We 
sorted four different lines into CD55+ and CD55- fractions. 
Intriguingly, CD55+ cells in the MNA-NBL consistently 
grew faster than their CD55− counterparts (Figure 4G). 
In addition, sphere forming efficiency and self-renewal 

and event-free survival rates in MNA-NB patients but not in non-MNA-NB patients; (F) CD55 is positively correlated with stem cell markers 
(ABCG2, KIT, GNL3, CD34, PODXL, and CD90) in MNA-NB.
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capacity of CD55+ cells were significantly higher than 
CD55- cells in MNA-NBL but not in non-MNA-NBL (Figure 
4H and I). To understand whether CD55 plays differen-
tial role in regulating NB growth in the presence or ab-
sence of MYCN amplification, we knocked down CD55 in 
SKN-AS (non-MNA-NBL) and SKN-BE(2)C (MNA-NBL)
( Supplementary Figure S6D). Of interest, suppression 
of CD55 significantly inhibited cell growth and sphere 
forming ability in SKN-BE(2)C but not in SKN-AS cells 
(Figure 4J, Supplementary Figure S6E). Knockdown of 
CD55 in SKN-BE(2)C dramatically upregulated the expres-
sion levels of CDKN2A, CDKN2B whereas downregulated 
CCND1 (Figures 4K and 5A; Supplementary Figure S6F), 
indicating that suppression of CD55 leads to cell cycle 
arrest. Moreover, inhibition of CD55 impaired the self-re-
newal capacity (Figure 4L), and decreased the expression 
levels of two important stem cell markers, NANOG and 
OCT4 in SKN-BE(2)C but not in SKN-AS (Figures 4M and 
5A). Noticeably, repression of CD55 reduced the expres-
sion of JNK and p-JNK (Figure 5A) in SKN-BE(2)C cells, 
which supports the previous finding showing that CD55 
regulates stem cell genes via interacting with GPI and 
ROR2 to activate JNK pathway in endometrioid tumors.22

Next, we assessed whether reduced cell growth and 
self-renewal capacity in vitro was associated with de-
creased tumorigenicity and tumor development in vivo. 
Of note, although 10 out of 12 mice injected with con-
trol SKN-BE(2)C cells generated tumors, only 5 out of 12 
mice injected with CD55-knockdown cells formed tumors. 
In addition, the tumor size was significantly reduced in 
CD55-knockdown cell-generated tumors (Figure 5B). By 
contrast, no significant differences in tumor number or 
size were found between control- and CD55-knockdown 
tumors from SKN-AS cells (Figure 5B). While xenograft 
tumors derived from control SKN-BE(2)C cells displayed 
the classic poorly-differentiated homogenous small round 
blue cell phenotype of NB, CD55-knockdown tumors ex-
hibited varied degree of neuronal differentiation as indi-
cated by sporadically-distributed neuropil in the tumor 
mass (Figure 5C, H&E staining). Immunohistochemical 
staining of these xenografts further revealed that suppres-
sion of CD55 inhibited cell proliferation whereas promoted 
apoptosis. In addition, the expression level of OCT4 was 
significantly downregulated in the tumors derived from 
CD55-knockdown cells (Figure 5C and D). Together, these 
data provide in vivo evidence that CD55 silencing signif-
icantly subsides cancer stemness and represses tumor 
growth in the MNA-NBL.

Therapeutic Targeting of CD55 Suppresses 
Tumor Growth and Improves Survival in 
MNA-NBL-inoculated Mice

To further explore the therapeutic potential of CD55 
targeting, we compared the antitumor activity of CD55-
neutralizing antibody (CD55 NAb) in the xenografts de-
rived from either SKN-BE(2)C or SKN-AS. Strikingly, both 
local and systemic administration of CD55 NAb signifi-
cantly suppressed tumor growth in SKN-BE(2)C xenografts 
(Figure 6A, B, E, F). In contrast, CD55 NAb had no effect 
on SKN-AS-derived tumors (Figure 6A and B). In line with 
the knockdown data, CD55 NAb treatment significantly de-
creased cell proliferation whereas increased apoptosis, 
and repressed activation of JNK in SKN-BE(2)-derived 
tumors (Figure 6C and D). Besides, the expression levels 
of NANOG, OCT4, and CD133 were markedly reduced in 
CD55 NAb-treated xenografts derived from SKN-BE(2)C 
but not SKN-AS (Figure 6C and D; Supplementary Figure 
S6G). More importantly, CD55-treated mice survived signif-
icantly longer than IgG-treated mice (Figure 6G). Thus, our 
in vivo data support the notion that therapeutic targeting 
of CD55 suppresses cancer stemness and tumor growth in 
MNA-NB but not in non-MNA-NB.

Discussion

In this study, by using hESC-derived hNCCs as a develop-
mental stage-and species-appropriate platform, we dem-
onstrate that deregulation of MYCN in hNCCs is capable 
of initiating tumorigenesis both in vitro and in vivo. At 
the molecular level, MYCN-hNCCs are closely associated 
with MNA-NBLs rather than their parental cells (Figure 
2C). Moreover, xenografts developed from MYCN-hNCCs 
in mice recapitulate the pathological and molecular fea-
tures of human NB (Figure 2A and B), implying hNCCs as 
the cell of origin of NB. By comparing the gene expression 
profiling between control hNCCs and MYCN-hNCCs, we 
are able to identify downstream pathways including cell 
division, ribosome biogenesis, mitochondria function, em-
bryonic development, and apoptosis that are potentially 
critical for the initiation of MYCN-driven NB (Figure 2D–F). 
While the regulatory role of MYCN on cell division and 
apoptosis has been well established, ribosome biogen-
esis- and mitochondria-related genes have been recently 
emerged as MYC targets in NBLs and correlate with high-
risk NB and poor prognosis.23,24 Activation of these groups 

