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Reoccurring/high-risk neuroblastoma (NB) tumors have the enrichment of non-RAS/RAF 

mutations along the mitogen-activated protein kinase (MAPK) signaling pathway, suggesting that 

activation of MEK/ERK is critical for their survival. However, based on preclinical data, MEK 

inhibitors are unlikely to be active in NB and have demonstrated dose-limiting toxicities that limit 

their use. Here, we explore an alternative way to target the MAPK pathway in high-risk NB. We 

find that NB models are among the most sensitive among over 900 tumor-derived cell lines to the 

allosteric SHP2 inhibitor SHP099. Sensitivity to SHP099 in NB is greater in models with loss or 

low expression of the RAS GTPase activation protein (GAP) neurofibromin 1 (NF1). Furthermore, 

NF1 is lower in advanced and relapsed NB and NF1 loss is enriched in high-risk NB tumors 

regardless of MYCN status. SHP2 inhibition consistently blocks tumor growth in high-risk NB 

mouse models, revealing a new drug target in relapsed NB.

Graphical Abstract

In brief

In this paper, Cai et al. demonstrate that high-risk neuroblastomas with low NF1 expression 

are sensitive to SHP2 inhibitors, which may have treatment advantages over MEK inhibitors. 

Targeting SHP2 blocks neuroblastoma tumor growth. As several SHP2 inhibitors are in clinical 

trials, SHP2 inhibitors may benefit high-risk NB patients.

INTRODUCTION

Neuroblastoma (NB) is a pediatric cancer developing from undifferentiated neural crest 

cells along the sympathetic nervous system (Cooper et al., 1990). Effective maintenance 

therapy has helped improve the outcomes of high-risk NB patients following multi-

agent chemotherapy (platinum, alkylating, and topoisomerase agents) and myeloablative 

consolidation (Sano et al., 2019b). Maintenance therapy consists of high-dose 13-cis 
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retinoic acid (RA) (isotretinoin) (Matthay et al., 2009); in addition, the inclusion of the anti-

GD2 antibody dinutuximab with interleukin-2 (IL-2) and granulocyte macrophage-colony-

stimulating factor (GM-CSF) during maintenance therapy improves outcomes in some 

patients (McGinty and Kolesar, 2017; Sano et al., 2019b; Yu et al., 2010). Still, half of 

all high-risk patients succumb to their disease, and NB accounts for the most cancer-related 

deaths in children aged 5 years and younger (Gao et al., 1997). While there have been 

intentional investigations into new therapies for NB, including the dedicated new approaches 

to NB therapy (Morris et al., 2013) consortium, major breakthroughs significantly altering 

the fate of high-risk NBs have been elusive.

Overall, NB tumors do not have a high percentage of mutations that would make them 

amenable to current targeted molecular agents that block growth factor pathways. However, 

recent studies, particularly focused on reoccurring NB tumors, have demonstrated a 

potentially critical role of the mitogen-activated protein kinase/extracellular signal-regulated 

kinase (MAPK/ERK) pathway. In fact, anaplastic lymphoma kinase (ALK) and downstream 

mutations that activate the MAPK/ERK pathway (Lopez-Delisle et al., 2018) are found 

in 80% of reoccurring NB tumors (Eleveld et al., 2015; Padovan-Merhar et al., 2016). 

Further supporting the role of the MEK/ERK pathway in high-risk/refractory NB, elegant 

studies in zebrafish models of NB have demonstrated that the expression of GAB2 or src 

homology region 2 domain phosphatase (SHP2) (positive regulators of the RAS-MAPK 

pathway) (Zhang et al., 2017) or loss of the RAS-GAP NF1 (He et al., 2016) potentiate 

MYCN-amplification-driven NB tumorigenesis.

Despite the accumulating evidence of an important role for the MAPK/ERK pathway in 

NB tumorigenesis, maintenance, and in particular, chemotherapy resistance/progression, 

preclinical studies with US Food and Drug Administration (FDA)-approved MEK inhibitors 

such as trametinib have not demonstrated wide-spread activity outside of RAS mutant NB 

cell lines, including a lack of activity against ALK mutant and MYCN-amplified NB (Hart 

et al., 2017; Umapathy et al., 2017). Importantly, the RAS-MAPK pathway is controlled by 

a plethora of inputs, and many different positive and negative feedback loops in the pathway 

have been shown to limit the activity of single-agent MEK inhibitors in other contexts 

(Lito et al., 2012; Montero-Conde et al., 2013; Turke et al., 2012). In addition, while MEK 

inhibitors are in clinical use in combination with RAF inhibitors in BRAF mutant cancers, 

they have demonstrated significant and frequent dose-limiting toxicities (DLTs), including 

severe gastrointestinal, cardiological, ocular, and liver toxicities (Brachmann et al., 2005; 

Feoktistova et al., 2016; Harenza et al., 2017; Lhuissier et al., 2017; Mourad et al., 2019; 

Rinehart et al., 2004; Welsh and Corrie, 2015)—when pERK levels have been measured 

in patients on MEK inhibitor treatment, the amount of inhibition is variable (Infante et al., 

2012; Rinehart et al., 2004), and usually less than 50% in RAS/RAF wild-type (WT) tumors 

(Infante et al., 2012), speaking to the limited therapeutic window for these cancers.

SHP099 (Chen et al., 2016) is a newly developed allosteric inhibitor of SHP2, emerging 

as the first highly specific tyrosine phosphatase inhibitor of any kind. SHP099 stabilizes 

the closed, repressed conformation of SHP2 (Ran et al., 2016). Thus, SHP099 inhibits 

both scaffolding roles of SHP2 by blocking the access to SH2 domains for p-Tyr 

(phosphotyrosine) and catalytic activity of SHP2. SHP099 has demonstrated preclinical 
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activity in some receptor tyrosine kinase (RTK)-driven cancers, alone (Chen et al., 2016) 

and in rational combinations (Dardaei et al., 2018). The initial report on the preclinical 

activity of SHP099 (Chen et al., 2016) included profiling across 250 cell lines with several 

subtypes of cancer, but this study was focused on adult cancers (Chen et al., 2016). Follow-

up-focused studies demonstrated that various subtypes of cancers may be susceptible to 

SHP2 inhibition, usually in rational combinations: In a recent study, we demonstrated that 

SHP2 inhibition can counter the acquired resistance to ALK inhibitors by blocking signaling 

downstream of several RTKs engaged in compensatory signaling limiting the activity of 

ALK inhibitors (Dardaei et al., 2018), and studies have shown that SHP2 inhibition can 

potentiate the effect of MEK inhibitors in KRAS-WT gastroesophageal cancers (Wong et 

al., 2018), as well as restrict adaptive resistance to MEK inhibitors in KRAS-mutant cancers 

(Ahmed et al., 2019; Fedele et al., 2018; Ruess et al., 2018). In all of the cases, SHP099 

effects are attributed to the inhibition of the MEK/ERK pathway (Ahmed et al., 2019; Chen 

et al., 2016; Dardaei et al., 2018; Fedele et al., 2018; Nichols et al., 2018; Ruess et al., 2018; 

Wong et al., 2018); importantly, a related molecule is in clinical trials (NCT03114319).

RESULTS

SHP099 is effective in a subset of neuroblastoma

To evaluate the potential of SHP2 inhibitor across tumor types, we screened 922 cancer cell 

lines of diverse origin with SHP099 at 9 different doses (maximum dose, 10.24 μM; lowest, 

40 nM); we also concomitantly (same screen campaign) profiled trametinib and the ERK 

inhibitor VX11E. SHP099 displayed some expected activity on RTK-driven cell lines. For 

example, several EGFR mutant non-small cell lung cancer (NSCLC) cell lines are in the top 

10% most sensitive lines overall (Figure 1A) (Chen et al., 2016). Trametinib and VX11E, 

but not SHP099, had substantial activity across melanoma cell lines enriched in the BRAF 
mutant as well as some mild activity in KRAS mutant tumors such as pancreas (Figures 

S1A and S1B; Table S1). These results are consistent with SHP2 acting upstream of BRAF 

and with KRAS mutant models being generally insensitive to the SHP099 single agent (see 

below for KRAS allele-specific exceptions) (Ahmed et al., 2019; Chen et al., 2016; Nichols 

et al., 2018; Wong et al., 2018).

