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Abstract  18 

The TORC1 regulator GATOR1/SEACIT controls meiotic entry and early meiotic events in 19 

yeast. However, how metabolic pathways influence meiotic progression in metazoans remains 20 

poorly understood. Here we examine the role of the TORC1 regulators GATOR1 and GATOR2 21 

in the response to meiotic double-stranded breaks (DSB) during Drosophila oogenesis. We find 22 

that in mutants of the GATOR2 component mio, meiotic DSBs trigger the constitutive 23 

downregulation of TORC1 activity and a permanent arrest in oocyte growth. Conversely, in 24 

GATOR1 mutants, high TORC1 activity results in the delayed repair of meiotic DSBs and the 25 

hyperactivation of p53.  Unexpectedly, we found that GATOR1 inhibits retrotransposon 26 

expression in the presence of meiotic DSBs in a pathway that functions in parallel to p53. Thus, 27 

our studies have revealed a link between oocyte metabolism, the repair of meiotic DSBs and 28 

retrotransposon expression.   29 



 

 3 

Introduction 30 

 31 

We are interested in understanding how metabolism impacts meiotic progression during 32 

oogenesis. Target of Rapamycin Complex 1 (TORC1) is a multi-protein complex that functions 33 

as a master regulator of metabolism (Loewith and Hall 2011; Laplante and Sabatini 2012b; 34 

Jewell and Guan 2013). In the presence of adequate nutrients and positive upstream growth 35 

signals, TORC1, which contains the serine/threonine kinase Target of Rapamycin, becomes 36 

active and functions to stimulate growth and inhibit catabolic metabolism through the 37 

phosphorylation of down-stream effector proteins. The Seh1 Associated Complex Inhibits 38 

TORC1 (SEACIT), originally identified in yeast, inhibits TORC1 activity in response to amino 39 

acid limitation (Neklesa and Davis 2009; Dokudovskaya et al. 2011; Wu and Tu 2011; Bar-Peled 40 

et al. 2013; Panchaud et al. 2013).  SEACIT, known as the GAP Activity Towards Rags complex 41 

1 (GATOR1) in metazoans, is comprised of three highly conserved proteins Npr2/Nprl2, 42 

Npr3/Nprl3 and Iml1/Depdc5 (Bar-Peled et al. 2013; Panchaud et al. 2013). In Drosophila and 43 

mammals, depleting any of the three GATOR1 components results in increased TORC1 activity 44 

and growth, as well as a reduced response to amino acid starvation (Kowalczyk et al. 2012; Bar-45 

Peled et al. 2013; Wei et al. 2014; Dutchak et al. 2015; Cai et al. 2016; Marsan et al. 2016). 46 

Thus, the role of the SEACIT/GATOR1 complex in the regulation of TORC1 activity is highly 47 

conserved in eukaryotes. 48 

 49 

The multi-protein GATOR2 complex, known as Seh1 Associated Complex Activates TORC1 50 

(SEACAT) in yeast, inhibits the activity of GATOR1 and thus functions to activate TORC1 51 

(Bar-Peled et al. 2013; Wei et al. 2014) (Figure 1A). In metazoans, the GATOR2 complex 52 

functions in multiple amino acid sensing pathways (Bar-Peled et al. 2013; Panchaud et al. 2013; 53 
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Chantranupong et al. 2014; Parmigiani et al. 2014; Kim et al. 2015; Cai et al. 2016). In tissue 54 

culture cells, depleting GATOR2 components results in the constitutive activation of GATOR1 55 

and the permanent downregulation of TORC1 activity (Bar-Peled et al. 2013; Wei and Lilly 56 

2014). However, genetic studies of the role of individual GATOR2 components in Drosophila, 57 

indicate that the requirement for the GATOR2 complex is more nuanced when examined in the 58 

context of a multicellular animal (Iida and Lilly 2004; Wei et al. 2016). For example, mutations 59 

in the GATOR2 component mio, result in a block to oocyte growth and differentiation, due to the 60 

constitutive downregulation of TORC1 activity in the female germline (Iida and Lilly 2004; Wei 61 

et al. 2016). However, mio is not required to maintain TORC1 activity in most somatic tissues of 62 

Drosophila (Wei et al. 2016 ). Why there is a tissue specific requirement for mio in the female 63 

germline of Drosophila is currently unknown.   64 

 65 

In single celled eukaryotes, nutrient limitation often facilitates meiotic entry (van Werven and 66 

Amon, 2011). In the yeast Saccharomyces cerevisiae, the down-regulation of TORC1 by 67 

SEACIT/GATOR1 in response to amino acid stress promotes both meiotic entry and early 68 

meiotic progression (Deutschbauer et al. 2002; Jordan et al. 2007; Neklesa and Davis 2009; 69 

Spielewoy et al. 2010). Surprisingly, as is observed in yeast, during Drosophila oogenesis the 70 

GATOR1 complex promotes meiotic entry (Wei et al. 2014). These data raise the intriguing 71 

possibility that in Drosophila the GATOR1 complex and low TORC1 activity may be critical to 72 

the regulation of additional events of the early meiotic cycle. 73 

 74 

Here we report that the GATOR complex is critical to the response to meiotic DSB during 75 

Drosophila oogenesis. We find that restraining TORC1 activity via a pathway that involves both 76 
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GATOR1 and the Tuberous sclerosis complex (TSC) promotes the timely repair of meiotic 77 

DSBs and prevents the hyperactivation of p53 in the female germline. Notably, the delayed 78 

repair of meiotic DSBs in GATOR1 mutants is due, at least in part, to the hyperactivation of the 79 

TORC1 target S6K. Conversely, our data indicate that the GATOR2 component Mio opposes the 80 

activity of GATOR1 in the female germline, thus preventing the constitutive downregulation of 81 

TORC1 activity and allowing for the growth and development of the oocyte in later stages of 82 

oogenesis. Thus, we have identified a regulatory loop required to modulate TORC1 activity in 83 

response to meiotic DSBs during Drosophila oogenesis. Finally, during the course of our studies, 84 

we observed that the GATOR1 complex prevents the derepression of retrotransposon expression 85 

in the presence of meiotic DSBs. 86 

 87 

Results  88 

Mio prevents the constitutive inhibition of TORC1 activity in response to meiotic DSBs 89 

The GATOR2 complex inhibits the TORC1 inhibitor GATOR1 (Figure 1A). Ovaries from 90 

mutants of the GATOR2 component mio, have reduced TORC1 activity and are severely growth 91 

restricted (Figure 1B-D) (Iida and Lilly 2004; Wei et al. 2014). In our previous studies, we 92 

demonstrated that the mio ovarian phenotypes result from the constitutive downregulation of 93 

TORC1 activity via a GATOR1 dependent pathway (Wei et al. 2014). Thus, removing GATOR1 94 

activity in the mio mutant background, as is observed in mio, nprl3 double mutants, results in 95 

increased TORC1 activity and rescues the mio ovarian phenotypes (Wei et al. 2014).  96 

 97 

Surprisingly, mio mutants are also suppressed by blocking the formation of meiotic DSBs, with 98 

approximately 70% of mio ovaries achieving wild-type levels of growth when double mutant for 99 
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genes required to generate meiotic DSBs (Figure 1B) (Iida and Lilly 2004). One model to 100 

explain this observation is that meiotic DSBs promote the downregulation of TORC1 activity in 101 

the early meiotic cycle and that mio is required to oppose or attenuate this response. To test this 102 

idea, we examined if blocking the formation of meiotic DSBs in the mio mutant background 103 

resulted in increased TORC1 activity. Towards this end, we compared the phosphorylation status 104 

of S6 kinase, a downstream TORC1 target, in ovaries from mio
2
 single mutant versus mio, mei-105 

W68 double mutant ovaries (Figure 1 C, D). For these experiments, we used null alleles of both 106 

mio (mio
2
) and mei-W68 (mei-W68

1
) (McKim and Hayashi-Hagihara 1998; Iida and Lilly 2004).  107 

mei-W68 (SPO11 homolog) is a highly-conserved enzyme required for the generation of meiotic 108 

DSBs (McKim and Hayashi-Hagihara, 1998; Sekelsky et al., 1999; Liu et al., 2002).  We found 109 

that relative to ovaries from mio single mutants, mio, mei-W68 double mutants have increased 110 

levels of TORC1 activity as measured by the phosphorylation of S6K (Figure 1C,D). Notably, 111 

mio
2
, mei-W68

1
 mutants have TORC1 activity levels similar to that observed in mei-W68

1
 single 112 

mutants (Figure 1 C,D). Why ovaries from mei-W68
1
 single mutants have decreased levels of 113 

TORC1 activity relative to wild type ovaries is unclear. In addition to increasing TORC1 114 

activity, blocking the formation of meiotic DSBs partially rescues mio mutant fertility, with mio
2
, 115 

mei-W68
1
 double mutants laying approximately ten times more eggs than mio

2
 single mutants 116 

(Figure 1--figure supplement 1). Finally, mutants in the spnA homolog Rad51, which fail to 117 

repair meiotic DSBs, also have decreased TORC1 activity relative to wild-type ovaries (Figure 1, 118 

figure supplement 2). From these data we conclude that the constitutive downregulation of 119 

TORC1 activity in mio mutants is potentiated, at least in part, by the presence of meiotic DSBs.  120 

 121 

To refine when meiotic DSBs impact TORC1 activity during meiosis, we stained ovaries with 122 



 

 7 

antibodies against the phosphorylated form of the TORC1 target 4E-BP (Teleman et al. 2005).  123 

TORC1-mediated phosphorylation of 4E-BP, known as Thor in Drosophila, initiates cap-124 

dependent translation by eIF4E (Gingras et al. 1998) (Teleman et al. 2005). In Drosophila, 125 

oogenesis begins in region 1 of the germarium when a germline stem cell divides to produce a 126 

cystoblast that undergoes four mitotic divisions, with incomplete cytokinesis, to produce a 16-127 

cell interconnected germline cyst (Figure 2A) (de Cuevas et al. 1997). In late region 2a of the 128 

germarium, Spo11/Mei-W68 generates the meiotic DSBs that initiate meiotic recombination 129 

(McKim and Hayashi-Hagihara 1998; Hunter 2015). As meiosis proceeds, meiotic DSBs are 130 

repaired such that by late region 2b, only a small fraction of oocytes retain unrepaired DSBs 131 

(Mehrotra and McKim 2006 ; Narbonne-Reveau and Lilly 2009). We found that the levels of 132 

p4E-BP are low in the vast-majority of ovarian cysts undergoing mitotic divisions in region 1 133 

