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Abstract The TORC1 regulator GATOR1/SEACIT controls meiotic entry and early meiotic events
in yeast. However, how metabolic pathways influence meiotic progression in metazoans remains
poorly understood. Here we examine the role of the TORC1 regulators GATOR1 and GATOR2 in
the response to meiotic double-stranded breaks (DSB) during Drosophila oogenesis. We find that in
mutants of the GATOR2 component mio, meiotic DSBs trigger the constitutive downregulation of
TORC1 activity and a permanent arrest in oocyte growth. Conversely, in GATOR1 mutants, high
TORC1 activity results in the delayed repair of meiotic DSBs and the hyperactivation of p53.
Unexpectedly, we found that GATOR1 inhibits retrotransposon expression in the presence of
meiotic DSBs in a pathway that functions in parallel to p53. Thus, our studies have revealed a link
between oocyte metabolism, the repair of meiotic DSBs and retrotransposon expression.

DOI: https://doi.org/10.7554/eLife.42149.001

Introduction

We are interested in understanding how metabolism impacts meiotic progression during oogenesis.
Target of Rapamycin Complex 1 (TORC1) is a multi-protein complex that functions as a master regu-
lator of metabolism (Loewith and Hall, 2011; Laplante and Sabatini, 2012a; Jewell and Guan,
2013). In the presence of adequate nutrients and positive upstream growth signals, TORC1, which
contains the serine/threonine kinase Target of Rapamycin, becomes active and functions to stimulate
growth and inhibit catabolic metabolism through the phosphorylation of down-stream effector pro-
teins. The Seh1 Associated Complex Inhibits TORC1 (SEACIT), originally identified in yeast, inhibits
TORC1 activity in response to amino acid limitation (Neklesa and Davis, 2009,
Dokudovskaya et al., 2011, Wu and Tu, 2011; Bar-Peled et al., 2013, Panchaud et al., 2013).
SEACIT, known as the GAP Activity Towards Rags complex 1 (GATOR1) in metazoans, is comprised
of three highly conserved proteins Npr2/Nprl2, Npr3/Nprl3 and Iml1/Depdc5 (Bar-Peled et al.,
2013; Panchaud et al., 2013). In Drosophila and mammals, depleting any of the three GATOR1
components results in increased TORC1 activity and growth, as well as a reduced response to amino
acid starvation (Kowalczyk et al., 2012; Bar-Peled et al., 2013; Wei et al., 2014; Dutchak et al.,
2015; Cai et al., 2016; Marsan et al., 2016). Thus, the role of the SEACIT/GATOR1 complex in the
regulation of TORC1 activity is highly conserved in eukaryotes.

The multi-protein GATOR2 complex, known as Seh1 Associated Complex Activates TORC1 (SEA-
CAT) in yeast, inhibits the activity of GATOR1 and thus functions to activate TORC1 (Bar-
Peled et al., 2013; Wei et al., 2014) (Figure 1A). In metazoans, the GATOR2 complex functions in
multiple amino acid sensing pathways (Bar-Peled et al., 2013, Panchaud et al., 2013
Chantranupong et al., 2014; Parmigiani et al., 2014; Kim et al., 2015; Cai et al., 2016). In tissue
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Figure 1. Mio prevents the constitutive downregulation of TORC1 activity in response to meiotic DSBs. (A) The GATOR2 complex opposes the activity
of the TORC1 inhibitor GATOR1. (B) Representative ovaries from wild type (WT), mio?, double-mutant mio?, mei-Wé8' and mei-Wé8' females. Scale
bar, 1000 um. (C) Western blot of p-S6K and total-S6K levels of whole ovaries prepared from WT, mio? and mio?, mei-wé8' and mei-Wé8' mutant
females. (D) Quantification of p-Sé6K levels relative to total S6K. Unpaired student T-test was used to calculate the statistical significance. Error bars
represent the standard deviation (SD) for three independent experiments. *p<0.05.

DOI: https://doi.org/10.7554/eLife.42149.002

The following figure supplements are available for figure 1:

Figure supplement 1. Removing meiotic DSBs partially rescues the low egg production of mio mutants.

DOI: https://doi.org/10.7554/eLife.42149.003

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

DOI: https://doi.org/10.7554/elife.42149.004

Figure supplement 3. Blocking the formation of meiotic DSBs fails to increase total TORC1 activity in wild type or nprl3 mutant ovaries as measured by
western blot.

DOI: https://doi.org/10.7554/eLife.42149.005

Figure supplement 4. Mutations in the checkpoint protein loki rescues the sehT ovarian phenotype.

DOI: https://doi.org/10.7554/eLife.42149.006

culture cells, depleting GATOR2 components results in the constitutive activation of GATOR1 and
the permanent downregulation of TORC1 activity (Bar-Peled et al., 2013; Wei and Lilly, 2014).
However, genetic studies of the role of individual GATOR2 components in Drosophila, indicate that
the requirement for the GATOR2 complex is more nuanced when examined in the context of a mul-
ticellular animal (lida and Lilly, 2004; Wei et al., 2016). For example, mutations in the GATOR2
component mio, result in a block to oocyte growth and differentiation, due to the constitutive down-
regulation of TORC1 activity in the female germline (lida and Lilly, 2004, Wei et al., 2016).
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However, mio is not required to maintain TORC1 activity in most somatic tissues of Drosophila
(Wei et al., 2016). Why there is a tissue specific requirement for mio in the female germline of Dro-
sophila is currently unknown.

In single celled eukaryotes, nutrient limitation often facilitates meiotic entry (van Werven and
Amon, 2011). In the yeast Saccharomyces cerevisiae, the down-regulation of TORC1 by SEACIT/
GATOR1 in response to amino acid stress promotes both meiotic entry and early meiotic progres-
sion (Deutschbauer et al., 2002; Jordan et al., 2007, Neklesa and Davis, 2009; Spielewoy et al.,
2010). Surprisingly, as is observed in yeast, during Drosophila oogenesis the GATOR1 complex pro-
motes meiotic entry (Wei et al., 2014). These data raise the intriguing possibility that in Drosophila
the GATOR1 complex and low TORC1 activity may be critical to the regulation of additional events
of the early meiotic cycle.

Here we report that the GATOR complex is critical to the response to meiotic DSB during Dro-
sophila oogenesis. We find that restraining TORC1 activity via a pathway that involves both GATOR1
and the Tuberous sclerosis complex (TSC) promotes the timely repair of meiotic DSBs and prevents
the hyperactivation of p53 in the female germline. Notably, the delayed repair of meiotic DSBs in
GATOR1 mutants is due, at least in part, to the hyperactivation of the TORC1 target S6K. Con-
versely, our data indicate that the GATOR2 component Mio opposes the activity of GATOR1 in the
female germline, thus preventing the constitutive downregulation of TORC1 activity and allowing for
the growth and development of the oocyte in later stages of oogenesis. Thus, we have identified a
regulatory loop required to modulate TORC1 activity in response to meiotic DSBs during Drosophila
oogenesis. Finally, during the course of our studies, we observed that the GATOR1 complex pre-
vents the derepression of retrotransposon expression in the presence of meiotic DSBs.

Results

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

The GATOR2 complex inhibits the TORC1 inhibitor GATOR1 (Figure 1A). Ovaries from mutants of
the GATOR2 component mio, have reduced TORC1 activity and are severely growth restricted
(Figure 1B-D) (lida and Lilly, 2004; Wei et al., 2014). In our previous studies, we demonstrated
that the mio ovarian phenotypes result from the constitutive downregulation of TORC1 activity via a
GATOR1 dependent pathway (Wei et al., 2014). Thus, removing GATOR1 activity in the mio mutant
background, as is observed in mio, nprl3 double mutants, results in increased TORC1 activity and
rescues the mio ovarian phenotypes (Wei et al., 2014).

Surprisingly, mio mutants are also suppressed by blocking the formation of meiotic DSBs, with
approximately 70% of mio ovaries achieving wild-type levels of growth when double mutant for
genes required to generate meiotic DSBs (Figure 1B) (lida and Lilly, 2004). One model to explain
this observation is that meiotic DSBs promote the downregulation of TORC1 activity in the early mei-
otic cycle and that mio is required to oppose or attenuate this response. To test this idea, we exam-
ined if blocking the formation of meiotic DSBs in the mio mutant background resulted in increased
TORC1 activity. Towards this end, we compared the phosphorylation status of Sé kinase, a down-
stream TORC1 target, in ovaries from mio? single mutant versus mio, mei-Wé8 double mutant ova-
ries (Figure 1C,D). For these experiments, we used null alleles of both mio (mio®) and mei-Wé8
(mei-W68") (McKim and Hayashi-Hagihara, 1998; lida and Lilly, 2004). mei-Wé8 (SPO11 homolog)
is a highly-conserved enzyme required for the generation of meiotic DSBs (McKim and Hayashi-
Hagihara, 1998; Sekelsky et al., 1999, Liu et al., 2002). We found that relative to ovaries from mio
single mutants, mio, mei-Wé8 double mutants have increased levels of TORC1 activity as measured
by the phosphorylation of S6K (Figure 1C,D). Notably, mio?, mei-Wé8" mutants have TORC1 activity
levels similar to that observed in mei-Wé8' single mutants (Figure 1C,D). Why ovaries from mei-
W68 single mutants have decreased levels of TORC1 activity relative to wild type ovaries is unclear.
In addition to increasing TORC1 activity, blocking the formation of meiotic DSBs partially rescues
mio mutant fertility, with mio?, mei-Wé8" double mutants laying approximately ten times more eggs
than mio? single mutants (Figure 1—figure supplement 1). Finally, mutants in the spnA homolog
Rad51, which fail to repair meiotic DSBs, also have decreased TORC1 activity relative to wild-type
ovaries (Figure 1—figure supplement 2). From these data, we conclude that the constitutive
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downregulation of TORC1 activity in mio mutants is potentiated, at least in part, by the presence of
meiotic DSBs.

To refine when meiotic DSBs impact TORC1 activity during meiosis, we stained ovaries with anti-
bodies against the phosphorylated form of the TORC1 target 4E-BP (Teleman et al., 2005). TORC1-
mediated phosphorylation of 4E-BP, known as Thor in Drosophila, initiates cap-dependent transla-
tion by elFAE (Gingras et al., 1998) (Teleman et al., 2005). In Drosophila, oogenesis begins in
region 1 of the germarium when a germline stem cell divides to produce a cystoblast that undergoes
four mitotic divisions, with incomplete cytokinesis, to produce a 16 cell interconnected germline cyst
(Figure 2A) (de Cuevas et al., 1997). In late region 2a of the germarium, Spo11/Mei-Wé8 generates
the meiotic DSBs that initiate meiotic recombination (McKim and Hayashi-Hagihara, 1998,
Hunter, 2015). As meiosis proceeds, meiotic DSBs are repaired such that by late region 2b, only a
small fraction of oocytes retain unrepaired DSBs (Mehrotra and McKim, 2006; Narbonne-
Reveau and Lilly, 2009). We found that the levels of p4E-BP are low in the vast-majority of ovarian
cysts undergoing mitotic divisions in region 1 (Figure 2A’,B). However, a small number (0.5 per ger-
marium, n = 57) of region one ovarian cysts have dramatically higher levels of p4E-BP staining
(Figure 2A", arrowhead). These observations are consistent with the previously reported oscillation
of TORC1 activity during the mitotic cell cycle in larval imaginal discs (Kim et al., 2017; Romero-
Pozuelo et al., 2017). As ovarian cysts enter meiosis | in early region 2a of the germarium, the levels
of p4E-BP are low (Figure 2A’,B). As ovarian cysts are encapsulated by follicle cells in germarial
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Figure 2. Suppressing the production of meiotic DSBs increases p4E-BP staining in the female germline of mio mutants. (A) Schematic representation
of the Drosophila germarium. (A’A’) pseudo-color representation of p-4E-BP staining, arrowhead denotes a region one ovarian cyst with high p-4E-BP
levels. Ovaries from (B) wild type (C) mio?, (D) mei-Wé8', (E) mio?; mei-Wé8', (F) spnA’, (G) thor? females stained for C(3)G (cyan) to mark the
synaptonemal complex, p-4E-BP (white), Vasa (magenta) to highlight the germline cytoplasm and DNA (Blue). (B) In wild-type ovarian cysts, p-4E-BP
staining begins to increase in region 2b (arrow). (C) In mio mutant ovarian cysts, p-4E-BP levels remain low in region 2b and region 3. (D,E) mio, mei-
W68 double mutants have p-4E-BP expression levels similar to mei-Wé8 single mutants. (F) spnA mutants, which fail to repair meiotic DNA breaks, have
low levels of p-4E-BP staining (G) thor?/4E-BP null mutants serve as a negative control. (H) p-4E-BP intensity measurement of region 2b data (B)-(G).
Scale bar: 7 um. Unpaired T-student test was used to calculate statistical significance. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

DOI: https://doi.org/10.7554/eLife.42149.007
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region 2b, the levels of p4E-BP begin to rise and remain above those observed in region one and
early region 2a (Figure 2B, arrow). In contrast to what is observed in wild type, in mio mutant ovar-
ian cysts, p4E-BP levels remain low in germline cells in region 2b and beyond (Figure 2C, arrow).
Consistent with the western blot analysis, mio, mei-w68 double mutant ovarian cysts have an approx-
imately three-fold increase in p4E-BP staining in region 2b of the germarium relative to mio mutants
(Figure 2C,E and H) Notably, the increase in TORC1 activity in the mio, mei-w68 double mutants is
restricted to the germline, consistent with blocking meiotic DSBs having cell autonomous effects on
TORCI1 activity in the germline. Additionally, consistent with our western blot analysis in Figure 1—
figure supplement 2, ovarian cysts from spnA/Rad51 mutants, which do not repair meiotic DSBs,
have reduced levels of p4E-BP staining (Figure 2F). Taken together these data strongly suggest that
mio is required to oppose the downregulation of TORC1 activity triggered by the presence of mei-
otic DSBs.

To examine if meiotic DSBs activate the downregulation of TORC1 activity via GATOR1, or acti-
vate a parallel TORC1 inhibitory pathway, we performed epistasis analysis with a null mutant of the
GATOR1 component nprl3 (nprl3") and a mutant of mei-P22, a gene required for the generation of
meiotic DSBs (McKim et al., 1998; Liu et al., 2002; lida and Lilly, 2004). The mei-P22°%? mutation,
which rescues the mio ovarian growth deficit, blocks the formation of meiotic DSBs resulting in mei-
otic exchange rates of zero or near zero (McKim et al., 1998, Liu et al., 2002; lida and Lilly, 2004).
We found that mei-P227?2 single mutants had pS6K levels that were not significantly different than
ovaries from wild-type females when measured by western blot (Figure 1—figure supplement 3).
This result is not surprising when one considers the anatomy of the Drosophila ovary. In wild-type
ovaries, meiotic DSBs are present in only a small number of 16 cell cysts in the germarium. More-
over, meiotic DSBs are repaired prior to the rapid growth of the egg chamber. Thus, in wild type
females, ovarian cysts that contain meiotic DSBs represent an exceedingly small percentage of the
tissue in the ovary. Therefore, it is unlikely that increasing TORC1 activity in only a small number of
germarial ovarian cysts would result in an increase in TORC1 activity in the ovary that could be
observed by western blot. In contrast, note that ovaries from spnA mutants, which retain DSBs
throughout oogenesis, have low TORC1 activity relative to wild type ovaries (Figure 1—figure sup-
plement 2). Consistent with mei-P22 mutant ovaries not having increased TORC1 activity, we found
that mei-P22, nprl3 double-mutant ovaries do not have pSé6K levels above those of npri3 single
mutants. Thus, using epistasis analysis we were unable to definitely determine if meiotic DSBS trig-
ger the downregulation of TORC1 activity via the GATOR1/TSC pathway.

