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SUMMARY

The decision of stem cells to proliferate and differentiate is finely controlled. The Caenorhabditis
elegans germ line provides a tractable system to study the mechanisms that control stem cell
proliferation and homeostasis [1-4]. Autophagy is a conserved cellular recycling process crucial
for cellular homeostasis in many different contexts [5], but its function in germline stem cell
proliferation remains poorly understood. Here, we describe a function for autophagy in germline
stem cell proliferation. We found that autophagy genes, such as bec-1/Beclinl, atg-16.2/ATG16L,
atg-18/WIPI1/2, and atg-7/ATG7 are required for the late larval expansion of germline stem cell
progenitors in the C. elegans gonad. We further show that BEC-1/Beclinl acts independently of
the GLP-1/Notch or DAF-7/TGF pathways, but together with the DAF-2/insulin IGF-1 receptor
(IIR) signaling pathway to promote germline stem cell proliferation. Similar to DAF-2/IIR,
BEC-1/Beclinl, ATG-18/WIPI1/2 and ATG-16.2/ATG16L all promote cell cycle progression, and
are negatively regulated by the phosphatase and tensin DAF-18/PTEN. However, whereas BEC-1/
Beclinl acts through the transcriptional regulator SKN-1/Nrfl, ATG-18/WIPI1/2 and ATG-16.2/
ATGI16L exert their function through the DAF-16/FOXO transcription factor. In contrast, ATG-7
functions in concert with the DAF-7/ TGFp pathway to promote germline proliferation, and is not
required for cell cycle progression. Finally, we report that BEC-1/Beclinl functions cell non-
autonomously to facilitate cell cycle progression and stem cell proliferation. Our findings
demonstrate a novel non-autonomous role for BEC-1/Beclinl in the control stem cell proliferation,
and cell cycle progression, which may have implications for the understanding, and development,
of therapies against malignant cell growth in the future.
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RESULTS AND DISCUSSION

BEC-1 is required for the normal accumulation of germline progenitor cells during larval
development

In C. elegans, loss-of-function mutations in the autophagy gene bec-1/beclini result in a
sterile phenotype [6], suggesting a role for BEC-1/Beclinl in gonadogenesis or in germline
development. We found that compromising BEC-1/Beclinl function resulted in a significant
reduction (up to 50%) in the number of stem cells, in the distal proliferative mitotic zone,
when compared to wild-type animals of the same stage (Figure 1A-D). Moreover, the
proliferating mitotic zone was shortened, from an average length of 20 cell diameters in
wild-type animals, to an average of 15 cell diameters in bec-1 mutants (Figure 1C). bec-1
homozygous mutants that segregated from a heterozygous parent, are maternally rescued
from the lethal phenotype of the bec-1 complete loss of function [6]. The germline
phenotypes of homozygous bec-1 mutant and bec-1 RNAI depleted animals are
indistinguishable (Figure 1D). Since RNAI targets both the maternal and zygotic mMRNA,
and the phenotype of bec-1 mutants subjected to RNAI against bec-1 was not enhanced (data
not shown), these results suggest that there is no significant maternal rescue of the bec-1
mutant germline phenotype.