(Figure 2A’,B). However, a small number (0.5 per germarium, n=57) of region 1 ovarian cysts 134 

have dramatically higher levels of p4E-BP staining (Figure 2A”, arrowhead). These observations 135 

are consistent with the previously reported oscillation of TORC1 activity during the mitotic cell 136 

cycle in larval imaginal discs (Kim et al. 2017; Romero-Pozuelo et al. 2017). As ovarian cysts 137 

enter meiosis I in early region 2a of the germarium, the levels of p4E-BP are low (Figure 2A’,B). 138 

As ovarian cysts are encapsulated by follicle cells in germarial region 2b, the levels of p4E-BP 139 

begin to rise and remain above those observed in region 1 and early region 2a (Figure 2B, 140 

arrow). In contrast to what is observed in wild type, in mio mutant ovarian cysts, p4E-BP levels 141 

remain low in germline cells in region 2b and beyond (Figure 2C, arrow). Consistent with the 142 

Western blot analysis, mio, mei-w68 double mutant ovarian cysts have an approximately three-143 

fold increase in p4E-BP staining in region 2b of the germarium relative to mio mutants (Figure 144 

2C, E and H) Notably, the increase in TORC1 activity in the mio, mei-w68 double mutants is 145 
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restricted to the germline, consistent with blocking meiotic DSBs having cell autonomous effects 146 

on TORC1 activity in the germline. Additionally, consistent with our Western blot analysis in 147 

Figure S1—figure supplement 2, ovarian cysts from spnA/Rad51 mutants, which do not repair 148 

meiotic DSBs, have reduced levels of p4E-BP staining (Figure 2F). Taken together these data 149 

strongly suggest that mio is required to oppose the downregulation of TORC1 activity triggered 150 

by the presence of meiotic DSBs.  151 

 152 

To examine if meiotic DSBs activate the downregulation of TORC1 activity via GATOR1, or 153 

activate a parallel TORC1 inhibitory pathway, we performed epistasis analysis with  a null 154 

mutant of the GATOR1 component nprl3 (nprl3
1
) and a mutant of mei-P22,

 
a gene required for 155 

the generation of meiotic DSBs (McKim et al. 1998; Liu et al. 2002; Iida and Lilly 2004). The 156 

mei-P22
P22 

mutation, which rescues the mio ovarian growth deficit, blocks the
 
formation of 157 

meiotic DSBs resulting in meiotic exchange rates of zero or near zero (McKim et al. 1998; Liu et 158 

al. 2002; Iida and Lilly 2004). We found that mei-P22
P22

 single mutants had pS6K levels that 159 

were not significantly different than ovaries from wild-type females when measured by Western 160 

blot (Figure 1, figure supplement 3). This result is not surprising when one considers the 161 

anatomy of the Drosophila ovary. In wild-type ovaries, meiotic DSBs are present in only a small 162 

number of 16-cell cysts in the germarium. Moreover, meiotic DSBs are repaired prior to the 163 

rapid growth of the egg chamber. Thus, in wild type females, ovarian cysts that contain meiotic 164 

DSBs represent an exceedingly small percentage of the tissue in the ovary. Therefore, it is 165 

unlikely that increasing TORC1 activity in only a small number of germarial ovarian cysts would 166 

result in an increase in TORC1 activity in the ovary that could be observed by Western blot. In 167 

contrast, note that ovaries from spnA mutants, which retain DSBs throughout oogenesis,  have 168 



 

 9 

low TORC1 activity relative to wild type ovaries (Figure 1—figure supplement 2). Consistent 169 

with mei-P22 mutant ovaries not having increased TORC1 activity, we found that mei-P22, 170 

nprl3 double-mutant ovaries do not have pS6K levels above those of nprl3 single mutants. Thus, 171 

using epistasis analysis we were unable to definitely determine if meiotic DSBS trigger the 172 

downregulation of TORC1 activity via the GATOR1/TSC pathway.  173 

 174 

We were interested in defining the upstream pathway that connects meiotic DSBs to the TORC1 175 

regulatory machinery. Ataxia telangiectasia (ATM), known as telomere fusion (tefu) in 176 

Drosophila, regulates both the generation and the repair of meiotic DSBs (Joyce et al. 2011). 177 

atm/tefu mutants produce supernumerary meiotic DSBs. Therefore, we examined a downstream 178 

target and effector of atm/tefu, chk2, which has not been implicated in the generation of meiotic 179 

DSBs. chk2, known as loki in Drosophila, is a critical component of the DNA damage response 180 

pathway and has multiple targets involved in DNA repair, cell cycle progression and apoptosis 181 

(Zannini et al. 2014). We determined that removing chk2/loki activity in the mio
 
mutant 182 

background, by generating double-mutants of loki and mio null alleles, partially rescued the mio 183 

mutant phenotype (Figure 1—figure supplement 4).  Specifically, we found that mio
2
, loki

6
 184 

double mutants are approximately twice the size of mio
2
 single mutants. In contrast, we 185 

previously demonstrated that the downregulation of TORC1 activity observed in the mio mutant 186 

is not triggered by the upstream activity of  Ataxia Telangiectasia–Related (ATR), known as 187 

mei-41 in Drosophila (Iida and Lilly 2004; Joyce et al. 2011). These data suggest that DSBs 188 

communicate to the TORC1 machinery at least in part through the checkpoint protein 189 

Chk2/Loki.  190 

 191 
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GATOR1 promotes the repair of meiotic DSB   192 

In previous work we found that the GATOR1 complex downregulates TORC1 activity to 193 

facilitate meiotic entry in Drosophila ovarian cysts (Deutschbauer et al. 2002; Jordan et al. 2007; 194 

Neklesa and Davis 2009; Spielewoy et al. 2010; Wei et al. 2014). However, the delay in meiotic 195 

entry observed in Drosophila GATOR1 mutants is not fully penetrant and therefore unlikely to 196 

be the sole cause of the infertility observed in GATOR1 mutant females (Figure 3—supplement 197 

1A,B) (Wei et al. 2014). Considering our findings that meiotic DSBs serve to promote and/or 198 

reinforce low TORC1 activity after the mitotic/meiotic switch, we hypothesized that as is 199 

observed in yeast, the downregulation of TORC1 activity may be critical to the regulation of 200 

additional early meiotic events, including the repair of meiotic DSBs in Drosophila.   201 

 202 

To test this hypothesis, we examined the behavior of meiotic DSBs in null alleles of nprl2, nprl3 203 

and iml1 (Cai et al. 2016; Wei et al. 2016). During Drosophila oogenesis, the kinetics of DSB 204 

formation and repair can be followed using an antibody against the phosphorylated form of 205 

His2Av known as -His2Av (Madigan et al. 2002; Mehrotra and McKim 2006). Drosophila 206 

ovarian cysts generate meiotic DSBs after the initiation of synaptonemal complex (SC) 207 

formation in region 2a of the germarium (Carpenter 1975; Jang et al. 2003; Mehrotra and 208 

McKim 2006). -H2Av nuclear foci are first observed in the two pro-oocytes, which are in early 209 

pachytene (Jang et al. 2003; Mehrotra and McKim 2006). A small number of DSBs are also 210 

observed in the pro-nurse cells (Mehrotra and McKim 2006; Narbonne-Reveau and Lilly 2009). 211 

As meiosis proceeds and the DSBs are repaired, -H2Av-positive foci decrease in number and 212 

mostly disappear by late region 2b (Jang et al. 2003; Mehrotra and McKim 2006). -H2Av 213 

signals are rarely detected in region 3 oocytes (Figure 3A, arrow). Analysis of mutants that fail to 214 
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repair DSBs, and thus capture the total number of meiotic breaks, indicate that wild-type oocytes 215 

generate approximately 20-25 Spo11/Mei-W68 dependent breaks during oogenesis (Mehrotra 216 

and McKim 2006; Joyce et al. 2011).  217 

 218 

To determine if GATOR1 regulates the behavior of meiotic DSBs in Drosophila, we compared 219 

the pattern of -H2Av foci in wild-type versus GATOR1 mutant ovaries using antibodies against 220 

-H2Av and the SC component C(3)G, to highlight DSBs and oocytes respectively (Iida and 221 

Lilly 2004; Mehrotra and McKim 2006). We determined that while the majority of wild-type 222 

oocytes had repaired all of their DSBs and thus had no -H2Av foci by region 3 of the 223 

germarium, in GATOR1 mutants between 50%-80% of region 3 oocytes are -H2Av positive 224 

(Figure 3A-E, H, arrow) (Mehrotra and McKim 2006). Moreover, GATOR1 mutant oocytes had 225 

a significant increase in the steady state number of -H2Av foci per oocyte nucleus in region 2a 226 

of the germarium relative to wild-type oocytes (Figure 3J). From these data, we conclude that the 227 

GATOR1 complex influences the behavior of meiotic DSB during early oogenesis.  228 

 229 

Next, we examined if the altered -H2Av pattern observed in GATOR1 mutants was dependent 230 

on the meiotic DSB machinery. Alternatively, the extra DSB may be induced during the 231 

premeiotic S phase, as is observed in mutants of the CycE/Cdk2 inhibitor dacapo (Hong et al. 232 

2003). To address this question, we analyzed nprl3, mei-P22 double-mutants. As discussed 233 

above, mei-P22 is required for the formation of meiotic DSBs in Drosophila (Liu et al. 2002). 234 

We determined that double-mutant nprl3, mei-P22 oocytes had no -H2Av foci (Figure 3 F,I and 235 

J). These data indicate that the increase in the steady state number of -H2Av foci, as well as the 236 
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retention of these foci into region 3 of the germarium, are dependent on the meiotic DSB 237 

machinery.  238 

 239 

During the development of wild-type Drosophila oocytes, the generation and repair of meiotic 240 

DSBs is asynchronous. Thus, the number of -H2Av foci observed in an oocyte at any single 241 

time point, is less than the total number of DSBs generated during the lifetime of the oocyte. 242 

(Mehrotra and McKim 2006; Joyce et al. 2011). We noticed that the number of -H2Av foci 243 

observed in GATOR1 mutant oocytes is never more than the 20-25 foci observed in mutants in 244 

the DSB repair pathway (Figure 3J) (Mehrotra and McKim 2006).  This observation suggested 245 

that the increase in the steady state number of DSBs observed in GATOR1 mutants may result 246 

from the delayed repair of meiotic DSBs, rather than the production of supernumerary Mei-247 

W68/Spo11 induced DSBs. To test this hypothesis, we generated nprl2
 
, spnA double mutants. 248 

Importantly, spnA
 
mutants, including the spnA

1
/spnA

093
 transheterozygotes used here, fail to 249 

repair meiotic DSBs (Figure 3G) (Staeva-Vieira et al. 2003; Joyce and McKim 2011). If nprl2 250 

mutants make extra meiotic breaks, then the number of foci in the nprl2, spnA double mutants 251 

should be higher than either single mutant. However, we found that the nprl2, spnA double-252 

mutants contained approximately the same number of -H2Av foci as spnA
 
single mutants 253 

(Figure 3K). Thus, mutations in nprl2 do not result in the production of extra meiotic breaks.  254 

