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ABSTRACT 

Neurofibromatosis type 1 (NF1) is a genetic multi-system disorder. Symptoms include near 

universal benign neurofibromas, as well as malignant tumours, including generally fatal 

malignant peripheral nerve sheath tumours. There are limited therapies for any NF1-

associated tumours; therefore, there is a clear clinical need to discover new drugs that 

specifically target NF1-deficient tumour cells. Using a Drosophila NF1-KO cell model, we used 

synthetic lethal screening to identify candidate drug targets for NF1-deficient tumours and 

performed statistical enrichment analysis to identify further targets. We then assessed the top 

72 candidate synthetic lethal partner genes to NF1 using Variable Dose Analysis, resulting in 

15 candidate genes that decreased NF1-KO viability by >10% and were novel druggable 

targets for NF1. Autophagy inhibitors Chloroquine (CQ) and Bafilomycin A1 resulted in a 

significant reduction in NF1-KO cell viability, which was conserved in a panel of human NF1 

mutant cell lines. AZT and Enzalutamide also selectively reduced NF1 mutant cell viability in 

human cell lines. Furthermore, the effect of CQ was conserved in a Drosophila NF1-mutant in 

vivo model. This study highlights two key points: 1) The use of Drosophila cells as a model to 

screen for drugs specifically targeting NF1 mutant cells was highly successful as candidate 

interactions were conserved across a panel of human NF1 mutant cells and an in vivo fly NF1 

mutant model, and 2) NF1-deficient cells have vulnerability to disruption of the autophagy 

pathway, telomerase activity, and AR activity. These pathways/drugs represent promising 

targets for the potential treatment of NF1-associated tumours. 
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INTRODUCTION 
Neurofibromatosis type 1 (NF1) (LAWRENCE et al. 2014), is a genetic disorder with autosomal-

dominant inheritance affecting 1 in ~3,000 (EVANS et al. 2010). Although the penetrance of 

NF1 is virtually complete after childhood, the disease is characterized by highly variable 

clinical expressivity. Symptoms include near universal benign, but often disfiguring, peripheral 

nerve associated tumours known as neurofibromas, as well as malignant tumours, including 

usually fatal malignant peripheral nerve sheath tumours (MPNSTs). While the tumour 

suppressor role of NF1 has received much attention, NF1 is a multi-system disorder where 

non-tumour symptoms contribute significantly to its morbidity. These non-tumour symptoms 

include skeletal and vascular abnormalities, pigmentation defects, reduced overall growth, and 

cognitive deficits, the latter seen in 50-70% of children with NF1 (GUTMANN et al. 2017). In part 

reflecting higher rates of vascular defects and cancer, the life expectancy of NF1 patients is 

reduced by 15-20 years (RASMUSSEN et al. 2001).  

 

NF1 is caused by loss of neurofibromin, a 320 kDa protein whose only widely accepted 

function is to serve as a Ras GTPase Activating Protein (RasGAP) for H-, K-, N-Ras and R-

Ras1, 2 and 3 (MARTIN et al. 1990). RasGAPs promote the conversion of active Ras-GTP into 

inactive Ras-GDP by stimulating the low intrinsic rate of Ras-GTP hydrolysis (SIMANSHU et al. 

2017). Consequently, loss of neurofibromin can result in misregulation of signalling 

downstream of Ras, the best documented being the RAF/MEK/ERK and PI3K/AKT/mTOR 

pathways. Although dysregulated Ras signalling is believed to be the proximal cause of NF1 

symptoms, it is unclear which of the numerous effectors downstream of Ras are relevant for 

disease progression, as well as the identities of the disease-pertinent targets of the signalling 

pathways mediating their effects. The situation is further complicated since there is 

undoubtedly crosstalk between these different pathways. In patients with NF1-driven 

malignant tumours, targeting Ras pathway components such as MEK or ERK is a reasonable 

therapeutic option, although Ras is subject to highly robust regulation (SIMANSHU et al. 2017), 

which may explain why, despite considerable effort, no effective therapy for Ras-driven 

cancers has yet emerged. However, chronically blocking Ras may never be an appropriate 

strategy for treating the many serious but non-life-threatening symptoms of NF1, especially in 

children. 

 

Currently, there are limited therapies for any NF1-associated tumours. The only available drug 

is the MEK inhibitor Selumetinib, which was approved for use in a subset of paediatric 

plexiform neurofibromas in April 2020. However, not all tumours were responsive to treatment 

and serious side effects can be associated with Selumetinib use (GROSS et al. 2020; BALDO 
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et al. 2021). Therefore, there is a clear clinical need to discover new drugs that specifically 

target NF1-deficient tumour cells either alone or in combination. 

One approach to identify candidate drug targets for tumorigenic diseases is to use synthetic 

lethal interaction screens. Synthetic lethal interactions are a type of genetic interaction in which 

inhibition of either of two genes alone is viable, but the combined inhibition of both genes is 

inviable. When one of these genes is mutated in tumour cells, such interactions can be 

exploited to kill those cells exclusively by targeting the synthetic lethal partner gene using a 

drug (KAELIN 2005). This approach is attractive because treatment is expected to be lethal to 

tumour cells but have no effect on wild-type, healthy cells. 

 

Despite long-term interest in the use of synthetic lethality as a therapeutic strategy to treat 

tumours, few drugs have successfully progressed to clinical use. One example are PARP 

inhibitors, which exploit a synthetic lethal interaction between the DNA damage repair pathway 

and BRCA1/2, which are often mutated in breast and ovarian cancers (LORD AND ASHWORTH 

2017). However, a major factor preventing successful development of treatments against 

synthetic lethal interactions is a lack of consistency between interactions identified in different 

genetic backgrounds (RYAN et al. 2018). This results in a lack of translation of candidate 

targets between model systems. Our approach to overcome this limitation makes use of 

Drosophila cells to initially identify synthetic lethal interactions with genes mutated in tumours. 

The reduced redundancy between gene functions in Drosophila permits the identification of 

interactions using RNA interference (RNAi) that may be otherwise hidden in human cells. The 

conservation of candidate interactions can then be assessed in a range of other model 

systems including human cells, providing a filter to remove interactions that are specific to 

Drosophila. This approach has previously proved successful, leading to the discovery of 

mizoribine and palbociclib as promising candidates for the treatment of tuberous sclerosis 

complex (TSC) and VHL-linked cancers respectively (HOUSDEN et al. 2015; VALVEZAN et al. 

2017; NICHOLSON et al. 2019). In both cases, hits from Drosophila synthetic lethal screens 

were validated with a high success rate in both human cells and mouse models.  

 

Given the previous success of using the Drosophila approach, we have applied this method 

to identify candidate drug targets to treat NF1-deficient tumours. Here, we describe the 

generation of a NF1 null mutant Drosophila cell line using CRISPR and its use in synthetic 

lethal screens to identify candidate drug targets to specifically kill NF1-associated tumour cells. 

We find that inhibition of autophagy (using Chloroquine (CQ) and Bafilomycin A1) has a 

selective effect on both a NF1-deficient Drosophila cell line and in an in vivo fly model. 

Furthermore, we show that this selective effect is conserved in multiple human tumour-derived 
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cell lines. In addition, we identify selective effects with Azidothymidine (AZT) and 

Enzalutamide, indicating that these repurposed drugs may have promise for the treatment of 

NF1 tumours in the future. 