BEC-1-mediated autophagy, not retromer function, controls germline proliferation

In addition to its role in the nucleation of autophagosomes [7], BEC-1/Beclinl has been
shown to function in a complex with VPS-34/PI3K in endocytosis, and as part of the
retromer, in the transport from endosomes to the Golgi network [6]. We first inhibited genes
required at different steps of autophagy, a stepwise process mediated by different protein
complexes for all of which orthologs have been identified in C. elegans (Figure 1E) [8-10].
The steps include: induction (e.g. ATG-9, EPG-1/ATG-13), nucleation of the pre-
autophagosomal structure (e.g. BEC-1/Beclinl/Atg6/Vps30, VPS-34/P13K, EPG-8/ATG14,
and VPS-15), elongation of the isolation membrane (e.g., ATG-7, ATG-3, LGG-3/Atg12,
ATG-16.2/ATG16L), docking and fusion with the lysosome (eg. SNAP29), and retrieval of
membrane or membrane proteins (e.g. ATG-18/WIPI11/2, ATG-2)(Figure 1E). Loss of
function of autophagy genes at different steps resulted in a reduced number of germ cell
progenitors in both hermaphrodites (Figure 1F-G) and males (data not shown). Importantly,
we found that loss of CUP-5/ MCOLNL1, the C. efegans ortholog of human mucolipin 1, a
protein important for normal lysosomal degradation [11, 12], also resulted in a reduced
number of germ cell progenitors in the mitotic zone (Figure 1G). In contrast, RNAI against
genes that encode core retromer proteins, including the sorting nexin factor snx-1/SNX1 or
the receptor mediated endocytosis protein rme-8/RMES, resulted in no change of germline
stem cell number (Figure 1G). We conclude that autophagy genes functioning at different
steps of the autophagic process, including lysosomal degradation, are required for the
proliferation of stem cells during development, whereas retromer transport may not serve a
major function in this process.

Under normal growth conditions, wild-type germline stem cell progenitors expand during
the third and fourth larval stages to establish an adult pool of germ cells [13]. We determined
that autophagy genes are not required for early proliferation, but are essential for the late
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larval accumulation of germline stem cell progenitors (from this point on we refer to this
phenotype as a germline proliferation defect) (Figure 1H). This germline phenotype of
autophagy mutants is similar to that of mutants in the sole insulin-like growth factor receptor
aaf-2/ IR (Figure 1H) [14], suggesting that autophagy proteins, such as BEC-1/Beclinl,
ATG-16.2/ATG16L and ATG-18/WIPI1/2, may function in a similar manner as the
DAF-2/1IR receptor.

To obtain insight into the germline defects in bec-1 loss of function animals, we examined
the plasma membrane of the germ line by using a GFP::PLC1 (phospholipase C delta)
reporter (Figure S1). PLC1 (derived from rat PLC1) comprises a PH domain that specifically
binds to plasma membrane associated phosphatidylinositol 4,5-biphosphate [15]. In wild-
type hermaphrodites, the membranes of the germline syncytium show uniformly arranged
hexagons, and line up at the periphery surrounding the shared cytoplasm (rachis), in the
shape of a T-letter (Figure S1 and S4E). In contrast, bec-1 loss of function animals contained
germ cells with discontinuous, randomly shaped membranes, and appeared disorganized,
with T-shapes no longer visible (Figure S1 and S4E). Surprisingly, afg-7 depleted animals
did not display the same level of membrane disorganization as bec-1 mutants (Figure S1),
despite the fact that azg-7RNAI animals have a decrease in stem cell progenitors (Figure 1E
and G). However, we failed to observe the characteristic division patterns of wild-type germ
cells in afg-7mutants (Figure S1). Together, our results suggest that BEC-1 is necessary for
membrane formation, recruitment and/or stability, to ensure proper division patterns during
germ line stem cell proliferation. A function for autophagy in membrane trafficking, or
nonconventional secretion, could underlie the observed phenotypes (reviewed in [16]).
Alternatively, but not mutually exclusive, autophagy could provide metabolites, such as
nucleosides, fatty acids, sugars, or amino acids, and may have a role in the polarity or
orientation of cell division [17].

BEC-1 acts independently of GLP-1/Notch signaling to control germ cell proliferation