Taken together, our data strongly suggest that the GATOR1 complex influences the repair, rather 255 

than the production, of meiotic DSBs.  256 

 257 

In Drosophila, the failure to repair meiotic DSBs activates an ATR dependent checkpoint that 258 
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disrupts dorsal ventral (DV) patterning in the egg (Ghabrial et al. 1998; Ghabrial and Schupbach 259 

1999). We find that approximately 98% of eggs from nprl3
1
 mothers exhibit no DV patterning 260 

defects (n=308). Moreover, the approximately 2% of eggs from nprl3 mothers that have a 261 

possible DV patterning defect, are smaller and have a collapsed egg shell.  Thus, the DV 262 

patterning defects observed in eggs from nprl3 mutant mothers may reflect a general problem in 263 

egg chamber growth and development.  In contrast, 77% of eggs from mutant spnA
1
 mothers 264 

exhibit DV patterning defects (n=271) (Staeva-Vieira et al. 2003).  Why we do not observe DV 265 

patterning defects in GATOR1 mutants is unclear but may indicate that high TORC1 activity 266 

delays but does not block all aspects of meiotic DNA repair. Alternatively, high TORC1 activity 267 

may override the translational repression of the patterning gene gurken that drives the pattern 268 

defects observed in DNA repair mutants such as spnA (Abdu et al. 2002). 269 

 270 

Co-depleting S6K rescues the increase in the steady state number of meiotic DSBs in iml1 271 

germline depletions 272 

TORC1 stimulates protein synthesis and cell growth through the phosphorylation of downstream 273 

effector proteins that promote anabolism and inhibit catabolism (Hay and Sonenberg 2004; 274 

Wullschleger et al. 2006). We wanted to identify the pathways downstream of TORC1 that 275 

impact the repair of meiotic DSBs (Wei et al. 2016). Towards this end we examined the role of 276 

three well known downstream targets of TORC1 phosphorylation, S6K, Atg1 and 4E-BP in the 277 

regulation of meiotic DSBs (Laplante and Sabatini 2012a). We determined that the depletion of 278 

iml1 by RNAi, recapitulates the iml1 mutant phenotype resulting in an increase in the steady 279 

state number of meiotic DSBs in the germarium (Figure 4). TORC1 phosphorylation activates 280 

S6K, a serine–threonine kinase that promotes translation and growth (Tavares et al. 2015). In 281 
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mammals, S6K links growth control to the DNA damage response (Xie et al. 2018). To 282 

determine if the hyperactivation of S6K contributes to the defects in the repair of meiotic DSBs 283 

observed in GATOR1 mutants, we reduced the dose of the S6K gene by half in the iml1 germline 284 

depletions.  Notably, reducing the dose of S6K lowered the steady state number of meiotic DSBs  285 

in iml1 RNAi depletions to levels observed in controls (Figure 4A,B). These data indicate that 286 

the delay in the repair of meiotic DSBs observed in GATOR1 mutant ovaries is at least in part 287 

the result of the hyperactivation of S6K.  288 

 289 

High TORC1 inhibits the activation of autophagy via the inhibitory phosphorylation of Atg1 and 290 

Atg13 (Galluzzi et al. 2014). In our previous work, we determined that GATOR1 mutants fail to 291 

undergo autophagy in response to starvation due to inappropriately high TORC1 activity (Wei et 292 

al. 2016). Recent evidence suggests that blocking autophagy inhibits DSB repair through 293 

homologous recombination (Hewitt and Korolchuk 2017). Therefore, to examine if a block to 294 

autophagy is responsible for the delay in the repair of meiotic DSBs we generated germline 295 

clones of a null allele of atg1, which is required for the activation of autophagy in Drosophila 296 

(Scott et al. 2004). We found that late region 2a oocytes in atg1
3D

 germline clones had 297 

approximately the same number of -H2Av foci as similarly staged wild-type oocytes (Figure 298 

4B). From these data, we conclude that the increased number of meiotic DSBs observed in 299 

GATOR1 mutants is unlikely to be the result of a block to autophagy. Similarly, we found that 300 

null mutants of the translational inhibitor 4E-BP/thor, which is inhibited by TORC1 activity do 301 

not have an increased steady state number of meiotic DSBs. These data argue that the increase in 302 

the steady state number of meiotic DSBs in GATOR1 mutants is not the result of increased 303 

translation due to a block to 4E-BP translational inhibition.  304 



 

 15 

 305 

 306 

GATOR1 mutants hyperactivate p53 in response to meiotic DSBs  307 

p53, a transcription factor that mediates a conserved response to genotoxic stress, regulates early 308 

meiotic events in multiple organisms (Sturzbecher et al. 1996; Lee et al. 1997; Linke et al. 2003; 309 

Mateo et al. 2016). During Drosophila oogenesis, the generation of meiotic DSBs results in the 310 

brief activation of p53 and the expression of downstream targets (Figure 5A) (Lu et al. 2010). To 311 

determine if GATOR1 mutants experience increased genotoxic stress during oogenesis, we used 312 

a reporter construct to assay p53 activity. The p53-GFPnls reporter construct contains the Green 313 

Fluorescent Protein (GFP) under the control of an enhancer from the p53 transcriptional target 314 

reaper (Lu et al. 2010). In wild-type ovaries, a faint signal from the p53-GFPnls reporter is first 315 

observed in region 2a of the germarium, concurrent with the generation of meiotic DSBs (Figure 316 

5A, arrow) (Lu et al. 2010). As ovarian cysts continue to develop, the p53-GFPnls signal rapidly 317 

dissipates as meiotic DSBs are repaired (Figure 5A, arrowhead) (Lu et al. 2010). By region 3 of 318 

the germarium less than 5% of p53-GFPnls ovarian cysts contain detectable levels of GFP 319 

(Figure 5A).  In contrast, the germaria of all three GATOR1 mutants exhibited a dramatic 320 

increase in both the strength and the duration of p53-GFPnls expression in the germarium, with 321 

strong GFP signal observed in nearly 80% of region 3 ovarian cysts (Figure 5A-D, F, G, 322 

arrowheads). Homozygous germline clones of the iml1
1
 and nprl3

1
 null alleles, hyperactivate p53 323 

confirming that GATOR1 activity is required cell autonomously in the female germline (Figure 324 

5—figure supplement 1).  325 

 326 

We predicted that the persistent hyperactivation of p53 in the female germ line of GATOR1 327 
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mutants is due to the delayed repair of meiotic DSBs. To test this model, we examined p53 328 

activation in the mei-P22, nprl3 double mutant. Strikingly, inhibiting meiotic DSBs strongly 329 

suppressed the expression of p53-GFPnls in the nprl3 mutant background (Figure 5E). From 330 

these observations, we infer that in GATOR1 mutant ovaries, the hyperactivation of p53 is 331 

downstream of Spo11/Mei-W68-induced DBS. Moreover, we conclude that the GATOR1 332 

complex is required to oppose genotoxic stress triggered by meiotic DSBs and/or other 333 

downstream events of meiotic recombination. 334 

 335 

Recent evidence indicates that p53 is activated in germline stem cells of Drosophila after 336 

exposure to cellular stresses, including deregulated growth and ionizing radiation (Wylie et al. 337 

2014; Ma et al. 2016). The GATOR1 complex inhibits TORC1 activity and is required to restrain 338 

growth in Drosophila (Wei et al. 2014; Cai et al. 2016). As was reported with other mutants that 339 

deregulate growth (Wylie et al. 2014), we found that the p53-GFPnls reporter construct is 340 

robustly activated in the germline stem cells and their near descendants in GATOR1 mutant 341 

females (Figure 5B-D, H). Consistent with the restriction of Mei-W68/Spo11 activity to meiotic 342 

cysts, the mei-P22, nprl3 double mutants retain p53-GFPnls expression in stem cells even though 343 

the meiotic activation of the p53- GFPnls reporter is lost in regions 2a and 2b of the germarium 344 

in the mei-P22, nprl3 double mutant (Figure 5E-G). Thus, an independent cellular stress, likely 345 

related to deregulated metabolism or growth, activates p53 in the germline stem cells and 346 

cystoblasts of GATOR1 mutant females.  347 

 348 

Tsc1 germline depletions phenocopy GATOR1 mutants 349 

The most parsimonious interpretation of our data is that in GATOR1 mutant ovaries, high 350 
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TORC1 activity opposes the timely repair of meiotic DSBs and increases genotoxic stress. To 351 

test this model, we depleted the Tuberous sclerosis complex (TSC) component Tsc1 from the 352 

female germline. TSC is a potent inhibitor of TORC1 that directly inhibits the small GTPase 353 

Rheb, a critical activator of TORC1 (Inoki et al. 2003; Zhang et al. 2003). We determined that 354 

depleting Tsc1 in the female germline using RNAi, resulted in the robust expression of p53-355 

GFPnls during the early meiotic cycle (Figure 6A-D). Moreover, as was observed in GATOR1 356 

mutants, Tsc1
RNAi

 oocytes had an increase in the steady state number of -H2Av foci as well as 357 

an increase in the percentage of oocytes that retained -H2Av positive into region 3 of the 358 

germarium (Figure 6E, F). Taken together our data support the model that the tight control of 359 

TORC1 activity by both GATOR1 and TSC is essential to the proper regulation of meiotic DSBs 360 

during Drosophila oogenesis.  361 

 362 

nprl3 mutant follicle cells are sensitive to genotoxic stress 363 

In humans, mutations in components of TSC sensitize cells to multiple forms of genotoxic stress 364 

(Paterson et al. 1982; Deschavanne and Fertil 1996; Lee et al. 2007; Pai et al. 2016). Thus, we 365 

predicted that the GATOR1 mutants, which have a two to three-fold increase in TORC1 activity, 366 

might have a globally diminished ability to respond to DNA damage. To test this model, we 367 

treated nprl3 mutant larvae with the mutagen Methyl Methane Sulfonate (MMS) and compared 368 

the percentage of mutant animals that survived to adulthood relative to sibling heterozygous 369 

controls.  MMS generates an array of DNA lesions including DSBs (Magana-Schwencke et al. 370 

1982).  Notably, we found that nprl3 mutant larvae were sensitive to DNA damage, with 371 

nprl3/Df transheterozygotes exhibiting a greater than 10-fold decrease in survival rates when 372 
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exposed to 0.08% MMS (Table 1). These data support the idea that the GATOR1 complex plays 373 

a critical role in the response to genotoxic stress in both germline and somatic tissues.  374 

