BRIEF DEFINITIVE REPORT

[O510 ) Journal of
D D Experimental
oY) Medicine

Ganglioneuromas are driven by activated AKT and
can be therapeutically targeted with mTOR

inhibitors
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Peripheral sympathetic nervous system tumors are the most common extracranial solid tumors of childhood and include
neuroblastoma, ganglioneuroblastoma, and ganglioneuroma. Surgery is the only effective therapy for ganglioneuroma, which
may be challenging due to the location of the tumor and involvement of surrounding structures. Thus, there is a need for
well-tolerated presurgical therapies that could reduce the size and extent of ganglioneuroma and therefore limit surgical
morbidity. Here, we found that an AKT-mTOR-S6 pathway was active in human ganglioneuroma but not neuroblastoma
samples. Zebrafish transgenic for constitutively activated myr-Akt2 in the sympathetic nervous system were found to
develop ganglioneuroma without progression to neuroblastoma. Inhibition of the downstream AKT target, mTOR, in zebrafish
with ganglioneuroma effectively reduced the tumor burden. Our results implicate activated AKT as a tumorigenic driver in
ganglioneuroma. We propose a clinical trial of mTOR inhibitors as a means to shrink large ganglioneuromas before resection

in order to reduce surgical morbidity.

Introduction

Peripheral sympathetic nervous system (PSNS) tumors are one
of the most common solid tumors of childhood other than brain
tumors (Shohet and Foster, 2017). These tumors are classified
into several basic categories, each with several subtypes: neu-
roblastoma (undifferentiated, poorly differentiated, and differ-
entiating), ganglioneuroblastoma (intermixed and nodular), and
ganglioneuroma (maturing and mature; Shimada et al., 1999a,
1999b; Shimada and Ambros, 2005). Neuroblastoma is the most
malignant and immature category of these tumors and accounts
for 15% of childhood cancer deaths (Cheung and Dyer, 2013;
Matthay et al., 2016). Ganglioneuroma is a nonmalignant tumor
made up of differentiated gangliocytes and mature stroma.
Ganglioneuroblastoma contains immature neuroblasts that grow
and migrate abnormally, similar to neuroblastoma, as well
as more mature tissues that are similar to ganglioneuroma
(Lonergan et al., 2002). An effective management strategy for
ganglioneuroblastoma and ganglioneuroma is surgery, although
these tumors are frequently large, encasing and compressing

surrounding major vessels and nerves, including the spinal cord,
resulting in difficult surgical resection with significant postop-
erative morbidities (Retrosi et al., 2011). To date, no drugs are
available that demonstrate a reduction in mature neuroblastic
tumor burden (Decarolis et al., 2016).

The genetics of neuroblastoma have been extensively pro-
filed. MYCN gene amplification is found in ~20% of neuroblastomas
and is a well-established indicator of high-risk disease and a poor
prognosis (Huang and Weiss, 2013). Further, overexpression of
MYCN or ¢-MYC in the PSNS of mouse or zebrafish models induces
neuroblastoma in the sympathetic ganglia or adrenal/interrenal
medulla, highly resembling human neuroblastoma (Tao et al., 2017;
Weiss et al., 1997; Zimmerman et al., 2018; Zhu et al., 2012). In
contrast, little is known about the genetics of mature ganglioneur-
oma. Type 2B multiple endocrine neoplasia patients with activating
germline RET oncogene mutations may rarely develop ganglio-
neuroma (Lora et al., 2005; Yamasaki et al., 2017). Overexpression
of the activated RET proto-oncogene RETM8T (Sweetser et al.,
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1999) or activated Ras (Sweetser et al., 1997) in the PSNS of mice
results in neuroglial tumors or ganglioneuroma. Further, deletion
of Pten in the mouse enteric nervous system results in increased
activity of the phosphatidylinositol 3-kinase (PI3K)/PTEN-AKT-
mTOR-S6K signaling pathway and causes ganglioneuromatosis
with chronic intestinal pseudoobstruction (Puig et al., 2009). Gan-
glioneuroma is rarely associated with other human syndromes,
including neurofibromatosis type 1 (Abdulkader et al., 2016), con-
genital central hypoventilation syndrome (Trochet et al., 2004), and
ROHHAD syndrome (Maksoud and Kassab, 2015). Aside from
studies in animal models and the rare associations with ge-
netic diseases in humans, the etiology and molecular basis for
childhood ganglioneuroma remain elusive.

The PI3BK-AKT-mTOR pathway is a pivotal regulator of cellular
activities including cell growth and apoptosis (Vanhaesebroeck
et al.,, 2012). Aberrant activation of the PI3K-AKT pathway has
been observed in various human tumors including breast cancer,
colorectal cancer, and squamous cell lung carcinoma. As a serine-
threonine kinase, AKT serves as an attractive therapeutic target
(Alexander, 2011; Engelman, 2009). One classically implicated key
target of AKT is the mTOR protein kinase that regulates down-
stream cell growth, viability, and survival (Manning and Toker,
2017; Saxton and Sabatini, 2017). Inhibition of AKT-mTOR sig-
naling is of significant clinical interest, and mTOR inhibition with
sirolimus or related drugs has been key to management of the
genetic disease tuberous sclerosis, in which treatment of mature
subependymal giant cell astrocytomas with mTOR inhibitors re-
sults in sustained clinical benefit in pediatric patients (Jeong and
Wong, 2016; Rosset et al., 2017).

Here, we found that phosphorylated, activated AKT and the
downstream effectors mTOR and ribosomal protein S6 were more
frequently detected in human primary ganglioneuromas than in poorly
differentiated human neuroblastomas. To test whether activated AKT
is sufficient to drive tumorigenesis in ganglioneuroma, we generated a
transgenic zebrafish model in which a constitutively active, myr-
istoylated murine Akt2 (myr-Akt2; Tan et al,, 2008) is expressed in the
PSNS driven by the zebrafish dopamine-3-hydroxylase (d8h) gene pro-
moter (Zhu et al., 2012). Overexpression of myr-Akt2 led to the de-
velopment of ganglioneuroma in the interrenal gland (IRG), the
zebrafish equivalent of human adrenal gland, that closely resembles
human ganglioneuroma. Mechanistically, myr-Akt2 overexpression
induced sympathoadrenal lineage hyperplasia through increased cell
proliferation, concurrent with activation of the AKT target mTOR. The
mTOR inhibitors sirolimus and everolimus effectively reduced tumor
burden in zebrafish with ganglioneuroma. Thus, our data unexpectedly
reveal that activated AKT is both necessary and sufficient to drive the
formation of ganglioneuroma, and we propose that mTOR inhibitors
like sirolimus and everolimus are ideal drugs to test in clinical trials
designed to reduce ganglioneuroma burden in patients before surgical
resection as a means to reduce patient morbidity.