Interestingly, we found an enrichment of NB in the top 10% sensitive models overall (p = 

0.0006, Fisher exact test). Indeed, surprisingly, NB was the second most sensitive subset 

of cancer across the high-throughput screening (HTS), with leukemic lines being the most 

proportionally enriched in the top 10% sensitive lines (p = 0.00003, Fisher exact test; 

Table S1). This sensitivity of NBs to SHP099 was not noted for trametinib or VX11E. 

While NB has a low rate of RAS and RAF mutations (Eleveld et al., 2015), our screen 

did include four in total: the NB RAS mutant SK-N-AS and CHP-212 cells (Kiessling et 

al., 2016), which have some sensitivity to trametinib (Healy et al., 2020; Umapathy et al., 

2017) but are resistant to SHP099 (Valencia-Sama et al., 2020; Table S2), and the BRAF 
V600E mutant cell line ACN, which is also sensitive to trametinib but resistant to SHP099 

(Tables S1 and S2). Of note, the LAN6 cell line with a G12C RAS mutation that retains 

high intrinsic guanosine triphosphatase (GTPase) activity was an exception and sensitive to 

trametinib and had some, albeit modest, sensitivity to SHP099 (Tables S1 and S2). This 
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is consistent with previous reports regarding this mutation (Fedele et al., 2018; Nichols 

et al., 2018). A head-to-head comparison of the hotspot NRAS mutation (Q61) highlights 

the vast difference between MEK inhibitor response and SHP2 inhibitor resistance (Figure 

S2A). We further confirmed this drug data by analyzing genetic screens with RNAi of 

648 solid tumor cancer cell lines (Figure S2B), demonstrating an enhanced sensitivity to 

SHP2 small interfering RNA (siRNA) in the RAS/RAF WT NB cell lines, and one not 

appreciated in the RAS/RAF mt NB cell lines. Therefore, in general while RAS and RAF 
mutant NB have some sensitivity to trametinib, they are resistant to SHP099 (we refer to 

these cancers in this study as “type 1” NB) and a large subset of NB outside of this small 

genetic subset demonstrates sensitivity to SHP2 inhibition. Most are relatively resistance to 

MEK inhibition, which we call “type 2” NB. Below, we provide evidence that type 2 NB 

cells are sensitive to SHP2 inhibition based on low expression/mutation of the RAS-GAP 

NF1.

In vitro sensitivity corroborates the SHP099 screen

To further characterize the sensitivity of NB models to SHP099, we treated a panel of 

NB cells and assayed for viability using both CellTiter-Glo (CTG) over 7 days (Lhuissier 

et al., 2017) and crystal violet-based assays over 5 to 7 days (Feoktistova et al., 2016). 

These experiments confirmed that a subset of RAS/RAF WT NB lines are very sensitive to 

SHP099 (Figures 1B and 1C). Furthermore, viability effects were in part due to cell death, as 

the sensitive cell lines, but not the resistant cell lines, underwent apoptosis as evidenced by 

cleaved caspase 3 and cleaved poly-ADP ribose polymerase (PARP) (Figure S3).

Signaling changes in sensitive and resistant NBs to SHP099

We next asked whether signaling changes caused by SHP099 were different in the sensitive 

NB cell lines compared to insensitive NB cell lines. SHP2 primarily acts on the MEK/ERK 

pathway via signal activation, and we recently demonstrated that SHP099 sensitized ALK 
mutant NSCLCs to ALK inhibitors through the inhibition of pERK downstream of multiple 

RTKs (Dardaei et al., 2018). Here, we found that pERK was downregulated following 

single-agent SHP099 treatment (Figure 2A) (Dardaei et al., 2018), consistent with the 

hypersensitivity of NB to single-agent SHP099 in the HTS (Figure 1A; Tables S1 and 

S2). Interestingly, the duration and magnitude of ERK inhibition was not substantially 

different in the sensitive cells versus the resistant cells (Figures S4A-S4C). However, 

we found that baseline levels of pERK were higher in the sensitive cells (Figure S4D), 

providing an important clue that hyperactivation of MEK/ERK, independent of mutant 

RAS/RAF, conferred sensitivity to SHP2 inhibition. Consistent with this finding, we found 

that the mammalian target of rapamycin complex 1 (mTORC1) downstream of S6 protein 

was inhibited more potently in the sensitive cell lines (Corcoran et al., 2013; Kitai et 

al., 2016) (Figure S4E). This is consistent with our previous findings that mTORC1 is 

largely under the control of the MEK/ERK pathway in cancers “addicted” to MEK/ERK 

signaling (Corcoran et al., 2013; Misale et al., 2019). In addition, downregulation of the 

MEK/ERK pathway by SHP099 was sufficient to upregulate the BH3-only protein BIM, 

a major effector protein of this pathway in cancer (Faber et al., 2012; Sale and Cook, 

2013) in both sensitive and resistant NBs (Figure 2A). These data are in keeping with other 

studies demonstrating that the MEK/ERK pathway is a critical pathway downstream of 
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SHP2, and that high flux through the MEK/ERK pathway often includes dominant control 

of the mTORC1 pathway. In addition, we found that phosphatidylinositol 3-kinase (PI3K) 

signaling was inconsistently but measurably downregulated during the course of SHP099 

treatment in some of the NBs (Figure 2A). Overall, SHP099-sensitive NBs had higher pERK 

signaling, and SHP099 more potently downregulated mTORC1 in these cancers.

SHP099 treatment does not lead to feedback activation of mTORC2 substrates

We next studied why a significant subset of RAS/RAF WT NBs are hypersensitive to SHP2 

inhibitor, yet are not hypersensitive to MEK inhibitor. MEK inhibitors have been reported 

to elicit unwanted feedback activation of other growth factor pathways (Lito et al., 2012; 

Montero-Conde et al., 2013; Turke et al., 2012), and, most pertinent to NB, it has recently 

been reported that NBs with ALK mutations are insensitive to single-agent MEK inhibitors 

due to MEK inhibitor-induced feedback activation of mTORC2 substrates (Umapathy et al., 

2017). To evaluate whether MEK and SHP2 inhibition in NBs promoted the activation of 

the same mTORC2 substrates, we blotted for pAKT residue 473, which is phosphorylated 

directly by mTORC2, as well as pAKT 308, which is directly phosphorylated by PDK1 

(Brachmann et al., 2005; Sarbassov et al., 2005). pAKT 308 was not affected by either 

SHP099 or trametinib, indicating that these drugs do not inhibit PI3K or the activation of 

AKT by PDK1. Consistent with the reported results (Umapathy et al., 2017), pAKT 473 was 

increased in response to trametinib in the KELLY (ALK mt) and COG-N-415 (ALK mt) 

cells. In addition, we found this to be true in the COG-N-496 (ALK WT) cells (Figure 2B). 

In contrast to trametinib, SHP099 did not lead to the enhanced phosphorylation of pAKT 

473 in any of these cell lines (Figure 2B).