 375 

Next, we wanted to determine if, as we observed in the female germline, mutations in GATOR1 376 

components result in a delay in the repair of DSBs in somatic tissues. We exposed Drosophila 377 

females to 10 Gray (Gy) of -rays and then followed the dynamics of -H2Av staining in the 378 

somatically derived mitotically dividing follicle cells of the ovary. During Drosophila oogenesis, 379 

the somatic follicle cells divide mitotically until stage 6 of oogenesis at which point, they enter 380 

the endocycle. Prior to stage 6 of oogenesis wild-type and nprl3/Df follicle cells have very low 381 

levels of -H2Av staining (Figure 7 A,B) (Hong et al. 2007). One hour after exposure to 10Gy of 382 

-H2Av both wild-type and nprl3/Df mutants have a dramatic increase in follicle cells with -383 

H2Av foci (Figure 7A’,B’).  However, 6 hours after irradiation while wild-type somatic cells 384 

have decreased numbers of -H2Av positive follicle cells due to rapid DNA repair,  nprl3/Df 385 

females retain elevated numbers of follicle cells with -H2Av foci. (Figure 7 A-C). Thus, as is 386 

observed in the female germline,  in nprl3 mutants the somatic cells of the ovary exhibit a delay 387 

in the repair of DSBs.  388 

 389 

GATOR1 inhibits retrotransposon expression in Drosophila 390 

Genotoxic stress, resulting from DNA damage, has been implicated in transposon activation in 391 

multiple organisms (Bradshaw and McEntee 1989; Walbot 1992; Hagan et al. 2003; Beauregard 392 

et al. 2008). These results are consistent with the model that genotoxic stress promotes TE 393 

activation (McClintock 1984; Harris et al. 2009; Wylie et al. 2016). Therefore, we wanted to 394 

determine if retrotransposons expression is derepressed in the ovaries of GATOR1 mutants 395 
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which exhibit several phenotypes consistent with increased genotoxic stress. Towards this end, 396 

we used qRT-PCR to compare expression levels for multiple retrotransposons in wild type 397 

versus nprl2 and nprl3 mutant ovaries. We found that nprl2 and nprl3 mutant ovaries have 398 

increased expression of multiple retrotransposons including TAHRE, Het-A, Indefix and Gypsy 399 

(Figure 8A). In contrast to nprl2 and nprl3 mutants, Tsc1
RNAi

 germline resulted in little or no 400 

increase in retrotransposon expression (Figure 8—figure supplement 1).  From these results, we 401 

conclude that the GATOR1 components nprl2 and nprl3 oppose retrotransposon expression in 402 

the female germline of Drosophila. 403 

 404 

An additional possible connection between retrotransposon expression and the delayed repair of 405 

meiotic DSBs is suggested by our analysis of the DNA repair protein spnA/Rad51. As discussed 406 

above, spnA is a homolog of the DNA repair protein Rad51 which is conserved from yeast to 407 

humans (Staeva-Vieira et al. 2003). Rad51 catalyzes strand exchange between homologous DNA 408 

molecules and thus facilitates homologous recombination. In Drosophila, spnA/Rad51 mutant 409 

females fail to repair meiotic DSBs(Staeva-Vieira et al. 2003). Intriguingly, we found that 410 

spnA/Rad51 mutant ovaries had increased levels of retrotransposon expression (Figure 8A). 411 

Recently it has been reported that depletions of Rad51 result in the activation of Long 412 

interspersed repeat element 1 (LINE1) retrotransposons in HeLa cells (Liu et al. 2018). Thus, our 413 

data are consistent with the model that the increased levels of retrotransposon expression 414 

observed in GATOR1 mutant ovaries may be due, at least in part, to the delay in the repair of 415 

meiotic DSBs.  416 

 417 

In nprl3 mutant ovaries, the activation of p53 and the increase in -H2Av foci is dependent on 418 
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the production of meiotic DSBs (Figure 3 and 4). To determine if the expression of 419 

retrotransposons in nprl3 mutant ovaries also requires the meiotic DSB machinery, we examined 420 

nprl3, mei-P22 double mutants. Using qRT-PCR we observed that retrotransposon expression 421 

was largely, but not completely, suppressed in nprl3, mei-P22 double-mutant ovaries. Thus, 422 

meiotic DSBs trigger the expression of retrotransposons during Drosophila oogenesis in the 423 

nprl3 mutant background (Figure 8B). However, it is important to note that these data suggest 424 

that the GATOR1 complex may also impact retrotransposon expression independent of meiotic 425 

DSBs as indicated by the relatively modest rescue of TAHRE over-expression observed in nprl3, 426 

mei-P22 double mutants (Figure 8B). 427 

 428 

Finally, we wanted to determine if the GATOR1 complex inhibits the activation of 429 

retrotransposons through the p53 pathway. To answer this question, we performed epistasis 430 

analysis by generating double mutants that were homozygous for null alleles of both p53 and 431 

nprl3. Strikingly, the p53, nprl3 double mutant ovaries showed a dramatic increase in 432 

retrotransposon expression relative to either single mutant (Figure 8C). Thus, the p53 and nprl3 433 

phenotypes are additive with respect to the inhibition of retrotransposon expression. These data 434 

strongly suggest that GATOR1 and p53 act through independent pathways to inhibit 435 

retrotransposon activation in the female germline during meiosis (Figure 8C). 436 

 437 

Discussion  438 

Recent evidence implicates metabolic pathways as important regulators of meiotic progression 439 

and gametogenesis (LaFever et al. 2010; Ferguson et al. 2012; Chi et al. 2016; Sieber et al. 2016; 440 

Guo et al. 2018). Here we define a role for the GATOR complex, a conserved regulator of 441 
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TORC1 activity, in the regulation of two events that impact germline genome stability: the 442 

response to meiotic DSBs and the inhibition of retrotransposon expression.  443 

 444 

The GATOR complex and the response to meiotic DSBs 445 

We have previously shown that in Drosophila, mutations in the GATOR2 component mio, result 446 

in the constitutive activation of the GATOR1 pathway in the female germline but not in somatic 447 

tissues (Iida and Lilly 2004; Wei et al. 2014). Here we demonstrate that the tissue specific 448 

requirement for mio during oogenesis is due, at least in part, to the generation of meiotic DBSs 449 

during oogenesis. In Drosophila, only the female germline undergoes meiotic recombination and 450 

thus experiences the genotoxic stress associated with developmentally programmed DSBs 451 

(Hughes et al. 2018).  We show that in mio mutants, blocking the formation of meiotic DSBs 452 

prevents the constitutive downregulation of TORC1 activity thus allowing for the growth and 453 

development of the oocyte. These data are consistent with the model that meiotic DSBs trigger 454 

the activation of a TORC1 inhibitory pathway that must be opposed and/or attenuated by the 455 

GATOR2 component Mio (Figure 9).  456 

 457 

While there are several possible models that might explain our data, we believe the most 458 

parsimonious explanation for our results is that the TORC1 inhibitory pathway activated by 459 

meiotic DSBs, involves both GATOR1 and TSC (Figure 9). This model is consistent with the 460 

ability of both GATOR1 and TSC depletions to rescue the mio mutant phenotype (Wei et al. 461 

2014).  Additionally, recent reports indicate that GATOR1 and TSC act in a common pathway to 462 

downregulate TORC1 activity in response to multiple upstream inhibitory inputs (Demetriades et 463 

al. 2014; Menon et al. 2014; Demetriades et al. 2016). Previously, we determined that in 464 
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Drosophila, amino acid starvation induces a dramatic GATOR1/TSC dependent decrease in 465 

TORC1 activity in somatic tissues, that far exceeds any reduction in TORC1 activity observed in 466 

GATOR2 null mutants (Wei et al. 2014; Cai et al. 2016). This observation strongly suggests that, 467 

in addition to the removal of the GATOR2 inhibition of GATOR1, there is an activation step that 468 

is required to fully potentiate the GATOR1/TSC pathway.  469 

 470 

Thus, based on our data we propose the following model (Figure 9). Meiotic DSBs activate, or 471 

are required to maintain, a GATOR1/TSC dependent pathway that downregulates TORC1 472 

activity in the female germline (Figure 9A). The GATOR2 component Mio is required to oppose 473 

or turnoff  this pathway to prevent the constitutive downregulation of TORC1 activity in later 474 

stages of oogenesis. While we believe our data support the role of the GATOR1/TSC pathway, 475 

we concede that an alternative regulator of TORC1 activity may also be critical to the 476 

downregulation of TORC1 activity in response to meiotic DSBs.  477 

 478 

GATOR1 and TSC promote the repair of meiotic DSBs  479 

Hyperactivation of TORC1 has been linked to defects in the DNA damage response in single 480 

celled and multicellular organisms (Begley et al. 2004; Feng et al. 2007; Klermund et al. 2014; 481 

Pai et al. 2016; Ma et al. 2018; Xie et al. 2018). The observation that meiotic DSBs likely 482 

promote the GATOR1 dependent downregulation of TORC1 activity during Drosophila 483 

oogenesis, suggested that limiting TORC1 activity may be important to the regulation of meiotic 484 

DSB repair. In our previous work, we found that GATOR1 mutant ovaries had TORC1 activity 485 

levels approximately three times higher than those observed in wild-type ovaries (Wei et al. 486 

2014; Cai et al. 2016). Here we demonstrate that GATOR1 mutant ovaries exhibit multiple 487 
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phenotypes consistent with the misregulation of meiotic DSB repair including, an increase in the 488 

steady state number of Mei-W68/Spo-11 induced DSBs, the retention of meiotic DSBs into later 489 

stages of oogenesis and the hyperactivation of p53. (Cai et al. 2016; Wei et al. 2016). 490 

Importantly, RNAi depletions of Tsc1 partially phenocopied the GATOR1 ovarian defects. Thus, 491 

the misregulation of meiotic DSBs observed in GATOR1 mutant oocytes are due to high TORC1 492 

activity and not to a TORC1 independent function of the GATOR1 complex.  493 

 494 

 Epistasis analysis between the GATOR1 component nprl3 and the Rad51 homolog spnA, 495 

strongly suggest that GATOR1 impacts the repair, rather than the generation, of meiotic DSBs. 496 

We determined that double mutants of nprl2 and the Rad51 homolog spnA, which is required for 497 

the repair of meiotic DSBs, have approximately the same number of DSBs as spnA single 498 

mutants.  These data are consistent with GATOR1 and spnA influencing the common process of 499 

DNA repair and are inconsistent with GATOR1 mutants producing supernumerary breaks.  500 

 501 

Our observations on the role of the GATOR1 complex during Drosophila oogenesis are 502 

particularly intriguing in light of similar meiotic defects observed in a npr3 mutants in 503 

