
Title: Enhanced insulin signalling ameliorates C9orf72 hexanucleotide repeat expansion 1 

toxicity in Drosophila  2 

 3 

Authors: Magda L. Atilano
1,2

, Sebastian Grönke
3
, Teresa Niccoli

1,2
, Liam Kempthorne

2,4
, 4 

Oliver Hahn
3
, Javier Morón-Oset

3
, Oliver Hendrich

3
, Miranda Dyson

1,2
, Mirjam Lisette 5 

Adams
1,2

, Alexander Hull
1
, Marie-Therese Salcher-Konrad

2,4
, Amy Monaghan

5
, Magda 6 

Bictash
5
, Idoia Glaria

2,4
, Adrian M. Isaacs

2,4
, Linda Partridge

1,3
 7 

1
Department of Genetics, Evolution and Environment, Institute of Healthy Ageing, UCL, 8 

Darwin Building, Gower Street, London WCE1 6BT, UK 9 

2
UK Dementia Research Institute at UCL, Cruciform Building, London WC1E 6BT, UK 10 

3
Max Planck Institute for Biology of Ageing, Joseph-Stelzmann-Strasse 9B, 50931 Cologne, 11 

Germany 12 

4
Department of Neurodegenerative Disease, UCL Institute of Neurology, Queen Square, 13 

London WC1N 3BG, UK 14 

5
Alzheimer's Research UK UCL Drug Discovery Institute, University College London, 15 

Cruciform Building, London WC1E 6BT, UK. 16 

Corresponding author: Linda Partridge, email: linda.partridge@ucl.ac.uk and Adrian M. 17 

Isaacs, email: a.isaacs@ucl.ac.uk  18 

 19 

Abstract  20 

G4C2 repeat expansions within the C9orf72 gene are the most common genetic cause of 21 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). The repeats 22 

undergo repeat-associated non-ATG translation to generate toxic dipeptide repeat proteins.  23 

Here, we show that insulin/Igf signalling is reduced in fly models of C9orf72 repeat 24 

expansion using RNA-sequencing of adult brain. We further demonstrate that activation of 25 

insulin/Igf signalling can mitigate multiple neurodegenerative phenotypes in flies expressing 26 

either expanded G4C2 repeats or the toxic dipeptide repeat protein poly-GR. Levels of poly-27 

GR are reduced when components of the insulin/Igf signalling pathway are genetically 28 

activated in the diseased flies, suggesting a mechanism of rescue. Modulating insulin 29 

signalling in mammalian cells also lowers poly-GR levels. Remarkably, systemic injection of 30 

insulin improves the survival of flies expressing G4C2 repeats. Overall, our data suggest that 31 

modulation of insulin/Igf signalling could be an effective therapeutic approach against 32 

C9orf72 ALS/FTD. 33 

  34 
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Introduction 35 

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are fatal 36 

neurodegenerative diseases. The most common genetic cause is a hexanucleotide G4C2 37 

repeat expansion in the first intron of the C9orf72 gene (DeJesus-Hernandez et al., 2011; 38 

Renton et al., 2011; Gijselinck et al., 2012). Possible mechanisms for the expansion-related 39 

neurodegeneration include: i) haploinsufficiency of the C9orf72 gene; ii) transcription of the 40 

repeats in the sense and antisense direction with accumulation of RNA foci that sequester 41 

RNA binding proteins; iii) production of toxic dipeptide-repeat proteins (DPRs) through 42 

repeat -associated non-AUG (RAN) translation (Gijselinck et al., 2012; Balendra and Isaacs, 43 

2018; Zu et al., 2018).  44 

From the five DPRs produced (poly-GA, poly-GR, poly-GP, poly-PA and poly-PR), the 45 

arginine containing dipeptides poly-GR and poly-PR are highly toxic in cell lines, cultured 46 

neurons, Drosophila and mice (Mizielinska et al., 2014; Wen et al., 2014; Zhang et al., 47 

2018b; Moens et al., 2019; Zhang et al., 2019). Several mechanisms contribute to DPR-48 

induced toxicity, including impaired translation, nucleolar stress, DNA damage, impaired 49 

nucleocytoplasmic transport and altered stress granule dynamics (Kwon et al., 2014; 50 

Freibaum et al., 2015; Jovicic et al., 2015; Kanekura et al., 2016; Lee et al., 2016; Lopez-51 

Gonzalez et al., 2016; Boeynaems et al., 2017; Zhang et al., 2018a; Moens et al., 2019).  52 

Insulin/Insulin-like growth factor signals through a highly conserved pathway that regulates a 53 

multitude of processes such as protein synthesis, cell growth and cell differentiation in both 54 

vertebrates and invertebrates (Barbieri et al., 2003; Broughton and Partridge, 2009). In 55 

vertebrates, insulin and IGFs are subspecialized into systems with overlapping but distinct 56 

biological functions, while in invertebrates there is a single insulin-like system that has the 57 

dual function of Insulin/IGF signalling. 58 

Activation of the insulin receptor (InR) / IGF-1 receptor through binding insulin / IGF-1 59 

triggers the recruitment of an insulin receptor substrate, which in turn activates PI3-kinase 60 

and subsequently 3-phosphoinositide-dependent protein kinase 1 (PDK1). PDK1 can 61 

regulate translation via Akt and S6K. PDK1 activates Akt, which then activates 62 

mechanistic target of rapamycin (mTOR), which phosphorylates translation initiation 63 

factor 4E-binding protein (4E-BP), subsequently releasing its inhibition of the translation 64 

initiation factor 4E (eIF4E). PDK1 can also activate translation initiation factor 4B 65 

(eIF4B) through ribosomal protein S6 kinase (S6K) phosphorylation. Consequently, 66 

translation initiation is increased, protein synthesis is up-regulated, and the proteostatic 67 



machinery is also up-regulated (Brogiolo et al., 2001; Wullschleger et al., 2006; 68 

Sonenberg and Hinnebusch, 2009; Martina et al., 2012; Minard et al., 2016). 69 

Insulin-like growth factor 1 (IGF-1) is an important neurotrophin for the maintenance and 70 

survival of motor neurons, and in vivo studies in mouse models of SOD1-ALS have 71 

suggested IGF-1 and IGF-2 have therapeutic efficacy (Kaspar et al., 2003; Allodi et al., 72 

2016). However, the connection between insulin/IGF-1 signalling and C9ALS/FTD is not 73 

yet clear. 74 

Here, we present evidence that expression of (G4C2)36 in adult Drosophila neurons leads 75 

to a decrease in the levels of the insulin receptor ligands dilp2, dilp3 and dilp5. 76 

Furthermore, over-expression of an active form of the single fly insulin/Igf receptor InR in 77 

neurons, or insulin treatment, partially rescued the toxicity associated with poly-GR 78 

expression in C9orf72 repeat fly models. Increased insulin/Igf signalling lowered the level 79 

of poly-GR in both fly neurons and mammalian cells, identifying a mechanism of rescue of 80 

poly-GR toxicity. Our findings indicate that enhanced insulin/IGF signalling may provide a 81 

potential therapeutic target to ameliorate the toxic effects of the C9orf72 repeat expansion. 82 

 83 

Results 84 

Insulin signalling is down-regulated in flies expressing expanded C9orf72 repeats 85 

To identify disease-specific gene expression patterns associated with poly-GR, we performed 86 

RNA-seq on heads of adult flies expressing ATG-driven GR100 specifically in neurons, using 87 

the Elav-GS RU486-inducible driver. RNA-seq was performed 3 days after induction of 88 

GR100 expression, in order to identify early changes prior to overt neurodegeneration.  These 89 

flies showed strong alterations in their transcriptome when compared with the control line. 90 

We identified 2754 genes significantly differentially regulated (adjusted p<0.05) 91 

(supplementary Figure 1- Figure supplement 1A and GEO: GSE151826). To gain insight into 92 

the potential function of the differentially expressed genes we performed gene ontology (GO) 93 

enrichment analysis using TopGO on the 2754 up- and down- regulated genes (Figure 1A). 94 

