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SUMMARY

Growing evidence suggests a major role for Src homology-2 domain-containing phosphatase 2 

(SHP2/PTPN11) in MYCN-driven high-risk neuroblastoma, although biologic confirmation and a 

plausible mechanism for this contribution are lacking. Using a zebrafish model of MYCN-
overexpressing neuroblastoma, we demonstrate that mutant ptpn11 expression in the adrenal gland 

analogue of MYCN transgenic fish promotes the proliferation of hyperplastic neuroblasts, 

accelerates neuroblastomagenesis and increases tumor penetrance. We identify a similar 
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mechanism in tumors with wild-type ptpn11 and dysregulated Gab2, which encodes a Shp2 

activator that is overexpressed in human neuroblastomas. In MYCN transgenic fish, Gab2 
overexpression activated the Shp2-Ras-Erk pathway, enhanced neuroblastoma induction and 

increased tumor penetrance. We conclude that MYCN cooperates with either GAB2-activated or 

mutant SHP2 in human neuroblastomagenesis. Our findings further suggest that combined 

inhibition of MYCN and the SHP2-RAS-ERK pathway could provide effective targeted therapy 

for high-risk neuroblastoma patients with MYCN amplification and aberrant SHP2 activation.
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INTRODUCTION

Neuroblastoma is the most common extracranial solid tumor in children, accounting for 10–

13% of pediatric cancer deaths (Louis and Shohet, 2015; Park et al., 2013; Saito et al., 

2012). This tumor arises from immature, primordial neural crest cells that develop into the 

adrenal medulla and other sympathetic neural ganglia in the peripheral sympathetic nervous 

system (PSNS) (Hoehner et al., 1996). Amplification of MYCN is found in 20% of 

neuroblastomas (Brodeur et al., 1984; Seeger et al., 1985), while mutations in ALK 
(anaplastic lymphoma kinase) account for the majority of hereditary cases (Bresler et al., 

2014; Brodeur and Bagatell, 2014; De Brouwer et al., 2010; George et al., 2008; Janoueix-

Lerosey et al., 2008; Mosse et al., 2008) and 8–10% of sporadic cases (Chen et al., 2008; 

George et al., 2008; Janoueix-Lerosey et al., 2008; Molenaar et al., 2012; Mosse et al., 2008; 

Pugh et al., 2013).
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We and others have reported that PTPN11, which encodes SHP2 (Src homology-2 domain-

containing phosphatase 2), is the third most frequently mutated gene in neuroblastoma, 

affecting up to 3.4% of cases. Interestingly, over half of PTPN11 mutant tumors also show 

MYCN amplification (Bentires-Alj et al., 2004; Pugh et al., 2013). PTPN11 is required for 

full activation of the RAS extracellular signal-regulated kinase (ERK) pathway in growth 

factor, cytokine, and integrin signaling, and mutant forms of SHP2 lower the threshold for 

activation of such pathways (Chan et al., 2008; Mohi and Neel, 2007). Very recently, 

PTPN11 and other genes encoding RAS-ERK pathway components were found to be 

mutated in relapsed cases (Eleveld et al., 2015), and activated Ras-Erk signaling in nf1-
deficient zebrafish can accelerate MYCN-induced neuroblastomagenesis (He et al., 2016), 

suggesting that SHP2 could play a major role in neuroblastoma pathogenesis and treatment 

resistance, potentially through activation of the RAS-ERK pathway.

Despite growing evidence that SHP2 could play a critical role in neuroblastomagenesis and 

the emergence of relapse (Bentires-Alj et al., 2004; Pugh et al., 2013), neither direct 

biological evidence supporting an oncogenic role for PTPN11 mutations, nor the underlying 

mechanism of such activity has been provided. Because GAB2 (encoding GRB2-associated 

binding protein-2) and other upstream genetic regulators of SHP2 are highly expressed with 

PTPN11 in many neuroblastomas (http://r2.amc.nl), we hypothesized that dysregulation of 

one or more of their encoded proteins could also aberrantly activate SHP2. If so, 

inappropriate SHP2 activation leading to enhanced RAS-ERK signaling might play a much 

broader role in neuroblastoma pathogenesis than previously thought. To assess the 

significance of dysregulated SHP2 or GAB2 expression on neuroblastoma pathogenesis in 

the context of MYCN amplification, we generated transgenic zebrafish lines in which 

mutationally activated ptpn11 or wild-type Gab2 is overexpressed in the PSNS under control 

of the zebrafish dopamine-β-hydroxylase gene promoter. Concomitant overexpression of 

MYCN in these models reliably induces tumors that closely resemble human high-risk 

neuroblastoma (Zhu et al., 2012).

RESULTS

Mutant ptpn11 synergizes with overexpressed MYCN to induce neuroblastoma

We generated a stable transgenic zebrafish line that overexpresses EGFP-fused to 

ptpn11E69K (ptpn11mut). This mutation is the zebrafish homologue of a somatic activating 

mutation identified in human neuroblastoma (Bentires-Alj et al., 2004) and leukemia 

(Tartaglia et al., 2003). The ptpn11mut transgene is placed under control of the dopamine-

beta-hydroxylase (dβh) promoter, which directs expression in sympathoadrenal cells in the 

interrenal gland (IRG), the analogue of human adrenal gland (Figure S1) (Hsu et al., 2004). 