Saccharomyces cerevisiae (Jordan et al. 2007). In the sporulation proficient strain SK1, npr3 504 

mutant cells enter meiosis and express the transcription factor and master regulator of 505 

gametogenesis IME1 with wild-type kinetics (Jordan et al. 2007). Subsequently, npr3 mutants 506 

exhibit a mild delay in the generation of meiotic DNA breaks, but a substantial delay in the 507 

repair of meiotic DSBs (Jordan et al. 2007). Thus, yeast and Drosophila SEACIT/GATOR1 508 

mutants share a common meiotic phenotype, the delayed repair of meiotic DSBs. These results 509 

raise the intriguing possibility that low TORC1 activity may be a common feature of the early 510 
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meiotic cycle in many organisms.  511 

 512 

Notably, our data indicate that the delay in the repair of meiotic DSBs in GATOR1 mutants is 513 

due to the hyperactivation of the TORC1 downstream target S6K. S6K is a critical downstream 514 

effector of TORC1 that impacts multiple essential cellular processes including, but not limited to 515 

cell growth, energy balance and aging (Magnuson et al. 2012). Intriguingly, in mammals, S6K 516 

has been implicated in the regulation of the DNA damage response with hyperactivation of the 517 

TORC1-S6K pathway resulting in the accumulation of unrepaired DSBs and genome instability 518 

(Lai et al. 2010; Xie et al. 2018). Thus, similar to what is reported in mammals, our data are 519 

consistent with the model that the hyperactivity of the TORC1/S6K axis delays the repair of 520 

DSBs in Drosophila.  521 

 522 

Finally, we determined that GATOR1 mutants have a diminished response to DSBs outside the 523 

female germline in somatic tissues of Drosophila. Similar to what is observed in TSC mutant 524 

cells in humans that have increased levels of TORC1 activity, we find that GATOR1 mutant 525 

embryos  have a reduced ability to survive low levels of -irradiation (Paterson et al. 1982; 526 

Deschavanne and Fertil 1996; Lee et al. 2007; Pai et al. 2016). Moreover, in the somatic follicle 527 

cells of the ovary we observed a delay in the repair of DSBs after adult females are exposed to 528 

low levels of -irradiation. Thus, in Drosophila inappropriately high TORC1 activity delays the 529 

repair of DSBs in both the germline and somatic tissues.  530 

 531 

GATOR1 opposes retrotransposon expression 532 

The initiation of homologous recombination through the programmed generation of DNA 533 
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double-stranded breaks (DSBs) is a universal feature of meiosis (McKim and Hayashi-Hagihara 534 

1998; Gray and Cohen 2016). DSBs represent a dangerous form of DNA damage that can result 535 

in dramatic and permanent changes to the germline genome (Alexander et al. 2010). To 536 

minimize this destructive potential, the generation and repair of meiotic DSBs is tightly 537 

controlled in space and time (Longhese et al. 2009). The activation of transposable elements 538 

represents an additional threat to genome integrity in germ line cells (Crichton et al. 2014; Toth 539 

et al. 2016). Genotoxic stress, resulting from DNA damage, has been implicated in the 540 

deregulation of transposons in multiple organisms (Bradshaw and McEntee 1989; Walbot 1992; 541 

Hagan et al. 2003; Beauregard et al. 2008). Thus, germ line cells may be at an increased risk for 542 

transposon derepression due to the genotoxic stress associated with meiotic recombination. 543 

Consistent with this hypothesis, germ line cells have evolved extensive surveillance systems to 544 

detect and silence transposons beyond the pathways present in most somatic tissues (Khurana 545 

and Theurkauf 2010; Ku and Lin 2014; Toth et al. 2016).  546 

 547 

Previous studies have shown that DNA damage promotes the deregulation of retrotransposon in 548 

multiple organisms, including Drosophila (McClintock 1984; Bradshaw and McEntee 1989; 549 

Walbot 1992; Hagan et al. 2003; Beauregard et al. 2008; Molla-Herman et al. 2015; Wylie et al. 550 

2016). In line with these studies, we find that in GATOR1 mutants, the DSBs that initiate 551 

meiotic recombination trigger the deregulation of retrotransposon expression. Similarly, p53 552 

mutant females derepress retrotransposon expression during oogenesis, but as observed in 553 

GATOR1 mutants, primarily in the presence of meiotic DSBs (Wylie et al. 2016). Double 554 

mutants of nprl3, p53 exhibit a dramatic increase in retrotransposon expression relative to either 555 

p53 or nprl3 single mutants, implying that p53 and GATOR1 act through independent pathways 556 



 

 26 

to repress retrotransposon expression in the female germline. One possibility is that both 557 

GATOR1 and p53 independently impact genome stability. Thus, disabling both pathways may 558 

have an additive effect on both genome stability and retrotransposon expression. Consistent with 559 

the hypothesis that genome instability drives retrotransposon expression, we find that mutants in 560 

spnA/Rad51, which fail to repair meiotic DSBs, also exhibit increased transcription of multiple 561 

retrotransposons. Intriguingly, the SpnA homolog Rad51, as well as other genes required for 562 

DNA repair, was recently identified in a high throughput screen for genes that suppress (Long 563 

Interspersed Element-1) LINE1 expression in mammalian tissue culture cells (Liu et al. 2018). 564 

 565 

However, our data also suggest that the GATOR1 complex may influence retrotransposon 566 

expression independent of the regulation of TORC1 activity. While both GATOR1 and TSC are 567 

required for the efficient repair of meiotic DSBs, in contrast to GATOR1 mutant ovaries, we 568 

observed little to no increase in retrotransposon expression in the Tsc1
 
depleted ovaries. We 569 

believe reflects the incomplete depletion of Tsc1 by RNAi resulting in a reduced retention of 570 

meiotic DSBs relative to GATOR1 mutants (Figure 6). However, a second possibility is that the 571 

GATOR1 complex inhibits retrotransposon expression independent of TORC1 inhibition. As is 572 

observed with spnA the depletion of GATOR1 components, but not TSC components result in 573 

the activation of LINE1 expression in HeLa cells (Liu et al. 2018). Taken together, these data 574 

hint that the GATOR1 complex may impact retrotransposon expression in the germline via two 575 

independent pathways: First by promoting the repair of meiotic DSBs through the 576 

downregulation of TORC1 activity and second via a pathway that functions independent of 577 

TORC1 inhibition.  578 

 579 
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Genes encoding components of the GATOR1 complex are often deleted in cancers (Lerman and 580 

Minna 2000; Ji et al. 2002; Ueda et al. 2006; Bar-Peled et al. 2013). As is observed in GATOR1 581 

mutants, cancer cells frequently have increased TORC1 activity, increased genomic instability 582 

and increased retrotransposon expression. Thus, in the future it will be important to identify the 583 

molecular mechanism by which the GATOR1 complex influences both the response to genotoxic 584 

stress and the expression of retrotransposons under both normal and pathological conditions. 585 

 586 
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Key Resources Table 
   

Reagent type 

or resource 

Designation Source or 

reference 

Identifiers Additional information 

gene 

(Drosophila 

melanogaster) 

Atg1 FlyBase FBgn0260945   

gene 

(Drosophila 

melanogaster) 

Iml1 FlyBase FBgn0035227   

gene 

(Drosophila 

melanogaster) 

Loki FlyBase FBgn0019686   

gene 

(Drosophila 

melanogaster) 

Mio FlyBase FBgn0031399   

gene 

(Drosophila 

melanogaster) 

Mei-W68 FlyBase FBgn0002716   

gene 

(Drosophila 

melanogaster) 

Mei-P22 FlyBase FBgn0016036   

gene 

(Drosophila 

melanogaster) 

Nprl2 FlyBase FBgn0030800   

gene 

(Drosophila 

melanogaster) 

Nprl3 FlyBase FBgn0036397   

gene 

(Drosophila 

p53 FlyBase FBgn0039044   
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melanogaster) 

gene 

(Drosophila 

melanogaster) 

Spn-A FlyBase FBgn0003479   

gene 

(Drosophila 

melanogaster) 

S6K FlyBase FBgn0283472   

gene 

(Drosophila 

melanogaster) 

Thor FlyBase FBgn0261560   

gene 

(Drosophila 

melanogaster) 

Tsc1 FlyBase FBgn0026317   

genetic 

reagent 

(Drosophila 

melanogaster) 

Atg1Δ3D ,FRT 

2A/Tm3, sb1 

FlyBase, 

PMID: 

24098761 

FBal0176392   

genetic 

reagent 

(Drosophila 

melanogaster) 

iml1
1
 FlyBase, 

PMID:27672

113 

FBal0325028 FlyBase symbol: iml1
1
 

genetic 

reagent 

(Drosophila 

melanogaster) 

lokiP6 FlyBase, 

PMID:14729

967 

FBal0216721 FlyBase symbol: lokp6 

genetic 

reagent 

(Drosophila 

melanogaster) 

mio2 FlyBase, 

PMID:14973

288 

FBal0158954 FlyBase symbol: mio2 

genetic 

reagent 

(Drosophila 

melanogaster) 

mei-P22P22 Bloomington 

Drosophila 

Stock Center 

BDSC:4931 Genotype: y1 

w1/Dp(1;Y)y+; mei-P22P22; 

svspa-pol 
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genetic 

reagent 

(Drosophila 

melanogaster) 

mei-W681 Bloomington 

Drosophila 

Stock Center 

BDSC:4962 FlyBase symbol: mei-

W861 

genetic 

reagent 

(Drosophila 

melanogaster) 

nprl21 FlyBase, 

PMID:27672

113 

 FBal0325026 FlyBase symbol: nprl21 

genetic 

reagent 

(Drosophila 

melanogaster) 

nprl31 FlyBase, 

PMID:27166

823 

 FBal0319815 FlyBase symbol: nprl31 

genetic 

reagent 

(Drosophila 

melanogaster) 

p535A-1-4 Bloomington 

Drosophila 

Stock Center 

BDSC:6815 Genotype: y1 w1118; 

p535A-1-4 

genetic 

reagent 

(Drosophila 

melanogaster) 

S6KI-1 Bloomington 

Drosophila 

Stock Center 

BDSC:32552 Genotype: y[1] w[*]; 

S6k[l-1]/TM6B, 

P{y[+t7.7] 

ry[+t7.2]=Car20y}TPN1, 

Tb[1] 

genetic 

reagent 

(Drosophila 

melanogaster) 

spnA1 Bloomington 

Drosophila 

Stock Center 

BDSC:3322 Genotype: Dp(1;Y)BS; 

ru1 st1 e1 spn-A1 ca1/TM3, 

Sb1 

genetic 

reagent 

(Drosophila 

melanogaster) 

spnA093A FlyBase, 

PMID:14592

983 

FBal0151428 FlyBase symbol: spn-A093A 

genetic 

reagent 

(Drosophila 

melanogaster) 

thor2 Bloomington 

Drosophila 

Stock Center 

BDSC:9559 Genotype: y[1] w[*]; 

Thor[2] 
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genetic 

reagent 

(Drosophila 

melanogaster) 

Df(3L)ED423

8 

Bloomington 

Drosophila 

Stock Center 

BDSC:8052 Genotype: w1118; 