As pERK inhibition was more potent in the trametinib-treated cells, we treated SHP099-

insensitive NB cells (COG-N-415 and COG-N-496) and SHP099-sensitive NB cells (SK-

N-FI and COG-N-561) with SHP099 or the distinct and more potent SHP2 inhibitor 

RMC-4550 (Nichols et al., 2018). In parallel, we treated these cell lines with increasing 

concentrations of trametinib. Indeed, we found a consistent activation of mTORC2 with 

trametinib that was not appreciated with either SHP2 allosteric inhibitor, even when pERK 

suppression was equivalent to or exceeded that caused by trametinib (Figure S5A). Similar 

to the variable effects on pAKT, we noted in Figure 2A that pAKT was sometimes 

suppressed with the SHP2 inhibitors. In contrast to the activation of pAKT 473 by trametinib 

in the RAS/RAF WT NB cells (Figure S5A), we did not note the activation of mTORC2 

across broad concentrations of trametinib in the NRAS mutant SK-N-AS cells (Figure S5B), 

consistent with a past finding (Umapathy et al., 2017) and with the differential sensitivity 

of mutant RAS/RAF NB and WT RAS/RAF NB to trametinib (Figure S1). Thus, SHP2 

inhibitors do not elicit feedback activation of mTORC2 substrates, while MEK inhibitors do 

so in RAS/RAF WT NB models. Activation of mTORC2 substrates directly mitigates the 

efficacy of trametinib in NB (Umapathy et al., 2017), and we found that the addition of the 

mTORC1/2 inhibitor AZD2014 sensitized RAS/RAF WT NBs to trametinib (Figures S6A 

and S6B). Thus, the differential feedback effect contributes to the observed difference in 

viability outcome between MEK and SHP2 inhibition and possibility for clinical efficacy.
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Differential therapeutic window between MEK inhibition and SHP2 inhibition in RAS/RAF 
WT cells

We demonstrated the feedback activation of mTORC2 by MEK inhibitors but not SHP2 

inhibitors in WT RAS/RAF NB, likely contributing to differential sensitivity between 

the two classes of MAPK inhibitors in these cancers. We next focused on MEK/ERK 

suppression, as this is the major effector pathway of both MEK inhibitors and SHP2 

inhibitors. We have demonstrated that feedback mechanisms re-activate the MEK/ERK 

pathway following MEK inhibitors in RAS mutant cancers, which reduce their efficacy 

(Kitai et al., 2016). However, we did not note a difference in the length of pERK suppression 

between SHP2 and MEK inhibitors across 72 h in RAS/RAF WT NB (Figure S6C).

An important component to effective precision medicine is the existence of a therapeutic 

window caused by differences in cellular consequences of targeting a particular molecule 

in a cancer compared to the normal cells of a patient. We therefore focused on the 

magnitude of the suppression of pERK in NB cells and normal tissue-derived cells following 

treatment with SHP2 inhibitor or MEK inhibitor. MEK inhibitors have demonstrated diverse 

DLTs, including ocular and cardiac (Berger et al., 2020; Mendez-Martinez et al., 2019). 

A likely explanation for this is that normal cells also reportedly downregulate pERK in 

response to MEK inhibitor (Morris et al., 2013). Furthermore, MEK inhibitors are clinically 

effective primarily in RAF mutant cancers, where preclinical studies have found that lower 

concentrations of these drugs are needed to inhibit MEK/ERK signaling (Corcoran et al., 

2013). To evaluate therapeutic windows for MEK inhibitor and SHP2 inhibitor, we treated 

the SK-N-AS NRAS mutant (Q61K) NB cells with increasing doses of trametinib and found 

that only 10 nM of trametinib was sufficient to abrogate pERK (Figure S5B), which aligned 

with approximately 70% of the cells being inhibited (Figure S2A). In contrast, 10 nM of 

trametinib was insufficient to block pERK signaling in the other non-RAS/RAF mutant NB, 

while neither SHP2 inhibitors reduced pERK in the RAS mt NB cells, but it did reduce 

pERK in the RAS/RAF WT NB cells, consistent with the central importance of pERK 

suppression for MAPK pathway inhibitors (Figure S5A).

To expand this evaluation, we next treated several normal tissue-derived cells with 

trametinib or SHP2 and evaluated both the magnitude of pERK inhibition and cellular 

viability. We included retinal pigmented epithelial cells (RPE.1), as ocular toxicity is 

broadly reported with MEK inhibitors (Mendez-Martinez et al., 2019; Stjepanovic et al., 

2016), as well as the cardiomyocytic AC16 cells, as cardiac toxicity is also reported with 

MEK inhibitor (Berger et al., 2020). While trametinib similarly downregulated pERK in NB 

and normal tissue-derived cells (Figure 3B), SHP099 only markedly downregulated pERK 

in NB cells, with either no (RPE.1 and MRC5 cells) or minimal (HCE-T and AC16 cells) 

effects in the normal tissue-derived cells (Figure 3B). Consistent with the maintenance 

of pERK signaling following SHP099, the normal tissue-derived cells were uniformly 

insensitive to SHP099 (Figures 3A-3C); in contrast, these cells had variable sensitivity 

to trametinib (Figures 3A-3C). In the RPE.1 cells, which besides modeling possible retina 

toxicity, which is commonly reported with MEK inhibitors (Mendez-Martinez et al., 2019), 

are also developmentally close to NB (Harenza et al., 2017). There is a particularly striking 

difference between sensitivity to SHP099 and trametinib (Figures 3A-3C). These data 
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indicate at concentrations where SHP099 is effective in a large subset of NBs (5 μM) 

that normal tissue-derived cells maintain pERK and are insensitive to the drug, while MEK 

inhibition demonstrates broad toxicity accompanying pERK downregulation. We confirmed 

the differential sensitivity and effects on pERK signaling in the NB cells and the normal 

tissue-derived cells, with the more potent SHP2 inhibitor TNO-155 (Lochmann et al., 2018a; 

Song et al., 2018) (Figure S7). This presents a therapeutic window for SHP2 inhibitors 

not appreciated with MEK inhibitors that, when also considering unwanted MEK inhibitor-

specific mTORC2 feedback, highlights a possible and particular utility of SHP2 inhibitors in 

a subset of NB (type 2).

NF1 mutation and expression correlates with response of neuroblastoma to SHP2 
inhibition

We sought to identify genomic correlates of SHP099 sensitivity in NB. MYCN was not 

associated with sensitivity: Many of the most sensitive NB lines are MYCN amplified, but 

the proportion in the most sensitive group (top 10%) is not different than in the non-sensitive 

group (Figures S8A and S8B). Gain of chromosome 17, the most common genetic event in 

NB, was also not statistically predictive of SHP099 sensitivity. Loss of chromosome arms 

11q or 1p were also not predictive (Figure S8B). However, we found that SHP099 sensitivity 

was strongly correlated with mutational status (loss of function) of the RAS GTPase 

activation protein (GAP) neurofibromin 1 (NF1) (Figure S8C), with 6 of 10 NBs found in 

the top 10% sensitive cell lines (all tissue types) having NF1 loss of function (Figure 1A; p = 

0.007, Fisher exact test). In addition, 6 of the total 9 NB cell lines harboring NF1 mutations 

are in this group. NF1 mutation and loss of NF1 expression is common in NB (Bollag et 

al., 1996). Consistent with the NF1 mutation data, low NF1 RNA levels were correlated 

with sensitivity to SHP099 (Figure 4A). Expression level of other known modulators of 

ERK signaling, including adaptor molecules and others that effect flux through the ERK 

pathway (Eleveld et al., 2018; Ran et al., 2016), such as GRB2 and GAB1, did not correlate 

with sensitivity (Figure S9). Consistent with NF1 known function (Bollag et al., 1996), NF1 
mutant models had high basal ERK phosphorylation (Figure 4B) and knockdown of NF1 

with siRNA led to increased pERK levels in NF1-expressing NB (Figures 4C and 4D). 

However, small hairpin RNA (shRNA) deletion of NF-1 was not sufficient in the insensitive 

NB cell lines to confer sensitivity to SHP2 inhibition, suggesting pathway manipulation in 

NBs that are already developed is not sufficient to create a vulnerability to SHP2 inhibition 

(Figures S10A and S10B). Consistent with this notion, we did not find increased sensitivity 

to MEK inhibitor following NF1 deletion (Figure S10C). Lastly, the SHP2 A72T mutant 

found in NB (Pugh et al., 2013) did not confer enhanced sensitivity to either SHP2 inhibitor 

(Figure S11). These data altogether demonstrate that the loss of NF1 expression, either 

through mutation of NF1 itself or other mechanisms, is strongly predictive of sensitivity of 

NB cells to SHP099. NF1 mutation and expression may therefore constitute biomarkers for 

SHP099 in NB clinical trials.