We were interested in defining the upstream pathway that connects meiotic DSBs to the TORC1
regulatory machinery. Ataxia telangiectasia (ATM), known as telomere fusion (tefu) in Drosophila,
regulates both the generation and the repair of meiotic DSBs (Joyce et al., 2011). atm/tefu mutants
produce supernumerary meiotic DSBs. Therefore, we examined a downstream target and effector of
atm/tefu, chk2, which has not been implicated in the generation of meiotic DSBs. chk2, known as
loki in Drosophila, is a critical component of the DNA damage response pathway and has multiple
targets involved in DNA repair, cell cycle progression and apoptosis (Zannini et al., 2014). We
determined that removing chk2/loki activity in the mio mutant background, by generating double-
mutants of loki and mio null alleles, partially rescued the mio mutant phenotype (Figure 1—figure
supplement 4). Specifically, we found that mio?, loki® double mutants are approximately twice the
size of mio? single mutants. In contrast, we previously demonstrated that the downregulation of
TORC1 activity observed in the mio mutant is not triggered by the upstream activity of Ataxia Telan-
giectasia—Related (ATR), known as mei-41 in Drosophila (lida and Lilly, 2004; Joyce et al., 2011).
These data suggest that DSBs communicate to the TORC1 machinery at least in part through the
checkpoint protein Chk2/Loki.

GATOR1 promotes the repair of meiotic DSB

In previous work we found that the GATOR1 complex downregulates TORC1 activity to facilitate
meiotic entry in Drosophila ovarian cysts (Deutschbauer et al., 2002; Jordan et al., 2007,
Neklesa and Davis, 2009; Spielewoy et al., 2010; Wei et al., 2014). However, the delay in meiotic
entry observed in Drosophila GATOR1 mutants is not fully penetrant and therefore unlikely to be
the sole cause of the infertility observed in GATOR1 mutant females (Figure 3—figure supplement
1A,B) (Wei et al., 2014). Considering our findings that meiotic DSBs serve to promote and/or rein-
force low TORC1 activity after the mitotic/meiotic switch, we hypothesized that as is observed in
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yeast, the downregulation of TORC1 activity may be critical to the regulation of additional early mei-
otic events, including the repair of meiotic DSBs in Drosophila.

To test this hypothesis, we examined the behavior of meiotic DSBs in null alleles of nprl2, nprl3
and iml1 (Cai et al., 2016; Wei et al., 2016). During Drosophila cogenesis, the kinetics of DSB for-
mation and repair can be followed using an antibody against the phosphorylated form of His2Av
known as y-His2Av (Madigan et al., 2002, Mehrotra and McKim, 2006). Drosophila ovarian cysts
generate meiotic DSBs after the initiation of synaptonemal complex (SC) formation in region 2a of
the germarium (Carpenter, 1975; Jang et al., 2003; Mehrotra and McKim, 2006). y-H2Av nuclear
foci are first observed in the two pro-oocytes, which are in early pachytene (Jang et al., 2003;
Mehrotra and McKim, 2006). A small number of DSBs are also observed in the pro-nurse cells
(Mehrotra and McKim, 2006; Narbonne-Reveau and Lilly, 2009). As meiosis proceeds and the
DSBs are repaired, y-H2Av-positive foci decrease in number and mostly disappear by late region 2b
(Jang et al., 2003; Mehrotra and McKim, 2006). y-H2Av signals are rarely detected in region three
oocytes (Figure 3A, arrow). Analysis of mutants that fail to repair DSBs, and thus capture the total
number of meiotic breaks, indicate that wild-type oocytes generate approximately 20-25 Spo11/
Mei-Wé68 dependent breaks during oogenesis (Mehrotra and McKim, 2006; Joyce et al., 2011).

To determine if GATOR1 regulates the behavior of meiotic DSBs in Drosophila, we compared the
pattern of y-H2Av foci in wild-type versus GATOR1 mutant ovaries using antibodies against y-H2Av
and the SC component C(3)G, to highlight DSBs and oocytes respectively (lida and Lilly, 2004,
Mehrotra and McKim, 2006). We determined that while the majority of wild-type oocytes had
repaired all of their DSBs and thus had no y-H2Av foci by region 3 of the germarium, in GATOR1
mutants between 50-80% of region three oocytes are y-H2Av positive (Figure 3A-E,H, arrow)
(Mehrotra and McKim, 2006). Moreover, GATOR1 mutant oocytes had a significant increase in the
steady state number of y-H2Av foci per oocyte nucleus in region 2a of the germarium relative to
wild-type oocytes (Figure 3J). From these data, we conclude that the GATOR1 complex influences
the behavior of meiotic DSB during early oogenesis.

Next, we examined if the altered y-H2Av pattern observed in GATOR1 mutants was dependent
on the meiotic DSB machinery. Alternatively, the extra DSB may be induced during the premeiotic S
phase, as is observed in mutants of the CycE/Cdk2 inhibitor dacapo (Hong et al., 2003). To address
this question, we analyzed nprl3, mei-P22 double-mutants. As discussed above, mei-P22 is required
for the formation of meiotic DSBs in Drosophila (Liu et al., 2002). We determined that double-
mutant nprl3, mei-P22 oocytes had no y-H2Av foci (Figure 3F,I and J). These data indicate that the
increase in the steady state number of y-H2Av foci, as well as the retention of these foci into region
3 of the germarium, are dependent on the meiotic DSB machinery.

During the development of wild-type Drosophila oocytes, the generation and repair of meiotic
DSBs is asynchronous. Thus, the number of y-H2Av foci observed in an oocyte at any single time
point, is less than the total number of DSBs generated during the lifetime of the oocyte.

(Mehrotra and McKim, 2006; Joyce et al., 2011). We noticed that the number of y-H2Av foci
observed in GATOR1 mutant oocytes is never more than the 20-25 foci observed in mutants in the
DSB repair pathway (Figure 3J) (Mehrotra and McKim, 2006). This observation suggested that the
increase in the steady state number of DSBs observed in GATOR1 mutants may result from the
delayed repair of meiotic DSBs, rather than the production of supernumerary Mei-W68/Spo11
induced DSBs. To test this hypothesis, we generated nprl2, spnA double mutants. Importantly, spnA
mutants, including the spnA’/spnA°? transheterozygotes used here, fail to repair meiotic DSBs
(Figure 3G) (Staeva-Vieira et al., 2003; Joyce and McKim, 2011). If nprl2 mutants make extra mei-
otic breaks, then the number of foci in the nprl2, spnA double mutants should be higher than either
single mutant. However, we found that the nprl2, spnA double-mutants contained approximately
the same number of y-H2Av foci as spnA single mutants (Figure 3K). Thus, mutations in nprl2 do
not result in the production of extra meiotic breaks. Taken together, our data strongly suggest that
the GATOR1 complex influences the repair, rather than the production, of meiotic DSBs.

In Drosophila, the failure to repair meiotic DSBs activates an ATR-dependent checkpoint that dis-
rupts dorsal ventral (DV) patterning in the egg (Ghabrial et al., 1998; Ghabrial and Schiipbach,
1999). We find that approximately 98% of eggs from npri3’ mothers exhibit no DV patterning
defects (n = 308). Moreover, the approximately 2% of eggs from nprl3 mothers that have a possible
DV patterning defect, are smaller and have a collapsed egg shell. Thus, the DV patterning defects
observed in eggs from nprl3 mutant mothers may reflect a general problem in egg chamber growth
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Figure 3. GATOR1 influences the steady state number and persistence of DSBs in early oocytes. Ovaries from (A) wild type, (B) npr121, (] npr/37/Df, (D)
iml'/Df, (E) nanos-GAL4; UAS-Nprl3; npr/37/Df, (F) mei-P225%2, npr/37, and (G) spnA7/spnA093 females were stained for C(3)G (green, A'-G’) and y-H2Av
(red, A-G). C(3)G marks the synaptonemal complex (SC) and is used to mark oocytes and follow meiotic progression. y-H2Av marks DSBs. Scale bars,
10 um. In wild type oocytes, meiotic DSBs are induced in region 2a and repaired by region 3 (arrow). In GATOR1 mutants, DSBs persist in region three
oocytes. In nanos-GAL4; UAS-Nprl3; npr/37/Df oocytes, DSBs are repaired by region 3. mei-P22F?2, npr/37 mutants have no DSBs. (H) Ovaries from wild
type, nprl2!, nprl3'/Df, iml'/Df, spn-A'/spn-A%A, npri2’; spnA'/spnA%2 mei-P22°?2 nprl3" and nanos-GAL4; UAS-Nprl3; nprl3'/Df flies were stained for
C(3)G (green) and y-H2Av (red). Representative immunofluorescent microphotographs of the y-H2Av foci in region 2a oocyte are shown. (I) Percentage
of region three oocytes with y-H2Av foci. (J and K) Quantification of y-H2Av foci in region 2a oocytes. Unpaired T-student test was used to calculate the
statistical significance. Error bars represent SD from at least three independent experiments.**p<0.01, ****p<0.0001, ns: no significance. Note that the
three GATOR1 mutants, nprl37, npr/27 and iml1" are null alleles (Cai et al., 2016; Wei et al., 2016).

Figure 3 continued on next page
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Figure 3 continued
DOI: https://doi.org/10.7554/elife.42149.008
The following figure supplement is available for figure 3:

Figure supplement 1. nprl2 and nprl3 mutant females are semi-sterile.
DOI: https://doi.org/10.7554/elife.42149.009

and development. In contrast, 77% of eggs from mutant spnA’ mothers exhibit DV patterning
defects (n = 271) (Staeva-Vieira et al., 2003). Why we do not observe DV patterning defects in
GATOR1 mutants is unclear but may indicate that high TORC1 activity delays but does not block all
aspects of meiotic DNA repair. Alternatively, high TORC1 activity may override the translational
repression of the patterning gene gurken that drives the pattern defects observed in DNA repair
mutants such as spnA (Abdu et al., 2002).

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

TORC1 stimulates protein synthesis and cell growth through the phosphorylation of downstream
effector proteins that promote anabolism and inhibit catabolism (Hay and Sonenberg, 2004,
Waullschleger et al., 2006). We wanted to identify the pathways downstream of TORC1 that impact
the repair of meiotic DSBs (Wei et al., 2016). Towards this end we examined the role of three well
known downstream targets of TORC1 phosphorylation, S6K, Atg1 and 4E-BP in the regulation of
meiotic DSBs (Laplante and Sabatini, 2012b). We determined that the depletion of im/1 by RNA,
recapitulates the im/1 mutant phenotype resulting in an increase in the steady state number of mei-
otic DSBs in the germarium (Figure 4). TORC1 phosphorylation activates S6K, a serine-threonine
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Figure 4. Reducing the dose of S6K rescues the meiotic DSB phenotype in im/1 knockdowns. (A) y-H2Av foci in region 2a oocytes in the indicated
genotypes. (B) Quantification of y-H2Av foci in region 2a oocytes in the indicated genotypes. Note that meiotic DSBs were increased in nanos-GAL4;
iml1"NAT females. Moreover, removing a single copy of S6K in the nanos-GAL4; iml1T™A background reduced the steady state number of meiotic DSBs
in nanos-GAL4; iml1"NA, S6K™"/+ females. Unpaired T-student test was used to calculate statistical significance. *p<0.05, ****<0.0001, n.s.: no
significance. (B).
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kinase that promotes translation and growth (Tavares et al., 2015). In mammals, S6K links growth
control to the DNA damage response (Xie et al., 2018). To determine if the hyperactivation of S6K
contributes to the defects in the repair of meiotic DSBs observed in GATOR1 mutants, we reduced
the dose of the S6K gene by half in the iml7 germline depletions. Notably, reducing the dose of S6K
lowered the steady state number of meiotic DSBs in im/1T RNAi depletions to levels observed in con-
trols (Figure 4A,B). These data indicate that the delay in the repair of meiotic DSBs observed in
GATOR1 mutant ovaries is at least in part the result of the hyperactivation of S6K.

High TORC1 inhibits the activation of autophagy via the inhibitory phosphorylation of Atg1 and
Atg13 (Galluzzi et al., 2014). In our previous work, we determined that GATOR1 mutants fail to
undergo autophagy in response to starvation due to inappropriately high TORC1 activity (Wei et al.,
2016). Recent evidence suggests that blocking autophagy inhibits DSB repair through homologous
recombination (Hewitt and Korolchuk, 2017). Therefore, to examine if a block to autophagy is
responsible for the delay in the repair of meiotic DSBs we generated germline clones of a null allele
of atg1, which is required for the activation of autophagy in Drosophila (Scott et al., 2004). We
found that late region 2a oocytes in atg13° germline clones had approximately the same number of
v-H2Av foci as similarly staged wild-type oocytes (Figure 4B). From these data, we conclude that the
increased number of meiotic DSBs observed in GATOR1 mutants is unlikely to be the result of a
block to autophagy. Similarly, we found that null mutants of the translational inhibitor 4E-BP/thor,
which is inhibited by TORC1 activity do not have an increased steady state number of meiotic DSBs.
These data argue that the increase in the steady state number of meiotic DSBs in GATOR1 mutants
is not the result of increased translation due to a block to 4E-BP translational inhibition.

GATOR1 mutants hyperactivate p53 in response to meiotic DSBs p53, a transcription factor that
mediates a conserved response to genotoxic stress, regulates early meiotic events in multiple organ-
isms (Stiirzbecher et al., 1996; Lee et al., 1997; Linke et al., 2003; Mateo et al., 2016). During
Drosophila oogenesis, the generation of meiotic DSBs results in the brief activation of p53 and the
expression of downstream targets (Figure 5A) (Lu et al., 2010). To determine if GATOR1 mutants
experience increased genotoxic stress during oogenesis, we used a reporter construct to assay p53
activity. The p53-GFPnls reporter construct contains the Green Fluorescent Protein (GFP) under the
control of an enhancer from the p53 transcriptional target reaper (Lu et al., 2010). In wild-type ova-
ries, a faint signal from the p53-GFPnls reporter is first observed in region 2a of the germarium, con-
current with the generation of meiotic DSBs (Figure 5A, arrow) (Lu et al., 2010). As ovarian cysts
continue to develop, the p53-GFPnls signal rapidly dissipates as meiotic DSBs are repaired
(Figure 5A, arrowhead) (Lu et al., 2010). By region 3 of the germarium less than 5% of p53-GFPnls
ovarian cysts contain detectable levels of GFP (Figure 5A). In contrast, the germaria of all three
GATOR1 mutants exhibited a dramatic increase in both the strength and the duration of p53-GFPnls
expression in the germarium, with strong GFP signal observed in nearly 80% of region three ovarian
cysts (Figure 5A-D,F,G, arrowheads). Homozygous germline clones of the im/1" and npri3" null
alleles, hyperactivate p53 confirming that GATOR1 activity is required cell autonomously in the
female germline (Figure 5—figure supplement 1).