Results and discussion

Phosphorylated AKT expression in primary childhood
ganglioneuromas and neuroblastomas

To understand the contribution of AKT to human primary
neuroblastic tumors, we performed immunohistochemistry
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Figure 1. Immunohistochemical evaluation of AKT and its downstream
target proteins phosphorylation in human primary ganglioneuroma and
poorly differentiated neuroblastoma samples. (A) H&E staining and IHC
with phosphorylated AKT (p-AKT; Ser473) and pan-AKT for a representative
human primary ganglioneuroma (GN) and poorly differentiated neuroblas-
toma (NB). Scale bar, 20 um. Protein expression is indicated by brown
staining. (B) The percentage of p-AKT (Ser473), pan-AKT, phosphorylated
mTOR (p-mTOR; Ser2448), mTOR, phosphorylated S6 ribosomal protein
(p-S6; Ser235/236), and S6-positive cases in GN and NB. The number of
positive and total cases is indicated on top of each column. The significance of
the ratios of positive to negative tumors by IHC for these target proteins
between GN and NB were determined by two-sided Fisher’s exact test. ns,
not significant; *, P < 0.05; ****, P < 0.0001.

(IHC) for phosphorylated AKT on a panel of human primary
ganglioneuromas (including two ganglioneuroblastoma samples)
and compared these results with those from human primary
neuroblastomas using two-sided Fisher’s exact tests. These data
revealed that 10 of 11 ganglioneuromas (90.91%; 95% confidence
interval [CI; 58.72% to 99.77%]) expressed moderate to high
levels of activated, phosphorylated AKT (Ser473), while only 1 of
15 poorly differentiated neuroblastomas (6.67%; 95% CI [1.70% to
31.95%]) expressed detectable phosphorylated AKT (Sera73; P <
0.0001; Fig. 1). However, each of the ganglioneuromas and 14 of
15 neuroblastomas were positive for pan-AKT by IHC (P = 1;
Fig. 1). To further confirm the activation of the AKT pathway in
ganglioneuromas, we performed additional IHC against down-
stream targets in the AKT pathway. We found that phosphory-
lated mTOR (Ser2448) was expressed in 9 of 11 ganglioneuromas
(81.82%; 95% CI [48.22% to 97.72%]) but only in 5 of 15 poorly
differentiated neuroblastomas (33.33%; 95% CI [11.82% to
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61.62%]; P = 0.0214; Fig. 1 B and Fig. S1 A). Similarly, phos-
phorylated S6 ribosomal protein (Ser235/236) was expressed
in 10 of 11 ganglioneuromas (90.91%; 95% CI [58.72% to
99.77%)) but only in 7 of 15 poorly differentiated neuroblas-
tomas (46.67%; 95% CI [21.27% to 73.41%); P = 0.0362; Fig. 1 B
and Fig. S1 B). 10 of 11 ganglioneuromas and 13 of 15 neuro-
blastomas were positive for total mTOR expression (P = 1;
Fig. 1 B and Fig. S1 A), and each of the ganglioneuromas and 14
of 15 neuroblastomas were positive for total Sé6 protein ex-
pression (P = 1; Fig. 1 B and Fig. S1 B). The demographic
characteristics of patient samples used in this study are pre-
sented as Table S1. These data support the hypothesis that
AKT and its downstream targets, mTOR and S6, are frequently
activated in differentiated human primary ganglioneuromas
and less activated in poorly differentiated neuroblastomas,
and therefore implicate activated AKT as important in the
pathogenesis of ganglioneuroma, but not neuroblastoma.

Activated AKT is sufficient to produce ganglioneuroma

in zebrafish

AKT activation in ganglioneuromas does not necessarily impli-
cate it as a driver of this tumor, because it might be activated as
consequence rather than a cause of aberrant growth. To test
whether activated AKT is important in the initiation of gan-
glioneuroma, we generated stable transgenic zebrafish lines that
coexpress mCherry and a constitutively active myr-Akt2 (Tan
et al., 2008) in the PSNS under control of the zebrafish dgh
promoter (Zhu et al., 2012). Two independent transgenic lines
were established: Tg(dSh:mCherry;dBh:myr-Akt2) #1 and #2, here
designated myr-Akt2#1 and #2. A previously established Tg(dgh:
mCherry) line (designated mCherry; Zhu et al., 2017) was used as
a control. Each line was maintained by crossing heterozygous
fish with wild-type AB fish, and progeny were identified that
expressed mCherry in the superior cervical ganglia at 3 d post-
fertilization (dpf). In both myr-Akt2 lines, mCherry-positive
tumor masses were visualized in the anterior abdomen, aris-
ing in the IRG, under a stereo fluorescence dissecting micro-
scope (Fig. 2, A and D). Histopathological analyses revealed that
these tumors were ganglioneuromas and composed of differ-
entiated, mature ganglion cells with poor Schwannian stroma
(Fig. 2, B, C, E, and F), which were clearly distinguishable from
MYCN-induced neuroblastomas (Fig. 2, G-I) that arose in our
previously described zebrafish neuroblastoma model Tg (dgh:
EGFP-MYCN) (designated MYCN; Zhu et al., 2012). Fish trans-
genic for myr-Akt2 developed mCherry-positive ganglioneur-
omas in the IRG starting at 13 wk postfertilization (wpf) with a
penetrance of 40-50% by 29 wpf (P = 0.0003 and P < 0.0001 for
myr-Akt2#1 and #2 compared with the complete lack of tumors
in the control mCherry line; Fig. 2 J). By comparison, fish
transgenic for MYCN developed EGFP-positive neuroblastomas
in the IRG starting at 7 wpf with a penetrance of ~40% by 29 wpf
(P < 0.0001 compared with the complete lack of tumors in the
control mCherry line; Fig. 2 J).

While pan-Akt protein expression was detected in normal
head kidney and tumors of each genotype (Fig. S2, B, G, and L),
phosphorylated Akt (Ser473) expression was only detected in
myr-Akt2 transgenic tumors (Fig. S2, A, F, and K). Normal cells

Tao etal.

Aberrant AKT activation drives ganglioneuroma

of the IRG in the control mCherry fish were predominately
differentiated chromaffin cells and expressed tyrosine hydrox-
ylase (TH), as did tumor cells of each genotype (Fig. S2, C, H, and
M). The tumor cells, but not normal chromaffin cells in the IRG,
were positive for the tumor makers Hu-Antigen C (HuC) and
Synaptophysin (Fig. S2, D, E, I, ], N, and O), indicating that tu-
mor cells retained neural markers and arose from sympathetic
neuroblasts, but not chromaffin cells.

AKT signaling has been shown to drive both cell survival and
proliferation (Irie et al., 2005), and functions as an intermediate
between the upstream receptor tyrosine kinase-PI3K signaling
and numerous downstream effectors (Manning and Toker,
2017). Since human tumors displayed activation of the mTOR-
S6 signaling axis downstream of AKT (Fig. 1), we hypothesized
that constitutively active myr-Akt2 might result in activation of
similar mTOR signaling during ganglioneuroma tumorigenesis.
Immunohistochemical analysis of tumor sections revealed high
level expression of phosphorylated mTOR (Ser2448) and the
mTOR targets S6 ribosomal protein (Ser235/236) and EIFAEBP1
(Thr37/46) in myr-Akt2 tumors, whereas levels of phosphory-
lated mTOR (Ser2448) and S6 ribosomal protein (Ser235/236)
were undetectable in MYCN-induced neuroblastomas (Fig. S2,
P-X). These data indicate that activation of the mTOR sig-
naling pathway is associated with myr-Akt2-driven mature
ganglioneuroma, but not MYCN-driven highly malignant
neuroblastoma.