pGL4.19-CD55 firefly luciferase reporter plasmid (pGL4.19/−805 or pGL4.19/+196 or their corresponding mutants) and a Renilla luciferase plasmid. 
A MYCN expression plasmid was also transfected into these cells. After 48 h, the relative luciferase activity (firefly/Renilla) was determined; (F) 
Representative Western blotting shows the expression levels of CD55 in 4 NBL; (G) MTT test shows that CD55+ cells grow faster than CD55− cells 
in SKN-BE(2)C and MHH-NB-11 cell lines, but not in SKN-AS and SKN-SH cell lines; (H) Soft agar analysis shows that CD55+ cells form more 
colonies than CD55− cells in SKN-BE(2)C and MHH-NB-11 cell lines, but not in SKN-AS and SKN-SH cell lines; (I) Single cell sphere forming 
assay shows that CD55+ cells form more spheres than CD55− cells in SKN-BE(2)C and MHH-NB-11 cells, but not in SKN-AS and SKN-SH cells; 
(J) Knockdown of CD55 suppresses the sphere forming capacity in SKN-BE(2)C cells, but not in SKN-AS cells; (K) RT-qPCR analysis shows that 
knockdown of CD55 increases the expression levels of CDKN2A and CDKN2B, but decreases the expression of CCND1 in SKN-BE(2)C cells; 
(L) Single cell sphere forming assay shows that knockdown of CD55 impairs the sphere-forming and self-renewal capacities in SKN-BE(2)C cells 
but not in SKN-AS cells; (M) RT-qPCR shows that knockdown of CD55 downregulates stem cell markers OCT4 and NANOG in SKN-BE(2)C but 
not in SKN-AS.
  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab241#supplementary-data
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of genes by MYCN deregulation at the early stage of tumor 
initiation highlights the essential role of metabolic switch 
in cell phenotypic change and malignant transformation. 
Subsequent analysis of DEGs reveals several new targets 
that can be potentially used as prognostic markers for NB. 
GNL3 (Nucleostemin) binds to p53 within the nucleolus and 
regulates cell cycle.25 Nucleostemin is also considered as a 
stem cell marker and is highly expressed by different types 
of stem cells26 and cancer cells,27,28 highlighting its role in 
the self-renewal of stem cells and cancer development. Of 
note, although the role of GNL3 in NB is unknown, GNL3 
is coenriched with MYC target and homologous recombi-
nation repair genes in human hepatic cancer samples.29 
DCAF4 encodes a substrate receptor for CUL4-DDB1 E3 
ubiquitin-protein ligase complex, which is involved in pro-
tein ubiquitination.30 DCAFs recognize various substrates 
that play critical roles in different biological processes such 
as cell cycle progression, genome stability maintenance, 
and gene expression regulation. However, there is so far 
no study showing that DCAFs are involved in NB regula-
tion. In this study, we unveil that both GNL3 and DCAF4 
are correlated with patient survival, INSS stages, death 
from disease, and high-risk disease of NB (Supplementary 
Figure S4A and B), which warrant further investigation.

MYCN deregulation in the presence or absence of MYCN 
amplification has discrete targets.13 In this study, we have 
unveiled a group of surface protein-encoding genes that 
are specifically associated with MYCN in MNA-NB, but not 
in non-MNA-NB (Figure 3C; Supplementary Figure S5A). 
We focus on surface protein-encoding genes, as they are 
suitable for developing as diagnostic markers and/or thera-
peutic targets. We select CD55 for further study as elevated 
CD55 expression is strongly correlated with poor prognosis 
in MNA-NB, i.e. higher CD55 indicates a poorer prognosis 
compared to lower CD55 in MNA-NB patients. Of note, 
such association does not exist in non-MNA-NB (Figure 
3E). To this end, the majority of studies on CD55 have fo-
cused on its immune-regulatory role, which indicates 
that CD55 suppresses NK cells and inhibits complement-
mediated lysis of cancer cells, ultimately promoting tumor 
progression.18,31–33 However, one recent study revealed 
that CD55 functioned in a complement-independent 
manner, and regulated self-renewal and cisplatin resist-
ance via ROR2/JNK signaling and lymphocyte-specific 
protein tyrosine kinase (LCK) signaling in endometrioid 
tumors.22 Indeed, we find that CD55-inteacting factors 
ROR2 and GPI are expressed at higher level in MNA-NB 
compared to non-MNA-NB (Supplementary Figure S7), 
which further emphasizes a distinguishing role of CD55 
in MNA-NB. Another interesting finding from our study is 
that CD55 modulates stemness in MNA-NBL and correlates 
with multiple stem cell markers in MNA-NB. Additionally, 
suppression of CD55 downregulates JNK pathway and 
pluripotent stem cell marker OCT4, CD133, and NANOG 

(Figures 5 and 6), indicating a potential link between 
CD55 and JNK-mediated regulation on cancer stemness. 
Altogether, these data point out a CD55-mediated regula-
tory mechanism on cancer stemness and tumor growth via 
JNK pathway in MNA-NB. Indeed, neutralizing antibody 
targeting on CD55 significantly suppresses tumor growth 
developed from MNA-NBL but not non-MNA-NBL (Figure 
6). These findings pinpoint a valuable opportunity to target 
CD55 itself in MNA-NB and provide promise of delivering 
personalized therapy to the subgroup of NB patients with 
worst prognosis.

In summary, the identification of cell surface proteins 
that are specifically regulated by MYCN only in MNA-NB 
has the potential to help us distinguish a subset of high-
risk patients with the worst prognosis that requires per-
sonalized treatment. On the other hand, hESC-derived NC 
model may provide an alternative method for the identifi-
cation of novel targets underlying known genetic lesions, 
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