Flies expressing poly-GR100 showed altered expression of genes involved in pathways 95 

previously implicated in C9orf72 pathology, including translation, DNA damage and repair, 96 

proteasome and RNA metabolism (Figure 1A and Figure 1- Figure supplement 1B). 97 

Interestingly, neuropeptide hormone activity was the most enriched category of down-98 

regulated genes (Figure 1A). Among these neuropeptides, Drosophila insulin-like peptides 99 

(dilps) 2, 3 and 5 were highly down-regulated (3.7, 9.5 and 3.2-fold change respectively), 100 

adjusted p value <0.05 – Figure 1- Figure supplement 1A.  RT-PCR analysis of brains of flies 101 



expressing poly-GR confirmed the lowered expression of dilp 2, 3, and 5 (Figure 1 B). To 102 

test whether these dilps were also down-regulated in a GGGGCC repeat model that generates 103 

poly-GR via RAN translation, we performed RT-PCR in flies expressing (G4C2)36. Lower 104 

expression of dilps was also observed in this model, although the expression change in the 105 

dilp5 gene did not reach statistical significance (Figure 1- Figure supplement 2). 106 

Dilps 2, 3 and 5 are neuropeptides secreted by insulin-producing cells (IPCs) in the 107 

Drosophila brain (Brogiolo et al., 2001; Ikeya et al., 2002). To investigate whether reduced 108 

expression of dilps was simply due to the death of IPCs, we imaged brains of flies expressing 109 

poly-GR in all neurons. Dilp2 immunostaining showed no alteration in the number of IPCs 110 

(Figure 1- Figure supplement 3A and 3B). However, consistent with our RNA-seq data, 111 

Dilp2 protein levels were reduced in IPCs expressing poly-GR (Figure 1- Figure supplement 112 

3C). In addition, expression of poly-GR specifically in IPCs using the dilp3-Gal4 driver was 113 

not sufficient to induce neuronal cell death (Figure 1 – Figure supplement 3D). Reduction of 114 

dilp2, dilp3 and dilp5 expression in GR100 flies was therefore not due to loss of IPCs.  115 

 Dilps signal via a single Insulin/Igf receptor (InR), through which they regulate the main 116 

signalling pathways that modulate 4E-BP1 phosphorylation (Figure 1- Figure supplement 117 

4A), a well described read-out of insulin signalling in Drosophila (Bhandari et al., 2001; 118 

Wang et al., 2003; Blancquaert et al., 2010). To assess insulin/Igf pathway activity, we 119 

measured the phosphorylation state of 4E-BP1 in (G4C2)36 flies, and found that they had 120 

significantly decreased ratio of phosphorylated 4E-BP1 to the non-phosphorylated form, 121 

indicative of reduced insulin signalling (Figure 1- Figure supplement 4B). Co-expressing a 122 

constitutively active insulin receptor (InR
Active

) significantly increased this ratio, indicating a 123 

rescue of insulin/Igf signalling immediately downstream of the dilps (Figure 1- Figure 124 

supplement 4B). Taken together, these data indicate a reduction in insulin/Igf pathway 125 

activity in flies expressing either G4C2 repeats or poly-GR as a result of a reduction in 126 

expression of the dilps. 127 

 128 

Activation of insulin signalling reduces G4C2 repeat toxicity in vivo  129 

We next asked whether restoring insulin signalling in neurons could ameliorate G4C2 repeat 130 

toxicity. To assess this, we monitored the survival of flies co-expressing (G4C2)36 and 131 

InR
Active

, specifically in neurons, and found that their lifespan was significantly extended (p< 132 

0.001) (Figure 2A). In contrast, reducing insulin signalling through the expression of 133 

dominant-negative InR (InR
DN

) significantly reduced lifespan (p=0.027) (Figure 2A). 134 

Activating insulin signalling in neurons reduced lifespan of wild type flies (InR
Active

  p< 135 



0.0001), as previously reported (Ismail et al., 2015), whilst its reduction led to increased 136 

lifespan (p=0.035) (Figure 2B), again as previously reported (Augustin et al., 2018). These 137 

observations indicate that increasing insulin/Igf signalling specifically supresses C9orf72 138 

repeat toxicity.  139 

Induction of the neuron-specific driver requires flies to ingest RU486. To exclude the 140 

possibility that the rescue effect was a consequence of decreased fly feeding, and therefore 141 

reduced induction of the (G4C2)36 transgene, we measured food intake. There was no 142 

significant difference between the amount ingested across the different experimental groups 143 

(Figure 2 – Figure supplement 1A). To rule out the possibility that expression of either 144 

InR
Active 

or InR
DN

 had a direct effect on the transcription of the G4C2 transgene, we measured 145 

the transcript repeat levels by RNA dot blot analysis in flies ubiquitously expressing the two 146 

constructs.  Neither expression of InR
Active 

or InR
DN

 altered the G4C2 transcript levels (Figure 147 

2 – Figure supplement 1B). To further investigate whether expression of InR
Active 

or InR
DN

 148 

indirectly affected the inducible protein expression system, we measured levels of GFP 149 

driven by the Elav-GS RU486-inducible driver, and found that they were unaltered in 150 

neuronal cells expressing InR
Active 

or InR
DN

 (Figure 2 – Figure supplement 1C). Activation of 151 

insulin/Igf signalling therefore ameliorated C9orf72 repeat toxicity, rather than simply 152 

reducing expression of the (G4C2)36 transgene.   153 

To confirm that increasing insulin signalling could also ameliorate a second, distinct 154 

(G4C2)36-induced neuronal phenotype, we recorded motor activity and day sleep using a 155 

Drosophila activity monitor system. Flies expressing (G4C2)36 in adult neurons exhibited 156 

decreased locomotor activity (p=0.0003) and extended sleep periods during the day and night 157 

(Figure 2C and Figure 2 – Figure supplement 1D and 1E), and these phenotypes were 158 

abolished by expression of InR
Active

 (Figure 2C and Figure supplement 1D and E).  159 

We next determined whether activation of insulin/Igf signalling also rescued a molecular 160 

signature of (G4C2)36 toxicity. Increased levels of p53 have been observed in C9orf72 161 

patient iPSC-neurons and fly models, and have been suggested to be a downstream marker of 162 

repeat-induced toxicity (Lopez-Gonzalez et al., 2016; Lopez-Gonzalez et al., 2019). We 163 

therefore tested if co-expression of InR
active

 in (G4C2)36 flies was associated with decreased 164 

levels of p53, and found that it led to a significant reduction (Figure 2D), whereas no 165 

difference was observed in uninduced flies (Figure 2D). These results show that increased 166 

insulin/Igf signalling can ameliorate multiple read-outs of G4C2 repeat-induced toxicity. 167 

 168 

Activation of insulin/Igf signalling reduces poly-GR toxicity in vivo via InR/PI3K/Akt 169 



As toxicity in the (G4C2)36 flies is mediated by poly-GR (Mizielinska et al., 2014), and 170 

increased p53 has been suggested to be driven by poly-GR (Lopez-Gonzalez et al., 2016; 171 

Lopez-Gonzalez et al., 2019), we next assessed whether increased insulin/Igf signalling could 172 

specifically rescue poly-GR toxicity.  173 

We took advantage of the rough eye phenotype and degeneration of eye tissue caused by 174 

expression of 36 poly-GR repeats (GR36) in the Drosophila eye (Mizielinska et al., 2014). 175 

To examine whether this pathology could be ameliorated by increased insulin/Igf signalling, 176 

we co-expressed GR36 with either InR
Active

 or InR
DN

 (Figure 3A). As previously reported 177 

(Mizielinska et al., 2014), ectopic expression of GR36 resulted in a mild rough eye and 178 

decreased eye size (Figure 3A). Co-expression of GR36 with InR
Active 

increased the size and 179 

decreased the roughness of the eyes, whereas co-expression with InR
DN

 exacerbated the 180 

rough eye phenotype and further decreased eye size (Figure 3B). Although insulin/Igf 181 

signalling also influenced eye cell growth in flies not expressing the dipeptide repeats (Figure 182 

3B), the effect in diseased flies was much larger, (p<0.0001, two-way ANOVA), indicating a 183 

specific additional interaction of insulin signalling with C9orf72 repeat-induced toxicity. 184 

Expression of dilp2 had no effect (Figure 3C), likely because of a negative feedback system 185 

that acts to coordinate Dilp expression levels in the central nervous system (Gronke et al., 186 