We predicted that the persistent hyperactivation of p53 in the female germ line of GATOR1
mutants is due to the delayed repair of meiotic DSBs. To test this model, we examined p53 activa-
tion in the mei-P22, nprl3 double mutant. Strikingly, inhibiting meiotic DSBs strongly suppressed the
expression of p53-GFPnls in the nprl3 mutant background (Figure 5E). From these observations, we
infer that in GATOR1 mutant ovaries, the hyperactivation of p53 is downstream of Spo11/Mei-W68-
induced DBS. Moreover, we conclude that the GATOR1 complex is required to oppose genotoxic
stress triggered by meiotic DSBs and/or other downstream events of meiotic recombination.

Recent evidence indicates that p53 is activated in germline stem cells of Drosophila after expo-
sure to cellular stresses, including deregulated growth and ionizing radiation (Wylie et al., 2016;
Ma et al., 2016). The GATOR1 complex inhibits TORC1 activity and is required to restrain growth in
Drosophila (Wei et al., 2014; Cai et al., 2016). As was reported with other mutants that deregulate
growth (Wylie et al., 2016), we found that the p53-GFPnls reporter construct is robustly activated in
the germline stem cells and their near descendants in GATOR1 mutant females (Figure 5B-D,H).
Consistent with the restriction of Mei-W68/Spo11 activity to meiotic cysts, the mei-P22, nprl3 double
mutants retain p53-GFPnls expression in stem cells even though the meiotic activation of the p53-
GFPnls reporter is lost in regions 2a and 2b of the germarium in the mei-P22, nprl3 double mutant
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Figure 5. GATOR1 prevents p53 hyperactivation in Drosophila early ovarian cysts Ovaries from (A) p53R-GFP, (B)
nprl2'; p53R-GFP, (C) p53R-GFP;nprl3'/Df, (D) p53R-GFP; iml'/Df and (E) p53R-GFP; mei-P22°?, nprl3" were
stained for GFP (green) and 1B1 (red). Germarial regions are defined by 1B1 staining. In wild-type ovaries the p53-
GFP reporter is briefly activated in region 2 (indicated by arrow). Note the low level of GFP staining. In contrast, in
GATOR1 mutants, p53R-GFP is robustly activated with strong GFP signal often persisting into germarial region
three and beyond. Additionally, in GATOR1 mutant germaria, p53R-GFP is frequently activated in germline stem
cell (GSC) and daughter cystoblasts (CB). In mei-P22°?2, nprl3" double mutant germaria, the hyperactivation of
p53R-GFP is rescued in region 2a ovarian cysts. However, p53-GFP activation in GSC and CB is retained in the
double mutants (asterisk) indicating that in these cells the activation of p53 is not contingent on the presence of
meiotic DSBs. Scale bars, 10 um. (F) Percentage of germaria with sustained p53R-GFP signal in region 3. (G)
Percentage of germaria with high p53R-GFP signal in region 2. (H) Percentage of germaria with p53R-GFP
expression in GSC and CB. Unpaired student T-test was used to calculate the statistical significance Error bars
represent SD from at least three independent experiments. **p<0.01, ****p<0.0001.

DOI: https://doi.org/10.7554/eLife.42149.011

The following figure supplement is available for figure 5:

Figure supplement 1. The GATOR1 complex acts cell autonomously in the female germ line.
DOI: https://doi.org/10.7554/elLife.42149.012

(Figure 5E-G). Thus, an independent cellular stress, likely related to deregulated metabolism or
growth, activates p53 in the germline stem cells and cystoblasts of GATOR1 mutant females.

Tsc1 germline depletions phenocopy GATOR1 mutants

The most parsimonious interpretation of our data is that in GATOR1 mutant ovaries, high TORC1
activity opposes the timely repair of meiotic DSBs and increases genotoxic stress. To test this model,
we depleted the Tuberous sclerosis complex (TSC) component Tsc1 from the female germline. TSC
is a potent inhibitor of TORC1 that directly inhibits the small GTPase Rheb, a critical activator of
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TORC1 (Inoki et al., 2003; Zhang et al., 2003). We determined that depleting Tsc1 in the female
germline using RNA|, resulted in the robust expression of p53-GFPnls during the early meiotic cycle
(Figure 6A-D). Moreover, as was observed in GATOR1 mutants, Tsc1RNAI oocytes had an increase in
the steady state number of y-H2Av foci as well as an increase in the percentage of oocytes that
retained y-H2Av positive into region 3 of the germarium (Figure 6E,F). Taken together our data sup-
port the model that the tight control of TORC1 activity by both GATOR1 and TSC is essential to the
proper regulation of meiotic DSBs during Drosophila oogenesis.
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Figure 6. The TORC1 inhibitor TSC1 promotes genomic stability in early oocytes. Ovaries from (A) p53R-GFP; MTD >mCherry RNAi and (B) p53R-GFP;
MTD >Tsc1 RNAi flies were stained for GFP (green) and 1B1 (red). In the mCherry RNAI (control) ovaries the p53-GFP expression is very low. In contrast,
the Tsc1 RNAI ovaries have sustained GFP signal that persists into germarial region 3. Scale bars, 10 pm. (C) Percentage of germaria with strong p53R-
GFP signal in region 2. (D) Percentage of germaria with sustained p53R-GFP signal in region 3. The y-H2Av foci were determined in MTD >mCherry
RNAi and MTD >Tsc1 RNAi ovaries. (E) Percentage of region three oocytes with y-H2Av foci. (F) Quantification of y-H2Av foci per oocyte in region 2a.
Unpaired student T-test was used to calculate the statistical significance Error bars represent SD from at least three independent experiments. *p<0.05,
**r%5<0.0001.
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npri3 mutant follicle cells are sensitive to genotoxic stress

In humans, mutations in components of TSC sensitize cells to multiple forms of genotoxic stress
(Paterson et al., 1982; Deschavanne and Fertil, 1996; Lee et al., 2007; Pai et al., 2016). Thus, we
predicted that the GATOR1 mutants, which have a two to three-fold increase in TORC1 activity,
might have a globally diminished ability to respond to DNA damage. To test this model, we treated
nprl3 mutant larvae with the mutagen Methyl Methane Sulfonate (MMS) and compared the percent-
age of mutant animals that survived to adulthood relative to sibling heterozygous controls. MMS
generates an array of DNA lesions including DSBs (Magana-Schwencke et al., 1982). Notably, we
found that nprl3 mutant larvae were sensitive to DNA damage, with nprl3/Df transheterozygotes
exhibiting a greater than 10-fold decrease in survival rates when exposed to 0.08% MMS (Table 1).
These data support the idea that the GATOR1 complex plays a critical role in the response to geno-
toxic stress in both germline and somatic tissues.

Next, we wanted to determine if, as we observed in the female germline, mutations in GATOR1
components result in a delay in the repair of DSBs in somatic tissues. We exposed Drosophila
females to 10 Gray (Gy) of y-rays and then followed the dynamics of y-H2Av staining in the somati-
cally derived mitotically dividing follicle cells of the ovary. During Drosophila oogenesis, the somatic
follicle cells divide mitotically until stage 6 of oogenesis at which point, they enter the endocycle.
Prior to stage 6 of oogenesis wild-type and npri3/Df follicle cells have very low levels of y-H2Av
staining (Figure 7A,B) (Hong et al., 2007). One hour after exposure to 10Gy of y-H2Av both wild-
type and nprl3/Df mutants have a dramatic increase in follicle cells with y-H2Av foci (Figure 7A’,B’).
However, 6 hr after irradiation while wild-type somatic cells have decreased numbers of y-H2Av posi-
tive follicle cells due to rapid DNA repair, nprl3/Df females retain elevated numbers of follicle cells
with y-H2Av foci. (Figure 7A-C). Thus, as is observed in the female germline, in nprl3 mutants the
somatic cells of the ovary exhibit a delay in the repair of DSBs.

GATOR1 inhibits retrotransposon expression in Drosophila

Genotoxic stress, resulting from DNA damage, has been implicated in transposon activation in multi-
ple organisms (Bradshaw and McEntee, 1989; Walbot, 1992, Hagan et al., 2003;
Beauregard et al., 2008). These results are consistent with the model that genotoxic stress pro-
motes TE activation (McClintock, 1984; Harris et al., 2009, Wylie et al., 2016). Therefore, we
wanted to determine if retrotransposons expression is derepressed in the ovaries of GATOR1
mutants which exhibit several phenotypes consistent with increased genotoxic stress. Towards this
end, we used gRT-PCR to compare expression levels for multiple retrotransposons in wild type ver-
sus nprl2 and nprl3 mutant ovaries. We found that nprl2 and nprl3 mutant ovaries have increased
expression of multiple retrotransposons including TAHRE, Het-A, Indefix and Gypsy (Figure 8A). In
contrast to nprl2 and nprl3 mutants, Tsc1®N4 germline resulted in little or no increase in retrotrans-
poson expression (Figure 8—figure supplement 1). From these results, we conclude that the

Table 1. nprl2 and npri3 larvae are sensitive to the mutagen Methyl Methane Sulfonate.

MMS (0%) MMS (0.04%) MMS (0.08%)

% Obs. (# of Obs. / # of % of expected % Obs. (# of Obs. / # of % of expected % Obs. (# of Obs. / # of % of expected
Genotype Total) progeny Total) progeny Total) progeny
nprlZl/ 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)
nprl2
nprl3'/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 indicated
concentration of MMS and the surviving adult progeny were scored. % Obs represents the total percentage of adults of the indicated mutant genotype
divided by the total number of adults scored. % of expected progeny represents the percentage of mutant adults observed (% Obs) divided by the
expected percentage of mutant adults based on the parental cross. For nprl2, which is on the X chromosome, the expected percentage of mutant progeny
was 50%. For nprl3, which is on the 3 chromosome, the expected percentage of mutant progeny was 33.3%. The observation that nprl2 and nprl3 have a
lower percent survival than would be predicted at 0% MMS reflects the fact that these mutants are partially lethal in the absence of mutagen.
Obs.=Observed, # of Obs = Number of mutant adults scored, # of Total = Total number of adults scored.

DOV https://doi.org/10.7554/eLife.42149.014
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Figure 7. Nprl3 promotes DNA repair in somatically derived follicle cells. Egg chambers from fed (A) WT and (B) nprl3'/Df females exposed to 10 Gy y-
irradiation. Ovaries were dissected at O hr (no irradiation) (A, B), 1 hr (A", B’) and 6 hr post-irradiation (A", B"") and stained with antibodies against y-
H2Av (dsDNA breaks, Red), C(3)G (cyan) and the DNA dye DAPI (blue). (C) Quantification of y-H2Av positive follicle cells from the indicated time points
and genotypes. Note that an increased percentage of nprl3/Df follicle cells contain y-H2Av foci 6 hr post irradiation relative to controls. Scale bar: 7 um.
Arrows denote y-H2Av positive follicle cells.

DOI: https://doi.org/10.7554/eLife.42149.015

GATOR1 components nprl2 and nprl3 oppose retrotransposon expression in the female germline of
Drosophila.

An additional possible connection between retrotransposon expression and the delayed repair of
meiotic DSBs is suggested by our analysis of the DNA repair protein spnA/Rad51. As discussed
above, spnA is a homolog of the DNA repair protein Rad51 which is conserved from yeast to
humans (Staeva-Vieira et al., 2003). Rad51 catalyzes strand exchange between homologous DNA
molecules and thus facilitates homologous recombination. In Drosophila, spnA/Rad51 mutant
females fail to repair meiotic DSBs (Staeva-Vieira et al., 2003). Intriguingly, we found that spnA/
Rad51 mutant ovaries had increased levels of retrotransposon expression (Figure 8A). Recently it
has been reported that depletions of Rad51 result in the activation of Long interspersed repeat ele-
ment 1 (LINE1) retrotransposons in Hela cells (Liu et al., 2018). Thus, our data are consistent with
the model that the increased levels of retrotransposon expression observed in GATOR1 mutant ova-
ries may be due, at least in part, to the delay in the repair of meiotic DSBs.

In nprl3 mutant ovaries, the activation of p53 and the increase in y-H2Av foci is dependent on the
production of meiotic DSBs (Figures 3 and 4). To determine if the expression of retrotransposons in
nprl3 mutant ovaries also requires the meiotic DSB machinery, we examined nprl3, mei-P22 double
mutants. Using gRT-PCR we observed that retrotransposon expression was largely, but not
completely, suppressed in nprl3, mei-P22 double-mutant ovaries. Thus, meiotic DSBs trigger the
expression of retrotransposons during Drosophila oogenesis in the nprl3 mutant background
(Figure 8B). However, it is important to note that these data suggest that the GATOR1 complex
may also impact retrotransposon expression independent of meiotic DSBs as indicated by the rela-
tively modest rescue of TAHRE over-expression observed in nprl3, mei-P22 double mutants
(Figure 8B).

Finally, we wanted to determine if the GATOR1 complex inhibits the activation of retrotranspo-
sons through the p53 pathway. To answer this question, we performed epistasis analysis by
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Figure 8. GATOR1 opposes retrotransposon expression in parallel to p53. (A) Quantitative RT-PCR analysis of expression levels for retrotransposons in
wild type, nprl2’, nprl3'/Df, nanos-GAL4; UAS-Nprl3; nprl3'/Df, spnA’/spnA%? and spnA’/spnA’ ovaries. (B) Quantitative RT-PCR analysis of expression
levels for transposons in wild type, nprl3" and mei-P22%, nprl3" ovaries. (C) Quantitative RT-PCR analysis of expression levels for the transposons in
wild type, p53°4", nprl3'/Df and nprl3'/Df, p53°*" ovaries. Rp49 is used for normalization. Fold expression levels are relative to wild type. Error bars
represent SD of three independent experiments.

DOI: https://doi.org/10.7554/eLife.42149.016

The following figure supplement is available for figure 8:

Figure supplement 1. Quantitative RT-PCR analysis of retrotransposon transcript levels in Tsc1 knockdowns.
DOI: https://doi.org/10.7554/eLife.42149.017

generating double mutants that were homozygous for null alleles of both p53 and nprl3. Strikingly,
the p53, nprl3 double mutant ovaries showed a dramatic increase in retrotransposon expression rel-
ative to either single mutant (Figure 8C). Thus, the p53 and nprl3 phenotypes are additive with
respect to the inhibition of retrotransposon expression. These data strongly suggest that GATOR1
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and p53 act through independent pathways to inhibit retrotransposon activation in the female germ-
line during meiosis (Figure 8C).

Discussion

Recent evidence implicates metabolic pathways as important regulators of meiotic progression and
gametogenesis (LaFever et al., 2010; Ferguson et al., 2012; Chi et al., 2016; Sieber et al., 2016;
Guo et al., 2018). Here we define a role for the GATOR complex, a conserved regulator of TORC1
activity, in the regulation of two events that impact germline genome stability: the response to mei-
otic DSBs and the inhibition of retrotransposon expression.

The GATOR complex and the response to meiotic DSBs

We have previously shown that in Drosophila, mutations in the GATOR2 component mio, result in
the constitutive activation of the GATOR1 pathway in the female germline but not in somatic tissues
(lida and Lilly, 2004, Wei et al., 2014). Here we demonstrate that the tissue specific requirement
for mio during oogenesis is due, at least in part, to the generation of meiotic DBSs during cogene-
sis. In Drosophila, only the female germline undergoes meiotic recombination and thus experiences
the genotoxic stress associated with developmentally programmed DSBs (Hughes et al., 2018). We
show that in mio mutants, blocking the formation of meiotic DSBs prevents the constitutive downre-
gulation of TORC1 activity thus allowing for the growth and development of the ococyte. These data
are consistent with the model that meiotic DSBs trigger the activation of a TORC1 inhibitory path-
way that must be opposed and/or attenuated by the GATOR2 component Mio (Figure 9).