Heterozygous ptpn11mut fish were bred to heterozygous transgenic fish overexpressing 

EGFP-MYCN in the PSNS (designated MYCN) (Zhu et al., 2012), and the offspring of 

three transgenic lines -- MYCN, ptpn11mut, and MYCN;ptpn11mut--were monitored over 6 

months.

Expression of ptpn11mut or EGFP alone did not lead to tumor development (Figure 1A, 1B 

and 1E), while tumors arose in 2 of 68 MYCN fish between 5 and 9 weeks of age (Figure 1C 

and 1E). However, a much higher fraction of compound MYCN;ptpn11mut fish (16/70) 
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developed tumors during the same period (Figure 1D and 1E). Tumors continued to arise 

after 9 weeks of age in both fish lines, but the rate of tumor development was much higher in 

the compound group over the entire monitoring period (Figure 1E). By 25 weeks of age, 

~75% of the MYCN;ptpn11mut fish had tumors, compared with ~37% of the MYCN fish 

(Figure 1E, p<0.0001).

In both MYCN and compound MYCN;ptpn11mut transgenic fish, tumors arose in the IRG 

region (Figures 1D and S1B), and closely resembled high-risk human neuroblastoma 

histologically (Figure S1B, first two panels; also (Zhu et al., 2012)) as well as 

immunohistochemically (Figure S1B, middle two panels; also (Marusich et al., 1994; 

Teitelman et al., 1979)). Expression of Shp2 (the gene product of ptpn11) was confirmed by 

immunohistochemical analysis (Figure S1B, far-right panels). In addition, the 

phosphorylation of Erk1/2 was elevated in tumors coexpressing MYCN and ptpn11mut, as 

compared to those expressing MYCN alone, consistent with activation of the downstream 

Ras-Erk pathway in MYCN; ptpn11mut transgenic fish (Figure 1F).

We next asked whether overexpression of wild-type ptpn11 (ptpn11wt) can synergize with 

MYCN to promote neuroblastomagenesis. For these studies, we transiently co-

overexpressed the ptpn11wt-EGFP fusion construct under control of the dβh promoter with 

a dβh-mCherry construct in MYCN transgenic fish. Expression of mCherry served as a 

marker for the transient coexpression of ptpn11wt or ptpn11mut (Langenau et al., 2008; Zhu 

et al., 2012). Consistent with the above finding in the stable transgenic fish lines (Figure 1E), 

we observed significantly increased fractions of MYCN transgenic fish mosaically 

overexpressing ptpn11mut and mCherry that developed tumors in the IRG during the 12 

weeks of monitoring period (Figure 1F, p=0.03). By contrast, similar fractions of MYCN 
fish with either mosaic overexpression of ptpn11wt and mCherry or mCherry alone had 

tumors in the IRG during the observation period (Figure 1F), suggesting that mosaic 

overexpression of ptpn11wt at the levels driven by the dβh promoter is not adequate to 

collaborate with MYCN to potentiate neuroblastoma pathogenesis in this model system. 

These findings indicate that mutationally activated but not wild-type Shp2 cooperates with 

MYCN to increase tumor penetrance.

Transcriptome analysis reveals an association of GAB2 with PTPN11 expression in high-
risk neuroblastoma with MYCN amplification

Having established a synergistic relationship between mutationally activated Shp2 and 

MYCN in our zebrafish model, we next investigated whether Shp2 might be activated by 

other means in MYCN-driven neuroblastomas that lack ptpn11 mutations. Analysis of 

transcriptome data from four publically available neuroblastoma data sets revealed that 

PTPN11 is overexpressed in most neuroblastoma cases (Figure S2A and http://r2.amc.nl). 

The available control data in those compilations were obtained from normal adrenal glands 

isolated from individuals of different ages, including adults (http://r2.amc.nl). Adult adrenal 

gland consists of adrenal cortex and adrenal medulla (containing mainly chromaffin cells), 

which differs from fetal adrenal gland (containing both neuroblasts and chromaffin cells) 

(Cooper et al., 1990; Crickard et al., 1982; Turkel and Itabashi, 1974). Thus, it is possible 

that high PTPN11 levels in neuroblastoma might be due to differences in the developmental 
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or cellular origin of these tumors, or both. Nevertheless, we found that increased expression 

of PTPN11 is associated with a poorer overall survival rate among neuroblastoma patients 

with MYCN amplification (Figure S2B and S2C), suggesting an important role of PTPN11 
in human neuroblastoma progression.