Df(3L)ED4238, 

P{3'.RS5+3.3'}ED4238/T

M6C, cu1 Sb1 

genetic 

reagent 

(Drosophila 

melanogaster) 

Df(3L)ED451

5 

Bloomington 

Drosophila 

Stock Center 

BDSC:9071 Genotype: w1118; 

Df(3L)ED4515, 

P{3'.RS5+3.3'}ED4515/T

M6C, cu1 Sb1 

genetic 

reagent 

(Drosophila 

melanogaster) 

nanos-Gal4 FlyBase, 

PMID:95019

89  

FBrf0100715 FlyBase symbol: 

GAL4VP16.nos.UTR 

genetic 

reagent 

(Drosophila 

melanogaster) 

p53R-GFP FlyBase, 

PMID:20522

776 

FBrf0210965 FlyBase symbol: 

GFPrpr.p53R.Tag:NLS(Unk) 

genetic 

reagent 

(Drosophila 

melanogaster) 

MTD-Gal4 Bloomington 

Drosophila 

Stock Center 

BDSC:31777 Genotype: P{otu-

GAL4::VP16.R}1, w*; 

P{GAL4-nos.NGT}40; 

P{GAL4::VP16-

nos.UTR}CG6325MVD1 

genetic 

reagent 

(Drosophila 

melanogaster) 

Tsc1 RNAi Bloomington 

Drosophila 

Stock Center 

BDSC:35144 Genotype: y1 sc* v1; 

P{TRiP.GL00012}attP2 

genetic 

reagent 

(Drosophila 

melanogaster) 

Iml1 RNAi Bloomington 

Drosophila 

Stock Center 

BDSC:57492 Genotype: y[1] sc[*] 

v[1] sev[21]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMC0480

6}attP40 

genetic 

reagent 

(Drosophila 

melanogaster) 

mCherry 

RNAi 

Bloomington 

Drosophila 

Stock Center 

BDSC:35787 Genotype: y[1] sc[*] v[1] 

sev[21]; P{y[+t7.7] 

v[+t1.8]=UAS-

mCherry.VALIUM10}attP

2 
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genetic 

reagent 

(Drosophila 

melanogaster) 

UAS-Nprl3 FlyBase, 

PMID:27672

113 

FBrf0234182 FlyBase symbol: 

Nprl3UASp.Tag:FLAG,Tag:HA 

genetic 

reagent 

(Drosophila 

melanogaster) 

FRT80B Bloomington 

Drosophila 

Stock Center 

BDSC:1988 Genotype: w[*]; 

P{ry[+t7.2]=neoFRT}80B 

ry[506] 

genetic 

reagent 

(Drosophila 

melanogaster) 

FRT2A Bloomington 

Drosophila 

Stock Center 

BDSC:1997 Genotype: w[*]; 

P{w[+mW.hs]=FRT(w[hs]

)}2A 

genetic 

reagent 

(Drosophila 

melanogaster) 

FRT2A, ubi-

GFPnls 

Bloomington 

Drosophila 

Stock Center 

BDSC: 5825 Genotype: w[1118]; 

P{w[+mC]=Ubi-

GFP.nls}3L1 P{Ubi-

GFP.nls}3L2 

P{w[+mW.hs]=FRT(w[hs]

)}2A 

genetic 

reagent 

(Drosophila 

melanogaster) 

hsFLP；

FRT80B，
lacZ 

Bloomington 

Drosophila 

Stock Center 

BDSC:6341 Genotype: P{hsFLP}22, 

y
1
 w

*
; P{arm-lacZ.V}70C 

P{neoFRT}80B 

genetic 

reagent 

(Drosophila 

melanogaster) 

UAS-mCherry 

RNAi 

Bloomington 

Drosophila 

Stock Center 

BDSC:35785 Genotype: y1 sc* v1; 

P{VALIUM20-

mCherry}attP2 

genetic 

reagent 

(Drosophila 

melanogaster) 

nos-Flp This paper.   Lilly Lab. 

antibody Goat anti-

Rabbit, mouse 

Alexa 488- 

568- 594- 

647- 

secondaries 

Thermo 

Fisher 

  Immunofluorescence 

(1:1000) 



 

 33 

antibody anti-dS6K 

(Guinea pig 

polyclonal) 

PMID:20444

422 

  Western Blot (1:5000) 

antibody anti-phospho-

Thr398-S6K 

(Rabbit 

polyclonal) 

Cell 

Signaling 

Technologies 

9209; 

RRID:AB_2269804 

Western Blot (1:1000) 

antibody anti-GFP 

(Rabbit 

polyclonal) 

Invitrogen A11122; 

RRID:AB_221569 

Immunofluorescence 

(1:1000) 

antibody anti-g-H2Av 

(Rabbit poly 

clonal) 

Active Motif 39117; 

RRID:AB_2793161 

Immunofluorescence 

(1:1000) 

antibody anti-C(3)G 

(clone 1A8 

and 1G2) 

(Mouse 

monoclonal)  

PMID:15767

569 

  Immunofluorescence 

(1:200) 

antibody anti-C(3)G 

(Rabbit 

polyclonal) 

PMID:12588

841  

  Immunofluorescence 

(1:3000) 

antibody anti-1B1 

(Mouse 

monoclonal） 

Development

al Studies 

Hybridoma 

Bank 

1B1; 

RRID:AB_528070 

Immunofluorescence 

(1:100) 

antibody anti-g-H2Av 

(Mouse 

monoclonal) 

Development

al Studies 

Hybridoma 

Bank 

UNC93-5.2.1; 

RRID:AB_2618077 

Immunofluorescence 

(1:5000) 



 

 34 

antibody anti-Phospho-

4E-BP1 

(Thr37/46) 

(236B4) 

(Rabbit 

monoclonal ) 

Cell 

Signaling 

Technologies 

2855;RRID:AB_5608
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Immunofluorescence 

(1:200) 

commercial 

assay or kit 

ECL PerkinElmer NEL105001EA   

chemical 

compound, 

drug 

methyl 

methanesulfon

ate (MMS) 

Sigma 129925-5G   

commercial 

assay or kit 

RNAeasy Kit Qiagen 74104   

commercial 

assay or kit 

cDNA 

Reverse 

Transcription 

Kit 

Thermo 

Fischer 

11752   

commercial 

assay or kit 

Power SYBR 

green 

mastermix 

Thermo 

Fischer 

A25742   



 

 

Materials and methods 603 

Fly stocks 604 

All fly stocks were maintained at 25°C on standard media. The p53R-GFP transgenic line  was a 605 

gift from John M. Abrams (Lu et al. 2010). The germline specific driver nanos-Gal4 was 606 

obtained from Ruth Lehmann (Van Doren et al. 1998). The spnA
093A

 stock was a gift from Ruth 607 

Lehmann (Staeva-Vieira et al. 2003). The nprl2
1
, nprl3

1
, iml1

1
, and UAS-Nprl3 were described 608 

previously (Cai et al. 2016; Wei et al. 2016). The stocks w
1118

; Df(3L)ED4515, P{3'.RS5+3.3'} 609 

ED4515/TM6C, cu
1
 Sb

1
 (BDSC#9071),  w

1118
; Df(3L)ED4238, P{3'.RS5+3.3'}ED4238/TM6C, 610 

cu
1
 Sb

1 
(BDSC#8052), w

1118
; P{neoFRT}82B P{Ubi-mRFP.nls}3R (BDSC#30555), 611 

P{hsFLP}22, y
1
 w

*
; P{arm-lacZ.V}70C P{neoFRT}80B (BDSC#6341), MTD-GAL4 612 

(P{w[+mC]=otu-GAL4::VP16.R}1, w[*] P{w[+mC]=GAL4-nos.NGT}40; 613 

P{w[+mC]=GAL4::VP16 nos.UTR}CG6325[MVD1], BDSC#31777), UAS-Tsc1 RNAi (y
1
 sc

*
 614 

v
1
; P{TRiP.GL00012}attP2, BDSC#35144), UAS-mCherry RNAi (y

1
 sc

*
 v

1
; P{VALIUM20-615 

mCherry}attP2), y
1
 w

1118
; p53

5A-1-4
 (BDSC#6815),  y

1
 w

1
/Dp(1;Y)y

+
; mei-P22

P22
; sv

spa-pol 616 

(BDSC#4931), mei-W68
1
 (BDSC#4932)and  Dp(1;Y)B

S
; ru

1
 st

1
 e

1
 spn-A

1
 ca

1
/TM3, Sb

1 617 

(BDSC#3322) were obtained from Bloomington Stock Center.  618 

 619 

Western blot analysis 620 

The protocol was adapted from Bjedov I (2010) (Bjedov et al. 2010). Briefly 6 pairs of ovaries 621 

were freshly dissected in cell insect media and homogenized in 30μl of 4x Laemmli loading 622 

sample buffer (Invitrogen, #NP0008) containing 10x sample reducing agent (Invitrogen, 623 

#NP009). Extracts were cleared by centrifugation and boiled for 10 minutes at 90C. 10μl of  624 

http://flybase.org/reports/FBal0003278
http://flybase.org/reports/FBal0015991
http://flybase.org/reports/FBal0015145
http://flybase.org/reports/FBal0088816
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBab0029200
http://flybase.org/reports/FBba0000047
http://flybase.org/reports/FBal0001461
http://flybase.org/reports/FBal0018186
http://flybase.org/reports/FBal0014832
http://flybase.org/reports/FBal0016127
http://flybase.org/reports/FBab0010476
http://flybase.org/reports/FBal0016029
http://flybase.org/reports/FBal0018074
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0138188
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protein extract was loaded per lane on polyacrylamide gel (Invitrogen, #NP0335). Proteins were 625 

separated and transferred to nitrocellulose membrane. Primary antibodies used were as follows: 626 

guinea pig anti-dS6K (gift of Aurelius Teleman,1:5,000,) (Hahn et al. 2010) and rabbit anti-627 

phospho-Thr398-S6K (Cell Signaling Technologies #9209, 1:1,000). HRP- conjugated 628 

secondary antibodies (Jackson Immunoresearch, AffiniPure anti-rabbit #111-005-144 and anti-629 

guinea pig #106-005-003) were used. Blots were developed using the ECL detection system 630 

(PerkinElmer, #NEL105001EA). Western blots were analyzed using ImageJ program (US 631 

National Institutes of Health). 632 

 633 

Immunofluorescence and microscopy 634 

Immunofluorescence was performed as previously described (Hong et al., 2003; Iida and Lilly, 635 

2004). Primary antibodies used were as follows: rabbit anti-GFP (Invitrogen, 1:1000); rabbit 636 

anti-H2Av (Active Motif, 1:500); rabbit anti-C(3)G 1:3000 (Hong, et. al., 2003); mouse anti-637 