2010). To better understand how insulin/Igf signalling rescued the toxic effects of poly-GR, 187 

we interrogated the effect of downstream effectors of insulin signalling. We co-expressed 188 

GR36 with activated PI3K
 
or Akt, which function downstream of the InR, and found that 189 

over-expression of either partially rescued the eye size of GR36 flies (Figure 3C).  Together, 190 

these observations show that increased insulin/Igf signalling through the InR/PI3K/Akt 191 

pathway can rescue neurotoxicity associated with poly-GR expression.  192 

 193 

Activation of insulin signalling can reduce poly-GR levels in flies 194 

We next investigated the mechanism by which increased insulin signalling reduced C9orf72 195 

repeat toxicity. We tested whether activation of insulin signalling could alter the level of 196 

poly-GR present in the heads of flies expressing (G4C2)36. Using a quantitative Meso Scale 197 

Discovery (MSD) immunoassay, we found that expression of InR
Active 

significantly decreased 198 

poly-GR levels (Figure 4A).  199 

In order to investigate whether the effect of InR
Active

 on poly-GR levels occurs at the level of 200 

RAN translation, we investigated whether InR
Active 

could reduce poly-GR levels in GR100 201 

expressing flies, which generate poly-GR but do not undergo RAN translation.  Neuronal 202 

expression of InR
Active

 in GR100 expressing flies reduced poly-GR levels (Figure 4B), with a 203 



concomitant extension of lifespan (Figure 4C), further confirming the protective effect of 204 

increased insulin signalling. This indicates that InR
Active

 is acting downstream of RAN 205 

translation to reduce poly-GR levels, and suggests that insulin/Igf signalling activation 206 

ameliorates toxicity by decreasing poly-GR levels. 207 

The PI3K/Akt pathway regulates DPR levels in a mammalian cell model  208 

In order to determine whether the insulin-PI3K/AKT signalling pathway regulates DPR 209 

levels in mammalian cells, we utilised a nanoluciferase (NLuc) reporter which contains 92 210 

seamless G4C2 repeats, which are preceded by 120 nucleotides of the endogenous human 211 

upstream sequence and followed by NLuc, lacking a start codon, in frame with poly-GR, 212 

termed 92R-NL. Thus the NLuc signal reports on RAN translated poly-GR levels. 92R-NL 213 

was co-transfected into HEK293T cells with a control plasmid expressing an ATG-driven 214 

firefly luciferase (FLuc) as a transfection efficiency and cell number control. To modulate the 215 

insulin-PI3K/Akt pathway, cells were treated for two days with either the pan-Akt inhibitor 216 

MK2206 (Hirai et al., 2010) or the PTEN inhibitor SF1670 (Rosivatz et al., 2006), Insulin 217 

leads to the phosphorylation and activation of Akt, thus inhibiting Akt negates the effects of 218 

insulin on the PI3K/Akt pathway (Figure 1– Figure supplement 4A). PTEN inhibition 219 

facilitates the phosphorylation and activation of Akt, thus activating the pathway (Figure 1– 220 

Figure supplement 4A). MK2206 increased NLuc/polyGR levels (1.77-fold, ± 0.54 S.D, 221 

p=0.0168) (Figure 5A), while SF1670 decreased NLuc/polyGR levels (0.24-fold ± 0.09 S.D, 222 

p=0.041) (Figure 5B). Therefore, consistent with our data in flies, increasing insulin 223 

signalling via Akt decreased poly-GR levels, while inhibiting the pathway increased poly-224 

GR. 225 

 226 

Insulin treatment increases survival of G4C2 repeat expressing flies 227 

Finally, we tested if treatment with insulin itself could also mitigate toxicity in flies. We 228 

injected 0.03 mg/ml insulin into fly haemolymph, equivalent to blood, at the second and 229 

seventh day post-induction of (G4C2)36 expression, and determined the effect on fly 230 

survival. Insulin treatment significantly extended lifespan in three independent cohorts of 231 

flies (Figure 6 and Figure 6- Figure supplement 1A and 1B), while modestly reducing 232 

lifespan in control, uninduced flies, again indicating a beneficial effect of insulin signalling 233 

specific to C9orf72 repeat toxicity. Higher concentrations of insulin became toxic (Figure 6- 234 

Figure supplement 1A), indicating there is a therapeutic window within which insulin 235 

treatment is beneficial.  236 

 237 



Discussion 238 

 239 

We found impairment in insulin/Igf signalling in flies expressing either G4C2 or poly-GR 240 

repeats. We showed that enhancing insulin signalling via a constitutively active insulin 241 

receptor could rescue a range of toxic phenotypes in both G4C2 and poly-GR repeat flies, by 242 

reducing poly-GR levels. This implies that altered insulin signalling is driven by poly-GR.  243 

The insulin/Igf pathway is highly conserved between mammals and Drosophila. In 244 

Drosophila, binding of dilps to the InR results in the activation and downstream functioning 245 

of the insulin pathway. We found that activating this pathway through up-regulation of 246 

InR/PI3K/Akt mitigated the toxicity in the fly model, while impairing the insulin receptor 247 

exacerbated the severity of the pathology, at least in part by decreasing poly-GR levels. 248 

Importantly, this effect on poly-GR levels was confirmed in a mammalian cell model. Several 249 

studies have already shown that InR is widely expressed in the central nervous system and is 250 

involved in the regulation of diverse biological functions such as gene transcription, protein 251 

translation and glucose transporter activity (Boucher et al., 2014).  In a recent study, Hancock 252 

and colleagues demonstrated that InR, upon activation and nuclear transportation, associates 253 

with RNA polymerase II mainly in promoter regions of genes involved in insulin-related 254 

functions including protein synthesis, lipid metabolism, and neurodegenerative diseases 255 

(Hancock et al., 2019). Additionally, Minard and colleagues showed that hyperactivation of 256 

the insulin signalling pathway leads to up-regulation of the proteostatic machinery by 257 

inducing the synthesis of cytosolic chaperones (Minard et al., 2016). We therefore propose 258 

that overactivation of InR
  
may improve gene transcription and translation of proteins that are 259 

crucial to DPR clearance and neuroprotection, although we cannot rule out an additional, 260 

independent effect on RAN translation in our G4C2 models.  261 

The insulin signalling pathway plays a crucial role in regulation of growth and metabolism in 262 

neurons (Annenkov, 2009). Dysregulation of IGF-R signalling has been linked to a variety of 263 

neurodegenerative diseases such as Alzheimer’s, Parkinson and Huntington diseases (Pang et 264 

al., 2016; Arnold et al., 2018; Raj and Sarkar, 2019). However, the role of insulin signalling 265 

in C9orf72 ALS/FTD is not yet clear. A positive correlation of incidence of ALS with early 266 

onset type 1 diabetes has been reported (Mariosa et al., 2015), and insulin and IGF-1 have 267 

been reported to be decreased in the blood and cerebrospinal fluid of ALS patients (Bilic 268 

et al., 2006), although the relevance of these findings to disease progression are unclear 269 

and confirmation in larger cohorts will be necessary. Interestingly, transcriptomic 270 

microarray analysis of C9orf72 patient laser-capture microdissected motor neurons identified 271 



dysregulation in PI3K/Akt signalling, confirming the relevance of our findings to C9orf72 272 

patient material (Stopford et al., 2017). Reduction of Pten was also reported to reduce the 273 

toxicity of C9orf72 repeats expressed in a mammalian cell line (Stopford et al., 2017), again 274 

consistent with the results we describe here, and the potential therapeutic benefit of 275 

modulating this pathway.  It is also of interest that the process of brain ageing has been 276 

associated with a decrease in insulin signalling as well as impairment of insulin binding (Zaia 277 

and Piantanelli, 1996; Frolich et al., 1998), which might explain in part why ageing is a risk 278 

factor for the disease.  279 

In recent work, Raj and Sarkar (2019) also identified Drosophila InR as a potential 280 

suppressor of poly (Q)-induced neurotoxicity and degeneration. In their study InR caused 281 

reduction of poly(Q) aggregates and improvement of the cellular transcriptional machinery.  282 