Activated AKT induces sympathoadrenal cell proliferation to
drive ganglioneuroma formation

Previous studies showed that overexpression of MYCN-induced
sympathoadrenal cells hyperplasia in our neuroblastoma model
(zhu et al., 2012). In our current study, we use the same ap-
proach to identify the effects of myr-Akt2 on these cells during
ganglioneuroma pathogenesis. All the fish used in this analysis
were in the Tg(dBh:EGFP) (designated EGFP) background. We
examined the numbers of EGFP* sympathoadrenal cells in the
sections of the IRG region of different transgenic lines. The
numbers of EGFP* sympathoadrenal cells were significantly
increased in the myr-Akt2;EGFP line, as compared with those in
the control EGFP line at 5 wpf (Fig. 3). Similarly, MYCN;EGFP
transgenic fish also showed increased numbers of EGFP* sym-
pathoadrenal cells in the IRG relative to the EGFP line (Fig. 3).
Using 5-ethynyl-2'-deoxyuridine (EdU) labeling to determine
the proliferative fraction of the sympathoadrenal cells in the IRG
region of the myr-Akt2;EGFP line, we found that 0.77% of the
EGFP* sympathoadrenal cells showed incorporation of EdU after
2 h of pulse labeling, with no EdU* sympathoadrenal cells
identified in control EGFP line (P = 0.0108; Fig. S3, A-J). MYCN;
EGFP transgenic line exhibited even higher percentages of EdU*
sympathoadrenal cells (5.83%, P < 0.0001 versus control EGFP
line; Fig. S3, A-J) due to the proliferative signals from over-
expression of MYCN. Thus, AKT activation caused a modest
increase in cell proliferation of ganglioneuroma, which although
much less than that induced by MYCN in neuroblastoma nev-
ertheless resulted in sympathoadrenal lineage cell hyperplasia,
as reflected by the appearance of low-grade ganglioneuroma in
transgenic zebrafish.
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Zebrafish ganglioneuroma and neuroblastoma recapitulate
the gene expression patterns of their respective
human tumors
Ganglioneuroma and neuroblastoma both originate from mi-
gratory PSNS neuroblasts, representing benign and malignant
tumors arising from the same progenitor cell lineage. We next
sought to identify gene expression signatures that distinguished
between ganglioneuroma and neuroblastoma. RNA sequencing
(RNA-seq) was performed using zebrafish ganglioneuroma and
neuroblastoma cells that were isolated by FACS-sorting from myr-
Akt2 and MYCN fish, respectively (Fig. 4 A). Published microarray
data for human ganglioneuromas and neuroblastomas (Albino
et al., 2008) were analyzed to determine whether zebrafish tu-
mors resembled human tumors at the levels of gene expression.
By performing gene set enrichment analysis (GSEA), we
found that the PI3K pathway is up-regulated in both human and
zebrafish ganglioneuromas when compared with neuroblastoma
samples, consistent with the activation of AKT in ganglioneur-
oma (Fig. 4 B). Further analyses were based on the 4,321 Biomart
“one-to-one” orthologous genes between human and zebrafish
(Table S2). Analysis of 407 differentially expressed genes with
absolute log,-fold-difference >1 in ganglioneuromas compared
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Figure 2. Ganglioneuromas arise in myr-Akt2-expressing
transgenic zebrafish. (A-I) Images of a 25 wpf control
mCherry transgenic line without detectable mCherry-positive
tumor in the IRG (A), a 25 wpf myr-Akt2 transgenic line with
mCherry-positive ganglioneuroma (arrow) arising in the IRG
(D), and a 20 wpf MYCN transgenic line with EGFP-positive
neuroblastoma (arrow) arising in the IRG (G). Scale bars rep-
resent 1 mm for A, D, and G. H&E-stained sagittal sections of
mCherry transgenic line (B and C), myr-Akt2 transgenic line
with ganglioneuroma (E and F), and MYCN transgenic line with
neuroblastoma (H and 1). Boxes in B, E, and H indicate the IRG
and are magnified in C, F, and |, respectively. E, eye; G, gill; H,
heart; |, intestine; L, liver. Scale bars represent 1 mm for B, E,
and H and 20 um for C, F, and I. (J) Cumulative frequency of
ganglioneuromas in two independent myr-Akt2 stable trans-
genic zebrafish lines and a MYCN transgenic zebrafish line by
Kaplan-Meier analysis. The difference between tumor onset by
29 wpf for myr-Akt2#1, myr-Akt2#2, and MYCN versus
mCherry transgenic fish was determined by two-sided log-rank
test. ***, P < 0.00L; ****, P < 0.0001.

with neuroblastomas showed coordinate differences in gene
expression in both human and zebrafish tumors (Pearson’s r =
0.39, P < 2.2 x 10716), with 282 genes (69.3%) co-upregulated or
co-down-regulated (Fig. 4 C). Among the top 20 down- or up-
regulated genes, we noted down-regulation in both human and
zebrafish ganglioneuromas of the adrenergic core regulatory
circuit (CRC) transcription factors that were recently described
by ours and other groups (Boeva et al., 2017; Durbin et al., 2018;
van Groningen et al., 2017), including TFAP2B, ISLI, GATA3,
PHOX2A, and PHOX2B (Fig. 4 D). Thus, this critical CRC driving
the adrenergic subtype of neuroblastoma is not active in low-
grade ganglioneuroma. By contrast, other transcription factors
were highly expressed in both human and zebrafish ganglio-
neuroma samples, including the key neural crest transcription
factor SOX10, but down-regulated in neuroblastomas (Fig. 4 D).
Thus, the ganglioneuroma developed in our zebrafish model
resembles human ganglioneuroma, both histologically and by
gene expression.

mTOR inhibitors target ganglioneuroma cells
Our finding that activated AKT pathways drive ganglioneuroma
formation in zebrafish and can be prominently detected in
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childhood ganglioneuroma raised the possibility that these tu-
mors might be sensitive to inhibitors of pathways downstream
of AKT. Ganglioneuromas are primarily treated by surgical
resection, but can be large in size and are often intimately as-
sociated with vasculature and neuronal bundles. For these
reasons, surgical resection can be associated with significant
morbidity in the setting of large or difficult to resect tumors
(Table S3; Alexander et al., 2018; Retrosi et al., 2011). In these
patients, it would be desirable to reduce the size and extent of
the tumor before surgery. Unfortunately, chemotherapeutic
agents have not yet been identified that show efficacy in these
tumors (Decarolis et al., 2016).