SHP2 is activated by binding to certain scaffolding adapters and receptors, including GRB2-

associated binding proteins (GABs), fibroblast growth factor receptor substrate-2 (FRS2), 

insulin receptor substrates (IRSs), receptor tyrosine kinases (RTKs), cytokine receptors and 

other proteins (Chan et al., 2008; Mohi and Neel, 2007; Neel et al., 2003). Remarkably, we 

found that GAB2 is overexpressed in most neuroblastoma cases (Figure S2D and http://

r2.amc.nl), and Pearson’s correlation analysis showed a significant association between the 

expression of PTPN11 and GAB2 in high-risk cases across different publically available 

neuroblastoma data sets, each comprising over 30 MYCN-amplified neuroblastoma cases 

(Figure 2A–C and Table S1). A number of other potential upstream regulators of SHP2, such 

as FRS2/3, IRS1/2/3, FGFR1/2, EGFR, PDGFRA/B, ALK, and NTRK1/2, also showed a 

significant correlation with PTPN11 expression, but this association did not extend to all 

data sets (Table S1). Notably, patients with an amplified MYCN gene and high level GAB2 
expression had a significantly poorer overall survival in all three studies (Figure 2D–F and 

Table S1). Hence, these human genetic data suggest that GAB2 could be an important SHP2 

activator contributing to high-risk neuroblastomagenesis.

Gab2 potentiates MYCN-driven neuroblastomagenesis in vivo

To test whether GAB2 overexpression is important for neuroblastomagenesis, we generated 

a stable fish transgenic line overexpressing wild-type Gab2 in the PSNS (Gab2wt) by 

coinjecting dβh-Gab2wt and dβh-EGFP constructs, and bred this line to heterozygous 

MYCN transgenic fish. Monitoring of the offspring of this cross, including MYCN, Gab2wt 
and MYCN;Gab2wt fish, identified EGFP-positive masses as early as 4 weeks of age in the 

IRGs of transgenic fish co-expressing Gab2wt and MYCN (Figure 3B and 3C). The number 

of tumor-bearing fish increased rapidly: by 9 weeks of age, ~90 % of the compound 

transgenic animals had tumors (Figure 3C), a rate much higher than in the MYCN-only fish 

(~19%; Figure 3B and 3C, p<0.0001). To avoid the possible founder effect in our Gab2wt 
stable transgenic line, we transiently co-overexpressed the dβh-Gab2wt and dβh-mCherry 
constructs in MYCN transgenic fish. Over 11 weeks of observation, mCherry/GFP-positive 

tumors arose in 38% of MYCN transgenic fish co-overexpressing Gab2wt, compared with 

13% of MYCN fish expressing mCherry alone (Figure 3D, p=0.003). Together, these results 

support our working hypothesis that overexpression of GAB2 collaborates with MYCN to 

promote neuroblastoma induction.

GAB2 contributes to activation of the SHP2-ERK pathway in multiple contexts (Gu et al., 

1998; Gu et al., 2001; Nishida et al., 1999). To investigate the mechanism underlying 

Gab2wt-associated neuroblastomagenesis, we performed immunoblotting on tumors isolated 

from MYCN-only or MYCN;Gab2wt transgenic fish (Figure 3E). As expected, GAB2 was 

detected only in tumors from MYCN;Gab2wt fish. Phosphorylation of Erk1/2 in tumors 

overexpressing MYCN and Gab2wt was significantly increased over that in tumors 
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overexpressing MYCN alone. Hence, these findings indicate that GAB2 signals through the 

SHP2-ERK pathway to potentiate MYCN activity during neuroblastoma pathogenesis.

Ptpn11mut/Gab2 synergy with MYCN promotes hyperplasia of sympathetic neuroblasts in 
the IRG

We have shown that overexpression of MYCN blocks chromaffin cell differentiation and 

induces sympathoadrenal neuroblastic hyperplasia in the zebrafish IRG at 5 weeks of age, 

which then often regresses due to apoptosis beginning at 5.5 weeks of age (Zhu et al., 2012). 

To explore how mutant Shp2 and Gab2 synergize with MYCN, we performed 

immunohistochemical analyses of sagittal sections through the IRG region of control Dβh 
(Zhu et al., 2012), ptpn11mut, MYCN, MYCN;ptpn11mut and MYCN;Gab2wt transgenic 

fish at 5 weeks of age. In transgenic fish expressing ptpn11mut alone, very few Hu+/GFP+ 

neuroblasts were detected in the IRG region, and the number of Hu+ neuroblasts was similar 

to that in control Dβh transgenic fish at 5 weeks of age (Figure 4A, first and second panels 

from top, and Figure 4B). These data indicate that overexpression of ptpn11mut alone does 

not affect the differentiation of sympathoadrenal cells. By contrast, transgenic fish 

overexpressing MYCN had significantly increased numbers of Hu+/GFP+ sympathoadrenal 

neuroblasts, compared with control Dβh fish (Figure 4A, third panel from top, and Figure 

4B, p=0.0007), consistent with our previous report (Zhu et al., 2012). Importantly, the 

number of Hu+/GFP+ sympathoadrenal neuroblasts at 5 weeks of age was increased further 

in MYCN;ptpn11mut fish, compared with MYCN fish (Figure 4A, bottom panels, and 

Figure 4B, p=0.005), consistent with the large fraction of compound transgenic animals that 

developed neuroblastoma (Figure 1E).