Activation of insulin signalling activation may also be implicated in the promotion of mTOR-283 

independent autophagic clearance of poly(Q) aggregates in N2a mouse neuroblastoma 284 

cells(Yamamoto et al., 2006).  285 

Interestingly, over-expression and over-activation of IGF-1R in cell tumour lines 286 

predominantly triggers activation of the RAF/MAPK and PI3K/Akt pathways, which induces 287 

proliferation and inhibits apoptosis (Tracz et al., 2016).  In addition, IGF-1R over-expression 288 

inhibits the pro-apoptotic p53 through Akt phosphorylation (Buck and Mulvihill, 2011). In 289 

agreement with these reports, expression of active InR in our study resulted in decreased 290 

levels of p53 pro-apoptotic protein in diseased flies, which may attenuate neuronal apoptosis 291 

and disease progression. Since C9orf72 repeat expansions are characterised by several altered 292 

signalling pathways (Balendra and Isaacs, 2018), it is possible that increased survival of 293 

rescued flies might be a consequence of improvement of more than one molecular defect. 294 

We found that intra-thoracic insulin administration extended survival of flies expressing 295 

G4C2 repeats. While robust, the lifespan extension was relatively modest, which might be 296 

explained by the transient nature of the insulin treatment.  Insulin and IGF-1 ligands have 297 

already been tested in neurodegenerative diseases. Intrathecal administration of IGF-1 298 

improved motor performance, delayed the onset of disease and extended survival in the 299 

SOD1
G93A 

mouse model of ALS (Nagano et al., 2005; Narai et al., 2005). However, three 300 

clinical trials of subcutaneously delivered IGF-1 in ALS reported contradictory results (Lai et 301 

al., 1997; Borasio et al., 1998; Sorenson et al., 2008). The contradictory outcome of these 302 

trials may have been due to insufficient drug delivery to the brain and spinal cord and the fact 303 

that ALS has heterogeneous genetic risk factors. 304 



Overall, our study suggests that modulation of the insulin/Igf signalling pathway could be an 305 

effective therapeutic intervention against hexanucleotide repeat extension associated with 306 

C9orf72 neurodegenerative diseases, with InR being a genetic modifier. It will be interesting 307 

in future to study the requirement for downstream effectors of insulin signalling in the 308 

toxicity rescue. Importantly, in Drosophila there is a single insulin-like system that has the 309 

dual function of Insulin/IGF signalling thus, the toxicity mechanism described in our model 310 

might be also related to IGFs. Therefore, it will be important to test whether insulin or IGF 311 

treatment can rescue survival in other C9orf72 ALS/FTD vertebrate model organisms.  312 

 313 

Materials and Methods 314 

 315 

Key Resources Table 

Reagent type 

(species) or 

resource 

Designation 
Source or 

reference 
Identifiers 

Additional 

informatio

n 

genetic reagent 

(D. 

melanogaster) 

Elav-GS (Osterwalder 

et al., 2001) 

  

genetic reagent 

(D. 

melanogaster) 

Da-GS 
(Tricoire et 

al., 2009) 
  

genetic reagent 

(D. 

melanogaster) 

GMR-GAL4 

Bloomington 

Drosophila 

Stock Center 

BL#9146 

RRID:BDSC_9146 

 

 

genetic reagent 

(D. 

melanogaster) 

Dilp3-GAL4 

Bloomington 

Drosophila 

Stock Center 

BL#52660 

RRID:BDSC_5266

0 

 

 

genetic reagent 

(D. 

melanogaster) 

UAS-(G4C2)36 
(Mizielinska 

et al., 2014) 
  

genetic reagent 

(D. 

melanogaster) 

UAS-GR100 
(Mizielinska 

et al., 2014) 
  

genetic reagent 

(D. 

melanogaster) 

UAS-InRActive 

Bloomington 

Drosophila 

Stock Center 

BL#8263 

RRID:BDSC_8263 

 

 



genetic reagent 

(D. 

melanogaster) 

UAS-InRDN 

Bloomington 

Drosophila 

Stock Center 

BL#8252 

RRID:BDSC_8252 

 

 

genetic reagent 

(D. 

melanogaster) 

UAS-PI3KCA 
Bloomington 

Drosophila 

Stock Center 

BL#25908 

RRID:BDSC_2590

8 

 

 

genetic reagent 

(D. 

melanogaster) 

UAS-AktCA 

Bloomington 

Drosophila 

Stock Center 

BL#8194 

RRID:BDSC_8194 

 

 

genetic reagent 

(D. 

melanogaster) 

UAS-

mCD8::GFP 

(Lee and Luo, 

1999) 
  

cell line  

(Homo sapiens) 

 

 HEK293T cells 

UCL Drug 

Discovery 

Institute 

 

Mycoplasm

a negative 

HEK cells 

Recombinant 

DNA reagent 

 

pGL4.53[luc2/PGK

] Vector 

 

Promega # E5011 

Firefly 

luciferase 

reporter 

plasmid 

 

transfected 

construct  

(Homo sapiens)  

 

92  repeat G4C2 

Nanoluciferase 

reporter 

UCL 

Dementia 

Research 

Institute 

    

antibody 

 

anti-GFP 

(mouse, mix of 

two 

monoclonals) 

Merck 

Cat#11814460001 

 

RRID:AB_390913 

 

WB 

(1:10.000) 

antibody 

 

anti-GR 

(rabbit,) 

(Moens et al., 

2018) 
 

MSD 

Capture: 

2µg/ml 

Detection: 

12µg/ml 

antibody 

anti-GR 

(Rat, 

monoclonal) 

(Mori et al., 

2013) 
5H9 IF, (1:50) 

antibody 

anti-dilp2 

(rabbit, 

polyclonal) 

 

(Okamoto et 

al., 2012) 
 IF (1:500) 

antibody 

anti-non-P 4E-

BP1(rabbit 

monoclonal) 

Cell 

Signalling 

Cat#4923: 

 

RRID:AB_659944 

WB 

(1:1000) 



 

antibody 

anti-P 4E-BP1 

(rabbit 

monoclonal) 

Cell 

Signalling 

Cat#2855 

 

RRID:AB_560835 

 

WB 

(1:1000) 

antibody 
anti-p53 (mouse 

monoclonal) 
DSHB 

Dmp53-H3 

 

RRID:AB_1080417

0 

 

WB  

(1:200) 

antibody 

anti-Actin 

(mouse 

monoclonal) 

Abcam 

Cat#Ab8224 

 

RRID:AB_449644 

 

WB 

(1:10.0000) 

antibody 

anti-tubulin 

(mouse 

monoclonal) 

Sigma- 

Aldrich 

Cat#T6199 

 

RRID:AB_477583 

 

WB (1:2000) 

antibody 

anti-Rat IgG-

Alexa fluor 647 

(goat polyclonal) 

ThermoFisher 

Cat#A21247 
 

RRID:AB_141778 

 

IF (1:1000) 

antibody 

anti-Rabbit IgG-

Alexa fluor 488 

(goat polyclonal) 

ThermoFisher 

Cat#A32731 

 

RRID:AB_2633280 

 

IF (1:1000) 

antibody 

HRP-conjugated 

anti-mouse (goat 

polyclonal) 

Abcam 

Cat#Ab6789 
 

RRID:AB_955439 

 

WB 

(1:10.000) 

antibody 

HRP-conjugated 

anti-rabbit (goat 

polyclonal) 

Abcam 

Cat#Ab6721 
 
RRID:AB_955447 

 

WB 

(1:10.000) 

sequence-based 

reagent 

Dilp2_forward (Broughton et 

al., 2008) 

PCR primers ATGAGCAA

GCCTTTGTC

CTTC 

 

sequence-based 

reagent 

Dilp2_reverse (Broughton et 

al., 2008) 

PCR primers GACCACGG

AGCAGTAC

TCCC 

 



sequence-based 

reagent 

Dilp3_forward This study PCR primers AGAGAACT

TTGGACCC

CGTGAA 

sequence-based 

reagent 

Dilp3_reverse This study PCR primers TGAACCGA

ACTATCAC

TCAACAGT

CT 

sequence-based 

reagent 

Dilp5_forward This study PCR primers GAGGCACC

TTGGGCCT

ATTC 

sequence-based 

reagent 

Dilp5_reverse This study PCR primers CATGTGGT

GAGATTCG

GAGCTA 

sequence-based 

reagent 

Tubulin_forward (Moens et al., 

2019) 