 

RESULTS 
Generation of a Drosophila NF1 cell model cell using CRISPR/Cas9 gene editing 
Our previous studies have demonstrated the potential of using cross-species genetic screens 

to identify candidate therapeutic targets for human disease (HOUSDEN et al. 2015; HOUSDEN 

et al. 2017b; NICHOLSON et al. 2019). The NF1 gene is well conserved between Drosophila 

and humans with 68% identity at the amino acid level (Fig. S1). To use the same approach to 

find new targets for the treatment of NF1 tumours, we first used CRISPR gene editing to 

generate mutations in NF1 in a Drosophila cell line. S2R+ cells were transfected with Cas9 

and sgRNA designed to target a double-strand break in exon 2 of NF1 (Fig. 1A). Briefly, 

transfected cells expressing high levels of CRISPR reagents were isolated using FACS and 

single-cell cloned, as described in detail previously (HOUSDEN et al. 2015; HOUSDEN et al. 

2017c). Clones were assessed using high-resolution melting analysis (HRMA) to identify those 

carrying mutations at the target locus. Finally, sequencing was used to confirm that induced 

mutations were homozygous and resulted in frameshifts in NF1 (Fig. 1A). Of note, S2R+ cells 

are aneuploid (LEE et al. 2014) and we found that they have three copies of the NF1 gene. 

 

The resulting NF1-KO S2R+ cell line (hereafter called NF1-KO) was characterized by 

assessing the expression of neurofibromin using western blots. We found no detectable signal 

in the NF1-KO line when compared to parental WT S2R+ cells (Fig. 1B). Given that 

neurofibromin is a negative regulator of Ras, we assessed the growth and proliferative 

phenotypes of NF1-KO cells compared to WT cells. Consistent with deregulation of a 

mitogenic pathway, NF1-KO cells showed an increased rate of growth as measured using 

CellTiter-Glo assays to assess total ATP levels in the population. This effect was observed in 

the absence of serum in the culture media and in the presence of serum (Fig. 1C), indicating 

that culture growth is both accelerated in the absence of NF1 and is decoupled from upstream 

growth factor signalling pathways. To determine whether this increase in culture growth was 

due to increased proliferation, increased cell growth or both, we performed cell counts 

following culture in full serum and CellTiter-Glo assays on normalised numbers of cells from 

each genotype (baseline readings). Cell counts for NF1-KO showed an increase in cell 

numbers following culture compared to WT cells and the ‘baseline’ CellTiter-Glo showed no 

difference (Fig. 1C). This suggests that the difference in culture growth is primarily due to 

increased cell proliferation rather than an increase in cell size or ATP content of the cells. 
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Together, these results indicate that the NF1-KO line represents a novel NF1 null mutant cell 

model, with properties consistent with known effects of NF1 loss. 

 

Mapping synthetic lethal interactions in NF1-deficient Drosophila cells using a genome-
wide RNAi screen 
We used our Drosophila NF1-deficient cell line to screen for synthetic lethal interactions. We 

used a genome-wide dsRNA library to screen in both WT and NF1-KO cells (Fig. 2A). Screens 

were performed in triplicate to allow identification of reproducible results. First, we normalised 

results to the median of each row and column to remove position effects and scale results 

from all assay plates to allow direct comparison (see methods for details). Z-scores were then 

calculated for each dsRNA reagent for each replicate screen and correlation between 

replicates was used to assess the quality of screen results. We note that some assay plates 

were affected by position effects. These were identified manually and removed from the 

analysis prior to correlation analysis. Correlation coefficients ranged between 0.9 and 0.99 

(average 0.93) for control wells and between 0.55 and 0.66 (average 0.61) for non-control 

wells (Fig. 2B-C), illustrating a high rate of reproducibility between replicates. Next, we 

identified synthetic lethal interactions by filtering the results for dsRNA reagents that reduce 

the viability of NF1 cells (median Z<-1.5) to a greater extent than wild-type cells (median Z⋝-

1.5). This analysis identified 134 candidate genes (Table S1). 

 

Genetic screens are often associated with false-positive results due to off-targets from dsRNA 

reagents or noise in the screen assay. To remove potential false positives, we overlaid the 

screen hits onto a protein-protein interaction network from the String database (SZKLARCZYK 

et al. 2019). Synthetic lethal interactions are generally similar between genes that have related 

functions. Therefore, proteins that physically interact might be expected to share synthetic 

lethal interactions. Using the combination of physical and genetic interaction data, we can 

therefore remove false positives from the screen results by isolating only hits that have 

physical interactions with at least one other hit from the genetic interaction screen. In addition, 

we filtered the candidates to isolate only those with clear orthologs in humans. Following this 

process, 54 high-confidence candidate targets remained, 46 of which were conserved in 

humans (Fig. 2D, Table S2). 

 

Statistical enrichment analysis of candidate drug targets 
We used a range of methods to perform statistical enrichment analysis of the 54 candidate 

genes, including GO-term enrichment and semantic similarity analysis, KEGG pathway 

enrichment, and further protein-protein interaction mapping. A flow diagram to show the 

process of enrichment analysis in shown in Fig. 3A. 
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GO enrichment and semantic similarity analysis 

During the first stage of analysis, we identified GO terms that were significantly represented 

by the 54 candidate gene terms (FDR < 0.05). This resulted in 215 enriched terms in biological 

processes (BP), 43 enriched terms in molecular function (MF), and 79 enriched terms in 

cellular component (CC) subcategories (Table S3a). Semantic similarity between terms was 

visualised using the Revigo tool (http://revigo.irb.hr/), with an example shown in Fig. 3B for 

MF; semantic similarity was observed between “histone methyltransferase activity (H3-K4 

specific)” and “N-methyltransferase activity”. As the candidate genes are synthetic lethal 

partner genes to NF1, we further performed semantic similarity analysis of candidate gene 

GO terms with NF1 GO enriched terms (BP: 53 terms, MF: 5 terms, and CC: 9 terms) (Table 
S3b). GOSemSim package in R (YU 2020) was used to assign a semantic contribution factor 

between 0 and 1, where >0.8 indicates “in a relationship” and 0.6-0.8 indicates “part of a 

relationship”. Genes included in terms identified to have semantic similarity were screened for 

those that could be targeted by FDA-approved drugs, resulting in the addition of RAC1, EGFR, 

FGFR, EZH2, and hTERT. 

 

KEGG pathway analysis 

KEGG pathway enrichment analysis identified 15 pathways associated with the candidate 

gene list (including the three examples shown in Fig. 3C: proteosome, ubiquitin-mediated 

proteolysis, and oxidative phosphorylation). In addition, there were two pathways that were 

common to the candidate genes and NF1: MAPK signalling pathway and EGFR tyrosine 

kinase inhibitor resistance pathway. These pathways were used to screen for additional genes 

located upstream/downstream of the candidate gene signalling pathways that could be 

targeted with FDA-approved drugs. This resulted in the identification of MYC, AR, CUL1, and 

mTOR. 

 

Protein-protein interaction analysis 

Finally, we assessed protein-protein interactions of the individual genes in the screen using 

the String database (https://string-db.org/) (SZKLARCZYK et al. 2019) to identify interactions 

with additional genes that could be targeted with FDA-approved drugs. Some examples 

include the interaction of SHF (candidate gene) with PDGFRA (FDA-approved drug target) 

(Fig. 3D) and the interaction of PEBP1 (candidate gene) with MEK, KRAS, and RAF1 (all 

FDA-approved drug targets). This resulted in the identification of PDGFRA, RAF1, MEK, 

KRAS, MT-CYB, BECN1, RP, GFAP, SKP1, USP14, SAMHD1, and CDC37. 
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In total, we identified 19 additional candidate human proteins that were filtered to those that 

could be targeted with FDA-approved drugs, 17 of which had Drosophila orthologs (Table 
S3c). Therefore, from the genome-wide screen and statistical enrichment analysis, we 

generated a total of 73 candidate drug targets. 