While there are several possible models that might explain our data, we believe the most parsi-
monious explanation for our results is that the TORC1 inhibitory pathway activated by meiotic DSBs,
involves both GATOR1 and TSC (Figure 9). This model is consistent with the ability of both GATOR1
and TSC depletions to rescue the mio mutant phenotype (Wei et al., 2014). Additionally, recent
reports indicate that GATOR1 and TSC act in a common pathway to downregulate TORC1 activity in
response to multiple upstream inhibitory inputs (Demetriades et al., 2014; Menon et al., 2014;
Demetriades et al., 2016). Previously, we determined that in Drosophila, amino acid starvation
induces a dramatic GATOR1/TSC dependent decrease in TORC1 activity in somatic tissues, that far
exceeds any reduction in TORC1 activity observed in GATOR2 null mutants (Wei et al., 2014,
Cai et al., 2016). This observation strongly suggests that, in addition to the removal of the GATOR2
inhibition of GATOR1, there is an activation step that is required to fully potentiate the GATOR1/
TSC pathway.

Thus, based on our data we propose the following model (Figure 9). Meiotic DSBs activate, or
are required to maintain, a GATOR1/TSC dependent pathway that downregulates TORC1 activity in
the female germline (Figure 9A). The GATOR2 component Mio is required to oppose or turnoff this
pathway to prevent the constitutive downregulation of TORC1 activity in later stages of oogenesis.
While we believe our data support the role of the GATOR1/TSC pathway, we concede that an alter-
native regulator of TORC1 activity may also be critical to the downregulation of TORC1 activity in
response to meiotic DSBs.

GATOR1 and TSC promote the repair of meiotic DSBs

Hyperactivation of TORC1 has been linked to defects in the DNA damage response in single celled
and multicellular organisms (Begley et al., 2004; Feng et al., 2007, Klermund et al., 2014,
Pai et al., 2016; Ma et al., 2018; Xie et al., 2018). The observation that meiotic DSBs likely pro-
mote the GATOR1 dependent downregulation of TORC1 activity during Drosophila oogenesis, sug-
gested that limiting TORC1 activity may be important to the regulation of meiotic DSB repair. In our
previous work, we found that GATOR1 mutant ovaries had TORC1 activity levels approximately
three times higher than those observed in wild-type ovaries (Wei et al., 2014; Cai et al., 2016).
Here we demonstrate that GATOR1 mutant ovaries exhibit multiple phenotypes consistent with the
misregulation of meiotic DSB repair including, an increase in the steady state number of Mei-W68/
Spo-11 induced DSBs, the retention of meiotic DSBs into later stages of oogenesis and the hyperac-
tivation of p53. (Cai et al., 2016; Wei et al., 2016). Importantly, RNAi depletions of Tsc1 partially
phenocopied the GATOR1 ovarian defects. Thus, the misregulation of meiotic DSBs observed in
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Figure 9. A working model for the role of the GATOR complex in the response to meiotic DSBs. (A) After ovarian cysts enter meiosis, meiotic DSBs
function to activate and/or maintain a GATOR1/TSC dependent pathway to ensure low TORC1 activity in early prophase of meiosis . Low TORC1
activity promotes the timely repair of meiotic DSBs. Currently, whether meiotic DSBs directly activate the GATOR1/TSC pathway or an alternative
pathway that works in concert with, or in parallel to, GATOR1/TSC is not known. (B) Subsequently, the GATOR2 component Mio is required to
attenuate the activity of the GATOR1/TSC pathway, thus allowing for increased TORC1 activity and the growth and development of the oocyte in later
stages of oogenesis.

DOI: https://doi.org/10.7554/eLife.42149.018

GATOR1 mutant oocytes are due to high TORC1 activity and not to a TORC1 independent function
of the GATOR1 complex.

Epistasis analysis between the GATOR1 component nprl3 and the Rad51 homolog spnA, strongly
suggest that GATOR1 impacts the repair, rather than the generation, of meiotic DSBs. We deter-
mined that double mutants of nprl2 and the Rad51 homolog spnA, which is required for the repair
of meiotic DSBs, have approximately the same number of DSBs as spnA single mutants. These data
are consistent with GATOR1 and spnA influencing the common process of DNA repair and are
inconsistent with GATOR1 mutants producing supernumerary breaks.
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Our observations on the role of the GATOR1 complex during Drosophila oogenesis are particu-
larly intriguing in light of similar meiotic defects observed in a npr3 mutants in Saccharomyces cerevi-
siae (Jordan et al., 2007). In the sporulation proficient strain SK1, npr3 mutant cells enter meiosis
and express the transcription factor and master regulator of gametogenesis IME1 with wild-type
kinetics (Jordan et al., 2007). Subsequently, npr3 mutants exhibit a mild delay in the generation of
meiotic DNA breaks, but a substantial delay in the repair of meiotic DSBs (Jordan et al., 2007).
Thus, yeast and Drosophila SEACIT/GATOR1 mutants share a common meiotic phenotype, the
delayed repair of meiotic DSBs. These results raise the intriguing possibility that low TORC1 activity
may be a common feature of the early meiotic cycle in many organisms.

Notably, our data indicate that the delay in the repair of meiotic DSBs in GATOR1 mutants is due
to the hyperactivation of the TORC1 downstream target S6K. S6K is a critical downstream effector
of TORC1 that impacts multiple essential cellular processes including, but not limited to cell growth,
energy balance and aging (Magnuson et al., 2012). Intriguingly, in mammals, S6K has been impli-
cated in the regulation of the DNA damage response with hyperactivation of the TORC1-S6K path-
way resulting in the accumulation of unrepaired DSBs and genome instability (Lai et al., 2010;
Xie et al., 2018). Thus, similar to what is reported in mammals, our data are consistent with the
model that the hyperactivity of the TORC1/S6K axis delays the repair of DSBs in Drosophila.

Finally, we determined that GATOR1 mutants have a diminished response to DSBs outside the
female germline in somatic tissues of Drosophila. Similar to what is observed in TSC mutant cells in
humans that have increased levels of TORC1 activity, we find that GATOR1 mutant embryos have a
reduced ability to survive low levels of y-irradiation (Paterson et al., 1982; Deschavanne and Fertil,
1996; Lee et al., 2007, Pai et al., 2016). Moreover, in the somatic follicle cells of the ovary we
observed a delay in the repair of DSBs after adult females are exposed to low levels of y-irradiation.
Thus, in Drosophila inappropriately high TORC1 activity delays the repair of DSBs in both the germ-
line and somatic tissues.

GATOR1 opposes retrotransposon expression

The initiation of homologous recombination through the programmed generation of DNA double-
stranded breaks (DSBs) is a universal feature of meiosis (McKim and Hayashi-Hagihara, 1998;
Gray and Cohen, 2016). DSBs represent a dangerous form of DNA damage that can result in dra-
matic and permanent changes to the germline genome (Alexander et al., 2010). To minimize this
destructive potential, the generation and repair of meiotic DSBs is tightly controlled in space and
time (Longhese et al., 2009). The activation of transposable elements represents an additional
threat to genome integrity in germ line cells (Crichton et al., 2014; Toth et al., 2016). Genotoxic
stress, resulting from DNA damage, has been implicated in the deregulation of transposons in multi-
ple organisms (Bradshaw and McEntee, 1989, Walbot, 1992, Hagan et al., 2003;
Beauregard et al., 2008). Thus, germ line cells may be at an increased risk for transposon derepres-
sion due to the genotoxic stress associated with meiotic recombination. Consistent with this hypoth-
esis, germ line cells have evolved extensive surveillance systems to detect and silence transposons
beyond the pathways present in most somatic tissues (Khurana and Theurkauf, 2010; Ku and Lin,
2014; Toth et al., 2016).

Previous studies have shown that DNA damage promotes the deregulation of retrotransposon in
multiple organisms, including Drosophila (McClintock, 1984; Bradshaw and McEntee, 1989; Wal-
bot, 1992, Hagan et al., 2003; Beauregard et al., 2008; Molla-Herman et al., 2015; Wylie et al.,
2016). In line with these studies, we find that in GATOR1 mutants, the DSBs that initiate meiotic
recombination trigger the deregulation of retrotransposon expression. Similarly, p53 mutant females
derepress retrotransposon expression during oogenesis, but as observed in GATOR1 mutants, pri-
marily in the presence of meiotic DSBs (Wylie et al., 2016). Double mutants of nprl3, p53 exhibit a
dramatic increase in retrotransposon expression relative to either p53 or nprl3 single mutants, imply-
ing that p53 and GATORT1 act through independent pathways to repress retrotransposon expression
in the female germline. One possibility is that both GATOR1 and p53 independently impact genome
stability. Thus, disabling both pathways may have an additive effect on both genome stability and
retrotransposon expression. Consistent with the hypothesis that genome instability drives retrotrans-
poson expression, we find that mutants in spnA/Rad51, which fail to repair meiotic DSBs, also exhibit
increased transcription of multiple retrotransposons. Intriguingly, the SpnA homolog Rad51, as well
as other genes required for DNA repair, was recently identified in a high throughput screen for
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genes that suppress (Long Interspersed Element-1) LINE1 expression in mammalian tissue culture
cells (Liu et al., 2018).

However, our data also suggest that the GATOR1 complex may influence retrotransposon
expression independent of the regulation of TORC1 activity. While both GATOR1 and TSC are
required for the efficient repair of meiotic DSBs, in contrast to GATOR1 mutant ovaries, we
observed little to no increase in retrotransposon expression in the Tsc1 depleted ovaries. We believe
reflects the incomplete depletion of Tsc1 by RNAI resulting in a reduced retention of meiotic DSBs
relative to GATOR1 mutants (Figure 6). However, a second possibility is that the GATOR1 complex
inhibits retrotransposon expression independent of TORC1 inhibition. As is observed with spnA the
depletion of GATOR1 components, but not TSC components result in the activation of LINE1
expression in Hela cells (Liu et al., 2018). Taken together, these data hint that the GATOR1 com-
plex may impact retrotransposon expression in the germline via two independent pathways: First by
promoting the repair of meiotic DSBs through the downregulation of TORC1 activity and second via
a pathway that functions independent of TORC1 inhibition.

Genes encoding components of the GATOR1 complex are often deleted in cancers (Lerman and
Minna, 2000; Ji et al., 2002; Ueda et al., 2006; Bar-Peled et al., 2013). As is observed in GATOR1
mutants, cancer cells frequently have increased TORC1 activity, increased genomic instability and
increased retrotransposon expression. Thus, in the future it will be important to identify the molecu-
lar mechanism by which the GATOR1 complex influences both the response to genotoxic stress and
the expression of retrotransposons under both normal and pathological conditions.

Materials and methods

Additional

Designation Source or reference Identifiers information

Gene
(Drosophila
melanogaster)

Gene
(Drosophila
melanogaster)

Gene
(Drosophila
melanogaster)

Gene
(Drosophila
melanogaster)

FlyBase FBgn0260945

FlyBase FBgn0035227

FlyBase FBgn0019686

FlyBase FBgn0031399

Gene
(Drosophila
melanogaster)

Mei-Wé68 FlyBase FBgn0002716

Gene
(Drosophila
melanogaster)

FlyBase FBgn0016036

Gene
(Drosophila
melanogaster)

FlyBase FBgn0030800

Gene
(Drosophila
melanogaster)

FlyBase FBgn0036397

Gene
(Drosophila
melanogaster)

Gene
(Drosophila
melanogaster)

Continued on next page

FlyBase FBgn0039044

FlyBase FBgn0003479
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Gene S6K FlyBase FBgn0283472

(Drosophila

melanogaster)

Gene Thor FlyBase FBgn0261560

(Drosophila

melanogaster)

Gene Tscl FlyBase FBgn0026317

(Drosophila

melanogaster)

Genetic reagent Atg14%P, FlyBase, FBal0176392

(Drosophila FRT 2A/Tm3, sb1 PMID: 24098761

melanogaster)

Genetic reagent iml1’ FlyBase, FBal0325028 FlyBase

(Drosophila PMID: 27672113 symbol: iml1’

melanogaster)

Genetic reagent loki™® FlyBase, FBal0216721 FlyBase

(Drosophila PMID: 14729967 symbol: lokP®

melanogaster)

Genetic reagent mio? FlyBase, FBal0158954 FlyBase

(Drosophila PMID: 14973288 symbol: mio®

melanogaster)

Genetic reagent mei-P227%2 Bloomington BDSC:4931 Genotype: y'

(Drosophila Drosophila Ww/Dp(1 ;Y)}/*;

melanogaster) Stock Center mei-P227?%; gyspa-pol

Genetic reagent mei-W68' Bloomington BDSC:4962 FlyBase

(Drosophila Drosophila symbol: mei-W86'

melanogaster) Stock Center

Genetic reagent nprl2’ FlyBase, FBal0325026 FlyBase

(Drosophila PMID: 27672113 symbol: nprl2!

melanogaster)

Genetic reagent nprl3’ FlyBase, FBal0319815 FlyBase

(Drosophila PMID: 27166823 symbol: nprl3’

melanogaster)

Genetic reagent p53°41-4 Bloomington BDSC:6815 Geno ype: y' w!g,

(Drosophila Drosophila p5354-1-4

melanogaster) Stock Center

Genetic reagent S6K*! Bloomington BDSC:32552 Genotype: y[1] w[*];

(Drosophila Drosophila S6k[I-1]/TM6B,

melanogaster) Stock Center Ply[+t7.7] ry[+t7.2]
=Car20y}TPN1,
Tb[1]

Genetic reagent spnA Bloomington BDSC:3322 Genotype: Dp(1;Y)B®;

(Drosophila Drosophila ru' st' e spn-A' ca'/

melanogaster) Stock Center TM3, Sb’

Genetic reagent spnA?3A FlyBase, FBal0151428 FlyBase

(Drosophila PMID: 14592983 symbol: spn-A%734

melanogaster)

Genetic reagent thor? Bloomington BDSC:9559 Genotype: y[1] w[*];

(Drosophila Drosophila Thor[2]

melanogaster) Stock Center

Genetic reagent Df(3L)ED4238 Bloomington BDSC:8052 Genotype: w''8;

(Drosophila Drosophila Df(3L)ED4238,

melanogaster) Stock Center P{3'.RS5+3.3'1ED4238/
TM6C, cu' Sb!