PCR primers TGGGCCCG

TCTGGACC

ACAA 

sequence-based 

reagent 

Tubulin_reverse (Moens et al., 

2019) 

PCR primers TCGCCGTC

ACCGGAGT

CCAT 

 316 

Drosophila stocks and maintenance. Drosophila stocks were maintained on SYA food 317 

(15 g/L agar, 50 g/L sugar, 100 g/L autolysed yeast, 30 ml/L nipagin (10% in ethanol) and 318 

3 ml/L propionic acid) at 25 °C in a 12-h light/dark cycle with constant humidity. The Elav-319 

GS stock was generously provided by Herve Tricoire (Paris Diderot University). The dilp3-320 

Gal4 (#52660) driver and the over-expression InR constructs lines (UAS-InR
DN

#8252; UAS-321 

InR
Active

#8263), PI3K
CA

 and Akt
CA

 (UAS-PI3K
CA

 #25908; Akt
CA

 # 8194) were obtained from 322 

the Bloomington Drosophila Stock Centre. The GMR-Gal4 and UAS-(G4C2)36, UAS-323 

GR100, and flies have been previously described in (Mizielinska et al., 2014). The da-GS 324 

was kindly provided by Veronique Monnier (Tricoire et al., 2009), and the UAS-mCD8::GFP 325 

was a kind donation from Dr. Luo (Lee and Luo, 1999). 326 

Drosophila lifespan assays. The parental generation of the genotype used in each lifespan 327 

assay was allowed to lay for 24 h on grape agar plates supplemented with yeast. Eggs were 328 

placed at a standard density into bottles containing SYA medium. Adult experimental flies 329 

were allowed to emerge and mate for 2 days before being lightly anaesthetised with CO2, and 330 

females randomly allocated onto SYA containing RU486 (200 μM) at a standard density per 331 

vial (n=15), with a minimum 150 flies per condition. Flies were tipped onto fresh food every 332 

two days and dead flies counted. Escaping flies were censored from the data.  333 



RNA sequencing of neuronal poly-GR100 overexpression flies. To detect differential gene 334 

expression upon adult-onset, neuron-specific over-expression of poly-GR100, flies carrying 335 

the UAS-GR100 transgene were crossed with Elav-GS driver flies. As a control, Elav-GS 336 

driver flies were crossed with wild type flies. Experimental flies were generated as described 337 

above. Female flies were fed for three days with 200 µM RU486, and subsequently snap 338 

frozen. Total RNA was isolated from 25 fly heads using Trizol and treated with DNase. For 339 

sequencing total RNA was depleted of ribosomal RNA and libraries were generated at the 340 

Max Planck Genome Centre Cologne (Germany). This experiment was performed in 341 

triplicate. RNA sequencing was performed with an Illumina Hi-Seq2500 and 35 million 342 

single-end reads/sample and 100-bp read length at the Max-Planck Genome Centre Cologne. 343 

Raw sequence reads were quality-trimmed using Trim Galore! (v0.3.7) and aligned using 344 

Tophat2 (Kim et al., 2013) (v2.0.14) against the Dm6 reference genome. Multi-mapped reads 345 

were filtered using SAMtools (Li et al., 2009). Data visualization and analysis was performed 346 

using SeqMonk, and the following Bioconductor packages: Deseq2 (Love et al., 2014), 347 

topGO and org.Dm.eg.db. For visualization of functional enrichment analysis results, we 348 

further used the CellPlot package. Genes were considered to be significantly differentially 349 

expressed with an adjusted p value <0.05 and no cut-off for fold change was used. Unless 350 

stated otherwise, the set of expressed genes was used as background for all functional 351 

enrichment analyses involving expression data. The data have been deposited in NCBI's Gene 352 

Expression Omnibus (GEO) (Edgar et al., 2002) under the accession number GSE151826. 353 

RT-PCR analysis. Adult female flies were induced on SYA medium containing 200 μM 354 

R4486 for 7 days before being flash frozen in liquid nitrogen. RNA from 12-15 heads per 355 

replicate was extracted using TRIzol reagent (Thermo Fisher Scientific) following the 356 

manufacturer’s protocol. Approximately 1 μg of RNA per sample was treated with 357 

TURBO
TM

 DNase (Thermo Fisher Scientific), followed by reverse transcription using the 358 

SuperScript II system (Invitrogen) with random hexamers (Thermo Fisher Scientific).  359 

Quantitative RT-PCR was conducted on a QuantStudio 6 Flex Real-Time PCR System 360 

(Applied Biosystems) using SYBR Green master mix (Applied Biosystems). Relative mRNA 361 

levels were calculated relative to alphaTub84B expression by the comparative Ct method. 362 

Primer sequences used are described in key resource table. 363 

Brain immunostainings. Brains from 4 day-old female flies were dissected in PBS and 364 

immediately fixed in 4% PFA in /PBS at 4°C for 2 hours and washed for 4 × 30 min in PBST 365 

(0.5% Triton X-100 in PBS). Fly brains were then blocked in PBST + 5% fetal bovine serum 366 

serum (FBS; Sigma #F524) for 1 hour at RT and incubated with 5H9 rat anti-poly GR (1:50) 367 



(Mori et al., 2013) or rabbit anti-dilp2 (Okamoto et al., 2012) in blocking buffer for 48 hours 368 

at 4°C. The tissues were washed 4× 30 min in PBST at RT and incubated with anti-rat IgG-369 

Alexa Fluor 647 (ThermoFischer, catalog #A-21247) or anti-rabbit IgG-Alexa Fluor 488 370 

(ThermoFischer, catalog #A-32731),  diluted 1:1000  in blocking solution for 2 hours at RT 371 

and washed 4 × 30 min with PBST. The brains were then incubated 50% glycerol-PBS and 372 

mounted in Vectashield mounting medium (Vectorlabs, catalog #H-1200) and confocal 373 

stacks were taken with a 2 µm step size using a Leica SP8X confocal and a dry 20X (for 374 

whole brains) or a glycerol IMM 60X (for IPC zooms) objectives. The mean dilp2 375 

immunofluorescence within each cluster of brain IPCs was calculated using the FIJI package 376 

(2.0.0-rc-43/1.51p; NIH) software. Z projections (SUM projection) of image stacks were 377 

created. The mean fluorescence within a region adjacent to the IPCs served as background 378 

and was subtracted from the mean Dilp2 fluorescence within the IPCs. Finally, a mean value 379 

representing each genotype/condition was calculated. Total numbers of IPCs were counted 380 

from each Z brain projection.  381 

Dot Blot analysis. Total RNA of 25 female flies per genotype was extracted using Trizol and 382 

the Qiagen RNeasy Mini kit. For the dot blot analysis, 5 µg of RNA per sample were spotted 383 

onto a positively charged nylon membrane (GE Healthcare). The membrane was briefly 384 

washed with 10X SSC and RNA was then cross-linked to the membrane surface using a UVC 385 

500 crosslinker (Amersham Biosciences). A (GGCCCC)5 oligonucleotide probe was 5' 386 

labelled with γ[32P]-ATP using polynucleotide kinase to detect sense repeats. The membrane 387 

was prehybridized with ULTRAhyb-Oligo hybridisation buffer (Thermo Fisher Scientific) 388 

for 1 hour at 42°C before adding the oligonucleotide probe.  Hybridisation was carried out 389 

over night at 42 °C. The membrane was washed twice for 30 min in 2X SSC/0.1 % SDS and 390 

then exposed to X-ray films. After autoradiography the membrane was stripped by boiling in 391 

0.1 % SDS for 30 min. For normalization the blot was re-hybridized with a probe detecting 392 

ribosomal protein RpL32 transcripts. Dot intensities were quantified in Fiji.  393 

Assessment of eye phenotypes. Flies carrying UAS-InR constructs, UAS-PI3K
CA

 and UAS-394 

Akt
CA 

were crossed to the GMR-GAL4; UAS-(G4C2)36 driver line. The progeny were 395 

allowed to develop and eclose at 25 °C; female eyes were imaged two days after emergence. 396 