Based on our findings implicating activated AKT and down-
stream signaling through mTOR and S6, we reasoned that gan-
glioneuroma might be sensitive to the inhibition of the mTOR
kinase. In our zebrafish model, primary zebrafish ganglioneur-
oma cells were isolated from the myr-Akt2 tumor-bearing fish
and transplanted into the pericardial cavity of casper recipients
at 2 dpf. Since these zebrafish have not developed a thymus at
this stage of embryogenesis (Langenau and Zon, 2005), recipi-
ents do not reject the donor ganglioneuroma cells. After trans-
plantation, embryos were given 24 h to recover, and then mTOR
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Figure 3. myr-Akt2 causes sympathoadrenal lineage cells hyper-
plasia in the IRG at 5 wpf. (A-I) Representative coimmunostaining
images of EGFP and mCherry of the sagittal sections through IRG of
EGFP (A-C), myr-Akt2;EGFP (D-F), and MYCN;EGFP (G-I) transgenic
lines at 5 wpf. Nuclei were stained with DAPI. Dotted lines indicate the
head kidney (HK) boundary. Scale bar, 20 um. (J) Numbers of EGFP*
sympathoadrenal cells in the IRG of control EGFP, myr-Akt2;EGFP, and
MYCN;EGFP transgenic fish at 5 wpf. Each symbol represents the value
for an individual fish. Horizontal bars indicate medians that were
compared with two-tailed Wilcoxon rank-sum test. *, P < 0.05; ****,
P < 0.0001.

inhibitors or vehicle control (DMSO) were added to the fish
water from 3 to 7 dpf (Fig. 5 A). In this assay, DMSO-treated cells
showed similar mCherry signal at 7 dpf that they exhibited at
3 dpf, indicating that the cells did not die or grow appreciably in
the pericardial environment over this 4-d period (Fig. 5, B and
C). We tested both the mTOR kinase inhibitors, sirolimus and
INK128, at their maximum tolerated dosages and found that
these compounds each reduced the mCherry fluorescence in-
tensity of the tumor mass by ~50% at 7 dpf compared with 3 dpf,
while DMSO-treated ganglioneuroma transplanted fish showed
no change (Fig. 5, B and C). We also tested MK-2206, which is an
allosteric inhibitor of AKT that suppresses AKT phosphorylation
and activation. Since myr-Akt2 constitutively targets mAkt2
to the cell membrane and circumvents MK-2206’s mode of ac-
tion (Sefton et al, 2013), this compound acts as a negative
control. Thus, this compound does not show activity in our myr-
Akt2-expressing zebrafish ganglioneuroma cells (Fig. 5, Band C)
but might exhibit activity in human ganglioneuroma, in which
as-yet-unidentified upstream signals lead to the activation of
endogenous AKT. Western blot analysis of primary zebrafish
ganglioneuroma cells in vitro showed marked inhibition of
phosphorylation of S6 ribosomal protein after treatment with
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sirolimus and more modest inhibition after treatment with
INK128 (Fig. 5 D). By contrast, phosphorylated EIF4AEBP1 was
much more strongly inhibited by the mTOR kinase inhibitor
INK128 (Fig. 5 D). Both DMSO and MK-2206 had no effects on
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Figure 4. Whole-transcriptome analysis of gan-
glioneuroma and neuroblastoma between human
and zebrafish. (A) Scheme of zebrafish RNA-seq. Ze-
brafish neuroblastoma (NB) and ganglioneuroma (GN)
cells were isolated and sorted by FACS and subjected to
RNA-seq. (B) CRC to determine enrichment of a gene
signature for the PI3K pathway in both human and
zebrafish ganglioneuroma versus neuroblastoma sam-
ples. Genes are ranked by score and plotted along the x
axis as vertical black bars. NES, normalized enrichment
score. (C) Highly correlated fold change (log, of gan-
glioneuroma/neuroblastoma) between human and ze-
brafish (Pearson’s r = 0.39, P < 2.2e-16) in gene
expression of 407 Biomart one-to-one orthologues
with absolute log,-fold-change >1. The linear regres-
sion line (blue) and 95% Cl (surrounding shaded area)
were plotted. Gene numbers within each group were
indicated. (D) Heatmaps of top 20 down- or up-
regulated genes (ranked by P value for human) in hu-
man and zebrafish. Arrows indicate key transcription
factors in neuroblastoma and ganglioneuroma. Zebra-
fish RNA-seq was performed in quadruplicate for each
condition.

phosphorylation of these substrates of mTOR (Fig. 5 D). Cellular
DNA content analysis with DAPI staining showed a significant
increase of cells in the sub-G1 area, representing increased ap-
optotic cells, in sirolimus- or INK128-treated primary zebrafish
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Figure 5. mTOR inhibitors reduce tumor burden in zebrafish with ganglioneuroma. (A) Experimental workflow of the embryonic transplantation assay.
Zebrafish primary ganglioneuroma cells were isolated from myr-Akt2 tumor-bearing fish and 100-120 tumor cells were transplanted into the pericardial cavity
of casper recipients at 2 dpf. Embryos were treated with compound from 3 dpf to 7 dpf. (B) Representative images of casper recipients pre- and posttreated
with different compound as indicated. Scale bar, 500 um. (C) Fold change of mCherry fluorescence intensity of the tumor cells transplanted into the casper
recipients under different compound treatment. Each symbol represents the value for an individual embryo. Horizontal bars indicate medians that were

compared with two-tailed Wilcoxon rank-sum test. Medians for MK-2206, sirolimus, and INK128 were compared with DMSO. ns, not significant;

* XK X
, P <

0.0001. (D) Western blotting of phosphorylated S6 ribosomal protein (p-S6; Ser235/236), S6, phosphorylated EIFAEBP1 (p-EIF4EBPL; Thr37/46), and EIF4EBP1
using the zebrafish primary ganglioneuroma cells treated with different compound for 18 h. a-Tubulin was used as a loading control. The positions of molecular
weight markers are indicated. Data are representative of three independent experiments. (E and F) Zebrafish primary ganglioneuroma cells were treated with
the indicated compound for 48 h. The percentages of cells in sub-G1 area and live cell events in G1, S, and G2/M phase of the cell cycle were analyzed with DAPI
staining followed by flow cytometry (E). Apoptotic cells were determined by flow cytometry to measure the percentage of FITC-positive cells after TUNEL
staining (F). Values are means + SEM of three independent experiments. Means for MK-2206, sirolimus, and INK128 were compared with DMSO by two-tailed,

unpaired t test. ns, not significant; *, P < 0.05; **** P < 0.0001. (G) Representative images of adult ganglioneuroma-bearing fish before and after treatment of

8 h/d for 35 d with the indicated compound. Scale bar, 1 mm. (H) Fold change of mCherry fluorescence intensity of the tumor mass after treatment with each
compound. Each symbol represents the value for an individual fish. Horizontal bars indicate medians that were compared with two-tailed Wilcoxon rank-sum

test. **** P < 0.0001.
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ganglioneuroma cells when compared with MK-2206- or
DMSO-treated cells (Fig. 5 E and Fig. S3 K). The percentages of
cells in G1, S, and G2/M phase were not significantly altered by
these drugs (Fig. 5 E and Fig. S3 K). A TUNEL assay with the
same cells showed increased levels of TUNEL-positive cells in
sirolimus- or INK128-treated zebrafish ganglioneuroma cells
(Fig. 5 F and Fig. S3 L), further confirming the increased levels
of apoptosis caused by treatment with these drugs. To test
the efficacy of sirolimus and everolimus for shrinking the
size of primary tumors in adult fish, we directly treated
ganglioneuroma-bearing adult fish with DMSO, sirolimus
(1 uM), or everolimus (1 uM) dissolved in the fish water for 8 h/d
for a total of 35 d. Both sirolimus and everolimus effectively
reduced the tumor burden by ~30-40% after treatment, while
the DMSO-treated group showed an ~1.5-fold gain in tumor
burden over this time period (Fig. 5, G and H). Thus, our results
in the zebrafish model of ganglioneuroma indicate that sirolimus
and everolimus effectively target ganglioneuroma cells in vivo,
which we believe is significant because sirolimus and ever-
olimus are well tolerated and already in clinical use in pediatrics
for a variety of diseases.