NF1 level is lower in high-risk neuroblastomas, is reduced as NB progresses, and is lower 
in chemorelapse patients

As the need for new therapies is most acute in high-risk NB, we asked whether NF1 

levels were low in high-risk NB. Indeed, in two datasets of NB tumors (Consortium, 2014; 
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Henrich et al., 2016), we found low levels of NF1 transcript in high-risk NBs compared to 

low-risk NBs (Figures 5A and 5B). In addition, in the Kocak dataset (Kocak et al., 2013), 

where disease stage was available, NF1 levels decreased as stage increased (Figure 5C). In 

patients who relapsed with non-MYCN-amplified disease (Asgharzadeh et al., 2006), NF1 

expression was lower than in patients in NBs who did not relapse (Figure 5D). Lastly, low 

NF1 levels portended poor survival (Figure 5E). These data together suggest that SHP099 

may be particularly effective in high-risk NBs where new treatments are needed.

In vitro and in vivo efficacy of SHP099 in NB

Based on the observed sensitivity of NB models and the ability of SHP099 to induce 

cell death in RAS/RAF WT NB cells, we next evaluated the efficacy of SHP099 against 

high-risk NB tumors in vivo. For these studies, we evaluated seven mouse models of 

high-risk NB: The MYCN-amplified (and therefore high-risk) SIMA and MHH-NB-11 

models; the high-risk SK-N-FI model established from a metastatic site that is MYCN-

WT but poorly differentiated; the MYCN-WT; the ALK mutant FELIX patient-derived 

xenograft (PDX) model (Sano et al., 2019a); CHLA20, a MYCN-WT PDX established at 

the progression of disease (Schoen et al., 2018); and two MYCN-amplified PDX models, 

COG-N452 and COG-N-561 (Lochmann et al., 2018b; Schoen et al., 2018). Details of 

these models are found in Table S3. These tumors were grown in immunocompromised 

mice, and upon reaching treatable sizes, were randomized, followed by treatment with 75 

mg/kg/day SHP099 (Dardaei et al., 2018) or with vehicle. For the SIMA SHP099-treated 

group, complete growth inhibition was observed over 4 weeks (Figure 6A left), with 5 of 9 

tumors shrinking (Figure 6A, right). For the COG-N-452 PDX tumors, while the effect was 

not as dramatic, the growth of the treated tumors was substantially slowed (Figure 6B). In 

the FELIX and COG-N-561 PDXs, tumor growth was controlled by SHP099 (Figures 6C 

and 6D), Lastly, in the MHH-NB-11 MYCN-amplified model, tumor growth was controlled 

(Figure 6E). For the SK-N-FI MYCN-WT xenograft model that grew slower in vivo, all 

SHP099-treated tumors regressed over 4 weeks’ treatment (Figure S13A). And in the slower 

growing CHLA20 PDX model, tumors were shrunk (Figure S13B). The individual growth of 

each tumor is demonstrated in Figure S12. We analyzed on-treatment tumors and measured 

pERK levels in the tumor lysates, finding SHP099 had on-target inhibition and evidence 

of cell death (cleaved caspase 3) (Figure 6F). In addition, similar to the in vitro results, 

there was no feedback activation of mTORC2, and downstream mTORC1 targets were 

downregulated (Figure 6F). Consistent with the HTS and in vitro data, trametinib did not 

have activity in vivo at a dose (1 mg/kg/day) that is effective in BRAF mutant models 

(Gilmartin et al., 2011) (Figure S13C). Lastly, the great majority of mice did not suffer 

significant weight loss on this dosing schedule (Figure S13D). Thus, in vitro activity of 

SHP099 translated to in vivo efficacy, consistent with past reports in other tumor types 

(Chen et al., 2016; Dardaei et al., 2018; Fedele et al., 2018; Nichols et al., 2018; Wong et al., 

2018).

Discussion

In this study, we integrate several HTS of MAPK inhibitors to demonstrate the unexpected 

hypersensitivity of WT RAS/RAF NB to SHP2 inhibition. SHP2 regulates the MEK/ERK 
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pathway through multiple mechanisms. It is thought to affect RAS loading via its activity on 

RAS-GAP recruitment to RTK complexes (Montagner et al., 2005) via direct recruitment of 

Grb2 (Ran et al., 2016), dephosphorylation of RAS on a conserved Tyr32 residue increasing 

RAS-RAF association and subsequent MEK/ERK signaling (Kano et al., 2019), or via 

its effect on SRC (Zhang et al., 2004). SHP2 inhibition was found to be associated with 

the sensitivity of cancers driven by RTKs, through the disruption of RTK-driven, SHP2-

mediated MEK/ERK activation (Chen et al., 2016). Efficacy has also been demonstrated in 

BCR-ABL-driven chronic myeloid leukemia CML (Gu et al., 2018), where SHP2 is a strong 

inducer of MEK/ERK signaling and through disruption of RTK-mediated feedback signaling 

in RAS-driven cancers (Wong et al., 2018).

Despite not being a classical RTK-driven or RAS-MAPK-driven cancer due to the absence 

of activating mutations or amplification in these genes, SHP2 inhibitor hypersensitivity in 

NB is consistent with some previous observations. First, in a tumor that presents with an 

average somatic mutation burden of ~3 (Hwang et al., 2018), SHP2 activating mutations 

are found in up to 3% of NB tumors, making it among the most common reoccurring 

mutations in these tumors (Bentires-Alj et al., 2004; Pugh et al., 2013). Second, Eleveld 

and colleagues reported that somatic mutation burden increases substantially in relapsed 

tumors, with diverse and reoccurring mutations of the MAPK pathway in nearly 80% of the 

relapse tumors (Eleveld et al., 2015); mutations that were not detected in the corresponding 

primary tumors included NF1 loss, HRAS Q61K mutations, and ALK activating mutations, 

all of which would be expected to result in the activation of the MEK/ERK pathway. Modak 

and colleagues (Padovan-Merhar et al., 2016) similarly reported the enrichment of MAPK 

pathwayactivating mutations in chemorelapsed NB tumors, including in RAS and MAP3K1. 

Interestingly, Nichols and colleagues demonstrated that in several MAPK pathway mutant 

cancer-driven cancers, including non-V600E, class 3 BRAF mutant-driven cancers, NF1 
deletion-driven cancers, and KRAS G12C mutant cancers, SHP2 inhibition is effective at 

inhibiting downstream MEK/ERK signaling (Nichols et al., 2018).

MEK inhibitors have shown variable activity as single agents in preclinical testing in NB 

(Hart et al., 2017; Umapathy et al., 2017), and the presence of amplified MYCN correlates 

with resistance to the MEK inhibitor binimetinib (Hart et al., 2017). Analyses of our HTS 

show that WT RAS/RAF NB lines are not sensitive to MEK or ERK inhibition compared to 

effects seen in melanoma models (Figure 7; Figure S1). Many of these are sensitive to SHP2 

inhibition, what we refer to in this study as type 2 NB cells, in reference to MAPK inhibitor 

response. In contrast, trametinib-sensitive NB cell lines (type 1) bear known RAS/RAF 
mutations and are insensitive to SHP099 (Figure 7; Figure S1; Table S2).

SHP2 inhibitors may be favored over MEK inhibitors in WT RAS/RAF NB for 

several reasons. First, while mutations that activate MEK/ERK signaling are prevalent in 

chemorelapse NB (Eleveld et al., 2015; Padovan-Merhar et al., 2016), most appear to be 

SHP2 dependent (e.g., ALK mutations, NF1 loss) and not RAF/RAS mutated. Second, 

SHP2 inhibition does not lead to the phosphorylation of mTORC2 substrates, as MEK 

inhibitors do in RAS/RAF WT NB (Figures 2B and S5) (Umapathy et al., 2017). Third, 

like NBs, we have found that normal derived tissues undergo the loss of pERK signaling 

following direct MEK inhibition (Figure 3); however, they retain pERK signaling following 
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SHP2 inhibition. This difference in signaling changes between the two different inhibitors is 

consistent with the difference in sensitivity. That is, normal tissue-derived cells demonstrate 

variable sensitivity to MEK inhibitors but are not sensitive to SHP099. For instance, the 

h-TERT immortalized RPE.1 cells, neuronal in origin (Harenza et al., 2017), were quite 

sensitive to trametinib, yet completely resistant to SHP099 (Figure 3).