 

Validation of candidate synthetic lethal interactions using Variable Dose Analysis 
(VDA) 
To assess the validity of the network, we tested seven highly ranked genes based on the 

difference in median Z-score between NF1-KO and wild-type cells with various biological 

functions using low throughput variable dose analysis (VDA) assays (HOUSDEN et al. 2017a) 

(Table 1). shRNAs expressing plasmids were generated targeting each of the seven genes 

and were transfected into WT and NF1-KO cells in combination with shRNA against NF1 or 

against a negative control gene (white). Six of the seven reagents showed a significantly 

different VDA signal when combined with NF1 shRNA (Fig. 4A).  
 

We then used the VDA assay as an additional combinatorial screen to assess synthetic 

lethality between NF1 and all 72 candidate drug targets. Two shRNAs targeting each of the 

genes were generated. These reagents were then tested in WT and NF1-KO cells. Of the 72 

genes, 59 showed a >10% reduction in viability in NF1-KO cells compared to WT controls 

(Fig. 4B; ranked in order of effect on NF1-KO viability relative to WT). These results indicate 

that the network is a reliable representation of the synthetic lethal interaction profile of the NF1 

gene. 

 

In order to identify potential drugs for repurposing to treat NF1 tumours, we filtered the 

candidate gene list to those that could be targeted by existing drugs. This resulted in 22 

candidate drugs targets (Fig. 4C). Dsor1 (MEK) and Ras85D (RAS) were in the top five 

candidate drug targets (based on difference in viability effect in NF1 and S2R+ cells using 

VDA assays), highlighting the validity of the screen. We then removed candidates that had 

previously been studied in relation to NF1, leaving 13 candidate drug targets (Table 2). Finally, 

we added an additional two candidate targets that were identified in the statistical enrichment 

analysis and do not have Drosophila orthologs (TERT and AR). This resulted in 16 candidate 

genes that could be targeted with drugs, most of which were FDA-approved. 

 

Inhibitors selectively affect NF1-deficient Drosophila and human cells 
Repurposing existing drugs represents the most efficient route to develop new therapeutics. 

Each of the 17 drugs that target the NF1 synthetic lethal partner genes were first tested in WT 

and NF1-KO cells (with the exclusion of AZT and Enzalutamide due to DM cells lacking 
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targets) using CellTiter-Glo assays to measure the viability after 48 h of treatment (Fig. S2). 
Of the 15 drugs tested in DM cells, we selected the two autophagy inhibitors (CQ and 

Bafilomycin A1) for further study in human NF1 mutant cells, as both showed a significant and 

consistent effect on reducing NF1-KO viability.  

 

Autophagy inhibitors selectively affect NF1-deficient Drosophila and human cells 
One of the strongest hits from the screen was Atg8b, which encodes a key component of the 

autophagy pathway. Autophagy is commonly inhibited experimentally using CQ, which is 

clinically used as an anti-malarial and shows anti-viral properties, and Bafilomycin A1. CQ 

functions to inhibit autophagy by blocking the binding of autophagosomes to lysosomes by 

diffusing into the lysosomes and altering the acidic environment, thereby inhibiting autophagic 

lysosomal degradation (HOMEWOOD et al. 1972). On the other hand, Bafilomycin A1 disrupts 

autophagic flux by independently inhibiting V-ATPase-dependent acidification and Ca-

P60A/SERCA-dependent autophagosome-lysosome fusion (MAUVEZIN AND NEUFELD 2015). 

We focused on CQ because it is generally well tolerated and can inhibit autophagy in vivo at 

clinically achievable concentrations (LEVY et al. 2017), and Bafilomycin A1 because it is a 

potent inhibitor of autophagy (KOCATURK et al. 2019). 

 

We tested whether CQ and Bafilomycin A1 would phenocopy the selective effect observed 

using genetic inhibition of Atg8b in Drosophila cells. Both WT and NF1-KO cells were treated 

with varying doses of CQ or Bafilomycin A1 and cell viability was measured using CellTiter-

Glo assays. A significantly greater effect on NF1-KO cell viability was observed at multiple 

concentrations of each drug in serum free media after 48 h of treatment, further validating the 

interaction between autophagy and NF1 (Fig. 5A and 5F). Similarly, propidium iodide (PI) 

staining was increased in NF1-KO cells compared to WT in the presence of CQ indicating 

increased cell death (Fig. 5B); however, we note that this was observed only at high CQ 

concentrations in both cases. 

 

To determine whether the selective effect of CQ and Bafilomycin A1 was conserved in human 

cells, we tested the effects of drug treatment on a panel of human NF1 mutant cell lines. These 

included CRISPR/Cas9-generated NF1+/- and NF1-/- immortalized Schwann cells [unpublished 

data] and two pairs of immortalized Schwann cells (pair 1: ipnNF95.11C (NF1-/+) and 

ipNF95.11b “C” (NF1-/-), pair 2: ipNF09.4 (NF1-/+) and ipNF05.5 (NF1-/-)) derived from plexiform 

neurofibromas (LI et al. 2016). Both CQ and Bafilomycin A1 resulted in a significantly greater 

reduction in the viability of homozygous NF1-/- mutant cells compared to heterozygous NF1+/- 

controls after 48 h of treatment under serum free media conditions (P < 0.05) (Fig. 5C-E, 5G-
I). 
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Together, these results demonstrate that NF1-deficient cells have vulnerability to disruption of 

the autophagy pathway that is conserved and reproducible between Drosophila and human 

Schwann cells derived from NF1-associated tumours. Not only does autophagy represent a 

promising pathway for exploiting for the potential treatment of NF1-associated tumours, but 

we identified CQ and Bafilomycin A1 as candidate drugs for the treatment of NF1 tumours.  

 

hTERT inhibition selectively affects NF1-deficient human cells 
In addition to the two autophagy inhibitors identified to alter NF1-KO viability, we tested the 

two drugs targeting genes without Drosophila orthologs (AZT and Enzalutamide) in the panel 

of human NF1 mutant cells lines, using CellTiter-Glo assays after 48 h treatment (Fig. S2). 

AZT is an antiretroviral medication used to prevent and treat HIV/AIDS by acting as an inhibitor 

of telomerase activity. hTERT was identified as a potential candidate gene in the GO and 

semantic similarity analysis of the genome-wide screen candidate genes. In each of the three 

human NF1 mutant cell lines, AZT resulted in a significant reduction in NF1-/- cell viability 

relative to NF1+/- controls after 48 h treatment in serum free media (P < 0.05; Fig. 6A-C). This 

highlights the potential for telomerase inhibition as a promising therapeutic target for the 

potential treatment of NF1-associated tumours. 

 

AR inhibition selectively affects NF1-deficient human cells 
Enzalutamide is a non-steroidal androgen receptor (AR) inhibitor used in the treatment of 

prostate cancer (Bethesda 2012). AR was identified as a potential candidate gene in the 

KEGG pathway enrichment analysis (cancer pathway) as having an interaction with heat 

shock proteins identified in the genome-wide screen. In two human NF1 mutant cell lines, 

Enzalutamide resulted in a significant reduction in NF1-/- cell viability relative to NF1+/- controls 

after 48 h treatment in serum free media (P < 0.05; Fig. 6D-F). Therefore, AR inhibition is a 

further potential therapeutic target in the treatment of NF1-associated tumours. 

 

CQ affects survival in a Drosophila in vivo NF1 mutant model  
As CQ is FDA-approved, well tolerated, and showed a significant effect on NF1-KO cell 

viability, we chose to take this drug forward to determine synthetic lethality in vivo. Drosophila 

mutant flies show defective Ras signalling, which results in a number of neurobehavioral 

phenotypes (GOUZI et al. 2011; WALKER et al. 2013; BAI et al. 2018; KING et al. 2020; MOSCATO 

et al. 2020). For this study, we generated novel dNf1 null mutant flies using CRISPR gene 

editing: dNf1C1 (dNF1 delAT162-163) and dNf1C2 (dNF1 indel (3bp del/7bp insertion) (Fig. 7A). 