In this study, we made the surprising discovery that AKT and
its downstream mTOR-S6 pathway are activated, as detected by
IHC with phospho-specific antibodies, much more frequently in
the low-grade neuronal tumor ganglioneuroma than in neuro-
blastoma, its malignant high-grade counterpart within the PSNS
(Fig. 1). We modeled this in vivo using a zebrafish engineered to
express constitutively activated AKT in the PSNS. We found that
fish overexpressing this oncogene developed low-grade gan-
glioneuroma with 40-50% penetrance during the first 29 wk of
life (Fig. 2). These fish did not develop neuroblastoma, despite
the fact that the same promoter-driven other oncogenes such as
MYCN or c-MYC induces high-grade neuroblastoma in this
model (Tao et al., 2017; Zimmerman et al., 2018; Zhu et al., 2012).
Our zebrafish transgenic model overexpressing activated AKT in
developing PSNS cells appears to be quite faithful to the human
disease, which also exhibits activation of AKT. It will be im-
portant in future studies to analyze the underlying mechanisms
and the effects of AKT and mTOR inhibitors on primary human
ganglioneuroma cells, if they can be grown in short-term culture
or as patient-derived xenograft models. Unfortunately, under
current state-of-the-art conditions, human ganglioneuroma cells
have not successfully engrafted in immune-deprived mice.
Conditions that support short- and long-term culture of human
primary ganglioneuroma cells also have not yet been identified.
Presumably, these difficulties arise because human ganglioneur-
oma is a nonmetastatic, primarily differentiated tumor containing
mature gangliocytes. Taken together, our studies in primary
patient samples and zebrafish implicate activated AKT as a pre-
viously unappreciated driver of childhood ganglioneuroma. Gan-
glioneuromas that develop in activated AKT-overexpressing
zebrafish are faithful to human ganglioneuromas by histological
and gene expression analysis. Using this model, we implicate
clinically available inhibitors of the mTOR kinase, which are ap-
proved by the Food and Drug Administration for use in pediatrics,
as agents that reduce ganglioneuroma tumor burden in this
disease.
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The role of activated AKT in human neoplasia appears to be
context dependent. Activation of the AKT pathway has been
found in a number of malignant tumor types, including breast
cancer, colorectal cancer, and squamous cell lung carcinoma,
and has been shown to regulate multiple cellular processes in
these types of cancer, including cell survival, proliferation, and
apoptosis (Cheng et al., 2005; Engelman, 2009; Vanhaesebroeck
et al., 2012). The role of AKT in neural crest-derived malig-
nancies, however, appears to be quite different (Eleveld et al.,
2015). AKT activity is broadly required throughout the devel-
opment of neural crest for processes that include cell migration,
differentiation, and maturation (Sittewelle and Monsoro-Burg,
2018). Ganglioneuroma and neuroblastoma both arise in chil-
dren from neural crest-derived progenitor cells, but are distinct
at many levels (Shimada and Ambros, 2005). Ganglioneuroma is
a low-grade tumor in which cells exhibit differentiation toward
mature ganglion cells and grow slowly by extension of the tumor
mass, with rare local or widespread metastatic dissemination. By
contrast, neuroblastoma cells resemble undifferentiated neuro-
nal progenitors and often spread locally through the lymphatic
drainage and disseminate hematogenous to bone marrow, liver,
skin, and bone.

Our RNA-seq analysis of gene expression in zebrafish neu-
ronal tumors exhibited a striking concordance with published
human gene expression microarray results for both ganglio-
neuroma and neuroblastoma (Fig. 4). For example, the adre-
nergic CRC of human neuroblastoma recently identified by our
group and other groups as a feed-forward autoregulatory loop
composed of master transcription factors driven by super-
enhancers and expressed at high levels was also expressed at
high levels in zebrafish neuroblastomas driven by MYCN. These
up-regulated master transcription factors in human and zebra-
fish neuroblastomas include TFAP2B, ISL1, GATA3, PHOX2A, and
PHOX2B (Fig. 4), and high levels of expression are required to
establish the malignant cell state in this subset of neuroblastoma
(Boeva et al., 2017; Durbin et al., 2018; van Groningen et al.,
2017). These transcription factors were not highly expressed
by human and zebrafish ganglioneuromas overexpressing acti-
vated AKT, emphasizing the very different cell state of these
low-grade tumors. By contrast, the expression of SOXI0, a master
transcription factor expressed by mature, differentiated gan-
glion cells and Schwann cells (Delfino-Machin et al., 2017), was
remarkably up-regulated in human and zebrafish ganglioneur-
omas. Up-regulation of SOXIO suggests that this transcription
factor may play a role in regulating the differentiation of neu-
ronal progenitor cells. Indeed, activated Akt is required for
neural crest differentiation by regulation of Sox10 activity in
zebrafish (Ciarlo et al., 2017). These examples serve to demon-
strate the close similarity between human and zebrafish gan-
glioneuromas and emphasize the differences in gene expression
as well as clinical behavior of these low-grade tumors compared
with neuroblastoma.