Lastly, we found that NF1 levels were inversely correlated with sensitivity to SHP099 

(Figure 4), that NF1 loss increases baseline pERK flux (Figure 4), and that low NF1 levels 

associates with high-risk NB (Figure 5). However, manipulation of NF1 was not by itself 

sufficient to induce sensitivity to SHP2 inhibitors in high NF1 lines (Figures S10A and 

S10B). We interpret this to mean that NF1 pathway manipulation in NBs that are already 

developed is not sufficient to create a vulnerability to SHP2 inhibition. However, it is 

possible that co-occurring pathways must be present to confer SHP2 inhibitor sensitivity, 

when NF1 levels are low. This study did not look at different RTKs that may be acting 

together with NF1 to activate SHP2/RAS/MEK, EGFR, and FGFR1, FGFR2 and ALK 

have been found to associate with SHP2 pathway activation in NB (Zhang et al., 2017). 

Furtherworkwill be needed to determine what role RTKs, and which RTKs, if any, have in 

activating this pathway. NF1 germline deletions are syndromic for a cancer predisposition 

referred to as neurofibromatosis type 1 (Ling et al., 2005). The NF1 tumor-suppressor 

functions as a GAP for RAS promoting GTP hydrolysis and inhibiting MEK/ERK activation 

(Holzel et al., 2010). Consistent with our observation that low NF1-expressing NBs are 

sensitive to SHP099, Nichols and colleagues demonstrated that a different SHP2 allosteric 

inhibitor, RMC-4550, disrupts RAS loading and MEK/ERK activatior in several NF1 mutant 

cancer cells (Nichols et al., 2018). Of note, a possible limitation of our studies is the 

duration of the in vivo experiments (~4 weeks). Indeed, it is not apparent what the duration 

of time that an anticancer drug should be tested for to potentially translate to a successful 

clinical candidate is, and concerns that longer periods of time may more precisely predict 

successful clinical candidates are reasonable.

Altogether, through a series of unbiased HTS and subsequent preclinical characterization, 

we demonstrate that NBs with low expression of NF1 are sensitive to SHP2 inhibition. 

Given the potential difference in therapeutic window with MEK inhibitor and the importance 

of NF1 levels for successful RA therapy (Holzel et al., 2010), we believe that SHP2 

inhibition either by itself or incorporated into maintenance therapy for high-risk NB 

warrants further investigation.

Limitations of the study

The limitations of this study include the relative short duration of the xenograft experiments, 

the inability of NF1 manipulation to directly impact SHP099 sensitivity, and the lack of 

comprehensive investigation of other mutations impacting SHP2-inhibitor sensitivity in NB.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Anthony C. Faber (acfaber@vcu.edu).

Materials availability—All stable reagents generated in this study are available from the 

lead contact without restriction.

Data and code availability—The drug screen data have been attached as Table S1.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models—The xenograft models SIMA, MHH-NB-11, SK-N-FI, CHLA20 and the 

PDX models COG-N-452, COG-N-561 and Felix (PDXs kindly provided by C. Patrick 

Reynolds and the Childhood Cancer Repository at Texas Tech University Health Sciences 

Center, in part funded by Alex’s Lemonade Stand Foundation) were injected into the right 

flank of male NOD/SCID/IL2Rγ (NSG) mice (5–6 weeks) at the concentration of 7 × 106 

cells for SIMA, 4 × 106 cells for MHH-NB-11 and 2 × 106 cells for COG-N-452 and COG-

N-561, or both flanks of male NOD-Prkdcem26Cd52II2rgem26Cd22/NjuCrl (NCG) mice (5–6 

weeks) at the concentration of 2 × 106 cells per injection for Felix, SK-N-FI and CHLA20 at 

the concentration of 2 × 106 cells per tumor injection, using a 1:1 ratio of cells and Matrigel 

(Corning, cat #354248). When tumors reached about 150–200 mm3, the tumor-bearing mice 

were randomized to a vehicle group and a SHP099 treatment group (75 mg/kg). Mice in 

the treatment cohorts (n = 3–9) were treated with SHP099 or trametinib directly to the 

stomach by oral gavage. The solvent for SHP099 was 0.6% hydroxypropyl methylcellulose 

(HMC), 0.4% Tween 80, and 0.9% saline. The tumors were measured by digital calipers 

daily during the study in two dimensions (length and width), and the tumor volume was 

calculated with the formula v = (l × w × w) (π/6), where v is the tumor volume, l is the 

length (bigger measurement) and w is the width (smaller measurement). The drug schedule 

was once daily for four weeks (excluding Sundays). For pharmacodynamics studies, tumors 

were harvested 2h following the last SHP099 treatment and the tumors were snap frozen in 

liquid nitrogen. All mouse experiments were approved and performed in accordance with 

the Institutional Animal Care and Use Committee at Virginia Commonwealth University 

(VCU), under protocol AD10001048.

Cell lines—The neuroblastoma cell lines MHH-NB-11, KELLY, SK-N-DZ, SIMA, 

NB(TU)1-10 and SK-N-AS were from the Center for Molecular Center Therapeutics 

Laboratory at Massachusetts General Hospital. The RPE.1 cells and SK-N-FI were 

kindly provided by Dr. Yael Mosse (University of Pennsylvania, Children’s Hospital of 

Philadelphia). The HCE-T cells were purchased from RIKEN Biosource Center (RBC 2280) 

and MRC5 cells were purchased from ATCC (ATCC CCL-171). COG-N-415, COG-N-452, 
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COG-N-496, COG-N-561, CHLA20 and CHLA172 PDX cell lines were kindly provided by 

C. Patrick Reynolds and the Childhood Cancer Repository at Texas Tech Health Sciences 

Center, in part funded by Alex’s Lemonade Stand Foundation. The MHH-NB-11 cell line 

was originally derived from a 4-year-old boy; the KELLY cell line was originally derived 

from a 1-year-old girl; the SK-N-DZ cell line was originally derived from a 2-year-old 

girl; the SIMA cell line was originally derived from a 1-year and 8 months-old boy; the 

NB(TU)1-10 cell line was originally derived from a 1-year and 8 months-old girl; the 

SK-N-AS cell line was originally derived from a 6-year-old girl; the RPE.1 cell line was 

originally derived from a 1-year-old girl; the SK-N-FI cell line was originally derived from 

a 11-year-old boy; the HCE-T cell line was originally derived from a 49-year-old women; 

the COG-N-415 cell line was originally derived from a 2-year-old girl; the COG-N-452 cell 

line was originally derived from a 5-year-old boy; the COG-N-496 cell line was originally 

derived from a 3-year and 2 months-old girl; the COG-N-561 cell line was originally derived 

from a 1-year and 8 months-old girl; the FELIX cell line was originally derived from a age 

unspecified boy; the CHLA20 cell line was originally derived from a 2-year-old girl; the 

CHLA-172 cell line was originally derived from a age unspecified boy. The MHH-NB-11, 

KELLY, SIMA, NB(TU)1-10, and RPE.1 cell lines were cultured in RPMI 1640 (the Lonza 

Group) supplemented with 10% fetal bovine serum (FBS, Seradigm) and 1 μg/mL penicillin 

and streptomycin. The HCE-T, SK-N-DZ, SK-N-FI and SK-N-AS cell lines were grown 

in Dulbecco’s modified Eagle medium (DMEM)/F12 (50:50) with 10% FBS and 1 mg/mL 

penicillin and streptomycin. The COG-N-415, COG-N-452, COG-N-496 and COG-N-561 

cell lines were cultured in Iscove’s modified Dulbecco’s medium supplemented with 20% 

FBS, 1 μg/mL penicillin and streptomycin and 1× insulin-transferrin-selenium (ITS; Thermo 

Fisher Scientific, catalog #41400045). The MRC5 cell line was cultured in DMEM with 

10% FBS, 1 μg/mL penicillin and streptomycin. The CHLA20 and CHLA172 cell lines 

were cultured in DMEM with 20% FBS, 1 × ITS and 1 μg/mL penicillin and streptomycin. 

Cell lines are routinely checked by DNA STR for verification and tested for mycoplasma 

infection by MycoAlert (Lonza). If the cell cutlures are found to be positive, they are 

treated with plasmocure (InvivoGen, catalog#ant-pc) per the manufacturer’s protocol until 

subsequent tests are negative.