Western blots using lysates prepared from adult heads from CRISPR mutants showed no 
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expression of NF1 (Fig. 7B). In addition, ELISAs showed a 4-fold increase in pERK/ERK of 

dNf1 mutants compared to WT flies (Fig. 7C). 

 

To determine whether CQ affects survival in NF1-mutant Drosophila, we took two approaches. 

Firstly, we tested flies with pan-neuronal RNAi knock down of dNf1 (using nSyb-Gal4) 

compared to landing site controls on food containing CQ (35 mM). Secondly, we compared 

the effect of CQ (35 mM) on dNf1C1/dNf1C2 null mutant flies, the WT parental line (control), and 

dNf1C1/dNf1C2 + nSyb-Gal4>UAS-dNf1 (re-expression of dNf1 from a UAS-dNF1 transgene 

driven with a pan-neuronal (nSyb-Gal4) driver). In flies with dNf1 RNAi knockdown, CQ 

significantly reduced the survival time compared to CQ-treated landing site control flies, and 

untreated flies (Fig. 7D). Similarly, CQ resulted in increased lethality of dNf1C1/dNf1C2 mutants 

compared to the WT parental line. Furthermore, we were able to rescue the CQ sensitivity of 

dNf1 mutant flies by re-expression of dNf1 from a UAS-dNF1 transgene (Fig. 7E). Together, 

these results demonstrate that dNf1 mutant flies have vulnerability to disruption of the 

autophagy pathway, as shown to be conserved and reproducible in Drosophila NF1-KO cells 

and human Schwann cells derived from NF1-associated tumours. This further highlights the 

autophagy pathway as a target for the potential treatment of NF1-associated tumours, with 

CQ as a candidate drug. 
 
Selumetinib enhances to viability effect of CQ 
Selumetinib, a MEK1/2 inhibitor, is currently the only FDA-approved drug for the treatment of 

tumours associated with neurofibromatosis (MARKHAM AND KEAM 2020). We treated 

Drosophila S2R+ WT and NF1-KO cells with Selumetinib (10 µM) +/- CQ (1 mM) for 48 h in 

serum free media and performed CellTiter-Glo assays to measure cell viability (Fig. 8A). When 

treating cells with Selumetinib alone, a significant decrease in viability was observed in both 

WT and NF1-KO cells (P < 0.05), with no significant difference in viability observed between 

WT and NF1-KO. Similar to our earlier findings (Fig. 5B), treatment of cells with CQ alone 

resulted in a significant decrease in NF1-KO viability relative to WT cells (P < 0.01). When 

Selumetinib was combined with CQ, we see a further reduction in NF1-KO, but not WT, 

viability relative to the CQ only NF1-KO cells (P < 0.05), indicating that Selumetinib enhances 

the effects of CQ on Drosophila NF1-KO cell viability. 
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DISCUSSION 

Using Drosophila NF1 mutant cells as a model, we applied the method of synthetic lethal 

screening to identify candidate drug targets to treat NF1-deficient tumours. After statistical 

enrichment analysis of the 54 high confidence candidate genes, we further assessed a total 

of 72 candidate synthetic lethal partner genes to NF1 using VDA as an additional combinatorial 

screening method. This resulted in a list of 22 candidate genes that resulted in a >10% 

decrease in NF1-KO viability and were druggable targets. After further filtering of these targets 

to select those not previously identified as having a lethal interaction with NF1, we screened 

15 existing drugs targeting the candidate genes in Drosophila NF1-KO and WT cells, noting 

that the autophagy inhibitors CQ and Bafilomycin A1 resulted in a significant reduction in NF1-

KO cell viability. Notably, this effect was conserved in a panel of human NF1 mutant cell lines. 

The drugs AZT and Enzalutamide were also found to selectively reduce NF1 mutant cell 

viability in the human cell lines. Finally, we showed that the effect of CQ was conserved in a 

Drosophila NF1-mutant in vivo model. The results of this study highlight two key points: 1) the 

use of Drosophila cells as a model to screen for drugs specifically targeting NF1 mutant cells 

was highly successful as the candidate interactions were conserved across a panel of human 

NF1 mutant cells and an in vivo fly NF1 mutant model, and 2) NF1-deficient cells have 

vulnerability to disruption of the autophagy pathway, telomerase activity, and AR activity. Not 

only do these pathways represent promising targets for exploiting for the potential treatment 

of NF1-associated tumours, but we identified CQ, Bafilomycin A1, AZT, and Enzalutamide as 

candidate drugs for the treatment of NF1 tumours. 

 

We have previously reported the success of a synthetic screening method similar to the one 

used in this study, which combines CRISPR genome editing with RNAi (HOUSDEN et al. 2015; 

NICHOLSON et al. 2019). This approach has several advantages over the use of multiple RNAi 

reagents to perform combinatorial screens in Drosophila cells, including a reduction in the 

noise associated with dual RNAi screening, a homogenous population of null mutants, and in-

depth characterisation of the mutant cell line prior to screening. Furthermore, previous 

screening methods have required a laborious secondary screen and further validation of 

candidate genes; however, using the CRISPR-RNAi combinatorial screening method in the 

present study, we could quickly identify the most robust candidates, which is reflected in the 

fact that we validated a high percentage of our candidate genes using VDA. In addition, we 

validated two of the most effective drugs (CQ and Bafilomycin A1) through to a panel of 

mammalian cell models of NF1. Therefore, screening in Drosophila cells as a model organism 

was rapidly translated to the identification of clinically relevant potential drug targets, as shown 
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previously (HOUSDEN et al. 2015). Finally, by performing the screen in Drosophila cells, this 

increases the likelihood of reproducible effects in mammalian models. 

 

We identified Atg8b as a synthetic lethal partner to NF1 in the genome-wide synthetic lethal 

screen, which was then validated in the VDA combinatorial screen. Atg8b (human ortholog: 

GABARAP) is an autophagy-related gene located in the autophagosome. Autophagy is the 

process where damaged organelles and unfolded proteins are sequestered into 

autophagosomes in the cytoplasm, which then undergo fusion with lysosomes 

(autolysosomes) resulting in degradation of the intracellular components (ZHANG et al. 2013). 

This is important in the regulation of cell growth, maturation, and death. In cancer, autophagy 

is reported to take on two roles: 1) degradation of damaged organelles and recycling of 

macromolecules to maintain a stable cellular environment, which prevents the formation of 

tumours (MIZUSHIMA et al. 2008); and 2) aiding in cancer cell survival in response to growth-

limiting conditions, contributing to tumorigenesis (O'DONOVAN et al. 2011). Furthermore, 

autophagy has been widely reported to promote cancer cell survival through a drug resistance 

mechanism (O'DONOVAN et al. 2011; PENG et al. 2014). Therefore, targeting the autophagy 

pathway is a potential therapeutic option in the treatment of cancer. 

 

As Atg8b was found to be a consistent and reproducible synthetic lethal partner gene to NF1, 

we hypothesized that inhibition of autophagy would have a similar lethal effect on NF1-

deficient cell viability. The first inhibitor, CQ, is a widely used anti-malarial that functions to 

inhibit autophagy by blocking the binding of autophagosomes to lysosomes by diffusing into 

the lysosomes and altering the acidic environment, thereby inhibiting autophagic lysosomal 

degradation (HOMEWOOD et al. 1972). Previous studies have shown that CQ has anti-tumour 

properties in several types of cancer, including glioblastoma (GOLDEN et al. 2014; ZANOTTO-

FILHO et al. 2015), hepatocellular carcinoma (MEI et al. 2015), prostate cancer (FARROW et al. 