The tuberous sclerosis complex (TSC) represents a well-
studied human syndrome caused by gene mutations in TSCI
and TSC2, with hyperactivation of the mTOR pathway. The
TSC1-TSC2 protein complex is a tumor suppressor complex with
inhibitory effects on the mTOR signaling cascade (Jeong and
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Wong, 2016; Rosset et al., 2017). Patients with the clinical syn-
drome of tuberous sclerosis develop mature neuronal tumors
called subependymal giant cell astrocytomas, which are char-
acterized by ectopic activation of mTOR and are highly respon-
sive to clinical use of mTOR inhibitors (Jeong and Wong, 2016). As
low-grade neuronal tumors, these subependymal giant cell as-
trocytomas share many similarities with ganglioneuromas, in-
cluding their propensity to exhibit expansive growth with rare
regional or widespread dissemination. Intriguingly, mTOR in-
hibitors (sirolimus or everolimus) have been used to treat children
with TSC, and these compounds are well tolerated by pediatric
patients (Jeong and Wong, 2016; Krueger et al., 2018). Currently,
patients with ganglioneuroma are treated by surgery alone, but
this approach can be fraught with postoperative morbidities,
including bowel dysfunction, chronic neuropathy, and vascular
insufficiency, among others (Table S3; Decarolis et al., 2016;
Sénchez-Galdn et al., 2014). Our preclinical study suggests that
sirolimus or other rapalogs would also be active for the presurgical
treatment of children with ganglioneuroma, providing a means to
reduce the size and extent of these tumors so that they can be
more safely removed at the time of definitive surgical resection.
Our findings raise several important questions aside from the
potential clinical impact of mTOR-targeting drugs on clinical
management of ganglioneuroma patients, particularly those that
are deemed surgically unresectable. Future studies are needed to
define the upstream drivers of AKT Ser473 phosphorylation that
induce ganglioneuroma. The primary pathways leading to AKT
activation are often initiated by receptor tyrosine kinases or
G-protein-coupled receptors leading to membrane recruitment
and activation of one or more isoforms of PI3K, which in turn
recruit and activate mTORC2, leading to AKT activation medi-
ated by phosphorylation on Ser473 (Manning and Toker, 2017;
Saxton and Sabatini, 2017). In Table S3, we list the inherited
abnormalities in our series of children with ganglioneuroma.
The most relevant is juvenile polyposis syndrome, such as that
documented in patient 9, which may develop in the setting of
PTEN and BMPRIA mutations (Busoni et al., 2019; Guaraldi et al.,
2017). PTEN inactivation results in a loss of inhibition of AKT
and, therefore, constitutive activation (Manning and Toker,
2017), which may provide insight into the etiology of ganglio-
neuroma in patients with this syndrome. Somatically acquired
mutations or epigenetic alterations affecting the expression
levels of proteins in the PI3BK-AKT-mTOR pathway may be re-
sponsible for initiating ganglioneuroma in individual patients.
In the future, whole-genome sequencing of matched tumor and
normal genomic DNA will be needed to identify lesions that
contribute to aberrant AKT signaling in ganglioneuroma. Al-
though uncommon, familial cases of ganglioneuroma have been
reported (Leavitt et al., 2000), and these provide a unique set-
ting to identify causative mutations by whole-genome se-
quencing of affected compared with unaffected family members.

Materials and methods

Patient samples and IHC analysis

Human primary ganglioneuroma and poorly differentiated
neuroblastoma samples were obtained from the archives of the
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Department of Pathology, Boston Children’s Hospital (Table S1).
Available samples with sufficient quality for IHC were identified
from patients with ganglioneuroma, ganglioneuroblastoma, or
neuroblastoma. Power calculations were performed using a two-
sided Mantel-Haenszel test with a = 0.05 to give a conservative
estimate of the power provided by a Fisher’s exact test. A sample
size of n = 12 patients in each group would provide 80% power to
detect a 54% difference in the proportion of patients positive for
phosphorylated AKT for ganglioneuroma (89%) versus neuro-
blastoma (35%). H&E staining and IHC with primary antibodies
against phosphorylated AKT (Ser473; 1:100, #4060; Cell Signal-
ing Technology; recognizes p-AKT1 [Ser473], p-AKT2 [Ser474],
and p-AKT3 [Ser472]); pan-AKT (1:200, #4691; Cell Signaling
Technology; recognizes each of the AKT1, AKT2, and AKT3 iso-
forms), phospho-mTOR (Ser2448; 1:100, #2976; Cell Signaling
Technology), mTOR (1:100, #2983; Cell Signaling Technology),
phospho-S6 ribosomal protein (Ser235/236; 1:400, #4858; Cell
Signaling Technology), and S6 ribosomal protein (1:100, #2317;
Cell Signaling Technology) were performed at the DF/HCC Re-
search Pathology Core. All IHC was performed using the Leica
Bond III automated staining platform with the Leica Biosystems
Refine Detection Kit with citrate antigen retrieval. Immuno-
histochemical staining was visually inspected by two indepen-
dent observers, blinded to each other’s analysis and any sample
identifying information or diagnosis, and quantified by distri-
bution of the stain in viable tumor cells. Scoring of sections was
performed independently by each observer. Sections with <10%
of viable tumor cells staining positively were considered nega-
tive (score of 0), and those with >25% of viable tumor cells
staining positively were considered positive (score of 1). In our
evaluation, no sections were identified with staining in an in-
termediate fashion (i.e., between 10 and 25% of viable tumor
cells staining positively). Statistical comparisons of two groups
were performed by two-sided Fisher’s exact test (binary end-
point) or two-tailed Wilcoxon rank-sum test (continuous end-
point). Ganglioneuroma and neuroblastoma specimens were
removed at surgery at Boston Children’s Hospital. Patients and
their parents or guardians provided informed consent that after
all clinically relevant evaluations were performed, the remain-
ing surgical specimens could be used for deidentified research
purposes. The studies reported here, including the analysis of
clinical features of the patients, were performed with the ap-
proval of the Dana-Farber Cancer Institute Institutional Review
Board (DFCI protocol 19-150). All results are reported using ar-
bitrary sample ID numbers without linked identifiers.

Fish lines and maintenance

AB background zebrafish were raised and maintained by stan-
dard procedures. All zebrafish studies and maintenance were
done in accordance with Dana-Farber Cancer Institute institu-
tional animal care and use committee (IACUC)-approved pro-
tocol #02-107.

Zebrafish lines Tg(dh:EGFP), Tg(dBh:mCherry), and Tg(dgh:
EGFP-MYCN) (Zhu et al., 2012; Zhu et al., 2017) were described
previously and are designated EGFP, mCherry, and MYCN in the
text, respectively. To generate zebrafish transgenic line Tg(dgh:
mCherry;dh:myr-Akt2), a constitutively active myr-Akt2 (Tan
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et al., 2008) was subcloned under the dgh promoter (Zhu et al.,
2012) using the primers 5'-CGGACCGGTACCATGGGGAGCAGC
AAGAGCAAGCCC-3’ and 5'-CCGTTAATTAATCACTCTCGGATG
CTGGCTGAGTA-3'. DNA constructs dfh:mCherry and dBh:myr-
Akt2 were linearized by I-Scel, followed by injection into ze-
brafish embryos at the one-cell stage using a coinjection strategy
(Langenau et al., 2008). Mosaic FO transgenic fish with germline
integration were identified, and two independent stable Tg(dgh:
mCherry;dBh:myr-Akt2) transgenic lines (myr-Akt2#1 and #2) were
established from the F1 generation. The primer pair mAkt2_Fw665:
5'-ATGACCGCCTATGCTTTGTGA-3' and mAkt2_Rv991: 5'-CTGCTC
GCCCATAGTCATTGTC-3' was used to genotype myr-Akt2#1 and #2
lines using the genomic DNA extracted from fin clips as template.