Genetic reagent Df(3L)ED4515 Bloomington BDSC:9071 Genotype: w'''8;

(Drosophila Drosophila Df(3L)ED4515,

melanogaster)

Continued on next page

Stock Center

P{3".RS5+3.3'}ED4515/
TM6C, cu' Sb'
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Genetic reagent nanos-Gal4 FlyBase, FBrf0100715 FlyBase symbol:
(Drosophila PMID: 9501989 GAL4VPIénosUTR
melanogaster)
Genetic reagent p53R-GFP FlyBase, FBrf0210965 FlyBase symbol:
(Drosophila PMID: 20522776 GFPPrpS3R TagiNLS(Unk)
melanogaster)
Genetic reagent MTD-Gal4 Bloomington BDSC:31777 Genotype: A
(Drosophila Drosophila P{otu-GAL4::VP16.R}1, w';
melanogaster) Stock Center P{GAL4-nos.NGT}40;
P{GAL4::VP16-nos.
UTR}CG6325MVP!
Genetic reagent Tsc1 RNAI Bloomington BDSC:35144 Genotype: y' sc” v';
(Drosophila Drosophila P{TRiP.GLO0012}attP2
melanogaster) Stock Center
Genetic reagent ImI1T RNAI Bloomington BDSC:57492 Genotype: y[1] sc[*]
(Drosophila Drosophila v[1] sev[21];
melanogaster) Stock Center P{y[+t7.7] v[+t1.8]=TRIP.
HMC04806}
attP40
Genetic reagent mCherry RNAI Bloomington BDSC:35787 Genotype: y[1] sc[*]
(Drosophila Drosophila v[1] sev[21]; P{y[+t7.7]
melanogaster) Stock Center v[+t1.8]=UAS mCherry.
VALIUM10}attP2
Genetic reagent UAS-Nprl3 FlyBase, FBrf0234182 FlyBase symbol:
(Drosophila PMID: 27672113 Npr|3UASP-Tag:FLAG Tag:HA
melanogaster)
Genetic reagent FRT80B Bloomington BDSC:1988 Genotype: w[*];
(Drosophila Drosophila P{ry[+t7.2]=neoFRT}
melanogaster) Stock Center 80B ry[506]
Genetic reagent FRT2A Bloomington BDSC:1997 Genotype: w[*];
(Drosophila Drosophila P{w[+mW.hs]=FRT(w[hs])}2A
melanogaster) Stock Center
Genetic reagent FRT2A, ubi-GFPnls Bloomington BDSC: 5825 Genotype: w[1118];
(Drosophila Drosophila P{w[+mC]=Ubi GFP.nls}3L1
melanogaster) Stock Center P{Ubi-GFP.nls}3L2 P
{w[+mW.hs]=FRT(w[hs])}2A
Genetic reagent hsFLP; FRT80B, Bloomington BDSC:6341 Genotype: P{hsFLP}22,
(Drosophila lacZ Drosophila y1 w’; P{arm-lacZ.V}
melanogaster) Stock Center 70 C P{neoFRT}80B
Genetic reagent UAS-mCherry Bloomington BDSC:35785 Genotype: y' sc” v';
(Drosophila RNAI Drosophila P{VALIUM20-
melanogaster) Stock Center mCherry}attP2
Genetic reagent nos-Flp This paper. Lilly Lab.
(Drosophila
melanogaster)
Antibody Goat anti-Rabbit, Thermo Fisher Immunofluorescence
mouse Alexa 488-568- (1:1000)
594-647- secondaries
Antibody anti-dSé6K PMID: 20444422 Western Blot
(Guinea pig (1:5000)
polyclonal)
Antibody anti-phospho- Cell Signaling 9209; Western Blot
Thr398-S6K Technologies RRID:AB_2269804 (1:1000)
(Rabbit polyclonal)
Antibody anti-GFP (Rabbit Invitrogen A11122; Immunofluorescence
polyclonal) RRID:AB_ 221569 (1:1000)
Antibody anti-g-H2Av (Rabbit Active Motif 39117; Immunofluorescence
poly clonal) RRID:AB_2793161 (1:1000)

Continued on next page
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Antibody anti-C(3)G (clone PMID: 15767569 Immunofluorescence
1A8 and 1G2) (1:200)
(Mouse monoclonal)

Antibody anti-C(3)G (Rabbit PMID: 12588841 Immunofluorescence
polyclonal) (1:3000)

Antibody anti-1B1 (Mouse Developmental 1B1; Immunofluorescence
monoclonal) Studies RRID:AB_528070 (1:100)

Hybridoma Bank

Antibody anti-g-H2Av Developmental UNC93-5.2.1; Immunofluorescence
(Mouse Studies RRID:AB_2618077 (1:5000)
monoclonal) Hybridoma Bank

Antibody anti-Phospho-4E-BP1 Cell Signaling 2855; Immunofluorescence
(Thr37/46) (236B4) Technologies RRID:AB_560835 (1:200)
(Rabbit monoclonal)

Commercial ECL PerkinElmer NEL105001EA

assay or kit

Chemical methyl Sigma 129925-5G

compound, drug methanesulfonate
(MMS)

Commercial RNAeasy Kit Qiagen 74104

assay or kit

Commercial cDNA Reverse Thermo Fischer 11752

assay or kit Transcription Kit

Commercial Power SYBR Thermo Fischer A25742

assay or kit green mastermix

Fly stocks

All fly stocks were maintained at 25°C on standard media. The p53R-GFP transgenic line was a gift
from John M. Abrams (Lu et al., 2010). The germline specific driver nanos-Gal4 was obtained from
Ruth Lehmann (Van Doren et al., 1998). The spnA093A stock was a gift from Ruth Lehmann (Staeva-
Vieira et al., 2003). The npr121, nprl37, iml1?, and UAS-Nprl3 were described previously (Cai et al.,
2016; Wei et al., 2016). The stocks w'''8; Df3L)ED4515, P{3'.RS5+3.3'}ED4515/TM6C, cu' Sb’
(BDSC#9071), w'""8; Df(3L)ED4238, P{3".RS5+3.3'}ED4238/TMéC, cu’ Sb' (BDSC#8052), w'''8; P
{neoFRT}82B P{Ubi-mRFP.nls}3R (BDSC#30555), P{hsFLP}22, y1 w’; P{arm-lacZ.V}70 C P{neoFRT}80B
(BDSC#6341), MTD-GAL4 (P{w[+mC]=otu-GAL4::VP16.R}1, w[*] P{w[+mC]=GAL4 nos.NGT}40; P{w
[+mC]=GAL4::VP16 nos.UTR}CG6325[MVD1], BDSC#31777), UAS-Tsc1 RNAi (y' sc” v'; P{TRiP.
GL00012}attP2, BDSC#35144), UAS-mCherry RNAi (y' sc” v'; P{VALIUM20-mCherry}attP2), '
w8, p53°A4 T4 (BDSC#6815), y' w'/Dp(1;Y)y"; mei-P22"%?, svspa-pol (BDSC#4931), mei-Wé8'
(BDSC#4932) and Dp(1;Y)B%; ru’ st e! spn-A’ ca’/TM3, Sb' (BDSC#3322) were obtained from Bloo-
mington Stock Center.

Western blot analysis

The protocol was adapted from Bjedov et al. (2010). Briefly 6 pairs of ovaries were freshly dissected
in cell insect media and homogenized in 30 pl of 4x Laemmli loading sample buffer (Invitrogen,
#NP00O08) containing 10x sample reducing agent (Invitrogen, #NP0Q9). Extracts were cleared by cen-
trifugation and boiled for 10 min at 90°C. 10 ul of protein extract was loaded per lane on polyacryl-
amide gel (Invitrogen, #NP0335). Proteins were separated and transferred to nitrocellulose
membrane. Primary antibodies used were as follows: guinea pig anti-dSé6K (gift of Aurelius Tele-
man,1:5,000,) (Hahn et al., 2010) and rabbit anti-phospho-Thr398-Sé6K (Cell Signaling Technologies
#9209, 1:1,000). HRP- conjugated secondary antibodies (Jackson Immunoresearch, AffiniPure anti-
rabbit #111-005-144 and anti-guinea pig #106-005-003) were used. Blots were developed using the
ECL detection system (PerkinElmer, #NEL105001EA). Western blots were analyzed using ImageJ
program (US National Institutes of Health).

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 21 of 28


https://www.ncbi.nlm.nih.gov/pubmed/15767569
https://www.ncbi.nlm.nih.gov/pubmed/12588841
https://scicrunch.org/resolver/AB_528070
https://scicrunch.org/resolver/AB_2618077
https://scicrunch.org/resolver/AB_560835
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018186
http://flybase.org/reports/FBal0018186
http://flybase.org/reports/FBal0018186
http://flybase.org/reports/FBal0018186
http://flybase.org/reports/FBal0138188
http://flybase.org/reports/FBal0138188
http://flybase.org/reports/FBal0138188
http://flybase.org/reports/FBal0138188
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018607
http://flybase.org/reports/FBal0018074
http://flybase.org/reports/FBal0018074
http://flybase.org/reports/FBal0018074
http://flybase.org/reports/FBal0018074
http://flybase.org/reports/FBab0010476
http://flybase.org/reports/FBab0010476
http://flybase.org/reports/FBab0010476
http://flybase.org/reports/FBab0010476
http://flybase.org/reports/FBal0088816
http://flybase.org/reports/FBal0088816
http://flybase.org/reports/FBal0088816
http://flybase.org/reports/FBal0088816
http://flybase.org/reports/FBal0015991
http://flybase.org/reports/FBab0029200
http://flybase.org/reports/FBab0029200
http://flybase.org/reports/FBab0029200
http://flybase.org/reports/FBab0029200
http://flybase.org/reports/FBal0014832
http://flybase.org/reports/FBal0014832
http://flybase.org/reports/FBal0014832
http://flybase.org/reports/FBal0014832
http://flybase.org/reports/FBal0016127
http://flybase.org/reports/FBal0016127
http://flybase.org/reports/FBal0016127
http://flybase.org/reports/FBal0016127
http://flybase.org/reports/FBal0003278
http://flybase.org/reports/FBal0003278
http://flybase.org/reports/FBal0003278
http://flybase.org/reports/FBal0003278
http://flybase.org/reports/FBal0016029
http://flybase.org/reports/FBal0016029
http://flybase.org/reports/FBal0016029
http://flybase.org/reports/FBal0016029
http://flybase.org/reports/FBal0001461
http://flybase.org/reports/FBal0001461
http://flybase.org/reports/FBal0001461
http://flybase.org/reports/FBal0001461
http://flybase.org/reports/FBba0000047
http://flybase.org/reports/FBal0015145
http://flybase.org/reports/FBal0015145
http://flybase.org/reports/FBal0015145
http://flybase.org/reports/FBal0015145
https://doi.org/10.7554/eLife.42149

LI FE Developmental Biology | Genetics and Genomics

Immunofluorescence and microscopy

Immunofluorescence was performed as previously described (Hong et al., 2003; lida and Lilly,
2004). Primary antibodies used were as follows: rabbit anti-GFP (Invitrogen, 1:1000); rabbit anti-y—
H2Av (Active Motif, 1:500); rabbit anti-C(3)G 1:3000 (Hong et al., 2003); mouse anti-1B1 (Develop-
mental Studies Hybridoma Bank, 1:100); mouse anti-y-H2Av (Developmental Studies Hybridoma
Bank, 1:5000); mouse anti-C(3)G (kindly provided by R. Scott Hawley, 1:200) (Page and Hawley,
2001). Alexa-488 and Alex-594 (Invitrogen, 1:1000) secondary antibodies were used for fluores-
cence. After staining, ovaries were mounted in prolong gold antifade reagent with DAPI (Life Tech-
nology). Images were acquired on either a Leica SP5 confocal microscope or Zeiss LSM 880 with
Airyscan confocal microscope.

v-H2Av foci quantification

To score the number of y-H2Av foci per oocyte, ovaries were stained with antibodies against C(3)G
and y-H2Av as well as the DNA dye DAPI. Pro-oocytes and oocytes were identified by the pattern of
anti-C(3)G staining (Page and Hawley, 2001). Multiple Z-sections encompassing an entire region 2a
pro-oocyte nucleus were acquired by Leica SP5 confocal microscope or Zeiss LSM 880 with Airyscan
confocal microscopy. The obtained z-stacks of images were deconvolved to remove out-of-focus
light and z-distortion with Huygens Professional software (Scientific Volume Imaging) and clearly
defined y-H2Av were counted manually in the ovarian cyst with the highest levels of y-H2Av staining.
Alternatively, 3D images were rendered by using Imaris software (Bitplane) and a graph workstation
equipped with NVIDIA Quadro 3D vision system. Clearly defined y-H2Av foci were visualized and
counted by using Imaris spots module or ImageJ to define the total number of foci per nucleus.

MMS sensitivity assay

The assay was performed as described in Ghabrial et al. (1998). Briefly, 10 males and 10 virgin
females were mated in vials for 2 days at 25°C. Parents were transferred into German food (Genesee
Scientific, Cat#66—-115, Day 1) vials for 24 hr at 25°C and allowed to lay eggs. On Day two the
parents were removed, and eggs were allowed to mature for 24 hr. Subsequently, the first and sec-
ond instar larvae were treated with 250 pL of either 0.04% or 0.08% of the mutagen methyl methane
sulfonate (MMS) (Sigma, Cat#129925-5@G). Control larvae were treated with 250 uL water. After eclo-
sion, the number of heterozygous and homozygous mutant flies were determined, and the percent-
age of each genotype was calculated.

Gamma irradiation assay

Wild type and mutant flies were fed wet yeast for two days and vials containing flies were exposed
to 10Gy y-IR in a Mark-1 y-irradiator (JL Shepherd and Associates, San Fernando, CA). After irradia-
tion, flies were incubated at 25°C and ovaries were collected for immunostaining assays at indicated
time points.

Retrotransposon expression analysis

Total RNA was isolated from dissected ovaries using the RNeasy Kit (Qiagen) and treated with
DNase. cDNA was generated using High-capacity cDNA Reverse Transcription Kit (Thermo Fisher).
Real-time PCR was performed with Power SYBR green Mastermix (Thermo Fisher) using the follow-
ing primers:

Rp49 Forward: CCGCTTCAAGGGACAGTATC;
Rp49 Reverse: GACAATCTCCTTGCGCTTCT;
TAHRE Forward: CTGTTGCACAAAGCCAAGAA;
TAHRE Reverse: GTTGGTAATGTTCGCGTCCT;
Het-A Forward: TCCAACTTTGTAACTCCCAGC;
Het-A Reverse: TTCTGGCTTTGGATTCCTCG;
Idefix Forward: TGAAGAAAAGAAGGGCGAGA;
Idefix Reverse: TTCTGCTGTTGATGCTTTGG;
Gypsy Forward: CCAGGTCGGGCTGTTATAGG;
Gypsy Reverse: GAACCGGTGTACTCAAGAGC.

The rp49 was used for normalization.

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 22 of 28


https://doi.org/10.7554/eLife.42149

e LI FE Research article

Developmental Biology | Genetics and Genomics

Acknowledgements

Multiple stocks used in this study were obtained from the Bloomington Drosophila Stock Center
(supported by NIH Grant P4A00OD018537). Research reported in this publication was supported by
the Eunice Kennedy Shriver National Institute of Child Health and Human Development Intramural
Research program (to MAL, HD00163 16), the Natural Science Foundation of Jiangsu Province (to
YW, BK20181456) and the National Natural Science Foundation of China (to YW, 31872287).

Additional information

Funding
Funder Grant reference number  Author
Eunice Kennedy Shriver Na- Intramural Program Mary A Lilly

tional Institute of Child Health HDO00163 16
and Human Development

National Science Foundation =~ BK20181456 Youheng Wei
of Jiangsu Province
National Natural Science 31872287 Youheng Wei

Foundation of China

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Youheng Wei, Conceptualization, Data curation, Formal analysis, Validation, Investigation,
Methodology, Writing—review and editing; Lucia Bettedi, Data curation, Formal analysis, Validation,
Investigation, Writing—review and editing; Chun-Yuan Ting, Data curation, Formal analysis,
Validation, Investigation, Methodology; Kuikwon Kim, Data curation, Formal analysis, Investigation,
Methodology; Yingbiao Zhang, Formal analysis, Validation, Investigation, Methodology; Jiadong
Cai, Investigation; Mary A Lilly, Conceptualization, Resources, Formal analysis, Funding acquisition,
Investigation, Writing—original draft, Project administration, Writing—review and editing

Author ORCIDs
Chun-Yuan Ting (& http://orcid.org/0000-0002-2302-4203
Mary A Lilly @ https://orcid.org/0000-0003-1564-619X

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.42149.021
Author response https://doi.org/10.7554/elife.42149.022

Additional files

Supplementary files
« Transparent reporting form DOI: https://doi.org/10.7554/elife.42149.019

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.