2014), breast cancer (LEFORT et al. 2014), and pancreatic cancer (YANG AND KIMMELMAN 

2014). Similarly, we found that CQ significantly reduced NF1-KO cell viability relative to WT 

S2R+ cells across a range of concentrations under conditions where autophagy is induced 

(serum starvation of cells). This effect of CQ was conserved across a panel of three human 

NF1-deficient cell lines, two of which were derived from patient neurofibromas, as well as in 

an in vivo fly model of deficient NF1. Therefore, CQ shows great potential as an anti-tumour 

therapy in NF1-associated tumours. However, whilst there is a vast array of evidence for the 

efficacy and safety of CQ, the underlying mechanisms of the tumour suppressive actions of 

CQ remain to be determined. One potential mechanism is that under starvation conditions, 

such as those used in this study, a reduction in glucose transport results in a release of mTOR 

inhibition of the ULK1 complex, inducing vesicle nucleation and facilitating the process of 
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autophagy. Inhibition of the lysosome using CQ has been shown inhibit tumour growth and 

induce tumour cell death in vitro (ENG et al. 2016; JIA et al. 2017). However, why is it that NF1 

mutant cells are more susceptible to autophagy inhibition with CQ? RAS has previously been 

shown to regulate autophagic flux (SCHMUKLER et al. 2014). In addition, cancers associated 

with RAS mutations have been reported to be dependent on autophagy, although this appears 

to be tumour cell line dependent (GUO et al. 2011; MORGAN et al. 2014). Therefore, cancers 

with aberrant RAS activity can be more susceptible to autophagy inhibition with CQ. 

 

The second autophagy inhibitor that we screened was Bafilomycin A1, a macrolide antibiotic 

that disrupts autophagic flux by independently inhibiting V-ATPase-dependent acidification 

and Ca-P60A/SERCA-dependent autophagosome-lysosome fusion (MAUVEZIN AND NEUFELD 

2015). Although some studies have shown Bafilomycin to promote cancer cell apoptosis, its 

toxicity potential has limited its medical applications (LEVY et al. 2017). We found that 

Bafilomycin A1 selectively reduced NF1-KO cell viability relative to WT controls at very low 

concentrations (0.1 fM – 3.2 fM), with little effect on WT cell viability. This effect was also 

conserved in the panel of three human NF1-defiicent cell lines at concentrations <10 nM. 

Similar results have been observed in paediatric B-cell lymphoblastic leukaemia cells (YUAN 

et al. 2015) and pancreatic cancer cells (OHTA et al. 1998). Regarding the mechanism of 

Bafilomycin A1, it has been reported to inhibit both late-stage autophagy and early-stage 

autophagy by activating mTOR and attenuating formation of the Beclin 1-Vps34 complex 

(YUAN et al. 2015). Interestingly, Atg6 (Beclin 1) was also identified as a synthetic lethal partner 

for NF1 in our screen.  

 

Ras signalling is implicated in autophagy regulation. NF1 functions as a RasGAP (GTPase-

activating protein), which facilitates Ras inactivation by enabling its GTPase activity 

(DOWNWARD 2003). In NF1-associated tumours, NF1 expression is downregulated, resulting 

in aberrant Ras activity and upregulation of the PI3K/Akt/mTOR1 pathway. Therefore, 

aberrant Ras activity is expected to negatively regulate autophagy; however, Ras is implicated 

in many signalling pathway and so it has a multifaceted role in autophagy regulation. For 

example, Ras also activates the Raf-1/MEK1/2/ERK and Rac1/MKK7/JNK signalling 

pathways, both of which are known to activate autophagy (SCHMUKLER et al. 2014). Therefore, 

we speculate that aberrant Ras activity in NF1-deficient cells results in the initiation of 

autophagy, and that inhibition of this pathway has anti-tumour effects. When combining our 

data on the effects of CQ and Bafilomycin A1, we provide strong evidence for inhibition of the 

autophagy pathway as a target in the treatment of NF1-associated tumours. 
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Furthermore, inhibition of autophagy with CQ increased the sensitivity of Drosophila NF1-KO 

cells to MEK1/2 inhibition with Selumetinib. Selumetinib is currently the only FDA-approved 

drug for the treatment of tumours associated with neurofibromatosis (MARKHAM AND KEAM 

2020). The phase 2 trial (SPRINT) for the use of Selumetinib in plexiform neurofibromas 

reported clinically meaningful improvements in 71% of patients (GROSS et al. 2020), prompting 

its FDA approval for patients ages 2 to 18 years with neurofibromatosis type I who have 

symptomatic, inoperable plexiform neurofibromas. However, there are some toxicity effects 

related to long-term MEK inhibition (GROSS et al. 2020). Our data implies that autophagy 

inhibition via CQ could be an effective adjunctive therapy for NF1-associated tumours. This is 

in line with a previous study, which showed that combined inhibition of MEK1/2 plus autophagy 

had a synergistic anti-proliferative effect in pancreatic ductal adenocarcinoma cell lines, which 

display aberrant K-Ras activity, as well as patient-derived pancreatic ductal adenocarcinoma 

xenograft tumours in mice (KINSEY et al. 2019). 

 

GO and KEGG pathway enrichment analysis of our list of genes identified as having a 

synthetic lethal interaction with NF1 identified two genes without fly orthologs, hTERT and AR. 

As both have been targeted in anti-cancer therapies, we decided to screen inhibitors of these 

two candidate genes in the panel of human NF1-deficient cell lines.  

 

The GO term “telomerase holoenzyme complex assembly” (GO:1905323) was significantly 

enriched in the GO enrichment analysis of the candidate gene list from the screen (FDR 

adjusted P Value = 0.0059). AZT is an inhibitor of telomerase, which is a specialised reverse 

transcriptase (RT) that maintains telomeric length. hTERT encodes the functional catalytic 

component of the enzyme. The human holoenzyme telomerase is highly expressed in 

embryonic cells and is then repressed during adulthood; however, the enzyme is re-expressed 

in approximately 85% of solid tumours (GOMEZ et al. 2012), which has prompted studies to 

inhibit telomerase with the HIV RT AZT. AZT binds to telomeres, inhibits telomerase, and 

promotes tumour cell apoptosis (TEJERA et al. 2001; FALCHETTI et al. 2005; FANG AND BELAND 

2009). We found that in all three human NF1-/- cell lines, AZT resulted in a significant reduction 

in cell viability across a range of concentrations, with little effect on NF1+/- cells at 

concentrations <500 µM. We hypothesize that the mechanism by which AZT selectively kills 

NF1-/- cells is due to the increased expression of the enzyme in NF1-deficient cells; however, 

further study is required to determine this. 

 

KEGG pathway analysis of the candidate gene list from the screen identified AR to interact 

with several heat shock proteins from the screen in cancer signalling pathways. Furthermore, 

AR activation is downstream of the Ras-MEK-ERK1/2 pathway, with activation resulting in the 
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increased expression of several candidate genes that are synthetic lethal partners to NF1, 

namely, EGFR and hTERT. Therefore, AR inhibition was an attractive target in NF1-deficient 

cells. Enzalutamide is a second generation AR inhibitor used in the clinic to treat prostate 

cancer; it blocks several key steps in the AR signalling pathway including androgen binding to 

the AR, nuclear translocation of activated AR, and binding of activated AR to DNA (SCOTT 

2018). We found that in two human NF1-/- cell lines, Enzalutamide resulted in a significant 

reduction in cell viability across a range of concentrations, with little effect on NF1+/- cells at 

concentrations <10 µM. Further study is required to elucidate the mechanism by which 

Enzalutamide selectively kills NF1-/- cells. 