Next, we performed EdU pulse-labeling experiments with the Dβh (control), ptpn11mut, 
MYCN, and MYCN; ptpn11mut fish. After 2 hours of labeling, the fraction of EdU-

incorporating Hu+ neuroblasts was significantly increased in 5-week-old MYCN fish, 

compared with those in ptpn11mut or Dβh control fish (Figure 4C, p=0.003, and Figure S3, 

top three panels). Hence, MYCN overexpression not only blocks the differentiation of 

sympathoadrenal cells, but also increases the proliferative rate of neuroblasts in the IRG. 

The fraction of EdU-incorporating Hu+ neuroblasts in the IRG was increased even further in 

fish expressing MYCN and ptpn11mut (Figure 4C, p=0.014, and Figure S3, bottom panels), 

providing a cellular explanation for the increased rate of tumor induction in compound 

transgenic animals.

To determine whether overexpression of ptpn11mut can rescue the MYCN-induced, 

developmentally-timed apoptotic response in the IRG at 5.5 weeks of age, we assessed the 

expression of activated caspase-3, an indicator of apoptotic cell death. Consistent with our 

previous observations (Zhu et al., 2012), apoptotic sympathoadrenal cells coexpressing 

activated caspase-3 and GFP appeared in the IRG of MYCN-expressing fish (Figure 5A, top 

panels). The fraction of Caspase-3+/GFP+ neuroblasts to the total number of GFP+ 

neuroblasts was decreased significantly in the IRG region of fish overexpressing MYCN and 

ptpn11mut, compared with those in fish overexpressing MYCN alone (Figure 5A, lower 

panels, and 5B, p=0.03). Thus, coexpression of ptpn11mut with MYCN not only enhances 

the proliferation of hyperplastic neuroblasts in the IRG, but also promotes their survival, 
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resulting in the continued accumulation of hyperplastic neuroblasts and culminating in the 

development of highly penetrant neuroblastoma.

A similarly striking increase in the number of sympathoadrenal cells was detected in the 

IRGs of MYCN;Gab2wt transgenic fish at 5 weeks of age, as compared to MYCN-only fish 

(Figure S4, p=0.005), consistent with the profound acceleration of tumor onset and increased 

disease penetrance in the compound transgenic animals overexpressing both MYCN and 

Gab2.

Combined inhibition of MYCN signaling and Shp2-Erk activation enhances treatment-
induced regression of MYCN-driven tumors

To assess the translational potential of our findings, we tested the effects of the small-

molecule curaxin compound CBL0137. This inhibitor of histone chaperone FACT 

(facilitator of chromatin transcription) markedly reduces neuroblastoma initiation and 

progression in TH-MYCN transgenic mice by decreasing MYCN mRNA expression and 

protein stability (Carter et al., 2015). In our hands, CBL0137 inhibited neuroblastoma 

growth in the transgenic fish overexpressing dβh:EGFP-MYCN and dβh:EGFP (designated 

MYCN;GFP) when injected daily intraperitoneally for 2 weeks. At day-15 post-treatment, 

we detected larger GFP-positive tumor masses in all vehicle-treated fish as compared to 

tumors on day 1 of treatment (Figure 6A, 6B and 6E), suggesting that vehicle-treated 

MYCN tumors will continue to progress. By contrast, in 13 of 15 CBL0137-treated 

MYCN;GFP fish, GFP-positive tumor masses either regressed or remained essentially the 

same size as on day 1 (Figure 6C–E), suggesting that CBL0137 can effectively inhibit the 

growth of MYCN-driven tumors in zebrafish. A significant decrease in the number of 

PCNA-positive cells in CBL0137-treated compared with vehicle-treated tumors was 

detected by immunohistochemical analysis with an antibody against the proliferation marker 

PCNA (Kubben et al., 1994) (Figure 6F, right panels), but there was no detectable effect of 

the drug on tumor differentiation as assessed by H&E staining (Figure 6F, left panels). These 

effects correlated with a marked reduction of EGFP-MYCN levels in the CBL0137-treated 

tumors (Figure 6G). Levels of Ssrp1 and Spt16, two components of the FACT complex 

(Carter et al., 2015), were also decreased in CBL0137-treated tumors (Figure 6G), while the 

Erk1/2 and phosphorylated Erk1/2 levels remained unchanged. These results suggest that 

CBL0137 inhibits MYCN and FACT in zebrafish, leading to a significant inhibitory effect 

on neuroblastoma cell growth in MYCN-overexpressing animals.

To test the efficacy of CBL0137 against MYCN;Gab2wt-overexpressing tumors, we 

administered this compound or vehicle for 2 weeks to MYCN;Gab2wt transgenic fish with 

established neuroblastomas. Rapid progression of tumors was observed in all vehicle-treated 

MYCN;Gab2wt fish (Figure 7A, 7B and 7G). Surprisingly, tumors grew continuously in 5 of 

12 MYCN;Gab2wt fish treated with CBL0137 alone (Figure 7C, 7D and 7G, p=0.04, as 

compared to CBL0137-treated MYCN;GFP fish by Fisher’s exact test), suggesting that 

Gab2wt overexpression can dampen the inhibitory effect of CBL0137 on tumor growth. In 

earlier work, we showed that inactivation of the Ras-Erk pathway by trametinib, a MEK 

inhibitor approved by the FDA for use against BRAF V600E mutation-positive melanoma 