References

Abdu U, Brodsky M, Schiipbach T. 2002. Activation of a meiotic checkpoint during Drosophila oogenesis
regulates the translation of gurken through Chk2/Mnk. Current Biology 12:1645-1651. DOI: https://doi.org/10.
1016/50960-9822(02)01165-X

Alexander A, Cai SL, Kim J, Nanez A, Sahin M, MacLean KH, Inoki K, Guan KL, Shen J, Person MD, Kusewitt D,
Mills GB, Kastan MB, Walker CL. 2010. ATM signals to TSC2 in the cytoplasm to regulate mTORC1 in response
to ROS. PNAS 107:4153-4158. DOI: https://doi.org/10.1073/pnas.0913860107, PMID: 20160076

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 23 of 28


http://orcid.org/0000-0002-2302-4203
https://orcid.org/0000-0003-1564-619X
https://doi.org/10.7554/eLife.42149.021
https://doi.org/10.7554/eLife.42149.022
https://doi.org/10.7554/eLife.42149.019
https://doi.org/10.1016/S0960-9822(02)01165-X
https://doi.org/10.1016/S0960-9822(02)01165-X
https://doi.org/10.1073/pnas.0913860107
http://www.ncbi.nlm.nih.gov/pubmed/20160076
https://doi.org/10.7554/eLife.42149

e LI FE Research article

Developmental Biology | Genetics and Genomics

Bar-Peled L, Chantranupong L, Cherniack AD, Chen WW, Ottina KA, Grabiner BC, Spear ED, Carter SL,
Meyerson M, Sabatini DM. 2013. A tumor suppressor complex with GAP activity for the rag GTPases that
signal amino acid sufficiency to mTORC1. Science 340:1100-1106. DOI: https://doi.org/10.1126/science.
1232044, PMID: 23723238

Beauregard A, Curcio MJ, Belfort M. 2008. The take and give between retrotransposable elements and their
hosts. Annual Review of Genetics 42:587-617. DOI: https://doi.org/10.1146/annurev.genet.42.110807.091549,
PMID: 18680436

Begley TJ, Rosenbach AS, Ideker T, Samson LD. 2004. Hot spots for modulating toxicity identified by genomic
phenotyping and localization mapping. Molecular Cell 16:117-125. DOI: https://doi.org/10.1016/j.molcel.2004.
09.005, PMID: 15469827

Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley A, Partridge L. 2010. Mechanisms of life span
extension by rapamycin in the fruit fly Drosophila Melanogaster. Cell Metabolism 11:35-46. DOI: https://doi.
org/10.1016/j.cmet.2009.11.010, PMID: 20074526

Bradshaw VA, McEntee K. 1989. DNA damage activates transcription and transposition of yeast ty
retrotransposons. MGG Molecular & General Genetics 218:465-474. DOI: https://doi.org/10.1007/
BF00332411, PMID: 2555668

Cai W, Wei Y, Jarnik M, Reich J, Lilly MA. 2016. The GATOR2 component Wdr24 regulates TORC1 activity and
lysosome function. PLOS Genetics 12:e1006036. DOI: https://doi.org/10.1371/journal.pgen.1006036,

PMID: 27166823

Carpenter AT. 1975. Electron microscopy of meiosis in Drosophila Melanogaster females. I. structure,
arrangement, and temporal change of the synaptonemal complex in wild-type. Chromosoma 51:157-182.

DOI: https://doi.org/10.1007/bf00319833, PMID: 806439

Chantranupong L, Wolfson RL, Orozco JM, Saxton RA, Scaria SM, Bar-Peled L, Spooner E, Isasa M, Gygi SP,
Sabatini DM. 2014. The sestrins interact with GATOR2 to negatively regulate the amino-acid-sensing pathway
upstream of mMTORC1. Cell Reports 9:1-8. DOI: https://doi.org/10.1016/j.celrep.2014.09.014, PMID: 25263562

Chi C, Ronai D, Than MT, Walker CJ, Sewell AK, Han M. 2016. Nucleotide levels regulate germline proliferation
through modulating GLP-1/Notch signaling in C. elegans. Genes & Development 30:307-320. DOI: https://doi.
org/10.1101/gad.275107.115, PMID: 26833730

Crichton JH, Dunican DS, Maclennan M, Meehan RR, Adams IR. 2014. Defending the genome from the enemy
within: mechanisms of retrotransposon suppression in the mouse germline. Cellular and Molecular Life Sciences
71:1581-1605. DOI: https://doi.org/10.1007/s00018-013-1468-0, PMID: 24045705

de Cuevas M, Lilly MA, Spradling AC. 1997. Germline cyst formation in Drosophila. Annual Review of Genetics
31:405-428. DOI: https://doi.org/10.1146/annurev.genet.31.1.405, PMID: 9442902

Demetriades C, Doumpas N, Teleman AA. 2014. Regulation of TORC1 in response to amino acid starvation via
lysosomal recruitment of TSC2. Cell 156:786-799. DOI: https://doi.org/10.1016/j.cell.2014.01.024, PMID: 2452
9380

Demetriades C, Plescher M, Teleman AA. 2016. Lysosomal recruitment of TSC2 is a universal response to cellular
stress. Nature Communications 7:10662. DOI: https://doi.org/10.1038/ncomms 10662, PMID: 26868506

Deschavanne PJ, Fertil B. 1996. A review of human cell radiosensitivity in vitro. International Journal of Radiation
Oncology*Biology*Physics 34:251-266. DOI: https://doi.org/10.1016/0360-3016(95)02029-2, PMID: 12118559

Deutschbauer AM, Williams RM, Chu AM, Davis RW. 2002. Parallel phenotypic analysis of sporulation and
postgermination growth in Saccharomyces cerevisiae. PNAS 99:15530-15535. DOI: https://doi.org/10.1073/
pnas.202604399, PMID: 12432101

Dokudovskaya S, Waharte F, Schlessinger A, Pieper U, Devos DP, Cristea IM, Williams R, Salamero J, Chait BT,
Sali A, Field MC, Rout MP, Dargemont C. 2011. A conserved coatomer-related complex containing Sec13 and
Seh1 dynamically associates with the vacuole in Saccharomyces cerevisiae. Molecular & Cellular Proteomics 10:
M110.006478. DOI: https://doi.org/10.1074/mcp.M110.006478, PMID: 21454883

Dutchak PA, Laxman S, Estill SJ, Wang C, Wang Y, Wang Y, Bulut GB, Gao J, Huang LJ, Tu BP. 2015. Regulation
of hematopoiesis and methionine homeostasis by mTORC1 inhibitor NPRL2. Cell Reports 12:371-379.

DOI: https://doi.org/10.1016/j.celrep.2015.06.042, PMID: 26166573

Feng Z, Hu W, de Stanchina E, Teresky AK, Jin S, Lowe S, Levine AJ. 2007. The regulation of AMPK beta1, TSC2,
and PTEN expression by p53: stress, cell and tissue specificity, and the role of these gene products in
modulating the IGF-1-AKT-mTOR pathways. Cancer Research 67:3043-3053. DOI: https://doi.org/10.1158/
0008-5472.CAN-06-4149, PMID: 17409411

Ferguson SB, Blundon MA, Klovstad MS, Schiipbach T. 2012. Modulation of gurken translation by insulin and
TOR signaling in Drosophila. Journal of Cell Science 125:1407-1419. DOI: https://doi.org/10.1242/jcs.090381,
PMID: 22328499

Galluzzi L, Pietrocola F, Levine B, Kroemer G. 2014. Metabolic control of autophagy. Cell 159:1263-1276.

DOI: https://doi.org/10.1016/j.cell.2014.11.006, PMID: 25480292

Ghabrial A, Ray RP, Schiipbach T. 1998. Okra and spindle-B encode components of the RAD52 DNA repair
pathway and affect meiosis and patterning in Drosophila oogenesis. Genes & Development 12:2711-2723.
DOI: https://doi.org/10.1101/gad.12.17.2711, PMID: 9732269

Ghabrial A, Schiipbach T. 1999. Activation of a meiotic checkpoint regulates translation of gurken during
Drosophila oogenesis. Nature Cell Biology 1:354-357. DOI: https://doi.org/10.1038/14046, PMID: 10559962

Gingras AC, Kennedy SG, O’Leary MA, Sonenberg N, Hay N. 1998. 4E-BP1, a repressor of mRNA translation, is
phosphorylated and inactivated by the akt(PKB) signaling pathway. Genes & Development 12:502-513.

DOI: https://doi.org/10.1101/gad.12.4.502, PMID: 9472019

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 24 of 28


https://doi.org/10.1126/science.1232044
https://doi.org/10.1126/science.1232044
http://www.ncbi.nlm.nih.gov/pubmed/23723238
https://doi.org/10.1146/annurev.genet.42.110807.091549
http://www.ncbi.nlm.nih.gov/pubmed/18680436
https://doi.org/10.1016/j.molcel.2004.09.005
https://doi.org/10.1016/j.molcel.2004.09.005
http://www.ncbi.nlm.nih.gov/pubmed/15469827
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.1016/j.cmet.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/20074526
https://doi.org/10.1007/BF00332411
https://doi.org/10.1007/BF00332411
http://www.ncbi.nlm.nih.gov/pubmed/2555668
https://doi.org/10.1371/journal.pgen.1006036
http://www.ncbi.nlm.nih.gov/pubmed/27166823
https://doi.org/10.1007/bf00319833
http://www.ncbi.nlm.nih.gov/pubmed/806439
https://doi.org/10.1016/j.celrep.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25263562
https://doi.org/10.1101/gad.275107.115
https://doi.org/10.1101/gad.275107.115
http://www.ncbi.nlm.nih.gov/pubmed/26833730
https://doi.org/10.1007/s00018-013-1468-0
http://www.ncbi.nlm.nih.gov/pubmed/24045705
https://doi.org/10.1146/annurev.genet.31.1.405
http://www.ncbi.nlm.nih.gov/pubmed/9442902
https://doi.org/10.1016/j.cell.2014.01.024
http://www.ncbi.nlm.nih.gov/pubmed/24529380
http://www.ncbi.nlm.nih.gov/pubmed/24529380
https://doi.org/10.1038/ncomms10662
http://www.ncbi.nlm.nih.gov/pubmed/26868506
https://doi.org/10.1016/0360-3016(95)02029-2
http://www.ncbi.nlm.nih.gov/pubmed/12118559
https://doi.org/10.1073/pnas.202604399
https://doi.org/10.1073/pnas.202604399
http://www.ncbi.nlm.nih.gov/pubmed/12432101
https://doi.org/10.1074/mcp.M110.006478
http://www.ncbi.nlm.nih.gov/pubmed/21454883
https://doi.org/10.1016/j.celrep.2015.06.042
http://www.ncbi.nlm.nih.gov/pubmed/26166573
https://doi.org/10.1158/0008-5472.CAN-06-4149
https://doi.org/10.1158/0008-5472.CAN-06-4149
http://www.ncbi.nlm.nih.gov/pubmed/17409411
https://doi.org/10.1242/jcs.090381
http://www.ncbi.nlm.nih.gov/pubmed/22328499
https://doi.org/10.1016/j.cell.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25480292
https://doi.org/10.1101/gad.12.17.2711
http://www.ncbi.nlm.nih.gov/pubmed/9732269
https://doi.org/10.1038/14046
http://www.ncbi.nlm.nih.gov/pubmed/10559962
https://doi.org/10.1101/gad.12.4.502
http://www.ncbi.nlm.nih.gov/pubmed/9472019
https://doi.org/10.7554/eLife.42149

e LI FE Research article Developmental Biology | Genetics and Genomics

Gray S, Cohen PE. 2016. Control of meiotic crossovers: from Double-Strand break formation to designation.
Annual Review of Genetics 50:175-210. DOI: https://doi.org/10.1146/annurev-genet-120215-035111,
PMID: 27648641

Guo J, Zhang T, Guo Y, Sun T, Li H, Zhang X, Yin H, Cao G, Yin Y, Wang H, Shi L, Guo X, Sha J, Eppig JJ, Su YQ.
2018. Oocyte stage-specific effects of MTOR determine granulosa cell fate and oocyte quality in mice. PNAS
115:E5326-E5333. DOI: https://doi.org/10.1073/pnas.1800352115, PMID: 29784807

Hagan CR, Sheffield RF, Rudin CM. 2003. Human alu element retrotransposition induced by genotoxic stress.
Nature Genetics 35:219-220. DOI: https://doi.org/10.1038/ng1259, PMID: 14578886

Hahn K, Miranda M, Francis VA, Vendrell J, Zorzano A, Teleman AA. 2010. PP2A regulatory subunit PP2A-B’
counteracts S6K phosphorylation. Cell Metabolism 11:438-444. DOI: https://doi.org/10.1016/j.cmet.2010.03.
015, PMID: 20444422

Harris CR, Dewan A, Zupnick A, Normart R, Gabriel A, Prives C, Levine AJ, Hoh J. 2009. p53 responsive
elements in human retrotransposons. Oncogene 28:3857-3865. DOI: https://doi.org/10.1038/0nc.2009.246,
PMID: 19718052

Hay N, Sonenberg N. 2004. Upstream and downstream of mTOR. Genes & Development 18:1926-1945.
DOI: https://doi.org/10.1101/gad.1212704, PMID: 15314020

Hewitt G, Korolchuk VI. 2017. Repair, reuse, recycle: the expanding role of autophagy in genome maintenance.
Trends in Cell Biology 27:340-351. DOI: https://doi.org/10.1016/j.tcb.2016.11.011, PMID: 28011061

Hong A, Lee-Kong S, lida T, Sugimura |, Lilly MA. 2003. The p27cip/kip ortholog dacapo maintains the
Drosophila oocyte in prophase of meiosis . Development 130:1235-1242. DOI: https://doi.org/10.1242/dev.
00352, PMID: 12588841

Hong A, Narbonne-Reveau K, Riesgo-Escovar J, Fu H, Aladjem M|, Lilly MA. 2007. The cyclin-dependent kinase
inhibitor dacapo promotes replication licensing during Drosophila endocycles. The EMBO Journal 26:2071-
2082. DOI: https://doi.org/10.1038/sj.emboj.7601648, PMID: 17380129

Hughes SE, Miller DE, Miller AL, Hawley RS. 2018. Female meiosis: synapsis, recombination, and segregation in
Drosophila melanogaster. Genetics 208:875-908. DOI: https://doi.org/10.1534/genetics.117.300081, PMID: 2
9487146

Hunter N. 2015. Meiotic recombination: the essence of heredity. Cold Spring Harbor Perspectives in Biology 7:
a016618. DOI: https://doi.org/10.1101/cshperspect.a016618, PMID: 26511629

lida T, Lilly MA. 2004. Missing oocyte encodes a highly conserved nuclear protein required for the maintenance
of the meiotic cycle and oocyte identity in Drosophila. Development 131:1029-1039. DOI: https://doi.org/10.
1242/dev.01001, PMID: 14973288