 

In conclusion, combinatorial screening in CRISPR-generated Drosophila NF1-KO cells with 

RNAi resulted in the identification of four potential candidate drugs for the treatment of NF1-

associated tumours. The conservation of the synthetic lethal interactions between Drosophila 

and human NF1 mutant cells demonstrates the robustness of our combinatorial screening 

method. Finally, the use of a range of bioinformatic techniques allows identification of potential 

drug targets that are not conserved in Drosophila, further increasing the utility of the approach. 
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METHODS 
Cell culture 

Drosophila Schneider (S2R+) cells, both WT and NF1-KO, were cultured at 25°C in 

Schneider’s media (Gibco) containing 1% antibiotic (Gibco) and 10% fetal bovine serum 

(Gibco). Human cell lines included NF1-/+ and NF1-/- immortalised human Schwann cell (SC) 

lines, derived from the 02.3λ cell line from a healthy individual (FISHBEIN et al. 2007) using 

CRISPR/Cas9 gene editing to introduce NF1 indels; NF1-/- CRISPR SCs have been shown to 

have in vivo tumourigenic potential in mice (unpublished data). In addition, we used two 

immortalised human SCs derived from plexiform neurofibromas from NF1 patients {Li, 2016 

#45}, which included ipnNF95.11C (NF1-/+) and ipNF95.11b’C’ (NF1-/-) cells (germline NF1 

mutation: c.1756delACTA), and ipNF09.4 (NF1-/+) and ipNF05.5 (NF1-/-) cells (germline NF1 

mutation: c.3456_3457insA). All human cell lines were cultured at 37℃ in 5% CO2 in DMEM 

media (Merck) containing 1% antibiotic (Gibco) and 10% fetal bovine serum (Gibco). For 

ipnNF09.4 and ipNF05.5 cells, the media was also supplemented with 50 ng/ml neuregulin-1 

(NRG-1) (Sigma). 

 

Generation of NF1-KO Drosophila cells 
 

The NF1-KO cell line was generated as described previously (HOUSDEN et al. 2015; HOUSDEN 

et al. 2017c). Wild-type S2R+ cells were co-transfected with the pl018 plasmid to express 

Cas9 and the sgRNA (CGCTTCTCCCTTGTCATATC) and pAct-GFP plasmid to mark 

transfected cells. 5 days after transfection, individual cells with the highest 15% GFP signal 

were isolated and seeded into wells of 96-well plates using FACS. Single cells were cultured 

using conditioned media for approximately 3 weeks. DNA was then extracted from each 

candidate cell population and assessed using HRMA to identify those carrying mutations at 

the sgRNA target site. Positive candidates were then sequenced to confirm homozygous 

frame-shift mutations were present (Fig. 1A). 

 

Synthetic lethal screen 
 
Screens were performed using WT S2R+ or NF1-KO cells as described previously using the 

genome-wide RNAi library from the Sheffield RNAi Screening Facility (SRSF). 10,000 cells 

were seeded into each library well in 10 µl serum free Schneider’s Drosophila media. Plates 

were then incubated at room temperature for 45 minutes before addition of 35 µl media with 
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10% FBS. Libraries were incubated at 25°C for 5 days before CellTiter-Glo® assays were 

performed. Screens were performed in triplicate in each cell line. 

 

Data were analysed by first normalising all values to the median of each row and column of 

the library plate to allow direct comparison between plates. Z-scores were then calculated for 

each RNAi reagent using the average and standard deviation of each replicate screen. 

Reagents were considered hits if the Z-score in at least 2/3 of replicates was below -1.5 in 

NF1-KO cells and above -1.5 in S2R+ cells. 

 

Statistical enrichment analysis 
Statistical enrichment analysis was used to identify additional candidates to those identified in 

the screen. Gene ontology (GO) and semantic similarity analysis was performed using the 

GOSemSim package in R (YU 2020). KEGG pathway analysis was performed using the KEGG 

Pathway Database (https://www.genome.jp/kegg/pathway.html). In addition, STRING was 

used to perform protein-protein interaction functional enrichment analysis (https://string-

db.org/).  

 
Variable dose analysis (VDA) 
VDA is an RNAi-based method in which each cell within a population receives a different dose 

of shRNA. The relative knockdown efficiency of each cell is then measured with a fluorescent 

reporter. On the day of transfection S2R+ (WT) and NF1-KO cells were plated at 1 x 104 

cell/100 µl culture media, per well of a 96-well plate. Cells were incubated at 25℃ for 40 

minutes to allow adhesion. Cells were then transfected with 40 ng actin-GFP and 160 ng 

shRNA expression plasmid using 0.6 µl FuGENE® HD transfection reagent in a total volume 

of 10ul. We used a positive (thread, an apoptosis inhibitor that induces cell death when 

inhibited) and negative (white, known to have no viability effect in these cells) shRNA on each 

plate for normalisation of data. Plates were then sealed and incubated for 4 days at 25℃ in a 

humidifying chamber. 

 

Flow cytometry was used to identify GFP-positive cells (transfection efficiency). A Matlab script 

was used to determine the area under the curve (AUC), normalised to the positive and 

negative control, as a measure of transfected cell viability. More detailed protocol and data 

analysis information can be found in Sierzputowska et al. (SIERZPUTOWSKA et al. 2018).  

 

CellTiter-Glo® assays 
The CellTiter-Glo® assay (Promega; G7570) is a luminescent viability assay based on the 

quantification of ATP, which is an indicator of metabolically active cells. All cells were plated 
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in white 384-well plates at a seeding density of 5 x 103 cells/25 µl culture media in either 

complete or serum free (SF) media. S2R+ cells were left to adhere for 40 mins at 25℃ and 

human cells were left to adhere for 4 h at 37℃ in 5% CO2 before treatment. Cells were treated 

with 250 nl per well of each drug (CQ, Bafilomycin A1, AZT, Enzalutamide, and Selumetinib) 

in PBS at varying concentrations in replicates of 5-8 using the Mosquito LV Genomics (SPT 

Labtech) and incubated for 48 h. The CellTiter-Glo® assay was then performed according to 

the manufacturer’s instructions, and luminescence was measured using a plate reader 

(TECAN Infinite M200 Pro). 

Drosophila Husbandry and Stocks 

Flies were cultured on cornmeal/agar food medium according to standard protocol and housed 

at 25°C. 

The Nf1C1 and Nf1C2 mutant fly lines were generated by CRISPR/Cas9 (REN et al. 2013). using 

the sgRNA line: y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TKO.GS01796}attP40 (GS01796 

sgRNA sequence: CGCTTCTCCCTTGTCATATC) and a germline source of Cas9: y[1] 

M{w[+mC]=nos-Cas9.P}ZH-2A w[*] (Bloomington Stock #54591). The UAS-dNf1 transgene 

encodes full-length dNf1 cDNA corresponding to the RF isoform with addition of introns 9 and 

10 and was previously published (WALKER et al. 2006). RNAi and landing site control lines 

were obtained from the Transgenic RNAi Project (TRiP) and  Vienna Drosophila RNAi Center: 

dNf1 RNAi lines: P{TRiP.JF01866}attP2 JF01866 (Bloomington Stock: 25845), 

P{KK101909}VIE-260B (VDRC #109637); control crosses consisted of empty attP landing site 

lines: P{y[+t7.7]=CaryP}attP2 (Bloomington Stock: 36303) and VIE-260B (VDRC #60100). 

UAS-dicer2 was included to potentiate the RNAi effect (DIETZL et al. 2007): P{w[+mC]=UAS-

Dcr-2.D}2 and P{w[+mC]=UAS-Dcr-2.D}10 (Bloomington: 24650 and 24651). Male flies were 

used for all experiments. 

Assessing drug sensitivity in flies 

Flies were raised on standard fly food and kept at 25°C. For testing drugs, adult flies were 

transferred to Formula 4-24 Instant Drosophila Medium (Carolina Biological) prepared using 

water (control) or 35 µM chloroquine (chloroquine diphosphate; Sigma C6628) in water. For 

each genotype, three replicates of 20 flies were added to each condition and kept at 25°C. 