GLP-1/Notch, DAF-7/TGFB and DAF-2/insulin-like IGF-1 receptor (IIR) signaling have
been shown to promote germ cell proliferation [14, 18-20]. To determine in which pathways
autophagy genes act, we tested GLP-1/Notch signaling, which acts from the distal tip cell
(DTC) to create a stem cell niche, and maintains the proliferative fate of the germ line [19].
We found that loss of bec-1 gene function, either by RNAI or by genomic mutation
significantly decreased the number of stem/progenitor cells in the weak gain of function
allele glp-1(ar202gf) (Figure S2A, S2B), an allele that is characterized by lack of germ cells
differentiation, and overproliferation [21]. Similarly, genetic removal of atg-16.2(0k3224) or
atg-18(gk378) significantly suppressed the glp-1(ar202gf) overproliferation phenotype
(Figure S2B). Thus, autophagy gene function is required for the excessive proliferation of
progenitor/stem cells in glp-1(ar202gf) mutants. Interestingly, the glp-1(ar202gf) allele
suppressed the mitotic germline proliferation defect of mutations in bec-1/Beclinl, atg-16.2/
ATGI16L, or atg-18/WIPI1/2to wild-type levels, but not to the level of glp-1(ar202gf) alone
(Figure S2B), suggesting that autophagy has a GLP-1 independent activity in promoting
germline stem cell proliferation. In contrast, loss of BEC-1 function further decreased germ
cell proliferation in the glp-1(e2141/f)loss of function allele (Figure S2C), which is
characterized by a reduction in germline progenitors, and a severe Glp (Germline abnormal
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proliferation) phenotype, where germ cells do not proliferate and differentiate prematurely
[19]. Therefore, reducing bec-1 activity enhanced the phenotype associated with a reduction
in glp-1 function, and suppressed the phenotype associated with elevated g/p-1 activity. One
possibility was that autophagy proteins, such as BEC-1/Beclinl, act to modulate the
production or localization of a DTC-expressed Notch ligand or ligands. To examine this
possibility, we depleted bec-1in a gld-2(q497) gld-1(q1485), glp-1(g175) triple mutant [1],
where proliferative germ cells are observed, despite the complete absence of GLP-1/Notch
activity. However, we found that bec-1/beclin1 RNA. still reduced the number of mitotic
germ cells in the gld-2(q497) gld-1(q1485), glp-1(q175) triple mutants to a similar extent as
in wild-type animals (Figure S2D). Taken together, our g/p-1/Notch gain and loss of
function experiments suggest that BEC-1/Beclinl functions, at least in part, independently
of GLP-1/Notch activity to promote germ cell proliferation.

BEC-1 functions in a DAF-18/PTEN and SKN-1/Nrf dependent but DAF-16/FOXO
independent manner to promote germline proliferation

The reduction of germline proliferation in autophagy mutants is similar to that of loss of
function mutants in daf-2Z/1IR signaling (Figure 1H) [14]. Thus, we investigated possible
interactions between the DAF-2/1IR pathway and autophagy genes. The reduction of
germline progenitor cells in bec-1(0k691), daf-2(e1370) double mutants was
indistinguishable from that of bec-1 single mutants, however slightly enhanced when
compared to gaf-2///R single mutants (P<0.05) (Figure 2A). We conclude that bec-1 acts in a
pathway with gaf-2///R signaling to promote germline proliferation.

DAF-2/1IR signaling promotes germline stem cell proliferation through the canonical class |
P13K pathway, which inactivates the transcription factor DAF-16/FOXO, and is negatively
regulated by DAF-18/PTEN [22, 23]. Interestingly, we found that daf-18/PTEN RNAI
depletion suppressed the decrease in the number of mitotic nuclei of bec-1 (0k691 and
0k700)(P<0.01), atg-18(gk378) (P<0.05), or atg-16.2(0k3224) (P<0.01), mutant animals
(Figure 2B). In contrast, daf-16/FOXO RNAI depletion had no effect on bec-1 (0k691 or
0k700) mutants, but suppressed the decrease in the number of mitotic nuclei in
atg-16.2(0k3224) or atg-18(gk378) mutant animals (Figure 2C). To further corroborate the
notion that bec-1/beclini acts independently of daf-16/FOXO, we analyzed a
aaf-16(mgDf47); bec-1(0k691) double mutant, and found that complete loss of daf-16/
FOXO also failed to suppress the bec-1/beclin1 mutant phenotype (Figure 2D). However,
RNAI depletion of skn-1, a gene that encodes a bZip transcription factor orthologous to
mammalian Nuclear factor-erythroid-related factor (Nrf), an alternative transcription factor
to DAF-16/FOXO [24], suppressed the reduction of mitotic nuclei phenotype of bec-1
mutants (Figure 2E). Thus, autophagy genes display complex interactions with the
DAF-2/1IR signaling pathway to control stem cell proliferation. Whereas bec-1 function is
dependent on DAF-18/PTEN and SKN-1/Nrf, but independent of DAF-16/FOXO0, atg-16.2/
ATGI6L and atg-18/WIPI1/2 function is dependent on DAF-18/PTEN and DAF-16/FOXO.
The mechanism for germ cell proliferation for BEC-1 we suggest here is reminiscent of the
mechanisms that control entry into the L1 diapause arrest in response to starvation. This
process is also regulated by DAF-2/IIR in a DAF-18/PTEN-dependent, but DAF-16/FOXO
independent manner [25]. In contract, the loss of function phenotype of afg-7was not
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suppressed by RNAi-mediated knock down of daf-18/PTEN under the same conditions. This
suggests that ATG-7 may not be modulated by DAF-18/PTEN to control germline stem cell
proliferation (Figure 2B), a finding consistent with the observation that ATG-7 acts in a
pathway with TGFp signaling (see below). Alternatively, but not mutually exclusive,
different autophagy genes may display different sensitivity to reducing the function of the
DAF-18/PTEN negative regulator.