(Dhillon, 2016), can cooperate with retinoids (isotretinoin) to inhibit tumor growth in nf1-
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deficient fish with overexpression of MYCN (He et al., 2016). Thus, we asked whether 

inhibition of Erk activation could restore the sensitivity of resistant Gab2wt-expressing 

tumor cells to CBL0137. We first treated fish bearing MYCN;GFP or MYCN;Gab2wt 
tumors with trametinib. Tumor growth was not inhibited in all fish treated with trametinib 

alone (Figure S5), suggesting that Erk inhibition alone is not sufficient to inhibit the growth 

of tumors expressing MYCN or MYCN and Gab2wt. By contrast, combination treatment 

with CBL0137 and trametinib led to a significant reduction in tumor growth (Figure 7E, 7F, 

7G and 7H). In addition, significant decreases in EGFP-MYCN, Ssrp1, Spt16 and pErk1/2 

protein expression in tumors treated with the drug combination were detected by 

immunoblotting (Figure 7I). Although CBL0137 treatment alone or in combination with 

trametinib downregulated the expression of mycn at the RNA level, as expected (Carter et 

al., 2015), Gab2 levels were unaffected in CBL0137- or CBL0137 plus trametinib-treated 

Gab2wt-expressing embryos (Figure S6). These findings suggest that trametinib increases 

the efficacy of CBL0137 against established MYCN;Gab2wt tumors by cooperatively 

inhibiting MYCN signaling and Erk activation, respectively, further implicating cooperation 

between the Shp2-Ras-Erk pathway and MYCN in neuroblastoma maintenance.

DISCUSSION

We have demonstrated that aberrantly activated Shp2 cooperates with MYCN to accelerate 

tumor induction and increase disease penetrance in our zebrafish model of high-risk 

neuroblastoma. Mutant Shp2 fulfills this role by activating the Ras-Erk pathway, leading to 

increased proliferation and survival of sympathoadrenal neuroblasts in the IRG region of the 

fish. We also found that the pro-oncogenic role of Shp2 is not restricted to neuroblastoma 

with ptpn11 mutations, but extends to most high-risk cases. We attribute these effects to the 

overexpression of Gab2, an immediate upstream regulator of Shp2. In our zebrafish model, 

GAB2 activates the Shp2-Ras-Erk pathway, providing a means to potentiate MYCN activity 

in the absence of ptpn11 mutations. Inhibiting Erk activation with trametinib, and decreasing 

MYCN levels by treatment with CBL0137 effectively inhibits tumor growth in 

MYCN;Gab2wt transgenic fish. Hence, not only do MYCN amplification and stimulation of 

the Shp2-Ras-Erk pathway cooperate in neuroblastoma initiation, but both are required for 

tumor maintenance. These findings have clear implications for the treatment of most high-

risk cases driven by amplified MYCN.

Disease-associated mutations of PTPN11 typically affect the interacting surfaces of the N-

terminal SH2 and catalytic (PTP) domains of SHP2, leading to catalytic activation of SHP2 

(Keilhack et al., 2005; Loh et al., 2004; Tartaglia et al., 2002; Tartaglia et al., 2001; Tartaglia 

et al., 2003). Indeed, Bentires-Alj et al. previously showed that the E69K neuroblastoma-

associated mutation has ~15.5-fold higher catalytic activity in vitro than does wild-type 

SHP2 (Bentires-Alj et al., 2004). Consistent with these findings, overexpression of 

ptpn11mut (ptpn11E69K), but not mosaic overexpression of ptpn11wt, in MYCN-

overexpressing transgenic fish resulted in accelerated neuroblastoma induction and increased 

tumor penetrance. Furthermore, biochemical analyses confirmed the predicted 

hyperactivation of Erk in ptpn11mut-expressing neuroblastoma cells. Hence, we conclude 

that ptpn11E69K acts as a gain-of-function mutation to activate Ras-Erk signaling during 

neuroblastomagenesis.
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Importantly, Shp2-Ras-Erk pathway activation was also detected in the Gab2-overexpressing 

neuroblastomas, consistent with previous findings that recruitment of SHP2 to the GAB2-

BCR/ABL complex and subsequent activation of RAS-ERK signaling is essential for BCR/

ABL-induced transformation (Sattler et al., 2002) and leukemogenesis (Gu et al., 2016). 

Similarly, GAB2/SHP2 interaction is essential for GAB2 to enhance transformation of 

MCF10A mammary epithelial cells by HER2/Neu (Bentires-Alj et al., 2006) and to increase 

proliferation and altered growth factor dependence of MCF10A cells to promote mammary 

tumorigenesis (Brummer et al., 2006). Finally, GAB2 is required for the transformation of 

primary murine myeloid cells by SHP2E76K (Mohi et al., 2005). Although the mechanism 

underlying GAB2 overexpression in neuroblastoma remains unclear, amplification of 

11q14.1, which harbors the GAB2 gene, has been identified as a recurrent alteration in 

breast (Bentires-Alj et al., 2006; Bocanegra et al., 2010) and ovarian (Brown et al., 2008) 

cancers, as well as metastatic melanoma (Horst et al., 2009). Amplification of 11q14.1 has 

not been identified in human neuroblastoma, while in our study high levels of human GAB2 
expression in high-risk MYCN-amplified neuroblastoma cases correlated with high levels of 

PTPN11 expression. This emphasizes the need to clarify how GAB2 becomes aberrantly 

regulated in cases leading to aberrant SHP2 activation.