All eye images were obtained under the same magnification, eye area was calculated from 397 

each image using ImageJ (Schneider et al., 2012).  398 

Activity and sleep analysis: Two-day-old mated female flies (n=32) developed and eclosed 399 

under 12h:12h light: dark cycle conditions (12L:12D) were fed with food containing either 400 

200uM RU486 or ethanol vehicle for 12 days.  After transfer into tubes, locomotor activity 401 



and sleep behaviour were recorded over 4 days in 12L: 12D using the Drosophila Activity 402 

Monitor (DAM, TriKinetics inc MA,USA) system within the experimental incubator 403 

(Percival), set at 25°C and 65%  humidity. Fly activity is measured by infra-red beam crosses 404 

in the DAM tube. After two days of acclimatisation, data were acquired from a 24-hour 405 

period on the third day (beginning at the onset of lights-on). A custom Microsoft Excel 406 

workbook (Chen et al., 2019) was used to calculate total activity counts per fly in the day and 407 

night periods, and to calculate sleep minutes during the day period (continuous periods of fly 408 

inactivity lasting 5 minutes or longer were classified as sleep). Flies with more than 12 hours 409 

of continuous inactivity at the end of the experiment were excluded as potentially dead.  410 

Drosophila poly-GR MSD immunoassay. Heads from female flies (n=15) induced on SYA 411 

medium containing 200 μM RU486 for 7 days were collected and processed as described 412 

previously to measure poly-GR levels (Moens et al., 2018). 413 

Fly protein extraction and western blot. Heads from female flies (n=15) induced with 200 414 

μM RU486 for 7 days were collected and processed as previously described (Mizielinska et 415 

al., 2014). Membranes were incubated overnight at 4°C with primary antibodies: mouse anti-416 

GFP (Ab#11814460001 – MilliporeSigma) (1:10.000 in TBS-T); mouse anti-actin antibody 417 

(ab8224, Abcam – 1:10.000 in TBS-T); mouse anti-tubulin (T6199, Sigma-Aldrich 1:2000); 418 

mouse anti-p53 (dmp53-H3, DSHB – 1:200); rabbit anti-non-P 4E-BP1 (4923, Cell 419 

Signaling-1:1000) and rabbit anti-P 4E-BP1 (2855, Cell Signaling-1:1000). HRP-conjugated 420 

anti-mouse and anti-rabbit secondary antibodies (ab6789 and ab6721, Abcam-1:10.000) were 421 

used for one hour at room temperature. 422 

Insulin treatment. Injections were performed twice, in the second day of repeat induction 423 

and 5 days later, by anesthetizing the flies with CO2. For each experiment, adult female flies 424 

(n=80) were injected into the thorax with 32 nl of insulin (0.03 mg/ml) in PBS (pH 7.5) using 425 

a nanoinjector (Nanoject III; Drummond Scientific). Injection of the same volume of PBS 426 

acted as a control. Injected flies were then maintained at 25˚C and transferred to fresh vials 427 

every third day throughout the experiment. They were collected at the indicated time points 428 

and directly processed for western blot analysis. 429 

Food intake - Cafe assay. In the capillary feeder assay (CAFE), a single female fly was 430 

presented with liquid food using one 10 µL calibrated capillary per chamber (n=15 per 431 

condition). Changes in liquid meniscus height were measured over 3 days at each capillary 432 

change. Feeding volume was calculated after background subtraction of measurements from 433 

control chambers without flies. 434 



Nanoluciferase assay of poly-GR levels. For dual-luciferase assays, mycoplasma-free 435 

HEK293T cells were used and maintained in DMEM media supplemented with 10% FBS, 436 

4.5 g/L glucose, 110 mg/L sodium pyruvate, 1x GlutaMAX and kept at 37°C with 5% C02. 437 

HEK293T cells were plated at a density of 30,000 cells per well in a 96-well plate. The 438 

following day, the cells were transiently transfected with 12.5 ng of firefly luciferase 439 

expression plasmid, and 2.5 ng of RAN translated poly-GR nanoluciferase reporter plasmid 440 

(92R-NL) using Lipofectamine 2000 according to manufacturer’s instructions. One hour 441 

post-transfection, cells were treated with 1µM of either MK2206 (Cayman Chemicals, # 442 

11593), SF1670 (Merck, # SML0684), or a DMSO control. Each experiment consists of 3 443 

technical replicate wells per condition, with experiments repeated three times independently 444 

48 hours post-transfection both firefly and nanoluciferase signals were measured using the 445 

Nano-Glo Dual Luciferase Assay according to manufacturer’s instructions, on the FLUOstar 446 

Omega (BMG Labtech) with a threshold of 80% and a gain of 2000 for both readings. The 447 

nanoluciferase reading was normalised to the firefly luciferase reading for each well to 448 

control for variable transfection efficiencies and this normalised value was further normalised 449 

to the control DMSO treatment. 450 

Experimental Design and Statistical analysis. Statistical analyses were performed with 451 

Prism6 (GraphPad Software, USA). Normality of data was tested using the D’Agostino-452 

Pearson omnibus normality test. When data were normally distributed, a Student’s t-test, one-453 

way ANOVA or two-way ANOVA was performed followed by multiple comparison test; 454 

otherwise. For all data Figures, the n values can be found in the Figure legends and 455 

correspond to the number of biological repeats used in the analysis. Results were presented as 456 

mean ± 95% confidence intervals unless stated otherwise. Statistical differences were 457 

considered significant at p < 0.05. Log-rank test on lifespan data were performed in Microsoft 458 

Excel (template available at http://piperlab.org/resources/) and data was plotted using Prism6.  459 
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 676 

Figure Legends 677 

Figure 1. Insulin signalling is down-regulated in flies expressing C9orf72 repeats. (A) 678 

Gene ontology enrichment of genes with altered expression when GR100 was expressed in 679 

neurons. In the top graph, bars represent enrichment of up and down-regulated genes. In the 680 

bottom graph, upper bars represent only up-regulated genes, lower bars represent only down-681 

regulated genes. Lengths of bars represent negative log-transformed, adjusted p-values for 682 

Fisher’s exact enrichment test. Bar colour indicates log2 fold changes between GR100 and 683 

control per gene. Neuropeptide/hormone activity genes were down-regulated (B) Quantitative 684 

RT-PCR analysis of dilp 2, 3 and 5 normalized against tubulin in fly heads expressing GR100 685 

in neurons. Data was assessed by t-test and presented as mean ± SD, n=3; dilp2 - p = 0.0004; 686 

dilp3 - p<0.0001, dilp5 - p<0.0001. Genotypes: A) w; UAS-GR100/+; ElavGS/+ (GR100) , 687 

w; +; ElavGS/+ (ctrl) and  B) w; UAS-GR100/+; ElavGS/+. 688 

 689 

Figure 1- Figure supplement 1. Expression of GR100 in fly neurons induces strong 690 

perturbation of the transcriptome.  (A) MA-plot of DESeq2 output indicating genes that 691 

were significantly differentially expressed (red dots), non-significantly differentially 692 

expressed (grey circles), and significantly expressed outside the 4 to -4 log fold change limit 693 

(red triangles) in GR100 over-expression flies relative to controls flies. Dilp2, 3 and 5 are 694 

annotated (blue circles). (B) Graphs display the relative expression of all genes associated 695 

with the identified GO-term categories with altered expression. Log2 fold change of the 696 

genes in GO categories: DNA repair, proteasome complex, spliceosome complex, RISC 697 

complex and small and large ribosomal subunits. (A and B) Genotypes: w; UAS-GR100/+; 698 

ElavGS/+ (GR100) and w; +; ElavGS/+ (ctrl). 699 

 700 

Figure 1 – Figure supplement 2. Insulin like peptides 2,3 and 5 are down-regulated in 701 

flies expressing (G4C2)36. Quantitative RT-PCR analysis of dilp 2, 3 and 5 normalized 702 

against tubulin in fly heads expressing (G4C2)36 in neurons. Blue circles show data obtained 703 

from uninduced flies, red squares data obtained from induced flies. Data was assessed by t-704 



test and presented as mean ± SD, n=3, * p = 0.017, ** p=0.008, ns p =0.0620.  Genotype: w; 705 