BEC-1 acts independently of DAF-7/TGF signaling, whereas ATG-7 promotes germline
proliferation together with DAF-7/TGFp signaling

A third pathway shown to control germline proliferation is the DAF-7/TGFp signaling
pathway, which negatively regulates the darf-3/CoSMAD and daf-5 genes to maintain the
balance between proliferation and differentiation in response to sensory cues that report on
food availability and population density [18]. When we tested the impact of autophagy genes
on TGFp signaling, we found neither enhancement nor suppression of the germline
proliferation defect after depletion of bec-1 or cup-5by RNAI in daf-3/CoSMAD or daf-5
mutants (Figure 2F). This observation contrasts with the phenotype of daf-7/TGFB, which is
readily suppressible by genetic removal of the negative regulators of TGF-signaling, dar-3/
CoSMAD or agaf-5[18]. Interestingly, we found that the afg-7RNAI loss of function
phenotype was suppressed by loss of daf-3/CoSMAD or daf-5. Since the daf-7/TGFp loss of
function phenotype was not enhanced by afg-7RNAI depletion (Figure 2F), our results
suggest that afg-7acts in a pathway with daf-7/TGFp to promote proliferation of the germ
cell population, and provide another example of a genetic distinction between the autophagy
genes bec-1/Beclinl and atg-7/ATG7 (see above). In contrast, the daf-7/TGFB loss of
function phenotype was enhanced upon bec-1 or cup-5/MCOLNI RNAI depletion (Figure
2F), suggesting that BEC-1/Beclinl and CUP-5/MCOLNL act in a parallel pathway with
DAF-7/TGF. Lastly, the reduction in adult germline stem cell proliferation observed as a
consequence of dietary restriction, in ear-2 mutants, was exacerbated by bec-1 RNAI (Figure
S2E). We conclude that BEC-1/Beclinl acts in an independent pathway from DAF-7/TGFp
signaling, whereas ATG-7 may act together with DAF-7/TGFf to promote the expansion of
germline stem cell progenitors.

BEC-1/Beclinl regulates cell cycle progression

Our results showed that autophagy genes are necessary for the stem cell proliferation in the
developing germ line that occurs during the L4 larval stage and thereafter (Figure 1H). We
considered three possible mechanisms for how BEC-1/Beclinl mediated autophagy may be
required to maintain a mitotic population of stem cells: (1) by ensuring cell survival, (2) by
promoting the transition from proliferation to differentiation, and/or (3) by controlling cell
cycle progression. We found no increase in the number of apoptotic corpses (or cellular
debris) in the gonad at the L4 larval stage (Figure S3A), even when the decrease in stem cell
proliferation due to autophagy gene knock down (bec-1, vps-34, or atg-18) was already
visible. Thus, we conclude that the reduction of progenitor/stem cell number in young
autophagy gene mutants is not due to a decrease in cell survival.