A recent study showed that mutations in genes encoding RAS-ERK pathway components, 

including PTPN11, account for more than three-fourths of all relapsed neuroblastoma cases 

and show moderate-to-high sensitivity to MEK inhibitors, both in vitro and in vivo (Eleveld 

et al., 2015). We find it interesting that the two MYCN-amplified neuroblastoma cell lines 

Kelly and IMR-5 did not respond to MEK inhibition, whether studied in vitro or in xenograft 

models (Eleveld et al., 2015). Similarly, our transgenic fish overexpressing MYCN only or 

MYCN and Gab2wt did not respond to MEK inhibitor treatment alone, suggesting that 

inhibition of Erk alone might not be sufficient to inhibit tumor growth in neuroblastomas 

with overexpression or amplification of MYCN. In support of this hypothesis, we observed a 

remarkable response of MYCN;Gab2wt-overexpressing neuroblastomas to combination 

treatment with a compound targeting MYCN and a MEK inhibitor. These findings provide a 

strong rationale for inhibiting both the RAS-ERK pathway and MYCN signaling in cases of 

MYCN-amplified relapsed neuroblastoma in which upregulation of GAB2 leads to aberrant 

activation of SHP2. This strategy could be readily extended to patients with MYCN-

amplified primary neuroblastoma, most of whom show evidence of PTPN11 (SHP2) and/or 

GAB2 overexpression and thus hyperactivation of the SHP2-RAS-ERK pathway. In 

addition, given the success of recent preclinical efforts to target MYCN in neuroblastomas 

by using the FACT inhibitor CBL0137 (Carter et al., 2015) or the BET bromodomain 

inhibitor JQ1 (Puissant et al., 2013), the emerging challenge will likely be to forestall or 

prevent the development of resistance to these MYCN-directed agents. Our data suggest that 

by eliminating oncogenic signaling through the SHP2-RAS-ERK pathway, it may be 

possible to remove an important resistance mechanism. Very recently, a highly potent 

selective small-molecular SHP2 inhibitor, SHP099, developed by Novartis, was found to be 

efficacious in inhibiting the proliferation of receptor-tyrosine-kinase-driven human cancer 

cells both in vitro and in vivo (Chen et al., 2016). Whatever experimental approach is taken, 

our zebrafish model of neuroblastoma overexpressing ptpn11mut or Gab2wt should provide 
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a valuable resource for evaluating new small-molecule inhibitors of the SHP2-RAS-ERK 

pathway.

EXPERIMENTAL PROCEDURES

Zebrafish

Zebrafish were all of the AB background strain. Embryos were staged according to Kimmel 

et al. (Kimmel et al., 1995). All zebrafish studies and maintenance of the animals were in 

accord with Mayo Clinic IACUC-approved protocol # A41213.

DNA constructs for transgenesis

Wild-type zebrafish ptpn11 (ptpn11wt), ptpn11E69K (ptpn11mut), and mouse Gab2wt were 

cloned into a modified destination vector downstream of a zebrafish dβh gene promoter by 

using the multisite Gateway system (Zhu et al., 2012). Wild-type embryos were injected 

with dβh:ptpn11mut-EGFP or co-injected with dβh:Gab2wt and dβh:EGFP constructs at the 

one-cell stage, and fish were allowed to grow to adulthood. Fin clips from the offspring were 

genotyped for stable integration and germline transmission of the transgenes. The 

Tg(dβh:ptpn11mut-EGFP) and Tg(dβh:Gab2wt;dβh:EGFP) zebrafish lines are designated 

“ptpn11mut “ and “Gab2wt” in this manuscript, respectively. To mosaically overexpress 

ptpn11wt or Gab2wt in MYCN-expressing transgenic fish, we co-injected dβh:ptpn11wt or 

dβh:Gab2wt DNA constructs with dβh:mCherry (3:1 ratio) into one-cell-stage MYCN 
transgenic embryos. The mCherry/EGFP-MYCN positive embryos were sorted at day 2–5 

and monitored for tumor induction.

MYCN and ptpn11mut or Gab2wt heterozygous stable transgenic fish were crossed. Their 

offspring were grown under identical conditions and were screened every 2 weeks, 

beginning at 4–5 weeks postfertilization (wpf), for fluorescent EGFP-expressing cell masses 

indicative of tumors. Injected MYCN embryos with mosaic expression of mCherry and other 

genes (mentioned above) were monitored for tumors as described above. Fish with tumors 

were separated and analyzed further by H&E staining and immunohistochemical assays.