METHOD DETAILS

Drug screening—Certified cell lines were screened against SHP099 at the center for 

Molecular Therapeutics at the Massachusetts general hospital. Drug response metrics such 

as IC50 and Area under the dose–response curve (AUC) were determined for further 

analysis as previously described (Garnett et al., 2012) and the screen is described in 

detail elsewhere (Yang et al., 2013). The Genomics of Drug Sensitivity in Cancer (GDSC) 

screening platform at MGH utilizes fluorescence-based cell viability assays following 72 

h of drug treatment. As described in (Cancer Cell Line Encyclopedia Consoritum and 

Genomics of Drug Sensitivity in Cancer Consoritum, 2015; Garnett et al., 2012), the HTS 

involves diverse compounds to evaluate anti-cancer effects across a broad number of cancer 

subtypes and the analyses of the data generated from the HTS includes dose-response curves 

are fitted to fluorescence signal intensities over nine drug concentrations (2-fold dilution 

series).
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Expression analysis—The basal RNA expression data for the cell lines screened were 

obtained and analyzed through the R2: Genomics Analysis and Visualization Platform 

(http://hgserver1.amc.nl) using the GDSC-based Celline Cancer Drug (Sanger) dataset 

(Array Express Accession: E-MTAB-3610).

Antibodies and reagents—The primary antibodies for western blotting were n-Myc (cat 

#9405S), Gab2 (cat #3239S), Bim (cat #2819S), SHP2 (cat #3397T), phospho-SHP2 (Y542, 

cat #3751S), Akt (cat #4691S), phospho-Akt (T308, cat #4056S), phospho-Akt (S473, cat 

#4060S), S6 Ribosomal protein (cat #2217S), phospho-S6 Ribosomal Protein (S235/236, 

cat #4858S), phospho-S6 Ribosomal Protein (S240/244, cat #5364S), Erk (cat #4695S), 

phosphor-Erk (cat #4370S), NF1 (cat #14623S), cleaved PARP1 (cat #9541S), cleaved 

Caspase3 (cat #9664S), β-Actin (cat #4967S); all these antibodies are from Cell Signaling 

Technology (Beverly, MA). The GAPDH antibody (Wong et al., sc-32233) from Santa 

Cruz Biotechnology (Dallas, TX) was used as a loading control. The secondary antibodies 

used were anti-mouse IgG (GE Healthcare Life Sciences, cat #NXA931) and anti-rabbit 

IgG (GE Healthcare Life Sciences, cat #NA934). SHP099 (Wong et al., M6314) was from 

Abmole (Houston, TX), Trametinib (GSK 1120212, cat #CT-GSK212), RMC-4550 (Wong 

et al., CT-RMC4550) and TNO-155 (Wong et al., CT-TNO-155) were from ChemiTek 

(Indianapolis, IN). AZD-2014 was from Selleckchem (Wong et al., S2783). Crystal violet 

was from Thermo Scientific (cat #42583-0250).

Plasmid and cloning—The original NF1 plasmid R777-E139 Hs.NF1 was a 

gift from Dominic Esposito (Addgene plasmid # 70,423). The original PTPN11 

plasmid pHAGE-PTPN11 was a gift from Gordon Mills & Kenneth Scott (Addgene 

plasmid # 116,782). NF1 and PTPN11 were subcloned into lentivirus expression 

vector by gateway clone method. Briefly, NF1 and PTPN11 ORF sequences 

were amplified from original plasmid with specific primers. The primers for 

NF1 were as following, NF1-F: 5′-CACCATGGCCGCCCACAGA-3′, NF1-R: 5′-
TTACACGATTTTCTTGATGCTGTTCCG-3′, and for PTPN11, the primers for PTPN11 

were as following, PTPN11-F: 5′-CACCATGACATCGCGGAGATGG-3′, PTPN11-R: 

5′-CTACCTGCAGTGCACCACGACCGGCCC-3′. After ethanol precipitation, Gateway 

compatible amplified ORFs were recombined into pENTR™/SD/D-TOPO vector 

(Invitrogen) using the pENTR™/SD/D-TOPO cloning kit (Invitrogen). The mix was 

then transformed with OneShot TOP10 competent cells, and the clones were analyzed 

and sequenced with M13 forward and reverse primer to confirm the correct insertions. 

Once the entry clones were confirmed, the LR recombination reaction was carried 

out to transfer the target genes from the entry constructs into the pLenti6/V5-DEST 

vector using the Gateway™ LR Clonase™ Enzyme Mix (Invitrogen) to generate 

an expression clone. After reaction, the mix was transformed with OneShot Stbl3 

chemically competent cells. The single clones were analyzed and sequenced with 

CMVforward primer and V5 reverse primer. For SHP2 A72T mutation, the reaction 

was performed with the mutation primers when the PTPN11 gene was cloned into the 

pENTR™/SD/D-TOPO vector. The mutation primers were listed as following, PTPN11mut 

F: 5′-CTCAGCCAAAGTGGTA AATTTCTCCCCTCCATACA-3′, PTPN11mut R: 5′-
TGTATGGAGGGGAGAAATTTACCACTTTGGCTGAG-3′. When the mutation was 
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confirmed in the pENTR vector, the LR reaction was carried out further to construct 

the mutation expression vector in pLenti6/V5-DEST. For GAB2 expression, the plasmid 

pLX317-EGFP and pLX317-GAB2 were gift from Dr. William Hahn (Dana-Farber Cancer 

Institute, Boston).

Cell viability assays—For CellTiter-Glo (CTG) (Promega) experiments, cells were 

seeded in quadruplicate in 96-well black plates at a concentration of 2 × 103 cells per 

well in 180 μL of growth medium. 24 h after seeding, cells were treated with increasing 

concentrations of SHP099 from 0 to 10 μM for 7 days and maintained at 37°C and 

5% CO2. Cell viability was read on a Centro LB960 microplate luminometer (Berthold 

Technologies) according to the manufacturer’s instructions, with the exception that half of 

the recommended CTG reagent was used. For crystal violet assays, 50,000 cells were seeded 

in 6-well plate and the next day cells were treated with different drugs as indicated in 

the figure legends. Every 3 days, the growth medium was replenished to ensure sufficient 

nutrients. Once the cells in the no-treatment control well approached full confluence as 

determined by microscope, the cells were stained with 0.1% crystal violet (Sigma-Aldrich). 

Some of the STR testing for these cell lines can be found in Data S1.

siRNA experiments—For the siRNA experiments, NF1 and scrambled control siRNA 

(Dharmacon smart pool) were used at the concentration of 25 nM and transfected with 

lipofectamine RNAiMAX reagent (ThermoFisher). Briefly, cells were seeded in 60mm dish 

with antibiotic-free media to achieve next-day confluency of roughly 60%. When doing the 

transfection, 18 μL RNAiMAX was added to 300 μL of OPTI-MEM in a 1.5 mL Eppendorf 

tube. At the same time, 25nM siRNA was added to 300 μL of OPTI-MEM in a separate 1.5 

mL Eppendorf tube. After 5 min, the tubes were combined and mixed gently. Following 20 

more minutes, the RNAiMAX-siRNA mix was drop-wise added to cells and gently shaken 

for couples of times. Twenty-four hours later, the cells were either reseeded in 96-well plates 

and treated with the appropriate drug the following day or reseeded in 6-well plates and 

lysed the next day for Western blot analysis to determine the efficiency of the knockdown. 

The siRNA sequences used in the study were as follows: siRNA NF1 (ON TARGET 

plus SMART pool cat. no. L-003916-00-0005 5 nmol; Dharmacon) and siRNA scrambled 

(ON-TARGET plus Non-targeting Control Pool cat. no. D-001810-10-20; Dharmacon).

shRNA experiments—The plasmids for shNF1 (clone ID: shNF1-1 

NM_000,267.1-8468s1c1 and shNF1-2 NM_000,267.1-8627s1c1) were obtained from the 

MISSION shRNA repository (Sigma-Aldrich). A nonspecific shRNA (MISSION pLKO.1-

shRNA control, cat. no. SHC016-1EA) served as a negative control. The pLKO.1 plasmid 

contains a puromycin resistance gene, which allowed for cell selection. Cells were 

transduced with plasmid-containing viral particles and viral particles were generated in 293T 

cells and collected over 48 h.