Precocious transition into meiosis can decrease the stem/progenitor cell pool. The GLD-1
and GDL-3 RNA binding proteins are important for the transition of germ cells from
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proliferation to differentiation [1, 26, 27]. Lack of GLD-1 in g/d-1(g485) mutants decreases
the length of the mitotic zone due to precocious differentiation, whereas lack of GLD-3 in
gld-3(q741) mutants extends the mitotic zone, due to a delay in the decision to differentiate
[1, 27]. We found that RNAI against bec-1, vps-34, atg-18 or atg-7in gld-1(q485) or
gld-3(q741) single mutants resulted in no change in the length of the proliferative zone
(Figure S3B). These results suggest that autophagy genes are not involved in the decision to
transition from mitosis to meiosis (i.e. proliferation vs differentiation).

Finally to investigate the role of autophagy genes in cell cycle progression, we first
evaluated the fraction of germ cells in the actively dividing Mitotic-phase (M-index), and in
the DNA-Synthesis phase (S-index), in wild type animals, bec-1, atg-16.2, atg-18or atg-7
mutants (Figure 3A-C). We found a significant reduction in S-index (Figure 3B), as well as
a reduced M-phase index (Figure 3C) in bec-1, atg-18and atg-16.2 mutants compared to
wild type animals. In contrast, the loss of afg-7activity appeared to have no effect on either
S-phase or M-phase (Figure 3B-C), consistent with our genetic analysis, demonstrating that
atg-7acts in a pathway with daf-7/TGFg, which is not required for cell cycle progression
[18]. In addition to the reduced M- and S-indices, bec-1 mutants displayed an increase in the
number of cells in G2 and G1, although G1 failed to reach statistical significance (Figure
3D), indicating that the cell cycle is slowed by an extension of the G2 phase. Furthermore,
autophagy loss of function mutants exhibited no visible cell cycle arrest (data not shown),
providing additional evidence for the conclusion that autophagy functions to promote cell
cycle progression.

BEC-1/Beclinl promotes germline stem cell proliferation cell non-autonomously from
somatic tissues

Germline stem cell proliferation could be regulated cell non-autonomously from the
surrounding somatic tissue, or cell autonomously within the germ line. Several lines of
evidence indicate that BEC-1/Beclinl can act non-autonomously to control germline stem
cell proliferation. First, RNAI depletion of bec-1in ppw-1 but not in rrf-1 mutants resulted
in a reduced germ cell progenitor pool (Figure 4A-B). Since RNA. in rrf-1 and ppw-1
mutants compromise RNAI effectiveness in somatic tissues [28], or in the germ line [29],
respectively, these results suggest that BEC-1/Beclinl functions cell non-autonomously to
control germ cell proliferation. Moreover, the significant reduction in M-phase observed
upon bec-1 depletion by RNAI was not observed in rrf-1 mutants (Figure 4C). Similarly, the
decrease in germ cell proliferation upon RNAI depletion of vps-34 or afg-18was not
observed in rrf-1 germline sensitive mutants (Figure S4C), suggesting that VPS-34/Vps34
and ATG-18/WIPI11/2 are also required cell non-autonomously to control germline
proliferation.

A second line of evidence for the cell non-autonomous function of BEC-1 is provided by
cell specific rescue experiments. We found that BEC-1 expression from a hypodermal
[Pdpy-7::BEC-1], a muscle-specific [Pmyo-3: BEC-1], its own promoter [Pbec-1.BEC-1],
and less so from a pan-neuronal promoter [Prgef-1::BEC-1], rescued the germline
proliferation defects in bec-1 mutant animals (Figure 4D, S4A-B). In addition, all cell cycle
defects (the decrease in S- and M- index, as well as the increase in G2) in bec-1 mutant
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animals were rescued upon hypodermal expression of bec-1 (Figure S4D). In contrast,
expression of bec-1 from an intestinal promoter [Pg/o-1::BEC-1] did not rescue the
proliferation defect of bec-1 mutants (Figure 4D). Similarly, expression of bec-1 in the germ
line, through miniMos-mediated single copy transgenes [30], failed to rescue the bec-1
mutant phenotype (Figure 4E), as did bec-1 expression in the somatic gonad [Pced-1, or
P/im-7] (Figure 4F-G). Since expression of BEC-1 under the ced-1 promoter partially
rescued defects in cell corpse clearance of bec-1/beclini mutants [31], our results
demonstrate that BEC-1/Beclinl functions in different tissues to control germline
proliferation and cell corpse clearance. Interestingly, tissue specific over-expression of bec-1
in neurons, muscles and intestine in wild-type animals also decreased proliferation (Figure
4D). Thus, too much or too little bec-1/Beclin activity is detrimental, suggesting that bec-1
activity, and by inference, autophagy has to be finely controlled in surrounding tissues to
ensure germline stem cell homeostasis. Our observations corroborate a rheostat model to
control stem cell progenitor proliferation, which has been previously proposed for Beclinl
activity in mammals, where too little or too much autophagy may have negative
consequences [32, 33].