UAS-(G4C2)36  /+; ElavGS/+. 706 

 707 

Figure 1- Figure supplement 3. Expression of GR100 in fly neurons does not induce loss 708 

of IPCs (A) Representative confocal images of dilp2 immunostaining (green) in the IPCs of 709 

adult female flies expressing neuronal GR100 (Induced) or not (Non-induced). (B) Quantified 710 

IPC number present in brains of non-induced and induced flies expressing GR100. No 711 

significant difference (p=0.694) was found.  Data was assessed by t-test and presented as 712 

mean ± SD, n=5. (C) Quantified dilp2 mean immunofluorescence intensities in IPCs. Flies 713 

expressing GR100 had significantly reduced dilp2 levels (Mann-Witney test, *** p<0.0001). 714 

Data are presented as mean ± SD, n=24.  (D) IPC immunostaining staining with anti-GR 715 

(red) and anti-GFP (green) antibodies. Local expression of poly-GR repeats in IPCs using 716 

dilp3-Gal4 driver showed that the IPCs were still able to produce GR100 (red). Flies 717 

expressing GFP in IPCs were used as control. Genotypes (A),(B) and (C)  w; UAS-GR100  718 

/+; ElavGS/+. (D) w; UAS-GR100  /dilp3-Gal4 and w; UAS-mcd8-GFP /dilp3-Gal4. 719 

 720 

Figure 1- Figure supplement 4. Insulin pathway activity is down-regulated in flies 721 

expressing (G4C2)36.  (A) Insulin signaling pathway. Insulin binds to insulin receptor, 722 

activating insulin receptor substrates and subsequently PI3K-Akt-mTOR pathway. SF1670 is 723 

a PTEN inhibitor and MK2206 is a pan-Akt inhibitor. (B) Western blot analysis of the 724 

phosphorylated and non-phosphorylated 4E-BP1. Flies expressing (G4C2)36 had a 725 

significantly decreased ratio of phosphorylated 4E-BP1 to the non-phosphorylated form 726 

compared with flies expressing both (G4C2)36 and InR
Active

  (* p=0.03), unpaired t-test ). 727 

Data are presented as mean ± SD confidence intervals, n=3.  Genotype: (B) - w; UAS-728 

(G4C2)36 /+; ElavGS/+ and w; UAS-(G4C2)36 /UAS-InR
Active

; ElavGS/+. 729 

 730 

Figure 2. Activation of insulin signalling reduces G4C2 repeat toxicity in vivo. (A)  731 

Lifespan of flies (n=150) expressing (G4C2)36 or co-expressing InR constructs (InR
Active

, 732 

InR
DN

) in neurons. Lifespan was significantly extended in (G4C2)36 disease flies co-733 

expressing InR
Active

 compared with (G4C2)36
 
expressing flies (*** p = 2.8x10

-21
 – log rank 734 

test) and decreased when co-expressed with InR
DN 

(* p= 0.027). (B) Lifespan of wild type 735 

flies (n=150) expressing InR
Active

 or InR
DN

) in neurons. Lifespan was significantly reduced in 736 

flies expressing InR
Active

 compared with control flies (*** p = 2.64x10
-6

 – log rank test) and 737 



increased in flies expressing InR
DN 

(** p= 0.0035). (C) Total activity of flies expressing 738 

(G4C2)36 in neurons was significantly reduced compared with uninduced control flies 739 

(***p= 0.0003). (G4C2)36 flies co-expressing InR
Active

 showed increased activity (*p= 0.018) 740 

compared with flies expressing (G4C2)36
 
alone (two-away ANOVA followed by Holm-741 

Sidak’s comparison test). Data are presented as mean with SD (n=30 per genotype) (D) Flies 742 

expressing (G4C2)36 alone had significantly increased levels of p53 compared with flies 743 

expressing InR
active

 (** p = 0.0014, t-test).  Data are presented as mean ± 95% confidence 744 

intervals, n=3. Genotypes (A) - w; UAS-(G4C2)36  /+; ElavGS/+, w; UAS-(G4C2)36  /UAS-745 

InR
Active

; ElavGS/+, w; UAS-(G4C2)36  /UAS-InR
DN

; ElavGS/+. (B) w; ElavGS/+, w; + 746 

/UAS-InR
Active

; ElavGS/+, w; +/UAS-InR
DN

; ElavGS/+.  and (C and D) - w; UAS-(G4C2)36  747 

/+; ElavGS/+, w; UAS-(G4C2)36  /UAS-InR
Active

; ElavGS/+. 748 

 749 

Figure 2- Figure supplement 1. Expression of InR construct does not affect fly feeding 750 

or ElavGS expression system (A) There were no significant differences in food intake 751 

between flies expressing (G4C2 alone or co-expressing InR constructs, or between flies 752 

induced or uninduced with RU486 (one-way ANOVA, followed by Tukey’s multiple 753 

comparisons test). Data is presented as mean with standard errors of the mean. (B) Dot blot 754 

analysis of (G4C2)36 transcript levels in flies ubiquitously expressing (G4C2)36 repeats 755 

alone or co-expressing InR
Active 

and InR
DN

 transgenes showed no significant differences 756 

across the genotypes (one-way ANOVA, followed by Dunnett’s multiple comparisons test). 757 

(C) GFP expression levels in UAS-GFP; ElavGS flies co-expressing InR
Active 

or InR
DN

 758 

determined by western blot analysis. there were no significant differences (p= 0.4) in GFP 759 

levels between genotypes (one-way ANOVA, followed by Tukey’s multiple comparisons 760 

test).  Data is presented as mean with ± 95% confidence intervals, n=3. (D)  Expression of 761 

(G4C2)36 in neurons increased day sleep of flies (*** p <0.0001, two-away ANOVA 762 

followed by Holm-Sidak’s comparison test), while this was abolished when (G4C2)36 was 763 

co-expressed with InR
Active

 (ns; p=0.87). Data are Mean +/- SD (n=32 per genotype). (E) 764 

Expression of (G4C2)36 in neurons increased night sleep of flies (** p= 0.0007, two-away 765 

ANOVA followed by Holm-Sidak’s comparison test), while co-expression of InR
Active

 766 

abolished this phenotype (ns; p=0.81). Data are Mean +/- SD (n=32 per genotype). 767 

Genotypes: (A) -  w; UAS-(G4C2)36/+; ElavGS/+, w; UAS-(G4C2)36/UAS-InR
Active

; 768 

ElavGS/+ and w; UAS-(G4C2)36 /UAS-InR
DN

; ElavGS/+ (B) - w; da-GS, UAS-(G4C2)36/+, 769 

w; da-GS, UAS-(G4C2)36/UAS-InR
Active

 and w; da-GS, UAS-(G4C2)36 /UAS-InR
DN

  (C) 770 

w; UAS-GFP/+; ElavGS/+, w; UAS-GFP /UAS-InR
Active

; ElavGS/+ and w; UAS-GFP /UAS-771 



InR
DN

; ElavGS/+ (D and E) - w; UAS-(G4C2)36/+; ElavGS/+, w; UAS-(G4C2)36 /UAS-772 

InR
Active

; ElavGS/+. 773 

 774 

Figure 3. Activation of insulin signalling reduces poly-GR toxicity via InR/PI3K/Akt (A) 775 

Stereomicroscopy images of representative 2-day old, adult Drosophila eyes expressing 776 

InR
Active

 or InR
DN

 using the GMR-GAL4 driver (bottom panel) or co-expressing both GR36 777 

and InR constructs (top panel). (B) Eye size of flies (n=10 per genotype) normalized to the 778 

mean of the control eye size. Expression of InR
Active

 in a wild type background with GMR 779 

driver, caused eye overgrowth while InR
DN

 decreased eye size (p<0.001). Co-expression of 780 

the GR36 with InR
DN

 greatly decreased eye size (***p<0.0001), while with InR
Active

 781 

substantially increased it (two-way ANOVA followed by Holm-Sidak’s multiple comparison 782 

test). Two-way ANOVA showed a significant interaction between InR genotype and 783 

expression of the repeats (p<0.0001). Data is presented as mean ± 95% confidence intervals. 784 