Tumor watch

Transgenic fish were observed biweekly for evidence of EGFP or
mCherry fluorescent tumors starting at 7 wpf. Fish with tumors
were separated, genotyped, and sacrificed after anesthesia and
characterized by histopathological H&E staining and molecular
analysis. Zebrafish ganglioneuromas and neuroblastomas were
diagnosed based on their distinctive histopathologic features
using H&E-stained sections. Zebrafish ganglioneuromas were
composed of differentiated, large, mature ganglion cells that had
similar cytological features as the paravertebral mature ganglion
cells present nearby in the same zebrafish. The nuclear/cyto-
plasmic ratio was low, and round large nuclei with open chro-
matin were centrally located and had prominent single nucleoli.
An eosinophilic, uniformly abundant cytoplasm was present
in all ganglioneuroma cells (see Fig. 2 F). In contrast, zebrafish
neuroblastomas were composed of undifferentiated, small,
round neuroblasts with a high nuclear/cytoplasmic ratio, hy-
perchromatic nuclei, inconspicuous nucleoli, and scant cyto-
plasm (see Fig. 2 I). The cumulative frequency of tumor
development was analyzed by the Kaplan-Meier method, and
subgroups were compared with a two-sided log-rank test.

Embryonic transplantation assay

Zebrafish primary ganglioneuroma cells were isolated from
myr-Akt2 tumor-bearing fish by dissection after tricaine over-
dose treatment according to JACUC-approved protocol. The tu-
mor tissue was manually disrupted with a blade in a suspension
solution (0.9x PBS + 5% FBS) and filtered through a 20-um cell
strainer (#NC9699018; Thermo Fisher Scientific). The tumor
cells were then centrifuged and resuspended in the suspension
solution at a density of 1.0-1.2 x 108 cells/ml. 1 nl of the tumor
cells (100-120 cells) was transplanted into the pericardial cavity
of casper recipients at 2 dpf. The transplanted embryos were
given 24 h to recover. At 3 dpf, the embryos with successful
transplants were collected, imaged, and subjected to compound
treatment in 96-well plates. After compound treatment for 4 d,
the embryos were imaged again, and tumor burden was calcu-
lated as the intensity of the mCherry fluorescence.

EdU pulse labeling, cryosectioning, paraffin sectioning,

and immunostaining

For EdU pulse labeling experiments in zebrafish, EdU from
the Click-iT Alexa Fluor 647 Imaging Kit (#C10340; Life
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Technologies) was diluted to 2.5 mg/ml for retro-orbital in-
jection. Each euthanized fish examined at 5 wpf was injected
with 1 pl EdU solution. Fish were fixed 2 h after injection for
cryosectioning, and EdU detection was performed according to
the manufacturer’s protocol.

Zebrafish cryosectioning and immunofluorescence staining
were performed as previously described (Tao et al., 2017). Fish at
indicated stage were fixed in 4% paraformaldehyde at 4°C
overnight, followed by washing with PBS three times. The
samples were embedded in 1.5% agarose melted in 30% sucrose
PBS solution and equilibrated in 30% sucrose PBS solution
overnight at 4°C. Sagittal sections were cut serially at a 14-um
thickness and then collected on CLIP CRNR EXCELL slides (#22-
037-247; Thermo Fisher Scientific). For immunofluorescence
staining, slides were incubated with a primary antibody at 4°C
overnight, washed with PBS/0.1% Tween 20 (PBST), and then
incubated with a secondary antibody for 2 h at room tempera-
ture. An antibody against EGFP (#A11120; Life Technologies) was
used as a primary antibody. Secondary antibodies were conju-
gated with Alexa Fluor 488, 568, and 647 (Life Technologies).
DAPI (#S36973; Life Technologies) was used for nuclear stain-
ing. Fluorescent images were taken by a Leica SP5X scanning
confocal microscope at the Confocal and Light Microscopy core
facility at Dana-Farber Cancer Institute.

Zebrafish paraffin sectioning, H&E staining, and IHC with
primary antibodies against phospho-AKT (Ser473, #4060; Cell
Signaling Technology), pan-AKT (#4691; Cell Signaling Tech-
nology), TH (#P40101; Pel-Freez), HuC (#A-21271; Life Tech-
nologies), phospho-mTOR (Ser2448; Cell Signaling Technology
#2976), phospho-S6 ribosomal protein (Ser235/236, #4858; Cell
Signaling Technology), phospho-EIF4EBP1 (Thr37/46, #2855;
Cell Signaling Technology), and Synaptophysin (#MAB5258;
Millipore) were performed at the DF/HCC (Dana-Farber/Har-
vard Cancer Center) Research Pathology Core.

Zebrafish ganglioneuroma cell cycle and apoptosis analysis

Zebrafish primary ganglioneuroma cells were isolated from
myr-Akt2 tumor-bearing fish by dissection after tricaine over-
dose treatment according to IACUC-approved protocol. The tu-
mor tissue was manually disrupted with a blade in a suspension
solution (0.9x PBS + 5% FBS) and filtered through a 20-um cell
strainer (#NC9699018; Thermo Fisher Scientific). The tumor
cells were then centrifuged, resuspended in Leibovitz's L-15
medium (#31415029; GIBCO; Choorapoikayil et al., 2013) and
seeded in a 6-well plate at a density of 1 x 10° cells per well. Cells
were treated with vehicle (DMSO) or compound for 48 h. Cells
were collected and either stained with DAPI for cell cycle
analysis or subjected to a TUNEL assay (In situ Cell Death
Detection Kit, Fluorescein, #11684795910; Roche) for apoptosis
analysis. Cell number was recorded by a BD LSRFortessa flow
cytometer. Data were analyzed using FlowJo v10 (BD Biosciences).

Compound treatment of adult ganglioneuroma-bearing fish

Zebrafish with primary ganglioneuroma at 8-12 mo old were
treated with vehicle (DMSO), sirolimus (1 uM), or everolimus
(1 uM) dissolved in 300 ml fish water for 8 h/d (9 a.m. to 5 p.m.).
At 5 p.m. each day, the fish were transferred to 300 ml fresh fish
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water containing 20 ml concentrated live rotifers, which were
the nutritional source for the zebrafish during treatment. This
treatment protocol was continued for a total of 35 d. Images
were taken before and after treatment, and tumor burden was
calculated as the intensity of the mCherry fluorescence.

Quantification and statistical analyses

To analyze the hyperplasia of the sympathoadrenal cells before
tumor onset, all sections from each individual fish were scanned
by confocal z-stack. A single representative section containing
the largest number of sympathoadrenal cells in the IRG was
selected and quantified for each individual fish. Data were
compared with a two-tailed Wilcoxon rank-sum test.

To analyze the proliferative capacity of the sympathoadrenal
cells before tumor onset, all sections from each individual fish
were scanned by confocal z-stack. A single representative sec-
tion containing the largest percentage of EdU* sympathoadrenal
cells to the total number of sympathoadrenal cells in the IRG was
selected and quantified for each individual fish. The data were
analyzed by two-tailed Wilcoxon rank-sum test.