In contrast to previous studies that established Beclinl or autophagy genes as cell
autonomous regulators of Notch signaling [34-36], we find BEC-1 to act non-autonomously,
and in parallel to both GLP-1/Notch signaling and TGFp to promote germline stem cell
proliferation. Instead, BEC-1/Beclin acts in a DAF-2/1IR-dependent non-canonical pathway
through the transcriptional regulator SKN-1/Nrf (rather than DAF-16/FOXO0), and is
negatively regulated by DAF-18/PTEN (Figure 4H). In contrast, ATG-16.2/ATG16L and
ATG-18/WIPI1/2 function through DAF-16/FOXO to promote germline stem cell
proliferation, while also being negatively regulated by DAF-18/PTEN. Intriguingly, ATG-7
functions in a pathway with DAF-7/TGFp to promote stem cell proliferation, suggesting that
ATG-7 may function independently of autophagy in C. elegans germ line proliferation,
possibly in analogy to its function in cell cycle arrest of starved mouse embryonic fibroblasts
[37]. Thus, although atg-16.2/ATG16L, atg-18/WIPI1/2, atg-7and bec-1/Beclinl mutants
display a similar decrease in proliferation of the stem cell population, they appear to show
different genetic interactions, revealing a previously underappreciated complexity of
function.

BEC-1/Beclinl can function non-autonomously from some but not all tissues to promote the
expansion of stem cells in the late larval and adult stages. Similarly, VPS-34/V/ps34 and
atg-18/WIPI1/2 may also act cell non-autonomously. A possible explanation could be that
BEC-1/Beclinl-mediated autophagy functions as part of a secretory pathway that provides
signals that control germ line proliferation. Alternatively, autophagy may function to supply
metabolites such as amino acids, nucleosides, lipids, or membrane to the developing germ
line. Since autophagy genes are conserved from C. elegansto humans, understanding the
molecular mechanisms by which autophagy modulates the proliferation and/or maintenance
of the stem progenitor cell population /7 vivo may advance our understanding of the etiology
of cancers. Lastly, we cannot exclude that BEC-1 serves additional functions in the
germline. For example, we found that the expression of the BEC-1 cDNA in the germline
from the pie-1 promoter appeared to at least partially rescue the defects in germline
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membrane integrity of bec-1 mutants (Figure S4E). Future experiments will distinguish
between these possibilities.

EXPERIMENTAL PROCEDURES

Strains, plasmids and imaging

Strains were maintained using standard methods [38]. For a complete strain, plasmid and
transgene list, see Supplemental Experimental Procedures.

Counting mitotic nuclei and measurement of proliferative zone length

The number of mitotic nuclei was counted in the proliferative mitotic zone, the region
between the distal tip and the edge of the transition zone, in DAPI stained gonads. The edge
of the transition zone was determined by the presence of two or more nuclei that had entered
meiosis, and adopted the characteristic crescent shape [39]. The distance from the distal tip
to the transition zone was measured as the number of cell diameters from the distal tip to the
transition zone.