(C) Eye size (n=20)  of 2-day old adult Drosophila eyes expressing dilp2, PI3K
CA

 or Akt
CA

 785 

using the GMR-GAL4 driver. Co-expression of PI3K
CA

 or Akt
CA

 with GR36 repeats yielded a 786 

partial rescue of the size of the eye (***<0.0001 and *p=0.036 respectively, two-way 787 

ANOVA, followed by Holm-Sidak’s multiple comparison test). Data are presented as mean ± 788 

SD. Genotypes: (A and B) – w; GMR-Gal4/+, w; GMR-GAL4/UAS-InR
Active

 , w; GMR-789 

GAL4/UAS-InR
DN

, w; GMR-Gal4, UAS-GR36/+, w; GMR-Gal4, UAS-GR36/UAS-InR
Active

, 790 

w; GMR-Gal4, UAS-GR36/UAS-InR
DN

. (C) - w; GMR-Gal4, UAS-GR36/+, w; GMR-Gal4, 791 

UAS-GR36/+;UAS-dilp2/+, w/PI3K
CA

; GMR-Gal4, UAS-GR36/+, w; GMR-Gal4, UAS-792 

GR36/Akt
CA

, w; GMR-Gal4 /+, w; GMR-Gal4 /+; UAS-dilp2/+, w/PI3K
CA

; GMR-Gal4/+, w; 793 

GMR-Gal4/Akt
CA 

794 

 795 

Figure 4. Activation of Insulin signalling reduces poly-GR levels in flies. (A) GR 796 

dipeptide levels determined by MSD immunoassay were reduced in (G4C2)36 flies 797 

expressing InR
Active

 compared to (G4C2)36 alone flies (*** p=0.0001, one-way ANOVA, 798 

followed by Tukey’s multiple comparisons test). Levels of GR were normalized to the mean 799 

GR levels of control (G4C2)36 flies. Data is presented as mean ± SD, n=8. (B) Expression of 800 

poly-GR determined by ELISA assay was also reduced in flies expressing both GR100 and 801 

InR
Active

 compared to flies expressing GR100 alone (** p=0.0025, one-way ANOVA 802 

followed by Tukey’s multiple comparison test). Co-expression of InR
DN

 slight reduced poly-803 

GR levels (*p=0.044). Levels of GR were normalized to the mean GR levels of control 804 

(G4C2)36. Data are presented as mean ± SD, n=5. (C) Lifespan was significantly extended in 805 



flies (expressing ATG driven GR100 with over-expression of InR
Active 

compared to flies only 806 

expressing GR100 (*** p =1.62x10
-11

 – log rank test). Genotypes (A) - w; UAS-(G4C2)36  807 

/+; ElavGS/+, w; UAS-(G4C2)36  /UAS-InR
Active

; ElavGS/+, w; UAS-(G4C2)36  /UAS-808 

InR
DN

; ElavGS/+. (B) and (C) - w; UAS-GR100/+; ElavGS/+, w; UAS-GR100/ UAS-809 

InR
Active

; ElavGS/+, w; UAS-GR100/ UAS-InR
DN

; ElavGS/+.  810 

 811 

Figure 5.  Poly-GR levels are increased by Akt inhibition and decreased by PTEN 812 

inhibition in mammalian cells. Poly-GR levels were measured using a NLuc reporter assay 813 

following a 48 hour treatment with either 1µM MK2206 (AKT inhibitor) or SF1670 (PTEN 814 

inhibitor). (A) MK2206 significant increases poly-GR levels (*p=0.0168).  (B) SF1670 815 

significantly decreases poly-GR levels (*p=0.0401). Each NLuc reading was normalised to 816 

FLuc for each well and further normalised to DMSO control treatment. Data given as mean ± 817 

SD of 4 biological replicates with 3-4 technical replicates per biological replicate. Data 818 

analysed via two-tailed, unpaired Student’s t-test on the mean of each biological repeat. 819 

 820 

Figure 6. Systemic injection of insulin rescues (G4C2)36 toxicity in Drosophila Injection 821 

of 0.03mg/ml insulin (INS) significantly extended lifespan of flies (n=120) expressing 822 

(G4C2)36 when compared with flies injected with PBS (** p =0.00034, log rank test), while 823 

it slightly shortened lifespan in non-induced flies (* p=0.043). Genotype: w; UAS-(G4C2)36 824 

/+; ElavGS/+. 825 

 826 

Figure 6 – Figure supplement 1. Systemic injection of insulin reduces (G4C2)36 toxicity 827 

in Drosophila (A) Injection of different concentrations of insulin 0.03, 0.3 and 3 mg/ml into 828 

(G4C2)36  flies haemolymph (n=120). Injection of 3mg/ml insulin into (G4C2)36 induced 829 

flies greatly shortened their lifespan (p<0.0001), log rank test), while 0.3mg/ml had no 830 

significant effect (P=0.083), and 0.03mg/ml modestly increased lifespan (p =0.038, log rank 831 

test, PBS, induced vs 0.03 mg/ml INS, induced). In uninduced (G4C2)36 flies, injection of 832 

insulin at 0.3 or 0.03 mg/ml shortened lifespan  (p<0.0001, log rank test – PBS, uninduced 833 

flies vs 0.3 mg/ml INS, uninduced; p=0.039, log rank test – PBS, uninduced flies vs 0.03 834 

mg/ml INS, uninduced). (A, B) Genotype: w; UAS-(G4C2)36 /+; ElavGS/+. (B) Injection of 835 

insulin (INS) at 0.03 mg/ml significantly extended lifespan of flies (n=80) expressing 836 

(G4C2)36 when compared with flies injected with PBS (* p =0.037, log rank test) in induced 837 

flies, while it shortened lifespan in non-induced flies. * p=0.007). 838 

 839 



Source data legends 840 

 841 

Figure 1 – source data 1. Source data pertaining to Figure 1A. 842 

 843 

Figure 1 – source data 2. Source data pertaining to Figure 1B. 844 

 845 

Figure 1 – Figure supplement 2 - source data 1. Excel sheet containing source data 846 

pertaining to Figure 1 – Figure supplement 2. 847 

 848 

Figure 1 – Figure supplement 3 - source data 1. Excel sheet containing source data 849 

pertaining to Figure 1 – Figure supplement 3C. 850 

 851 

Figure 1 – Figure supplement 4 - source data 1. Source data pertaining to Figure 1 – Figure 852 

supplement 4B. 853 

 854 

Figure 2 – source data 1. Source data pertaining to Figure 2A 855 

 856 

Figure 2 – source data 2. Source data pertaining to Figure 2B 857 

 858 

Figure 2 – source data 3. Source data pertaining to Figure 2C 859 

 860 

Figure 2 – source data 4. Source data pertaining to Figure 2D 861 

 862 

Figure 2 – Figure supplement 1 - source data 1. Excel sheet containing source data 863 

pertaining to Figure 2 – Figure supplement 1A. 864 

 865 

Figure 2 – Figure supplement 1 - source data 2. Source data associated to Figure 2 – 866 

Figure supplement 1B. 867 

 868 

Figure 2 – Figure supplement 1 - source data 3. Source data pertained to Figure 2 – Figure 869 

supplement 1C.  870 

  871 

Figure 2 – Figure supplement 1 - source data 4. Excel sheet containing source data 872 

pertaining to Figure 2 – Figure supplement 1D and 1E. 873 



 874 

Figure 3 – source data 1. Source data pertaining to Figure 3B. 875 

 876 

Figure 3 – source data 2. Excel sheet containing source data pertaining to Figure 3C. 877 

 878 

Figure 4 – source data 1. Source data associated to Figure 4A. 879 

 880 

Figure 4 – source data 2. Source data associated to Figure 4B. 881 

 882 

Figure 4 – source data 3. Excel sheet containing source data pertaining to Figure 4C. 883 

 884 

Figure 5 – source data 1. Source data associated to Figure 5A and 5B. 885 

 886 

Figure 6 – source data 1. Excel sheet containing source data pertaining to Figure 6. 887 

 888 

Figure 6 – Figure supplement 1- source data 1. Excel sheet containing source data related 889 

to Figure 6 – Figure supplement 1A. 890 

 891 

Figure 6 – Figure supplement 1- source data 2. Excel sheet containing source data 892 

associated to Figure 6 – Figure supplement 1B 893 
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