Lentivirus production and stable cell line—For the knockout and knockdown 

lentivirus production, the expression plasmid was transfected into HEK 293T cells together 

with psPAX.2 and pMD2.G by lipofectamine 2000. For the overexpression lentivirus 

production, the expression plasmid was transfected into HEK293T cells together with 
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pCMV-VSV-G and pCMV delta R8.2 using lipofectamine 2000. 48 h later, the virus was 

harvested for the first time and filtered with a 0.45 mm size filter, 10mL of media was added 

back to the transfected cells and then the virus was harvested the second time 72 h later. The 

target cells were transduced with the harvested lentivirus together with 8 μg/mL polybrene. 

24 h later the cells are placed under selection with the appropriate antibiotic. Target gene 

knockdown/expression was confirmed by western blotting.

Western blotting—Cell lines, tumors from cell-line xenografts and tumors from patient-

derived xenografts were prepared and lysed in NP40-containing cell lysis buffer along with 

20 mM Tris, 150 mM NaCI, 1% NP-40, 1 mM EDTA, 1 mM EGTA, 10% Glycerol, 

and protease and phosphatase inhibitors. The samples were incubated on ice for 30 min, 

then centrifuged at maximum speed on a tabletop micro-centrifuge for 10 min at 4°C. 

For the tumor lysates, additional preparation included manual shearing with scissors into 

pieces and then homogenization with Tissuemiser (Fisher Scientific) in the same lysis 

buffer on ice, followed by a 30 min incubation period on ice and centrifugation. Total 

protein amount was quantified by BCA assay and equal amounts of the detergent-soluble 

lysates were separated with the NuPAGE Novex Midi Gel system on 4%–12% Bis-Tris 

Gels (Invitrogen), transferred to PVDF membranes (PerkinElmer) in transfer buffer (Biorad) 

with 20% methanol. Following transferring, the membrane was blocked in PBS-T with 

5% non-fat milk for 1h and then incubated with the indicated antibodies overnight. After 

secondary antibody (GE Healthcare) incubation, the antibodies on the membranes were 

detected with the Syngene G: Box camera (Synoptics). Representative blots are shown in the 

figures. Band quantification was done using the Gene Tools software program (Syngene). 

The quantification data is presented as the ratio of the indicated readout/GAPDH for each 

data point.

QUANTIFICATION AND STATISTICAL ANALYSIS

Non-parametric Mann-Whitney U-tests were performed for Figures S4, S8B, and S13D. 

Unpaired student’s test (two-tailed) was performed for Figures 3A, 5, 6, S2A, S6A, S6B, 

S10B, S10C, S11B, S13A, and S13B. Figures 4A and S9 were analyzed with Pearson 

Correlation analysis. All the analyses were performed using GraphPad Prism. Differences 

considered to be significant if p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We identify neuroblastoma models as sensitive to SHP2 inhibition

• SHP099 sensitivity is correlated with low expression of neurofibromin (NF1)

• SHP2 inhibitors inhibit pERK in neuroblastoma cells better than in normal 

cells

• NF1 mutation/expression may predict SHP2 inhibitor response in 

neuroblastoma
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Figure 1. SHP099 sensitivity in neuroblastoma cell lines
(A) Activity of SHP099 across 922 cell lines from 28 tissue types, including 32 NB cell 

lines.

(B) Graph represents percentage of viable cells assessed by CellTiter-Glo in the NB cell 

lines indicated, following 7-day treatment with increasing concentrations (0.003–10 μM) of 

SHP099. SHP099-sensitive lines are shown in red, and SHP099-resistant lines are shown in 

black. Three individual sets of experiments were performed to calculate significance. Error 

bars are ± SEMs.

(C) Crystal violet staining of NB cell lines following treatment with SHP099 (1 and 5 μM) 

or untreated (No Rx) until "No Rx" wells reached confluency.

See also Figures S1-S3 and Tables S1, S2, and S3.
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Figure 2. SHP099 inhibits MEK/ERK pathway in neuroblastoma cell lines
(A) Immunoblot of NB cell lines indicated treated with SHP099 (5 μM) for 6 and 

24 h, respectively, or untreated (No Rx) and assessed with the indicated antibodies. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. 

SHP099-sensitive lines are depicted in red font, and SHP099-resistant lines are depicted 

in black font.

(B) Immunoblot of NB cell lines (ALK WT, ALK F1174L mut) treated with SHP099 (5 μM) 

ortrametinib (1 μM) for 24 h or untreated control (No Rx) were assessed with the indicated 

antibodies.

See also Figures S4-S6.
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Figure 3. Effect of SHP099 and trametinib on normal tissue-derived cell lines
(A) Graph represents percentage of viable cells assessed by CellTiter-Glo in the normal 

tissue-derived cell lines (RPE.1, MRC5, AC16, and HCE-T) following 7-day treatment with 

increasing concentrations (0.003–10 μM) of SHP099 (blue) and trametinib (red). Three 

individual sets of experiments were performed to calculate significance. Error bars are ± 

SEMs.

(B) Normal tissue-derived cell lines (RPE.1, MRC5, AC16, and HCE-T) treated with 

SHP099 (5 μM) or trametinib (1 μM) for 24 h and untreated control (No Rx) were assessed 

with the indicated antibodies. GAPDH was used as a loading control.

(C) Crystal violet staining of normal tissue-derived cell lines (RPE.1, MRC5, AC16, and 

HCE-T) following treatment with SHP099 or trametinib (concentrations are indicated) or 

untreated (No Rx) until "No Rx" well reached confluency.

See also Figure S7.
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Figure 4. SHP099 sensitivity correlates with NF1 levels in neuroblastoma
(A) Graph represents SHP099 sensitivity (area under the curve [AUC]) with respect to NF1 
transcript levels obtained from R2 genomic (Sanger) database (http://hgserver1.amc.nl) in 31 

available NB cells lines from the HTS. Pearson correlation analysis value: r = 0.4982; p = 

0.0043.

(B) Immunoblot analysis of SHP099-sensitive (red) and SHP099-resistant (black) NB cell 

lines probed for NF1, SHP2, and other indicated antibodies. GAPDH was used as a loading 

control.

(C) Immunoblot analysis of NF1 and pERK expression in NF1-silenced NB cell lines 

insensitive to SHP099. Scrambled oligonucleotide was used as an siRNA control (siCtrl), 

and GAPDH was used as a loading control.

(D) Graph indicates relative levels of pERK in NF1-silenced NB cell lines quantified from 

(C).

See also Figures S8-S11.
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Figure 5. Low NF1 levels correlate with high risk, tumor stage, recurrence, and patient outcome 
in neuroblastoma
Transcript levels of NF1 in high- and low-risk neuroblastoma obtained from the Westermann 

(A) and SEQC (B) datasets.

(C) NF1 transcript levels in respect to tumor stage obtained from the Kocak dataset.

(D) NF1 transcript levels in respect to relapsed and non-relapsed MYCN-non-amplified NB 

tumors obtained from the Seeger dataset.

(E) Overall survival probability of patients with high (blue) and low (red) levels of NF1 
transcript obtained from SEQC and Kocak datasets.
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Figure 6. SHP099 treatment inhibits tumor growth in high-risk in vivo models of neuroblastomas
(A–E) Antitumor activity of SHP099 was assessed in mice bearing high-risk NB tumors. 

Mice were dosed with SHP099 (75 mg/kg/day) or vehicle (control) for 28 days, and tumor 

volume was calculated using the formula v = (l × w × w) (π/6) Method details in the 

MYCN-amplified SIMA model (A), the MYCN-amplified COG-N-452 PDX model (B), 

the ALK mutant/MYCN-wild-type FELIX high-risk PDX model (C), the MYCN-amplified 

COG-N-561 PDX model (D), and the MYCN-amplified MHH-NB-11 model (E). Waterfall 

plot represents change in tumor volume percentage of each tumor to their initial tumor size 

(right panel) in the control and treated group. Error bars are ± SEMs. Student t test was 

used to calculate significance (*p < 0.05, **p < 0.01, ***p < 0.001). (F) Immunoblot of 

control (vehicle) and SHP099-treated COG-N-452 PDX mouse tumor tissues probed with 

the indicated antibodies. β-Actin was used as a loading control.