RNA-seq and data analysis

Zebrafish tumor cells of 6-mo-old fish were dissected and sorted
by fluorescence. RNA samples were prepared and subjected to
library preparation for Illumina NextSeq 500 Next-Generation
Sequencing at the DFCI Molecular Biology Core Facilities. After
acquiring the raw fastq format paired-end RNA-seq reads, we
inspected the sequencing quality using fastqc v0.11.5 (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and re-
moved standard Illumina adapters from the 3’ end using Trim
Galore v0.4.4 (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/). The processed reads were then aligned
to the GRCz10 version of the zebrafish reference genome using
Tophat v2.1.1 (Trapnell et al., 2009). The gene transfer format
UCSC gene models, obtained from the iGenomes website (https://
support.illumina.com/sequencing/sequencing_software/igenome.
html), were provided as an annotation reference (-G option of
Tophat). After the alignment, the BAM format files were sorted by
reads name using Samtools v1.5 (Li et al., 2009), and the reads
mapped to each gene were counted using HTSeq-count v0.6.1
(Anders et al.,, 2015). edgeR library (Robinson et al., 2010) was
applied to normalize read counts across samples and identify
genes that are differentially expressed between conditions in R.
Zebrafish RNA-seq data in this study are available from the GEO
under accession number GSE135682.

Human ganglioneuroma and neuroblastoma microarray

data analysis

Human ganglioneuroma and neuroblastoma microarray data were
obtained from the GEO under accession number GSE7529. The
raw intensity data were reprocessed using the affy library
(Gautier et al., 2004) in a way that is similar to the original pro-
cedures (Albino et al., 2008), i.e., no background correction, vsn
method normalization, only perfectly matched probes accepted,
and expression measured with the median polish approach. The
limma library was applied to identify the differentially expressed
genes between these two groups.
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GSEA

Normalized expression values for individual samples of zebraf-
ish RNA-seq (by edgeR) or human microarray (by limma) data
were used for GSEA. Genes from whole transcriptomic data were
ranked based on the log,-fold-change in ganglioneuroma versus
neuroblastoma. The preranked option of GSEA (Subramanian
et al, 2005) was run with 2500 permutations for statistical
evaluation. GSEA was performed with signatures from version
6.0 of the molecular signature database (MolSigDB; http://www.
broadinstitute.org/gsea/msigdb/index.jsp).

Protein extraction and Western blot analysis

Protein was extracted from zebrafish primary ganglioneuroma
cells using RIPA buffer after compound treatment for 18 h.
Western blotting was performed as described previously (Tao
et al., 2013). Protein samples were separated by a 10% polyac-
rylamide gel and transferred to a polyvinylidene fluoride
membrane (#PI88518; Thermo Fisher Scientific). The mem-
brane was blocked in PBST containing 5% nonfat milk for 1 h at
room temperature, incubated with a primary antibody for 2 h
diluted in blocking buffer. After washing three times in PBST,
the membrane was incubated with a secondary antibody for 1h
diluted in blocking buffer and washed three times again in
PBST. The results were visualized on autoradiography films
with SuperSignal West Pico Chemiluminescent Substrate
(#P134080; Pierce) or SuperSignal West Dura Extended Dura-
tion Substrate (#34075; Pierce). Antibodies against phospho-S6
ribosomal protein (Ser235/236, #2211; Cell Signaling Technol-
ogy), S6 ribosomal protein (#2317; Cell Signaling Technology),
phospho-EIFAEBP1 (Thr37/46, #2855; Cell Signaling Technol-
ogy), EIFAEBPl (#9644; Cell Signaling Technology), and
a-Tubulin (#T6074; Sigma) were used as primary antibodies.

Online supplemental material

Fig. S1 shows immunohistochemical evaluation of mTOR and Sé6
protein activation in human primary ganglioneuromas and
poorly differentiated neuroblastomas. Fig. S2 shows immuno-
histochemical analyses of normal IRG and neuroblastic tumors
in myr-Akt2 and MYCN transgenic fish. Fig. S3 shows cellular
phenotype of the sympathoadrenal lineage in the IRG of myr-
Akt2 fish at 5 wpf and flow cytometry analysis of zebrafish
primary ganglioneuroma cells treated with different compounds.
Table S1 shows the demographic characteristics of patients in-
cluded in this study. Table S2 shows the expression data of 4,321
orthologues in human and zebrafish ganglioneuroma and neu-
roblastoma. Table S3 shows the tumor characteristics of patients.
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Figure S1.  Immunohistochemical evaluation of mTOR and S6 proteins phosphorylation in human primary ganglioneuromas and poorly differenti-
ated neuroblastomas. (A) H&E staining and IHC with phosphorylated mTOR (p-mTOR; Ser2448) and mTOR for a representative human primary ganglio-
neuroma (GN) and poorly differentiated neuroblastoma (NB). (B) H&E staining and IHC with phosphorylated S6 ribosomal protein (p-S6; Ser235/236) and S6
for a representative GN and NB. All scale bars represent 20 um. Protein expression is indicated by brown staining.
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Figure S2. Immunohistochemical analyses of normal IRG and neuroblastic tumors in myr-Akt2 and MYCN transgenic fish. (A-O) Immunohistochemical
staining of phosphorylated Akt (p-Akt; Ser473), pan-Akt, TH, HuC, and Synaptophysin (Synap) of the sagittal sections through IRG of a control mCherry
transgenic fish (A-E), a myr-Akt2 fish with ganglioneuroma (F-J), and a MYCN fish with neuroblastoma (K-0). Arrows indicate head kidney. HK, head kidney;
pNT, peripheral neuroblastic tumors. Scale bars, 20 pm. (P-X) Immunohistochemical staining of phosphorylated mTOR (p-mTOR; Ser2448), phosphorylated
S6 ribosomal protein (p-S6; Ser235/236) and phosphorylated EIF4EBP1 (p-EIF4EBP1; Thr37/46) of the sagittal sections through IRG of mCherry transgenic line
(P-R), myr-Akt2 line with ganglioneuroma (S-U), and MYCN line with neuroblastoma (V-X). Arrows indicate head kidney. Arrowheads indicate renal tubules.
Scale bars, 20 um.
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Figure S3. Cellular phenotype of the sympathoadrenal lineage in the IRG of myr-Akt2 fish and flow cytometry analysis of zebrafish primary
ganglioneuroma cells. (A-1) Coimmunostaining of EGFP, mCherry and EdU of the sagittal sections through IRG of EdU-labeled EGFP (A-C), myr-Akt2;EGFP
(D-F), and MYCN;EGFP (G-1) transgenic lines at 5 wpf. Arrowheads indicate the EdU-labeled proliferating sympathoadrenal cells. Dotted lines indicate the head
kidney (HK) boundary. Scale bar, 20 pm. (J) Percentage of EdU-positive sympathoadrenal cells in the IRG of transgenic fish lines were plotted at 5 wpf. Each
symbol represents the value for an individual fish. Horizontal bars indicate medians that were compared with two-tailed Wilcoxon rank-sum test. *, P < 0.05;
*¥¥% P < 0.0001. (K and L) Zebrafish primary ganglioneuroma cells were treated with the indicated compound for 48 h. Representative flow cytometric
determinations are shown of cell cycle analysis after DAPI staining (K) and apoptotic cell analysis after TUNEL staining (L). Data are representative of three
independent experiments.
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Three tables are provided online. Table S1 shows the demographic characteristics of patients included in this study. Table S2 shows
the expression data of 4,321 orthologues in human and zebrafish ganglioneuroma and neuroblastoma. Table S3 shows the tumor
characteristics of patients.
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