Flies were monitored periodically to assess lethality. Survival was reported as the percent of 

flies still alive at each time point. 
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Western Blotting 

Expression of Nf1 in S2R+ cells was assessed using Western blotting. Lysates were prepared 

in RIPA buffer and analysed as detailed below. Expression of Nf1 in adult flies was assessed 

using immunoprecipitation (IP) followed by western blotting. Lysates of heads from 2 to 3-day 

old adult flies were prepared using IP buffer (50 mM Tris-HCl pH 7.5, 125 mM NaCl, 1.5 mM 

MgCl2, 0.2% NP-40, 5% glycerol) supplemented with protease inhibitors (Complete Protease 

Inhibitor Cocktail, Sigma) and phosphatase inhibitors (NaF/Na3VO4/β-glycerophosphate). 

Immunoprecipitations were performed using 400 μg of total protein in 1 ml IP buffer incubated 

with 200 μl of mAb21 anti-Nf1 monoclonal antibody supernatant (THE et al. 1997) for 1 h at 

4°C. Immunocomplexes were precipitated with a mix of Protein A- and Protein G-Sepharose 

beads (1:1, Sigma) for 1 h at 4°C before washing three times with IP buffer and denaturing 

with 2× SDS sample buffer. Lysates and immunoprecipitates were resolved on NuPAGE 3–

8% Tris-Acetate (for Nf1) or NuPAGE 4–12% Bis-Tris gels (pERK/ERK/β-tubulin). After 

transfer to nitrocellulose membranes, blots were processed according to the Odyssey CLx 

protocol (LI-COR). Antibodies used for immunoblotting: anti-Nf1 (mouse, mAb21, 1:10), anti-

β-tubulin (mouse, Developmental Studies Hybridoma Bank E7, 1:10,000), anti-mouse IRDye 

secondary antibody (goat, Invitrogen, A32730, 1:10,000), and anti-rabbit IRDye (donkey, 

Invitrogen, A10043, 1:10,000) secondary antibody.  

 

ELISA 

pERK/ERK levels were assessed using the ERK1/2 (pT202/Y204) + ERK1/2 Total SimpleStep 

ELISA Kit from Abcam (ab176660).  Briefly, 20 Drosophila heads were lysed in 60 µL of Cell 

Extraction Buffer with Enhancer in 1.5 mL Eppendorf tubes with a pestle to yield a protein 

concentration of 10 µg/µL. Lysates were spun for 5 minutes at 13k rpm at 4oC and transferred 

to new tubes and diluted to 0.5 µg/µL (12.5 µL of lysate plus 237.5 µL of buffer). Each sample 

was run in duplicate using 50 µL of diluted protein for a total of 25 µg per sample. Samples 

were incubated with either p-ERK1/2 or total ERK1/2 antibody cocktail for 1 hour at room 

temperature with agitation prior to colour development driven by the addition of TMB substrate. 

After adding the stop solution, the OD was read at 450 nm using a SpectraMax Plus microplate 

reader. pERK/total ERK ratio was determined by dividing the pERK reading by the total ERK 

reading. Error bars represent the standard deviation.  A paired, two-tailed t-test was performed 

to determine significance; *P < 0.05.  
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TABLES 

Table 1. Selected top ranked hits from screens for NF1 synthetic lethal interactors 

Gene Symbol FBgn ID Human ortholog Delta-Z Function 

CG10516 FBgn0036549 SPSB3 3.74 Protein degradation 

(inferred) 

RpL13A FBgn0037351 RPL13A 3.3 Protein translation 

Atg8b FBgn0038539 GABARAP 2.6 Autophagy 

eIF3i FBgn0015834 EIF3I 2.04 Protein translation 

Rpt3R FBgn0037742 PSMC4 1.87 Proteosome regulation 

Rbbp5 FBgn0036973 RBBP5 1.85 Histone methylation 

RpS6 FBgn0261592 RPS6 1.79 Protein translation 

Uba1 FBgn0023143 UBA1 1.76 Ubiquitination 

RpL34a FBgn0039406 RPL34 1.69 Protein translation 

geminin FBgn0033081 GMNN 1.55 DNA replication 
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Table 2. Candidate genes that decreased NF1-KO viability and were druggable targets 
without previous evidence of an interaction with NF1 

Drug Target: DM (Human) 

Chloroquine* Atg8b (GABARAP), RpS6 (RPS6) 

EAD1 Atg8b (GABARAP), RpS6 (RPS6) 

Avapritinib* Pvr (VEGFR and PDGFR) 

Selumetinib* Dsor1 (MEK, MAPKK) 

Tazemetostat* E(z) (EZH2) 

Suramin* Cul-1 (CUL1) 

Metformin* ND-MNLL (NDUFB1) 

PYR41 Uba1 (UBA1) 

LB100 Pp2A-29B (PPP2R1A and PPP2R1B) 

Mitoxantrone* Rac1 (RAC1) 

Erdafitinib* Bnl (FGFR2) 

VLX1570  Usp14 (USP14) 

L-Thyroxine* Fal (SAMHD1) 

Atovaquone* Mt:Cyt-B (MT:CYB) 

Azidothymidine*  hTERT (no DM ortholog) 

Enzalutamide* AR (no DM ortholog) 

Bafilomycin A1 Atg8b (GABARAP), RpS6 (RPS6) 

*FDA-approved 
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FIGURE LEGENDS 
Figure 1. Characterisation of NF1-deficient Drosophila cells.   

(A) S2R+ cells were transfected with Cas9 and sgRNA designed to target a double-strand 

break to a region close to the 5’ end of the NF1 coding sequence. (B) Representative image 

of Western blot showing loss of neurofibromin in NF1-KO cells compared to WT S2R+ cells 

(two replicates performed). (C) Characterisation of NF1 mutant cell size and proliferation rate. 

Bars indicate the average of at least eight biological replicates and error bars indicate SEM. 

(**P < 0.01 and *P < 0.05 as determined using paired, two-tailed t-tests. Baseline: n=60, 

Serum-free: n=50, Full-serum: n=42, Cell Counts: n=8). 

 

Figure 2. A network of synthetic lethal interaction for Drosophila NF1.  
(A) Using the NF1-KO cells, we used a genome-wide dsRNA library to screen approximately 

10000 genes, resulting in 134 genes identified as having a synthetic lethal interaction with 

NF1. (B) Summary of results from the synthetic lethal screen. Z-scores are plotted for NF1-

KO cells on the vertical axis and WT S2R+ cells on the horizontal axis. The red box indicates 

the position of reagents selected as hits. (C) Correlation analysis of screen replicates 

indicating high data quality. Each bar represents the correlation coefficient from comparison 

between two screen replicates in WT or NF1-KO cells as indicated or between the median Z-

scores for each cell line. (D) A synthetic lethal interaction network for NF1. Colours indicate 

approximate clustering into functional groups. Solid lines represent physical interactions within 

functional groups and dashed lines represent physical interactions between functional groups. 

(?) indicates relatively weak or inconsistent evidence for cluster functions. 

 

Figure 3. Statistical enrichment analysis of synthetic lethal screen candidate genes.  
(A) Flow diagram to show the process of enrichment analysis. During the first stage, we 

identified GO terms that were significantly represented by the 54 candidate gene terms (FDR 

< 0.05). This resulted in 215 enriched terms in biological processes (BP), 43 enriched terms 

in molecular function (MF), and 79 enriched terms in cellular component (CC) subcategories. 

Semantic similarity between terms was visualised using the Revigo tool (http://revigo.irb.hr/), 

with an example shown in (B) for MF; semantic similarity was observed between “histone 

methyltransferase activity (H3-K4 specific)” and “N-methyltransferase activity”. Semantic 

similarity analysis of candidate gene GO terms with NF1 GO enriched terms is shown in Table 

S3b. Genes included in terms identified to have semantic similarity were screened for those 

that could be targeted by FDA-approved drugs, resulting in the addition of RAC1, EGFR, 

FGFR, EZH2, and hTERT. KEGG pathway enrichment analysis identified 15 pathways 

associated with the candidate gene list (three examples shown in (C)), which were used to 
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screen for additional genes located upstream/downstream of the candidate gene signalling 

pathways that could be targeted with FDA-approved drugs. This resulted in the identification 

of MYC, AR, CUL1, and mTOR (in addition to EGFR, which was identified in the GO analysis). 