Inoki K, LiY, Xu T, Guan KL. 2003. Rheb GTPase is a direct target of TSC2 GAP activity and regulates mTOR
signaling. Genes & Development 17:1829-1834. DOI: https://doi.org/10.1101/gad. 1110003, PMID: 12869586

Jang JK, Sherizen DE, Bhagat R, Manheim EA, McKim KS. 2003. Relationship of DNA double-strand breaks to
Synapsis in Drosophila. Journal of Cell Science 116:3069-3077. DOI: https://doi.org/10.1242/jcs.00614,
PMID: 12799415

Jewell JL, Guan KL. 2013. Nutrient signaling to mTOR and cell growth. Trends in Biochemical Sciences 38:233-
242. DOI: https://doi.org/10.1016/j.tibs.2013.01.004, PMID: 23465396

Ji L, Nishizaki M, Gao B, Burbee D, Kondo M, Kamibayashi C, Xu K, Yen N, Atkinson EN, Fang B, Lerman M,
Roth JA, Minna JD. 2002. Expression of several genes in the human chromosome 3p21.3 homozygous deletion
region by an adenovirus vector results in tumor suppressor activities in vitro and in vivo. Cancer Research 62:
2715-2720. PMID: 11980673

Jordan PW, Klein F, Leach DR. 2007. Novel roles for selected genes in meiotic DNA processing. PLOS Genetics
3:€222. DOI: https://doi.org/10.1371/journal.pgen.0030222, PMID: 18069899

Joyce EF, Pedersen M, Tiong S, White-Brown SK, Paul A, Campbell SD, McKim KS. 2011. Drosophila ATM and
ATR have distinct activities in the regulation of meiotic DNA damage and repair. The Journal of Cell Biology
195:359-367. DOI: https://doi.org/10.1083/jcb.201104121, PMID: 22024169

Joyce EF, McKim KS. 2011. Meiotic checkpoints and the interchromosomal effect on crossing over in Drosophila
females. Fly 5:134-140. DOI: https://doi.org/10.4161/fly.5.2.14767, PMID: 21339705

Khurana JS, Theurkauf W. 2010. piRNAs, transposon silencing, and Drosophila germline development. The
Journal of Cell Biology 191:905-913. DOI: https://doi.org/10.1083/jcb.201006034, PMID: 21115802

Kim JS, Ro SH, Kim M, Park HW, Semple IA, Park H, Cho US, Wang W, Guan KL, Karin M, Lee JH. 2015. Sestrin2
inhibits mMTORC1 through modulation of GATOR complexes. Scientific Reports 5:9502. DOI: https://doi.org/10.
1038/srep09502, PMID: 25819761

Kim W, Jang Y-G, Yang J, Chung J. 2017. Spatial activation of TORC1 is regulated by hedgehog and E2F1
signaling in the Drosophila eye. Developmental Cell 42:363-375. DOI: https://doi.org/10.1016/].devcel.2017.
07.020

Klermund J, Bender K, Luke B. 2014. High nutrient levels and TORC1 activity reduce cell viability following
prolonged telomere dysfunction and cell cycle arrest. Cell Reports 9:324-335. DOI: https://doi.org/10.1016/].
celrep.2014.08.053, PMID: 25263563

Kowalczyk MS, Hughes JR, Babbs C, Sanchez-Pulido L, Szumska D, Sharpe JA, Sloane-Stanley JA, Morriss-Kay
GM, Smoot LB, Roberts AE, Watkins H, Bhattacharya S, Gibbons RJ, Ponting CP, Wood WG, Higgs DR. 2012.
Nprl3 is required for normal development of the cardiovascular system. Mammalian Genome 23:404-415.
DOI: https://doi.org/10.1007/s00335-012-9398-y, PMID: 22538705

Ku HY, Lin H. 2014. PIWI proteins and their interactors in piRNA Biogenesis, germline development and gene
expression. National Science Review 1:205-218. DOI: https://doi.org/10.1093/nsr/nwu014, PMID: 25512877

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 25 of 28


https://doi.org/10.1146/annurev-genet-120215-035111
http://www.ncbi.nlm.nih.gov/pubmed/27648641
https://doi.org/10.1073/pnas.1800352115
http://www.ncbi.nlm.nih.gov/pubmed/29784807
https://doi.org/10.1038/ng1259
http://www.ncbi.nlm.nih.gov/pubmed/14578886
https://doi.org/10.1016/j.cmet.2010.03.015
https://doi.org/10.1016/j.cmet.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20444422
https://doi.org/10.1038/onc.2009.246
http://www.ncbi.nlm.nih.gov/pubmed/19718052
https://doi.org/10.1101/gad.1212704
http://www.ncbi.nlm.nih.gov/pubmed/15314020
https://doi.org/10.1016/j.tcb.2016.11.011
http://www.ncbi.nlm.nih.gov/pubmed/28011061
https://doi.org/10.1242/dev.00352
https://doi.org/10.1242/dev.00352
http://www.ncbi.nlm.nih.gov/pubmed/12588841
https://doi.org/10.1038/sj.emboj.7601648
http://www.ncbi.nlm.nih.gov/pubmed/17380129
https://doi.org/10.1534/genetics.117.300081
http://www.ncbi.nlm.nih.gov/pubmed/29487146
http://www.ncbi.nlm.nih.gov/pubmed/29487146
https://doi.org/10.1101/cshperspect.a016618
http://www.ncbi.nlm.nih.gov/pubmed/26511629
https://doi.org/10.1242/dev.01001
https://doi.org/10.1242/dev.01001
http://www.ncbi.nlm.nih.gov/pubmed/14973288
https://doi.org/10.1101/gad.1110003
http://www.ncbi.nlm.nih.gov/pubmed/12869586
https://doi.org/10.1242/jcs.00614
http://www.ncbi.nlm.nih.gov/pubmed/12799415
https://doi.org/10.1016/j.tibs.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23465396
http://www.ncbi.nlm.nih.gov/pubmed/11980673
https://doi.org/10.1371/journal.pgen.0030222
http://www.ncbi.nlm.nih.gov/pubmed/18069899
https://doi.org/10.1083/jcb.201104121
http://www.ncbi.nlm.nih.gov/pubmed/22024169
https://doi.org/10.4161/fly.5.2.14767
http://www.ncbi.nlm.nih.gov/pubmed/21339705
https://doi.org/10.1083/jcb.201006034
http://www.ncbi.nlm.nih.gov/pubmed/21115802
https://doi.org/10.1038/srep09502
https://doi.org/10.1038/srep09502
http://www.ncbi.nlm.nih.gov/pubmed/25819761
https://doi.org/10.1016/j.devcel.2017.07.020
https://doi.org/10.1016/j.devcel.2017.07.020
https://doi.org/10.1016/j.celrep.2014.08.053
https://doi.org/10.1016/j.celrep.2014.08.053
http://www.ncbi.nlm.nih.gov/pubmed/25263563
https://doi.org/10.1007/s00335-012-9398-y
http://www.ncbi.nlm.nih.gov/pubmed/22538705
https://doi.org/10.1093/nsr/nwu014
http://www.ncbi.nlm.nih.gov/pubmed/25512877
https://doi.org/10.7554/eLife.42149

e LI FE Research article

Developmental Biology | Genetics and Genomics

LaFever L, Feoktistov A, Hsu HJ, Drummond-Barbosa D. 2010. Specific roles of target of rapamycin in the
control of stem cells and their progeny in the Drosophila ovary. Development 137:2117-2126. DOI: https://doi.
org/10.1242/dev.050351, PMID: 20504961

Lai KP, Leong WF, Chau JFL, Jia D, Zeng L, Liu H, He L, Hao A, Zhang H, Meek D, Velagapudi C, Habib SL, Li B.
2010. S6K1 is a multifaceted regulator of Mdm2 that connects nutrient status and DNA damage response. The
EMBO Journal 29:2994-3006. DOI: https://doi.org/10.1038/emboj.2010.166

Laplante M, Sabatini DM. 2012a. mTOR signaling in growth control and disease. Cell 149:274-293. DOI: https://
doi.org/10.1016/j.cell.2012.03.017, PMID: 22500797

Laplante M, Sabatini DM. 2012b. mTOR signaling. Cold Spring Harbor Perspectives in Biology 4:a011593.

DOI: https://doi.org/10.1101/cshperspect.a011593, PMID: 22129599

Lee S, Cavallo L, Griffith J. 1997. Human p53 binds Holliday junctions strongly and facilitates their cleavage.
Journal of Biological Chemistry 272:7532-7539. DOI: https://doi.org/10.1074/jbc.272.11.7532, PMID: 9054458

Lee CH, Inoki K, Karbowniczek M, Petroulakis E, Sonenberg N, Henske EP, Guan KL. 2007. Constitutive mTOR
activation in TSC mutants sensitizes cells to energy starvation and genomic damage via p53. The EMBO Journal
26:4812-4823. DOI: https://doi.org/10.1038/sj.embo].7601900, PMID: 17962806

Lerman MI, Minna JD. 2000. The 630-kb lung cancer homozygous deletion region on human chromosome 3p21.
3: identification and evaluation of the resident candidate tumor suppressor genes. . Cancer Research 60:6116—
6133. PMID: 11085536

Linke SP, Sengupta S, Khabie N, Jeffries BA, Buchhop S, Miska S, Henning W, Pedeux R, Wang XW, Hofseth LJ,
Yang Q, Garfield SH, Stiirzbecher HW, Harris CC. 2003. p53 interacts with hRAD51 and hRAD54, and directly
modulates homologous recombination. Cancer Research 63:2596-2605. PMID: 12750285

Liu H, Jang JK, Kato N, McKim KS. 2002. mei-P22 encodes a chromosome-associated protein required for the
initiation of meiotic recombination in Drosophila Melanogaster. Genetics 162:245-258. PMID: 12242237

Liu N, Lee CH, Swigut T, Grow E, Gu B, Bassik MC, Wysocka J. 2018. Selective silencing of euchromatic L1s
revealed by genome-wide screens for L1 regulators. Nature 553:228-232. DOI: https://doi.org/10.1038/
nature25179, PMID: 29211708

Loewith R, Hall MN. 2011. Target of rapamycin (TOR) in nutrient signaling and growth control. Genetics 189:
1177-1201. DOI: https://doi.org/10.1534/genetics.111.133363, PMID: 22174183

Longhese MP, Bonetti D, Guerini I, Manfrini N, Clerici M. 2009. DNA double-strand breaks in meiosis: Checking
their formation, processing and repair. DNA Repair 8:1127-1138. DOI: https://doi.org/10.1016/j.dnarep.2009.
04.005

Lu WJ, Chapo J, Roig I, Abrams JM. 2010. Meiotic recombination provokes functional activation of the p53
regulatory network. Science 328:1278-1281. DOI: https://doi.org/10.1126/science. 1185640, PMID: 20522776

Ma X, Han Y, Song X, Do T, Yang Z, Ni J, Xie T. 2016. DNA damage-induced lok/CHK2 activation compromises
germline stem cell self-renewal and lineage differentiation. Development 143:4312-4323. DOI: https://doi.org/
10.1242/dev.141069, PMID: 27729408

Ma Y, Vassetzky Y, Dokudovskaya S. 2018. mTORC1 pathway in DNA damage response. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 1865:1293-1311. DOI: https://doi.org/10.1016/j.bbamcr.2018.
06.011

Madigan JP, Chotkowski HL, Glaser RL. 2002. DNA double-strand break-induced phosphorylation of Drosophila
histone variant H2Av helps prevent radiation-induced apoptosis. Nucleic Acids Research 30:3698-3705.

DOI: https://doi.org/10.1093/nar/gkf496

Magafa-Schwencke N, Henriques JA, Chanet R, Moustacchi E. 1982. The fate of 8-methoxypsoralen
photoinduced crosslinks in nuclear and mitochondrial yeast DNA: comparison of wild-type and repair-deficient
strains. PNAS 79:1722-1726. DOI: https://doi.org/10.1073/pnas.79.6.1722, PMID: 6281782

Magnuson B, Ekim B, Fingar DC. 2012. Regulation and function of ribosomal protein S6 kinase (S6K) within
mTOR signalling networks. Biochemical Journal 441:1-21. DOI: https://doi.org/10.1042/BJ20110892,

PMID: 22168436

Marsan E, Ishida S, Schramm A, Weckhuysen S, Muraca G, Lecas S, Liang N, Treins C, Pende M, Roussel D, Le
Van Quyen M, Mashimo T, Kaneko T, Yamamoto T, Sakuma T, Mahon S, Miles R, Leguern E, Charpier S, Baulac
S. 2016. Depdc5 knockout rat: a novel model of mTORopathy. Neurobiology of Disease 89:180-189.

DOI: https://doi.org/10.1016/j.nbd.2016.02.010, PMID: 26873552

Mateo AR, Kessler Z, Jolliffe AK, McGovern O, Yu B, Nicolucci A, Yanowitz JL, Derry WB. 2016. The p53-like
protein CEP-1 is required for meiotic fidelity in C. elegans. Current Biology 26:1148-1158. DOI: https://doi.
0rg/10.1016/j.cub.2016.03.036, PMID: 27151662

McClintock B. 1984. The significance of responses of the genome to challenge. Science 226:792-801.

DOI: https://doi.org/10.1126/science.15739260, PMID: 15739260

McKim KS, Green-Marroquin BL, Sekelsky JJ, Chin G, Steinberg C, Khodosh R, Hawley RS. 1998. Meiotic
Synapsis in the absence of recombination. Science 279:876-878. DOI: https://doi.org/10.1126/science.279.
5352.876, PMID: 9452390

McKim KS, Hayashi-Hagihara A. 1998. mei-Wé8 in Drosophila Melanogaster encodes a Spo11 homolog:
evidence that the mechanism for initiating meiotic recombination is conserved. Genes & Development 12:
2932-2942. DOI: https://doi.org/10.1101/gad.12.18.2932, PMID: 9744869

Mehrotra S, McKim KS. 2006. Temporal analysis of meiotic DNA double-strand break formation and repair in
Drosophila females. PLOS Genetics 2:200. DOI: https://doi.org/10.1371/journal.pgen.0020200,