See also Figures S12 and S13.
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Figure 7. Model of sensitivity and insensitivity of NB to MAPK pathway inhibitors
(A) We refer to type I NB as RAS/RAF MT NBs relatively sensitive to MEK inhibition and 

insensitive to SHP2 inhibition.

(B) We refer to type II NB as RAS/RAF WT NBs with mutant/low NF1 that are sensitive to 

SHP2 inhibition and relatively insensitive to MEK inhibition.

(C) We refer to type III NBs (RAS/RAF/NF1 WT). These are insensitive to SHP2 or MEK 

inhibitors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

p-ERK Cell Signaling Technology Cat# 4370; RRID:AB_2315112

ERK Cell Signaling Technology Cat#4695; RRID:AB_390779

p-AKT S473 Cell Signaling Technology Cat#4060; RRID:AB_2315049

p-AKT T308 Cell Signaling Technology Cat#4056S; RRID:AB_331163

AKT Cell Signaling Technology Cat#4691; RRID:AB_915783

cleaved PARP Cell Signaling Technology Cat#5625; RRID:AB_10699459

Gab2 Cell Signaling Technology Cat# 3239; RRID:AB_10698601

BIM Cell Signaling Technology Cat# 2819; RRID:AB_10692515

SHP2 Cell Signaling Technology Cat# 3397; RRID:AB_2174959

Phospho-SHP2 Cell Signaling Technology Cat# 3751; RRID:AB_330825

S6 Ribosomal protein Cell Signaling Technology Cat# 2217; RRID:AB_331355

Phospho-S6 Ribosomal Protein (Ser235/236) Cell Signaling Technology Cat# 4858; RRID:AB_916156

Phospho-S6 Ribosomal Protein (Ser240/244) Cell Signaling Technology Cat# 5364; RRID:AB_10694233

Neurofibromin 1 Cell Signaling Technology Cat# 14623; RRID:AB_2798543

Cleaved PARP (Asp214) Cell Signaling Technology Cat# 9541; RRID:AB_331426

Cleaved Caspase-3 (Asp175) Cell Signaling Technology Cat# 9664; RRID:AB_2070042

β-Actin Cell Signaling Technology Cat# 4967; RRID:AB_330288

Anti-GAPDH Antibody (6C5) Santa Cruz Cat# sc-32233; RRID:AB_627679

anti-mouse IgG Millipore Sigma NXA931; RRID:AB_772209

anti-rabbit IgG Millipore Sigma Cat# NA934; RRID:AB_772206

Bacterial and virus strains

NF1 CRISPR-lentivirus Virus prepared in lab NF1 CRISPR Guide RNA

NF1 shRNA-lentivirus Virus prepared in lab shNF1-1 NM_000267. 1-8468s1c1 
and shNF1-2 NM_000267. 
1-8627s1c1

OneShot TOP10 competent cell Invitrogen C404010

OneShot Stbl3 competent cell Invitrogen C737303

Chemicals, peptides, and recombinant proteins

SHP-099 Abmole Cat#M6314

Trametinib ChemieTek Cat#CT-GSK212

VX-11E APEXBIO Cat#A3931

RMC-4550 Chemietek Cat#CT-RMC4550

TNO-155 Chemietek Cat#CT-TNO155

Crystal violet Thermo Scientific Cat#42583-0250

AZD2014 Selleckchem Cat#S2783

Deposited data

Genomics Analysis and Visualization Platform http://hgserver1.amc.nl E-MTAB-3610

Experimental models: Cell lines
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REAGENT or RESOURCE SOURCE IDENTIFIER

SIMA Center for Molecular Center 
Therapeutics Laboratory at 
Massachusetts General Hospital

Cat# ACC-164; RRID:CVCL_1695

KELLY Center for Molecular Center 
Therapeutics Laboratory at 
Massachusetts General Hospital

Cat# ACC-355; RRID:CVCL_2092

SK-N-DZ Center for Molecular Center 
Therapeutics Laboratory at 
Massachusetts General Hospital

ATCC Cat# CRL-2149; 
RRID:CVCL_1701

SK-N-AS Center for Molecular Center 
Therapeutics Laboratory at 
Massachusetts General Hospital

ATCC Cat# CRL-2137; 
RRID:CVCL_1700

SK-N-FI University of Pennsylvania, Children’s 
Hospital of Philadelphia

ATCC Cat# CRL-2142; 
RRID:CVCL_1702

CHLA20 C. Patrick Reynolds and the Childhood 
Cancer Repository at Texas Tech

RRID:CVCL_6602

CHLA172 C. Patrick Reynolds and the Childhood 
Cancer Repository at Texas Tech

RRID:CVCL_A056

COG-N-415 C. Patrick Reynolds and the Childhood 
Cancer Repository at Texas Tech

RRID:CVCL_AQ23

COG-N-496 C. Patrick Reynolds and the Childhood 
Cancer Repository at Texas Tech

RRID:CVCL_LF61

COG-N-452 C. Patrick Reynolds and the Childhood 
Cancer Repository at Texas Tech

RRID:CVCL_VS96

NB(TU)1-10 Center for Molecular Center 
Therapeutics Laboratory at 
Massachusetts General Hospital

JCRB Cat# JCRB0154; 
RRID:CVCL_3041

MHH-NB-11 Center for Molecular Center 
Therapeutics Laboratory at 
Massachusetts General Hospital

DSMZ Cat# ACC-157; 
RRID:CVCL_1412

RPE1 University of Pennsylvania, Children’s 
Hospital of Philadelphia

ATCC Cat# CRL-4000; 
RRID:CVCL_4388

HCE-T RCB RCB Cat# RCB2280; 
RRID:CVCL_1272

MRC5 RCB Cat# CCL-171; RRID:CVCL_0440

AC-16 Dr. Fadi Salloum, Virginia 
Commonwelath University

N/A

Experimental models: Organisms/strains

Mouse: NOD/SCID/IL2Rγ (NSG) The Jackson Laboratory 005557

Mouse: NOD-Prkdcem26Cd52II2rgem26Cd22/NjuCrl (NCG) Charles River N/A

Oligonucleotides

PTPN11-F: 5′-CACCATGACAT CGCGGAGATGG-3′ Thermofisher N/A

PTPN11-R: 5′-CTACCTGCAGTGC 
ACCACGACCGGCCC-3′

Thermofisher N/A

MISSON siRNA NF1 Dharmacon Cat#L-003916-00-0005

siRNA scrambled Dharmacon Cat#D-001810-10-20

PTPN11mut F: 5′-CTCAGCCAAAG 
TGGTAAATTTCTCCCCTCCATACA-3′

Thermofisher N/A

MISSION shRNA NF1 Sigma-Aldrich shNF1-1 NM_000267. 1-8468s1c1

MISSION shRNA NF1 Sigma-Aldrich shNF1-2 NM_000267. 1-8627s1c1

MISSION nonspecific pLKO. 1-shRNA control, Sigma-Aldrich cat#SHC016-1EA
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REAGENT or RESOURCE SOURCE IDENTIFIER

PTPN11mut R: 5′-TGTATGGAGGG 
GAGAAATTTACCACTTTGGCTGAG-3′

Thermofisher N/A

NF1-F: 5′-CACCATGGCCGCCCACAGA-3′ Thermofisher N/A

NF1-R: 5′-TTACACGATTTTCTTGAT GCTGTTCCG-3′ Thermofisher N/A

Recombinant DNA

pLX317-EGFP Dr. William Hahn, Dana-Farber Cancer 
Institute

N/A

pLX317-GAB2 Dr. William Hahn, Dana-Farber Cancer 
Institute

N/A

R777-E139 Hs.NF1 Addgene Addgene Cat# 70423

pHAGE-PTPN11 Addgene Addgene Cat## 116782

Software and algorithms

Prism software GraphPad https://www.graphpad.com/scientific-
software/prism/
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