Finally, we assessed protein-protein interactions of the individual genes in the screen using 

the String database (https://string-db.org/) to identify interactions with additional genes that 

could be targeted with FDA-approved drugs. This resulted in the identification of PDGFRA, 

RAF1, MEK, KRAS, MT-CYB, BECN1, RP, GFAP, SKP1, USP14, SAMHD1, and CDC37. 

 

Figure 4. Additional screening of candidate drug targets using VDA analysis.   

(A) Validation of the interactions between the indicated genes and NF1 using VDA assays. 

Bars indicate the average of at least 17 replicates (RpL13A: Obs n=24; Exp n=24, Atg8b: Obs 

n=22; Exp n=17, Rpt3R: Obs n=18; Exp n=18, Rbbp5: Obs n=24; Exp n=24, Uba1: Obs n=24; 

Exp n=24, CG17917: Obs n=24; Exp n=24, Hsp83: Obs n=24; Exp n=24; error bars indicate 

SEM. (B) VDA assays performed for all 72 candidate genes, with two shRNAs per gene, in 

WT S2R+ (black) and NF1-KO (white) cells. Shown is the best shRNA from the 59 genes that 

reduced NF1-KO viability by >10% relative to WT controls ranked in order of effect. (C) shRNA 

gene knockdowns that resulted in a >10% reduction in NF1-KO viability compared to WT 

controls and were druggable targets. Bars indicate the average of nine biological replicates 

and error bars indicate SEM. All 22 showed a significant reduction in NF1-KO viability relative 

to WT controls assessed using the Student’s t-test (**P < 0.01).  

 

Figure 5. CQ and Bafilomycin A1 selectively affect NF1-deficient Drosophila and human 
cells.   

(A) Effect of CQ on viability of WT and NF1-KO Drosophila (DM) S2R+ cells after 48 h in 

serum free media (n=16). (B) Analysis of cell death using PI staining with CQ in WT and NF1-

KO DM cells (n=4). (C-E) CQ significantly reduced NF1-/- cell viability (red line) relative to 

NF1+/- controls (black line) at varying doses in CRISPR/Cas9 SCs (C), 
ipNF95.11b/ipNF95.11b cells (D), and iPNF09.4/ipNF05.5 cells (E) after 48 h in serum free 

media (n=10-16). (F) Effect of Bafilomycin A1 on viability of WT and NF1-KO Drosophila (DM) 

S2R+ cells after 48 h in serum free media (n=16). (G-I) Bafilomycin A1 significantly reduced 

NF1-/- cell viability (red line) relative to NF1+/- controls (black line) at varying doses in 

CRISPR/Cas9 SCs (G), ipNF95.11b/ipNF95.11b cells (H), and iPNF09.4/ipNF05.5 cells (I) 
after 48 h in serum free media (n=10-16). In all cases, data represent the mean and error bars 

indicate SEM (**P < 0.01 and *P < 0.05 vs control; Student’s t-test).  
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Figure 6. AZT and Enzalutamide selectively affect NF1-deficient human cells. 
AZT significantly reduced NF1-/- cell viability (red line) relative to NF1+/- controls (black line) at 

varying doses in CRISPR/Cas9 SCs (A), ipNF95.11b/ipNF95.11b cells (B), and 

iPNF09.4/ipNF05.5 cells (C) after 48 h in serum free media (n=10-16). Enzalutamide 

significantly reduced NF1-/- cell viability (red line) relative to NF1+/- controls (black line) at 

varying doses in CRISPR/Cas9 SCs (D), and ipNF95.11b/ipNF95.11b cells (E) after 48 h in 

complete media (n=10). In all cases, data represent the mean and error bars indicate SEM 

(**P < 0.01 and *P < 0.05 vs control; Student’s t-test). 

 

Figure 7. CQ affects lethality in NF1-mutant Drosophila in vivo.  

(A) We generated novel dNf1 null mutants using CRISPR gene editing: dNf1C1 (dNF1 

delAT162-163) and dNf1C2 (dNF1 indel (3bp del/7bp insertion). (B) Western blots of anti-dNf1 

immunoprecipitates from lysates prepared from adult heads from CRISPR mutants showed 

no expression of Nf1. (C) ELISA for pERK/ERK showed a 4-fold increase in pERK/ERK of 

dNf1 mutants compared to WT flies. Error bars indicate the standard deviation between 

duplicate samples. A paired, two-tailed t-test was performed to determine significance; *P < 

0.05. (D) In RNAi Nf1 mutant flies, CQ significantly reduced the survival time compared to CQ-

treated RNAi control flies, and untreated flies. (E) CQ resulted in increased lethality of 

dNf1C1/dNf1C2 mutants compared to WT flies. We were able to rescue the sensitivity of dNF1 

mutant flies to CQ by re-expression of dNf1 from a UAS-dNF1 transgene. 

 

Figure 8. Combined effect of Selumetinib with CQ, Bafilomycin A1, AZT, and 
Enzalutamide on cell viability. 

(A) Drosophila NF1 KO cells were treated with 0 µM or 10 µM Selumetinib combined with CQ. 

Alone, Selumetinib significantly reduced the viability of both WT and NF1 KO cells to the same 

extent. As noted previously, CQ alone significantly reduced the viability of NF1-KO cells 

compared to WT. However, in combination with CQ, Selumetinib resulted in a significantly 

greater reduction in NF1 KO cell viability compared to CQ alone, which was not observed in 

WT cells (*P<0.05 vs 0 µM Selumetinib and **P<0.01 vs WT). 
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31 
 

SUPPLEMENTAL INFORMATION 
 
Table S1. The genome-wide dsRNA screen identified 134 synthetic lethal partner genes 
to NF1 
 
Table S2. Further screening of the 134 synthetic lethal partner genes identified 54 
candidate genes with human orthologs 
 
Table S3. Statistical enrichment analysis of the 54 candidate genes identified a further 
22 candidate genes that were druggable targets. Table 3a shows the GO enriched terms 

for the candidate gene list. Table 3b shows the semantic similarity analysis of candidate GO 

terms with NF1 GO terms (yellow: 0.6-0.8 “part of a relationship, red: >0.8 “in a relationship”). 

Table 3c shows the newly identified HITS from each analysis, with a final list of those that can 

be targeted with FDA-approved drugs. 

 
Fig. S1. The NF1 gene is well conserved between Drosophila and humans with 68% 
identity at the amino acid level. 
 
Fig. S2. Drug dose curves. (A) Dose curves for the 15 drugs with Drosophila orthologs as 

targets in WT and NF1-KO S2R+ cells. (B) Dose curves for CQ and Bafilomycin A1 addition 

to dose curves with the two drugs without Drosophila ortholog targets (AZT and Enzalutamide) 

in human CRISPR/Cas9 genome edited Schwann cells (NF1+/- and NF1-/-). 
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Fig. S1. The NF1 gene is well conserved between Drosophila and humans with 68% 
identity at the amino acid level.
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Fig. S2. Drug dose curves. (A) Dose curves for the 15 drugs with Drosophila orthologs as 
targets in WT and NF1-KO S2R+ cells. (B) Dose curves for CQ and Bafilomycin addition to 
dose curves with the two drugs without Drosophila ortholog targets (AZT and Enzalutamide) 
in human CRISPR/Cas9 genome edited Schwann cells (NF1+/- and NF1-/-).
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