Cryosectioning, paraffin sectioning and immunostaining

Fish were fixed with 4% paraformaldehyde and embedded in agar/sucrose or paraffin blocks 

for cryosectioning or paraffin sectioning, respectively. Sections were immunostained by 

using conventional protocols (Macdonald, 1999) and antibodies against GFP, TH, Hu, P-

Erk1/2, and Shp2.

Imaging

A Zeiss LSM 780 laser scanning confocal microscope was used to capture fluorescent 

images at high magnification, whereas a Leica MZ10F fluorescence microscope was used to 

capture bright field and fluorescent images of tumor-bearing fish. Images were processed 

with Zeiss ZEN 2012, Adobe Photoshop and Illustrator CS3 (Adobe) software.

Zhang et al. Page 10

Cell Rep. Author manuscript; available in PMC 2017 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analyses

The method of Kaplan and Meier was used to estimate the rate of tumor development. Fish 

that died without evidence of EGFP- or mCherry-positive masses were censored. The log-

rank test (from the GraphPad Prism software) was used to assess differences in the 

cumulative frequency of neuroblastoma between MYCN-only and MYCN;ptpn11mut or 

MYCN;Gab2wt stable transgenic fish and between MYCN transgenic fish mosaically 

expressing mCherry alone and mCherry plus ptpn11mut, or Gab2wt at 11 wpf.

The number of EGFP+ or mCherry+ sympathoadrenal cells in the IRG of the Dβh-mCherry, 

ptpn11mut, MYCN, and MYCN;ptpn11mut transgenic fish at 5 wpf were compared 

between groups, by using the Welch t-test (from the GraphPad Prism software) to address 

the possibility of unequal variances. Means of the fraction of EdU-incorporating GFP+ 
sympathoadrenal cells in Dβh, ptpn11mut, MYCN, and MYCN;ptpn11mut transgenic fish at 

5wpf and means of the percentage of activated caspase-3+ apoptotic cells in MYCN and 

MYCN;ptpn11mut fish at 5.5 wpf also were compared by the Welch t-test.

For the inhibitor treatment experiments, the means of changes in tumor volume between 

inhibitors-treated group and vehicle-treated group were compared by the Welch t-test (from 

GraphPad Prism 6). All p-values cited in the manuscript are two-sided.

Additional methods are presented in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mutant ptpn11 synergizes with MYCN in neuroblastomagenesis
(A–D) Fluorescence micrographs of control Dβh (A), ptpn11mut (B), MYCN (C) and 

compound MYCN;ptpn11mut (D) transgenic fish. Note the EGFP-expressing tumor in the 

interrenal gland (IRG, arrowhead; panel D) at 5 weeks postfertilization (wpf). Scale bar, 1 

mm.

(E) Kaplan-Meier analysis showing cumulative frequency of neuroblastoma induction over 6 

months in the indicated stable transgenic zebrafish lines (p< 0.0001 for MYCN-only versus 

MYCN;ptpn11mut by log-rank test).

(F) Phospho-Erk1/2 immunoblots of lysates from individual MYCN-only (F1–F4) or 

MYCN;ptpn11mut tumors (F5–F8). Total Erk1/2 levels serve as a loading control.

(G) Kaplan-Meier analysis of cumulative frequency of neuroblastoma induction over 11 

weeks in MYCN transgenic fish mosaically overexpressing mCherry alone (MYCN;mosaic 
mCherry), coexpressing mCherry with ptpn11wt (MYCN;mosaic ptpn11wt), or 

coexpressing mCherry with ptpn11mut (MYCN;mosaic ptpn11mut). MYCN;mosaic 
ptpn11mut versus MYCN;mosaic mCherry transgenic fish is significant by log-rank test 

(p=0.03).

See also Figure S1.
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Figure 2. Correlation of GAB2 and PTPN11 expression in high-risk human neuroblastomas with 
MYCN amplification
(A–C) Relationship between PTPN11 and GAB2 mRNA levels in high-risk neuroblastomas 

with MYCN amplification, derived from three data sets, including GSE49710 (A), 

GSE73517 (B), and the TARGET HumanExon cohort for neuroblastoma -Asgharzadeh (C).

(D–F) Kaplan-Meier survival curves demonstrating the relationship between patient survival 

and GAB2 gene expression in high-risk cases with MYCN amplification. The difference 

between the curves for GAB2-low expression versus GAB2-high expression is significant by 

log-rank test at p=0.05 (D, GSE49710 data set), p=3.5e-03 (E, GSE73517 data set), and 

p=3.0e-04 (F, the TARGET HumanExon cohort for neuroblastoma-Asgharzadeh data set).

See also Figure S2 and Table S1.
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Figure 3. GAB2 and MYCN synergize in neuroblastomagenesis
(A,B) Fluorescence micrographs of MYCN (A) and compound MYCN;Gab2wt (B) 

transgenic fish. Note EGFP-expressing tumor in the interrenal gland (arrow) of 

MYCN;Gab2wt compound transgenic fish at 4 weeks postfertilization (wpf). Scale bar, 1 

mm.

(C) Kaplan-Meier analysis of the cumulative frequency of neuroblastoma induction over 9 

weeks in the indicated stable transgenic zebrafish lines. (MYCN-only vs. MYCN;Gab2wt, 
p<0.0001by log-rank test).