1B1 (Developmental Studies Hybridoma Bank, 1:100); mouse anti--H2Av (Developmental 638 

Studies Hybridoma Bank, 1:5000); mouse anti-C(3)G (kindly provided by R. Scott Hawley, 639 

1:200) (Page and Hawley 2001). Alexa-488 and Alex-594 (Invitrogen, 1:1000) secondary 640 

antibodies were used for fluorescence. After staining, ovaries were mounted in prolong gold 641 

antifade reagent with DAPI (Life Technology). Images were acquired on either a Leica SP5 642 

confocal microscope or Zeiss LSM 880 with Airyscan confocal microscope.  643 

 644 

γ-H2Av foci quantification 645 

To score the number of γ-H2Av foci per oocyte, ovaries were stained with antibodies against 646 

C(3)G and γ-H2Av as well as the DNA dye DAPI.  Pro-oocytes and oocytes were identified by 647 
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the pattern of anti-C(3)G staining (Page and Hawley 2001). Multiple Z-sections encompassing 648 

an entire region 2a pro-oocyte nucleus were acquired by Leica SP5 confocal microscope or Zeiss 649 

LSM 880 with Airyscan confocal microscopy. The obtained z-stacks of images were 650 

deconvolved to remove out-of-focus light and z-distortion with Huygens Professional software 651 

(Scientific Volume Imaging) and clearly defined -H2Av were counted manually in the ovarian 652 

cyst with the highest levels of -H2Av staining. Alternatively, 3D images were rendered by using 653 

Imaris software (Bitplane) and a graph workstation equipped with NVIDIA Quadro 3D vision 654 

system. Clearly defined γ-H2Av foci were visualized and counted by using Imaris spots module 655 

or ImageJ to define the total number of foci per nucleus.  656 

 657 

MMS sensitivity assay 658 

The assay was performed as described in Ghabrial and Schupbach (1998). Briefly, 10 males and 659 

10 virgin females were mated in vials for 2 days at 25C.  Parents were transferred into German 660 

food (Genesee Scientific, Cat#66-115, Day 1) vials for 24 hours at 25C and allowed to lay eggs. 661 

On Day 2 the parents were removed, and eggs were allowed to mature for 24 hours. 662 

Subsequently, the first and second instar larvae were treated with 250 L of either 0.04% or 663 

0.08% of the mutagen methyl methane sulfonate (MMS) (Sigma, Cat#129925-5G). Control 664 

larvae were treated with 250 L water. After eclosion, the number of heterozygous and 665 

homozygous mutant flies were determined, and the percentage of each genotype was calculated. 666 

 667 

Gamma Irradiation Assay 668 

Wild type and mutant flies were fed wet yeast for two days and vials containing flies were 669 

exposed to 10Gy γ-IR in a Mark-1 γ-irradiator (JL Shepherd & Associates, San Fernando, CA). 670 

applewebdata://723A17FB-A4E7-4A64-83F1-69D18F751B6E/#_ENREF_51
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After irradiation, flies were incubated at 25C and ovaries were collected for immunostaining 671 

assays at indicated time points.   672 

 673 

 674 

Retrotransposon Expression Analysis 675 

Total RNA was isolated from dissected ovaries using the RNeasy Kit (Qiagen) and treated with 676 

DNase. cDNA was generated using High-capacity cDNA Reverse Transcription Kit (Thermo 677 

Fisher). Real-time PCR was performed with Power SYBR green Mastermix (Thermo Fisher) 678 

using the following primers.  679 

Rp49 Forward: CCGCTTCAAGGGACAGTATC; 680 

Rp49 Reverse: GACAATCTCCTTGCGCTTCT; 681 

TAHRE Forward: CTGTTGCACAAAGCCAAGAA; 682 

TAHRE Reverse: GTTGGTAATGTTCGCGTCCT; 683 

 Het-A Forward: TCCAACTTTGTAACTCCCAGC; 684 

 Het-A Reverse: TTCTGGCTTTGGATTCCTCG; 685 

 Idefix Forward: TGAAGAAAAGAAGGGCGAGA; 686 

 Idefix Reverse: TTCTGCTGTTGATGCTTTGG; 687 

 Gypsy Forward: CCAGGTCGGGCTGTTATAGG; 688 

 Gypsy Reverse: GAACCGGTGTACTCAAGAGC. 689 

The rp49 was used for normalization. 690 

 691 
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 961 

Figure Legends 962 

 963 

Figure 1. Mio prevents the constitutive downregulation of TORC1 activity in response to 964 

meiotic DSBs. 965 

(A) The GATOR2 complex opposes the activity of the TORC1 inhibitor GATOR1. (B) 966 

Representative ovaries from wild type (WT), mio
2 
, double-mutant mio

2
, mei-W68

1
 and mei-W68

1
 967 

females. Scale bar, 1000 m. (C) Western blot of p-S6K and total-S6K levels of whole ovaries 968 

prepared from WT, mio
2
 and mio

2
, mei-w68

1
 and mei-W68

1
 mutant females. (D) Quantification 969 

of p-S6K levels relative to total S6K. Unpaired student T-test was used to calculate the statistical 970 

significance. Error bars represent the standard deviation (SD) for three independent experiments. 971 

* P <0.05.  972 

Figure 1, Figure supplement 1.  Removing meiotic DSBs partially rescues the low egg 973 

production of mio mutants.  974 

Five males and five females (WT, mio
2
, mio

2
,mei-w68

1
) were cultured in cages on grape juice 975 

plates and wet yeast. The number of eggs laid in each cage was counted every 24 h. Data show 976 

the number of eggs laid per individual female per day for each genotype. Error bars represent SD 977 

from three independent experiments. Unpaired T-student test was used to calculate statistical 978 

significance. **P < 0.01. ***P<0.001, ****P<0.0001. 979 

                        980 

 981 

Figure 1, Figure supplement 2. TORC1 activity is reduced in spnA/Rad51 mutants. 982 

 983 

(A) Western blot of p-S6K and total-S6K levels of whole ovaries prepared from WT, spnA
1
 984 

homozygous and spnA
1
/spnA

093
 transheterozygous mutants. Flies were mated and cultured on 985 

yeast for 3 days before dissection. 986 
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(B) ImageJ was used to measure the relative band intensity of all Western blots. The graph 987 

depicts the fold change of p-S6K/total-S6K of the mutant genotypes compared to wild type. 988 

Three independent experiments were performed and the standard deviation between the 989 

experiments is indicated in red. Unpaired student T-test was used to calculate statistical 990 

significance (****p<0.001).   991 

 992 

Figure 1, Figure supplement 3. Blocking the formation of meiotic DSBs fails to increase 993 

total TORC1 activity in wild type or nprl3 mutant ovaries as measured by Western blot. 994 

Whole ovaries dissected from  (A)WT,  (B) nprl3
1
, (C) nprl3

1
, mei-p22

P22
  and (D) mei-p22

P22  
995 

homozygous mutants were used for (E) Western blot to assess p-S6K and total-S6K levels. 996 

Adults were mated and cultured on yeast for 3 days before the dissections.  997 

(F) ImageJ was used to measure the relative band intensity of all Western blots. The graph 998 

depicts the fold change of p-S6K/total S6K of the mutant genotypes compared to wild type. 6 999 

independent experiments were performed and the standard deviation between the experiments is 1000 

indicated in red. Unpaired T-student test was used to calculate statistical significance.  1001 

 1002 

Figure 1, Figure supplement 4. Mutations in the checkpoint protein loki rescues the seh1 1003 

ovarian phenotype. Ovaries were dissected and imaged (A) WT (B) mio
2 
(C) loki

P6 
and (D) 1004 

mio
2
, loki

P6
.
 
(E) surface area of ovaries from indicated genotypes. Scale bar: 600 m. Unpaired 1005 

T-student test was used to calculate statistical significance. ****P < 0.0001, n.s.: no significance.  1006 

 1007 

Figure 2. Suppressing the production of meiotic DSBs increases p4E-BP staining in the 1008 

female germline of mio mutants.  1009 
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(A) Schematic representation of the Drosophila germarium. (A’A”) pseudo-color representation 1010 

of p-4E-BP staining, arrowhead denotes a region 1 ovarian cyst with high p-4E-BP levels. 1011 

Ovaries from (B) wild type (C) mio
2
, (D) mei-W68

1
, (E) mio

2
; mei-W68

1
, (F) spnA

1
, 1012 

(G) thor
2
 females stained for C(3)G (cyan) to mark the synaptonemal complex, p-4E-BP (white), 1013 

Vasa (magenta) to highlight the germline cytoplasm and DNA (Blue). (B) In wild-type ovarian 1014 

cysts, p-4E-BP staining begins to increase in region 2b (arrow). (C) In mio mutant ovarian cysts, 1015 

p-4E-BP levels remain low in region 2b and region 3.  (D,E) mio, mei-W68 double mutants have 1016 

p-4E-BP expression levels similar to mei-W68 single mutants. (F) spnA mutants, which fail to 1017 

repair meiotic DNA breaks, have low levels of p-4E-BP staining (G) thor
2
/4E-BP null mutants 1018 

serve as a negative control. (H) p-4E-BP intensity measurement of region 2b data (B)-(G). Scale 1019 

bar: 7 m. Unpaired T-student test was used to calculate statistical significance. *P<.05, * P< 1020 

0.01, ***P< 0.001, ****P<0.0001.   1021 

 1022 

Figure 3. GATOR1 influences the steady state number and persistence of DSBs in early 1023 

oocytes.  1024 

Ovaries from (A) wild type, (B) nprl2
1
, (C) nprl3

1
/Df, (D) iml

1
/Df , (E) nanos-GAL4; UAS-1025 

Nprl3; nprl3
1
/Df, (F) mei-P22

P22
, nprl3

1
, and (G) spnA

1
/spnA

093 
females were stained for C(3)G 1026 

(green, A’-G’) and -H2Av (red, A-G). C(3)G marks the synaptonemal complex (SC) and is 1027 

used to mark oocytes and follow meiotic progression. γ-H2Av marks DSBs. Scale bars, 10μm. In 1028 

wild type oocytes, meiotic DSBs are induced in region 2a and repaired by region 3 (arrow). In 1029 

GATOR1 mutants, DSBs persist in region 3 oocytes. In nanos-GAL4; UAS-Nprl3; nprl3
1
/Df 1030 

oocytes, DSBs are repaired by region 3. mei-P22
P22

, nprl3
1
 mutants have no DSBs. (H) Ovaries 1031 

from wild type, nprl2
1
, nprl3

1
/Df, iml

1
/Df , spn-A

1
/spn-A

093A
, nprl2

1
; spnA

1
/spnA

093
,mei-1032 
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P22
p22

,nprl3
1
 and nanos-GAL4; UAS-Nprl3; nprl3

1
/Df flies were stained for C(3)G (green) and 1033 

-H2Av (red). Representative immunofluorescent microphotographs of the γ-H2Av foci in 1034 

region 2a oocyte are shown. (I) Percentage of region 3 oocytes with γ-H2Av foci. (J and K) 1035 