PMID: 17166055

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 26 of 28


https://doi.org/10.1242/dev.050351
https://doi.org/10.1242/dev.050351
http://www.ncbi.nlm.nih.gov/pubmed/20504961
https://doi.org/10.1038/emboj.2010.166
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
https://doi.org/10.1101/cshperspect.a011593
http://www.ncbi.nlm.nih.gov/pubmed/22129599
https://doi.org/10.1074/jbc.272.11.7532
http://www.ncbi.nlm.nih.gov/pubmed/9054458
https://doi.org/10.1038/sj.emboj.7601900
http://www.ncbi.nlm.nih.gov/pubmed/17962806
http://www.ncbi.nlm.nih.gov/pubmed/11085536
http://www.ncbi.nlm.nih.gov/pubmed/12750285
http://www.ncbi.nlm.nih.gov/pubmed/12242237
https://doi.org/10.1038/nature25179
https://doi.org/10.1038/nature25179
http://www.ncbi.nlm.nih.gov/pubmed/29211708
https://doi.org/10.1534/genetics.111.133363
http://www.ncbi.nlm.nih.gov/pubmed/22174183
https://doi.org/10.1016/j.dnarep.2009.04.005
https://doi.org/10.1016/j.dnarep.2009.04.005
https://doi.org/10.1126/science.1185640
http://www.ncbi.nlm.nih.gov/pubmed/20522776
https://doi.org/10.1242/dev.141069
https://doi.org/10.1242/dev.141069
http://www.ncbi.nlm.nih.gov/pubmed/27729408
https://doi.org/10.1016/j.bbamcr.2018.06.011
https://doi.org/10.1016/j.bbamcr.2018.06.011
https://doi.org/10.1093/nar/gkf496
https://doi.org/10.1073/pnas.79.6.1722
http://www.ncbi.nlm.nih.gov/pubmed/6281782
https://doi.org/10.1042/BJ20110892
http://www.ncbi.nlm.nih.gov/pubmed/22168436
https://doi.org/10.1016/j.nbd.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/26873552
https://doi.org/10.1016/j.cub.2016.03.036
https://doi.org/10.1016/j.cub.2016.03.036
http://www.ncbi.nlm.nih.gov/pubmed/27151662
https://doi.org/10.1126/science.15739260
http://www.ncbi.nlm.nih.gov/pubmed/15739260
https://doi.org/10.1126/science.279.5352.876
https://doi.org/10.1126/science.279.5352.876
http://www.ncbi.nlm.nih.gov/pubmed/9452390
https://doi.org/10.1101/gad.12.18.2932
http://www.ncbi.nlm.nih.gov/pubmed/9744869
https://doi.org/10.1371/journal.pgen.0020200
http://www.ncbi.nlm.nih.gov/pubmed/17166055
https://doi.org/10.7554/eLife.42149

e LI FE Research article

Developmental Biology | Genetics and Genomics

Menon S, Dibble CC, Talbott G, Hoxhaj G, Valvezan AJ, Takahashi H, Cantley LC, Manning BD. 2014. Spatial
control of the TSC complex integrates insulin and nutrient regulation of mTORC1 at the lysosome. Cell 156:
771-785. DOI: https://doi.org/10.1016/j.cell.2013.11.049, PMID: 24529379

Molla-Herman A, Vallés AM, Ganem-Elbaz C, Antoniewski C, Huynh JR. 2015. tRNA processing defects induce
replication stress and Chk2-dependent disruption of piRNA transcription. The EMBO Journal 34:3009-3027.
DOI: https://doi.org/10.15252/embj.201591006, PMID: 26471728

Narbonne-Reveau K, Lilly M. 2009. The Cyclin-dependent kinase inhibitor dacapo promotes genomic stability
during premeiotic S phase. Molecular Biology of the Cell 20:1960-1969. DOI: https://doi.org/10.1091/mbc.
e08-09-0916, PMID: 19211840

Neklesa TK, Davis RW. 2009. A genome-wide screen for regulators of TORC1 in response to amino acid starvation
reveals a conserved Npr2/3 complex. PLOS Genetics 5:e1000515. DOI: https://doi.org/10.1371/journal.pgen.
1000515, PMID: 19521502

Page SL, Hawley RS. 2001. C(3)G encodes a Drosophila synaptonemal complex protein. Genes & Development
15:3130-3143. DOI: https://doi.org/10.1101/gad.935001, PMID: 11731477

Pai GM, Zielinski A, Koalick D, Ludwig K, Wang ZQ, Borgmann K, Pospiech H, Rubio I. 2016. TSC loss distorts
DNA replication programme and sensitises cells to genotoxic stress. Oncotarget 7:85365-85380. DOI: https://
doi.org/10.18632/oncotarget.13378, PMID: 27863419

Panchaud N, Péli-Gulli MP, De Virgilio C. 2013. Amino acid deprivation inhibits TORC1 through a GTPase-
activating protein complex for the rag family GTPase Gtr1. Science Signaling 6:ra42. DOI: https://doi.org/10.
1126/scisignal.2004112, PMID: 23716719

Parmigiani A, Nourbakhsh A, Ding B, Wang W, Kim YC, Akopiants K, Guan K-L, Karin M, Budanov AV. 2014.
Sestrins inhibit mTORC1 kinase activation through the GATOR complex. Cell Reports 9:1281-1291.

DOI: https://doi.org/10.1016/j.celrep.2014.10.019

Paterson MC, Sell BM, Smith BP, Bech-Hansen NT. 1982. Impaired colony-forming ability following gamma
irradiation of skin fibroblasts from tuberous sclerosis patients. Radiation Research 90:260-270. DOI: https://doi.
org/10.2307/3575704, PMID: 7079463

Romero-Pozuelo J, Demetriades C, Schroeder P, Teleman AA. 2017. CycD/Cdk4 and discontinuities in dpp
signaling activate TORC1 in the Drosophila wing disc. Developmental Cell 42:376-387. DOI: https://doi.org/10.
1016/j.devcel.2017.07.019

Scott RC, Schuldiner O, Neufeld TP. 2004. Role and regulation of starvation-induced autophagy in the
Drosophila fat body. Developmental Cell 7:167-178. DOI: https://doi.org/10.1016/j.devcel.2004.07.009,
PMID: 15296714

Sekelsky JJ, McKim KS, Messina L, French RL, Hurley WD, Arbel T, Chin GM, Deneen B, Force SJ, Hari KL, Jang
JK, Laurencon AC, Madden LD, Matthies HJ, Milliken DB, Page SL, Ring AD, Wayson SM, Zimmerman CC,
Hawley RS. 1999. Identification of novel Drosophila meiotic genes recovered in a P-element screen. Genetics
152:529-542. PMID: 10353897

Sieber MH, Thomsen MB, Spradling AC. 2016. Electron transport chain remodeling by GSK3 during oogenesis
connects nutrient state to reproduction. Cell 164:420-432. DOI: https://doi.org/10.1016/j.cell.2015.12.020,
PMID: 26824655

Spielewoy N, Guaderrama M, Wobhlschlegel JA, Ashe M, Yates JR, Wittenberg C. 2010. Npr2, yeast homolog of
the human tumor suppressor NPRL2, is a target of Grr1 required for adaptation to growth on diverse nitrogen
sources. Eukaryotic Cell 9:592-601. DOI: https://doi.org/10.1128/EC.00192-09, PMID: 20154027

Staeva-Vieira E, Yoo S, Lehmann R. 2003. An essential role of DmRad51/SpnA in DNA repair and meiotic
checkpoint control. The EMBO Journal 22:5863-5874. DOI: https://doi.org/10.1093/emboj/cdg564, PMID: 145
92983

Stiirzbecher HW, Donzelmann B, Henning W, Knippschild U, Buchhop S. 1996. p53 is linked directly to
homologous recombination processes via RAD51/RecA protein interaction. The EMBO Journal 15:1992-2002.
DOI: https://doi.org/10.1002/j.1460-2075.1996.tb00550.x, PMID: 8617246

Tavares MR, Pavan ICB, Amaral CL, Meneguello L, Luchessi AD, Simabuco FM. 2015. The S6K protein family in
health and disease. Life Sciences 131:1-10. DOI: https://doi.org/10.1016/}.1fs.2015.03.001

Teleman AA, Chen YW, Cohen SM. 2005. 4E-BP functions as a metabolic Brake used under stress conditions but
not during normal growth. Genes & Development 19:1844-1848. DOI: https://doi.org/10.1101/gad.341505,
PMID: 16103212

Toth KF, Pezic D, Stuwe E, Webster A. 2016. The piRNA pathway guards the germline genome against
transposable elements. Advances in Experimental Medicine and Biology 886:765-771. DOI: https://doi.org/10.
1007/978-94-017-7417-8_4

Ueda K, Kawashima H, Ohtani S, Deng WG, Ravoori M, Bankson J, Gao B, Girard L, Minna JD, Roth JA, Kundra
V, Ji L. 2006. The 3p21.3 tumor suppressor NPRL2 plays an important role in cisplatin-induced resistance in
human non-small-cell lung cancer cells. Cancer Research 66:9682-9690. DOI: https://doi.org/10.1158/0008-
5472.CAN-06-1483, PMID: 17018626

Van Doren M, Williamson AL, Lehmann R. 1998. Regulation of zygotic gene expression in Drosophila primordial
germ cells. Current Biology 8:243-246. DOI: https://doi.org/10.1016/5S0960-9822(98)70091-0, PMID: 9501989

van Werven FJ, Amon A. 2011. Regulation of entry into gametogenesis. Philosophical Transactions of the Royal
Society B: Biological Sciences 366:3521-3531. DOI: https://doi.org/10.1098/rstb.2011.0081

Walbot V. 1992. Reactivation of mutator transposable elements of maize by ultraviolet light. MGG Molecular &
General Genetics 234:353-360. DOI: https://doi.org/10.1007/BF00538694, PMID: 1328840

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 27 of 28


https://doi.org/10.1016/j.cell.2013.11.049
http://www.ncbi.nlm.nih.gov/pubmed/24529379
https://doi.org/10.15252/embj.201591006
http://www.ncbi.nlm.nih.gov/pubmed/26471728
https://doi.org/10.1091/mbc.e08-09-0916
https://doi.org/10.1091/mbc.e08-09-0916
http://www.ncbi.nlm.nih.gov/pubmed/19211840
https://doi.org/10.1371/journal.pgen.1000515
https://doi.org/10.1371/journal.pgen.1000515
http://www.ncbi.nlm.nih.gov/pubmed/19521502
https://doi.org/10.1101/gad.935001
http://www.ncbi.nlm.nih.gov/pubmed/11731477
https://doi.org/10.18632/oncotarget.13378
https://doi.org/10.18632/oncotarget.13378
http://www.ncbi.nlm.nih.gov/pubmed/27863419
https://doi.org/10.1126/scisignal.2004112
https://doi.org/10.1126/scisignal.2004112
http://www.ncbi.nlm.nih.gov/pubmed/23716719
https://doi.org/10.1016/j.celrep.2014.10.019
https://doi.org/10.2307/3575704
https://doi.org/10.2307/3575704
http://www.ncbi.nlm.nih.gov/pubmed/7079463
https://doi.org/10.1016/j.devcel.2017.07.019
https://doi.org/10.1016/j.devcel.2017.07.019
https://doi.org/10.1016/j.devcel.2004.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15296714
http://www.ncbi.nlm.nih.gov/pubmed/10353897
https://doi.org/10.1016/j.cell.2015.12.020
http://www.ncbi.nlm.nih.gov/pubmed/26824655
https://doi.org/10.1128/EC.00192-09
http://www.ncbi.nlm.nih.gov/pubmed/20154027
https://doi.org/10.1093/emboj/cdg564
http://www.ncbi.nlm.nih.gov/pubmed/14592983
http://www.ncbi.nlm.nih.gov/pubmed/14592983
https://doi.org/10.1002/j.1460-2075.1996.tb00550.x
http://www.ncbi.nlm.nih.gov/pubmed/8617246
https://doi.org/10.1016/j.lfs.2015.03.001
https://doi.org/10.1101/gad.341505
http://www.ncbi.nlm.nih.gov/pubmed/16103212
https://doi.org/10.1007/978-94-017-7417-8_4
https://doi.org/10.1007/978-94-017-7417-8_4
https://doi.org/10.1158/0008-5472.CAN-06-1483
https://doi.org/10.1158/0008-5472.CAN-06-1483
http://www.ncbi.nlm.nih.gov/pubmed/17018626
https://doi.org/10.1016/S0960-9822(98)70091-0
http://www.ncbi.nlm.nih.gov/pubmed/9501989
https://doi.org/10.1098/rstb.2011.0081
https://doi.org/10.1007/BF00538694
http://www.ncbi.nlm.nih.gov/pubmed/1328840
https://doi.org/10.7554/eLife.42149

e LI FE Research article

Developmental Biology | Genetics and Genomics

Wei Y, Reveal B, Reich J, Laursen WJ, Senger S, Akbar T, lida-Jones T, Cai W, Jarnik M, Lilly MA. 2014. TORC1
regulators ImlI1/GATOR1 and GATOR2 control meiotic entry and oocyte development in Drosophila. PNAS
111:E5670-E5677. DOI: https://doi.org/10.1073/pnas. 1419156112, PMID: 25512509

Wei Y, Reveal B, Cai W, Lilly MA. 2016. The GATOR1 complex regulates metabolic homeostasis and the
response to nutrient stress in Drosophila melanogaster . G3: Genes, Genomes, Genetics 6:3859-3867.

DOI: https://doi.org/10.1534/93.116.035337

Wei Y, Lilly MA. 2014. The TORC1 inhibitors Nprl2 and Nprl3 mediate an adaptive response to amino-acid
starvation in Drosophila. Cell Death & Differentiation 21:1460-1468. DOI: https://doi.org/10.1038/cdd.2014.63,
PMID: 24786828

Wu X, Tu BP. 2011. Selective regulation of autophagy by the ImI1-Npr2-Npr3 complex in the absence of nitrogen
starvation. Molecular Biology of the Cell 22:4124-4133. DOI: https://doi.org/10.1091/mbc.e11-06-0525,

PMID: 21900499

Waullschleger S, Loewith R, Hall MN. 2006. TOR signaling in growth and metabolism. Cell 124:471-484.
DOI: https://doi.org/10.1016/j.cell.2006.01.016, PMID: 16469695

Wylie A, Jones AE, D'Brot A, Lu WJ, Kurtz P, Moran JV, Rakheja D, Chen KS, Hammer RE, Comerford SA,
Amatruda JF, Abrams JM. 2016. p53 genes function to restrain mobile elements. Genes & Development 30:
64-77. DOI: https://doi.org/10.1101/gad.266098.115, PMID: 26701264

Xie X, Hu H, Tong X, Li L, Liu X, Chen M, Yuan H, Xie X, Li Q, Zhang Y, Ouyang H, Wei M, Huang J, Liu P, Gan
W, Liu Y, Xie A, Kuai X, Chirn GW, Zhou H, et al. 2018. The mTOR-S6K pathway links growth signalling to DNA
damage response by targeting RNF168. Nature Cell Biology 20:320-331. DOI: https://doi.org/10.1038/s41556-
017-0033-8, PMID: 29403037

Zannini L, Delia D, Buscemi G. 2014. CHK2 kinase in the DNA damage response and beyond. Journal of
Molecular Cell Biology 6:442-457. DOI: https://doi.org/10.1093/jmcb/mju045, PMID: 25404613

Zhang Y, Gao X, Saucedo LJ, Ru B, Edgar BA, Pan D. 2003. Rheb is a direct target of the tuberous sclerosis
tumour suppressor proteins. Nature Cell Biology 5:578-581. DOI: https://doi.org/10.1038/ncb999,

PMID: 12771962

Wei et al. eLife 2019;8:e42149. DOI: https://doi.org/10.7554/elLife.42149 28 of 28


https://doi.org/10.1073/pnas.1419156112
http://www.ncbi.nlm.nih.gov/pubmed/25512509
https://doi.org/10.1534/g3.116.035337
https://doi.org/10.1038/cdd.2014.63
http://www.ncbi.nlm.nih.gov/pubmed/24786828
https://doi.org/10.1091/mbc.e11-06-0525
http://www.ncbi.nlm.nih.gov/pubmed/21900499
https://doi.org/10.1016/j.cell.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16469695
https://doi.org/10.1101/gad.266098.115
http://www.ncbi.nlm.nih.gov/pubmed/26701264
https://doi.org/10.1038/s41556-017-0033-8
https://doi.org/10.1038/s41556-017-0033-8
http://www.ncbi.nlm.nih.gov/pubmed/29403037
https://doi.org/10.1093/jmcb/mju045
http://www.ncbi.nlm.nih.gov/pubmed/25404613
https://doi.org/10.1038/ncb999
http://www.ncbi.nlm.nih.gov/pubmed/12771962
https://doi.org/10.7554/eLife.42149