(D) Kaplan-Meier analysis of the cumulative proportion of MYCN transgenic fish 

mosaically overexpressing mCherry alone (MYCN;mosaic mCherry) or co-expressing 

mCherry with Gab2wt (MYCN;mosaic Gab2wt) over 11 weeks. Tumor incidence in fish 

expressing Gab2wt and mCherry was increased over results for mCherry overexpression 

alone (p=0.003 by log-rank test).

(E) Immunoblot of Shp2-Erk pathway components in neuroblastomas isolated from MYCN-

only or MYCN;Gab2wt transgenic fish. Total Erk1/2 levels serve as loading controls.
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Figure 4. Mutant ptpn11 enhances the proliferation of MYCN–induced hyperplastic neuroblasts 
in the interrenal gland (IRG)
(A) Sagittal sections through the IRGs of control Dβh, ptpn11mut, MYCN, and 

MYCN;ptpn11mut transgenic fish at 5 wpf (dorsal up, anterior left). GFP, green; Hu, red; 

DAPI, blue; merge, combined green, red and blue. Representative sections through the IRG 

of control Dβh or ptpn11mut fish contain 1–5 GFP+/Hu+ sympathetic neuroblasts 

(arrowheads). Hu+ cell numbers increase in MYCN and MYCN;ptpn11mut fish (brackets). 

Dotted lines indicate the head kidney (HK) boundary. Wpf, weeks postfertilization. Scale 

bar, 20 μm.
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(B) Numbers of GFP+/Hu+ sympathetic neuroblasts in the IRG regions of control Dβh, 

ptpn11mut, MYCN, and MYCN;ptpn11mut transgenic fish at 5 wpf.

(C) Percentage of EdU+/Hu+ sympathetic neuroblasts in control Dβh, ptpn11mut, MYCN, 

and MYCN;ptpn11mut transgenic fish at 5 weeks. Mean values (horizontal bars) were 

compared by Welch t-test (two-tailed).

See also Figures S3 and S4.
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Figure 5. Overexpression of Ptpn11mut inhibits the developmentally-timed apoptotic response 
triggered by MYCN overexpression in the IRG
(A) Sagittal sections through the IRG of MYCN (top panels) and MYCN;ptpn11mut 
(bottom panels) transgenic fish at 5.5 wpf (dorsal up, anterior left). GFP, green; activated 

caspase-3, red; DAPI, blue. Arrowheads point to the activated caspase-3+ apoptotic cells. 

Dotted lines indicate the head kidney (HK) boundary. Scale bars, 10 μm.

(B) Percentage of activated caspase-3+ apoptotic cells to the total number of GFP+ 

sympathetic neuroblasts in the IRG of MYCN and MYCN;ptpn11mut fish at 5.5 wpf. Mean 

values (horizontal bars) were compared by the Welch t-test (two-tailed).
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Figure 6. Targeting MYCN with CBL0137 is effective against neuroblastoma in MYCN;GFP 
transgenic fish
(A–D) EGFP-expressing tumors (arrowhead) in the MYCN;GFP compound transgenic fish, 

treated with vehicle (A and B) or CBL0137 (C and D) at days 1 or 15 of treatment. Scale 

bar, 1 mm.

(E) Differences in tumor volume in animals treated with vehicle or CBL0137 on day 15 vs 

day 1, as measured by the size of EGFP-positive tumor masses using Image J software. 

Mean values (horizontal bars) were compared by Welch t-test (two-tailed).

(F) Histopathologic and immunohistochemical analyses of MYCN;GFP tumors treated with 

vehicle or CBL0137. Left: H&E-stained sagittal sections. Right: immunohistochemical 

staining with PCNA antibody. Scale bar, 50 μm.

(G) Immunoblot of lysates from MYCN;GFP tumors treated with vehicle or CBL0137. Total 

levels of Erk1/2 serve as loading controls.
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Figure 7. Erk inhibition cooperates with CBL0137 to suppress MYCN;Gab2wt neuroblastoma
(A–F) EGFP-expressing tumors (arrowhead) in the MYCN;Gab2wt transgenic fish treated 

with vehicle (A and B), CBL0137 alone (C and D), or CBL0137 plus trametinib (E and F) at 

day 1 or day 15 of treatment. Scale bar, 1 mm.

(G) Differences in tumor volume in animals treated with vehicle, CBL0137, or CBL0137 

plus trametinib on day 15 vs day 1, as measured by the size of EGFP-positive tumor masses 

using Image J software. Mean values (horizontal bars) were compared by Welch t-test (two-

tailed).

(H) Histopathologic and immunohistochemical analyses of MYCN;Gab2wt tumors treated 

with vehicle or combined CBL0137 and trametinib. Left: H&E-stained sagittal sections. 

Right: immunohistochemical staining with PCNA antibody. Scale bar, 50 μm.

(I) Immunoblot of lysates from MYCN;Gab2wt tumors treated with vehicle or CBL0137 

and trametinib. Total levels of Erk1/2 serve as loading controls.

See also Figure S5 and S6.
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