Quantification of γ-H2Av foci in region 2a oocytes. Unpaired T-student test was used to 1036 

calculate the statistical significance. Error bars represent SD from at least three independent 1037 

experiments.** P<0.01, ****P < 0.0001, ns: no significance. Note that the three GATOR1 1038 

mutants, nprl3
1
, nprl2

1
 and iml1

1
 are null alleles (Cai et al. 2016; Wei et al. 2016).  1039 

 1040 

Figure 3, Figure supplement 1. nprl2 and nprl3 mutant females are semi-sterile. 1041 

y, w (WT), nprl2
1
 and nprl3

1
/Df females were cultured on standard media with wet yeast for two 1042 

days. (A) Eggs laid per female per day were counted starting from the third day for the following 1043 

four days, and the average egg laid each day were calculated. (B) Eggs were cultured for three 1044 

additional days after eggs were laid to determine eggs hatched. Error bars represent standard 1045 

deviation from at least three independent groups. Unpaired T-student test was used to calculate 1046 

the statistical significance. ****P < 0.0001 1047 

 1048 

 1049 

 1050 

Figure 4.  Reducing the dose of S6K rescues the meiotic DSB phenotype in iml1 1051 

knockdowns. 1052 

(A) γ-H2Av foci in region 2a oocytes in the indicated genotypes. (B) Quantification of γ-1053 

H2Av foci in region 2a oocytes in the indicated genotypes. Note that meiotic DSBs were 1054 

increased in nanos-GAL4; iml1RNAi females. Moreover, removing a single copy of S6K in 1055 

the nanos-GAL4; iml1RNAi background reduced the steady state number of meiotic DSBs 1056 
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in nanos-GAL4; iml1RNAi; S6Kl-1/+ females. Unpaired T-student test was used to calculate 1057 

statistical significance. * P<0.05, ****P < 0.0001, n.s.: no significance.  1058 

(B)  1059 

Figure 5. GATOR1 prevents p53 hyperactivation in Drosophila early ovarian cysts 1060 

 Ovaries from (A) p53R-GFP, (B) nprl2
1
; p53R-GFP, (C) p53R-GFP;nprl3

1
/Df, (D) p53R-GFP; 1061 

iml
1
/Df and (E) p53R-GFP; mei-P22

p22
, nprl3

1
 were stained for GFP (green) and 1B1 (red). 1062 

Germarial regions are defined by 1B1 staining. In wild-type ovaries the p53-GFP reporter is 1063 

briefly activated in region 2 (indicated by arrow). Note the low level of GFP staining. In contrast, 1064 

in GATOR1 mutants, p53R-GFP is robustly activated with strong GFP signal often persisting 1065 

into germarial region 3 and beyond. Additionally, in GATOR1 mutant germaria, p53R-GFP is 1066 

frequently activated in germline stem cell (GSC) and daughter cystoblasts (CB). In mei-P22
p22

, 1067 

nprl3
1
 double mutant germaria, the hyperactivation of p53R-GFP is rescued in region 2a ovarian 1068 

cysts. However, p53-GFP activation in GSC and CB is retained in the double mutants (asterisk) 1069 

indicating that in these cells the activation of p53 is not contingent on the presence of meiotic 1070 

DSBs. Scale bars, 10μm. (F) Percentage of germaria with sustained p53R-GFP signal in region 1071 

3. (G) Percentage of germaria with high p53R-GFP signal in region 2. (H) Percentage of 1072 

germaria with p53R-GFP expression in GSC and CB. Unpaired student T-test was used to 1073 

calculate the statistical significance Error bars represent SD from at least three independent 1074 

experiments. **P < 0.01, ****P<0.0001.  1075 

 1076 

Figure 5--figure supplement 1. The GATOR1 complex acts cell autonomously in the female 1077 

germ line. 1078 

Germaria from (A) HS-FLP; p53RE; arm-LacZ, FRT80B / nprl3
1
, FRT 80B female and 1079 
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(B) HS-FLP; p53RE; arm-LacZ, FRT80B / iml1
1
, FRT 80B females stained for GFP (green) and 1080 

lacZ (red). The nprl3
1 
and iml1

 1
 homozygous clones are identified by the absence of anti-lacZ 1081 

staining. Scale bar 10 m. 1082 

 1083 

Figure 6. The TORC1 inhibitor TSC1 promotes genomic stability in early oocytes. 1084 

Ovaries from (A) p53R-GFP; MTD>mCherry RNAi and (B) p53R-GFP; MTD>Tsc1 RNAi flies 1085 

were stained for GFP (green) and 1B1 (red). In the mCherry RNAi (control) ovaries the p53-GFP 1086 

expression is very low. In contrast, the Tsc1 RNAi  ovaries have sustained GFP signal that 1087 

persists into germarial region 3. Scale bars, 10μm. (C) Percentage of germaria with strong p53R-1088 

GFP signal in region 2. (D) Percentage of germaria with sustained p53R-GFP signal in region 3. 1089 

The -H2Av foci were determined in MTD>mCherry RNAi and MTD>Tsc1 RNAi ovaries. (E) 1090 

Percentage of region 3 oocytes with γ-H2Av foci. (F) Quantification of γ-H2Av foci per oocyte 1091 

in region 2a. Unpaired student  T-test was used to calculate the statistical significance Error bars 1092 

represent SD from at least three independent experiments. *P < 0.05, ****P<0.0001. 1093 

 1094 

Figure 7. Nprl3 promotes DNA repair in somatically derived follicle cells. 1095 

Egg chambers from fed (A) WT and (B) nprl3
1
/Df  females exposed toGy -irradiation. 1096 

Ovaries were dissected at 0 hr (no irradiation) (A, B), 1 hr (A’, B’) and 6 hr post-irradiation (A’’, 1097 

B’’) and stained with antibodies against -H2Av (dsDNA breaks, Red), C(3)G (cyan) and the 1098 

DNA dye DAPI (blue). (C) Quantification of -H2Av positive follicle cells from the indicated 1099 

time points and genotypes. Note that an increased percentage of nprl3/Df follicle cells contain -1100 

H2Av foci 6 hours post irradiation relative to controls. Scale bar: 7 m. Arrows denote -H2Av 1101 

positive follicle cells.  1102 
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 1103 

Figure 8. GATOR1 opposes retrotransposon expression in parallel to p53.  1104 

(A) Quantitative RT-PCR analysis of expression levels for retrotransposons in wild type, nprl2
1
, 1105 

nprl3
1
/Df, nanos-GAL4; UAS-Nprl3; nprl3

1
/Df , spnA

1
/spnA

093
 and spnA

1
/spnA

1
 ovaries. (B) 1106 

Quantitative RT-PCR analysis of expression levels for transposons in wild type, nprl3
1
 and mei-1107 

P22
P22

, nprl3
1
 ovaries. (C) Quantitative RT-PCR analysis of expression levels for the 1108 

transposons in wild type, p53
5A-1-4

, nprl3
1
/Df and nprl3

1
/Df, p53

5A-1-4
 ovaries. Rp49 is used for 1109 

normalization. Fold expression levels are relative to wild type. Error bars represent SD of three 1110 

independent experiments. 1111 

 1112 

Figure 8, Figure supplement 1. Quantitative RT-PCR analysis of retrotransposon 1113 

transcript levels in Tsc1 knockdowns.  1114 

RT-PCR was used to identify (A) Tsc1 and (B) retrotransposons transcript levels in MTD>Tsc1 1115 

RNAi ovaries. Rp49 was used for normalization. Fold changes are relative to MTD>mCherry 1116 

RNAi (control). Standard deviations were calculated from 3 biological replicates. 1117 

 1118 

Figure 9. A working model for the role of the GATOR complex in the response to meiotic 1119 

DSBs.   1120 

(A) After ovarian cysts enter meiosis, meiotic DSBs function to activate and/or maintain a 1121 

GATOR1/TSC dependent pathway to ensure low TORC1 activity in early prophase of meiosis I.  1122 

Low TORC1 activity promotes the timely repair of meiotic DSBs. Currently, whether meiotic 1123 

DSBs directly activate the GATOR1/TSC pathway or an alternative pathway that works in 1124 

concert with, or in parallel to, GATOR1/TSC is not known. (B) Subsequently, the GATOR2 1125 



 

 53 

component Mio is required to attenuate the activity of the GATOR1/TSC pathway, thus allowing 1126 

for increased TORC1 activity and the growth and development of the oocyte in later stages of 1127 

oogenesis.  1128 

 1129 

 1130 

 1131 

 1132 



 

 

Table 1 nprl2 and nprl3 larvae are sensitive to the mutagen Methyl Methane Sulfonate. 1133 

 1134 

 1135 

 1136 

 1137 

  

  MMS (0 %) MMS (0.04 %) 

MMS (0.08 %) 
 

 
 

  

Genotype % Obs.                          
(# of Obs. / # of Total) 

% of 
expected 
progeny 

 

% Obs.                           
(# of Obs. / # of Total) 

% of 
expected 
progeny 

 

% Obs.                           
(#  of Obs. / # of Total) 

% of expected 
progeny 

 

  
nprl21 / 
nprl21 

27.6 (172/624) 
55.2% 

(27.6/50) 
17.6 (99/561) 

35.2% (17.6 / 
50) 

13.7 (42/307) 
27.4% (13.7 / 

50) 
      

 
  

 
  

 

  nprl31/ Df 27.1 (822/3038) 
 81.4% (27.1 / 

33.3) 
8 (198/2472) 

 24% (8.0 / 
33.3) 

2.4 (46/1925) 
7.2% (2.4 / 

33.3) 

                

                

 

          
Eclosion after exposure to the mutagen Methyl Methane Sulfonate. Third instar larvae derived from heterozygous parents were treated with the 1138 
indicated concentration of MMS and the surviving adult progeny were scored. % Obs represents the total percentage of adults of the indicated 1139 
mutant genotype divided by the total number of adults scored. % of expected progeny represents the percentage of mutant adults observed (% 1140 
Obs) divided by the expected percentage of mutant adults based on the parental cross. For nprl2, which is on the X chromosome, the expected 1141 
percentage of mutant progeny was 50%. For nprl3, which is on the 3

rd
 chromosome, the expected percentage of mutant progeny was 33.3%. The 1142 

observation that nprl2 and nprl3 have a lower percent survival than would be predicted at 0% MMS reflects the fact that these mutants are 1143 
partially lethal in the absence of mutagen.  1144 
 1145 
Obs.= Observed, # of Obs= Number of mutant adults scored , # of Total=Total number of adults scored. 1146 
 1147 
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