RNA interference

HT115 dsRNA expressing bacteria were grown overnight and seeded on carbenicillin plates.
The IPTG/carbenicillin mix was added to induce production of dsSRNA, 12 hours prior to
placing the animals on the plate. L4 animals were fed the dsSRNA-expressing bacteria, and
their progeny were synchronized and analyzed. HT115 bacteria with the control empty
vector (L4440), or bacteria expressing dsSRNA against gfp (gfo RNAI ), were used as negative
controls. All RNAI experiments were repeated and results were pooled.

Time Course experiment

Individual mid/late L4 stage animals were placed onto plates at 15°C and allowed to self-
fertilize. For the analysis of the bec-1(0k691) homozygous animals, F1 progeny from
bec-1(0k691)/nT1 heterozygous parents were selected as L3-stage animals, and shifted to
20°C. The germline cell proliferation phenotype was analyzed at larval stages L3, L3/L4,
L4, and young adult, using DAPI staining on whole animals.

Cell death

The functional CED-1::GFP fusion protein expression in somatic sheath cells, was used to
identify engulfed apoptotic cell corpses [40].

Statistics

Statistical comparisons were performed using the GraphPad Prism 7. For multiple
comparisons, we used one-way ANOVA with appropriate corrections for multiple
comparisons. In cases that required pairwise comparisons of all means, we used Tukey’s
test, whereas we used Dunnett’s correction when all means were compared to a control
mean. For cases in which we compared only select pairs of means, the corrections for
multiple comparisons were conducted using the method of Sidak. Comparisons of two
individual means were performed using the Mann-Whitney test.
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Figure 1. BEC-1-mediated autophagy controls germ cell population in the distal gonad
(A) Schematic, and representative DAPI stained image (B) of the distal part of the gonad

from a wild-type animal. (C) Representative images of wild-type and bec-1(0k691) null
mutant animals. (D) Quantification of nuclei in the mitotic proliferative region of animals
with the indicated genotypes (black symbols) or RNAi-treated (gray symbols). (E)
Schematic of the step-wise autophagy pathway with relevant genes indicated. (F, G, H)
Quantification of mitotic nuclei in the proliferative zone upon loss of autophagy genes (by
genomic mutation [black] or RNAI [grey]). (I) Quantification of mitotic nuclei at the
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indicated developmental stages. In F-1, genes are color coded according to (E), retromer
genes are in black. In G, all animals carry A#im-5(e1490) in the background. Animals were
grown at 15°C, and for (C) , (D), (E), and (H), shifted to 20°C as L3 larvae, and analyzed as
young adults. For panel (G), animals were shifted to 20°C as L1 larvae. Results reflect the
average of at least three biological replicates shown as the mean = SEM (error bars).
Statistical significance compared to control was determined by one-way ANOVA with
Dunnett’s correction in all panels, and indicated as *** P<0.001, **** P<0.0001; ns - not
significant. Number of analyzed gonads N=20 for all experiments, except for (H), where
N=>15. See also Figure S1 and S4E.
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Figure 2. BEC-1 functions in a DAF-18/PTEN and SKN-1/Nrf dependent but DAF-16/FOXO
independent manner to promote germline proliferation

(A) Quantification of mitotic nuclei in the proliferative zone of wild type, bec-1(0k691),
aaf-2(e1370) single, and daf-2(e1370), bec-1(0k691) double mutants. (B, C) Quantification
of mitotic nuclei in wild-type, bec-1(0k691), bec-1(0k700), atg-7(bp411), atg-18(gk378),
atg-16.2(0k3224) or daf-2(e1370) single mutants treated with RNAI against daf-18/PTEN
(B), or daf-16/FOXO (C); plasmid (L4440) served as a negative control in all RNAI
experiments. (D) Quantification of mitotic nuclei in animals of the indicated genotype. (E)
Quantification of mitotic nuclei in wild type or bec-1(0k691) animals, treated with RNAI
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against skn-1/Nrfor daf-16/FOXO. (F) Quantification of mitotic nuclei in wild-type,
aaf-7(e1372), daf-3(0k3610), daf-5(e1386) single mutants, RNAI depleted against control,
bec-1, atg-7 or cup-5. For (A)-(E), animals were raised at 15°C, shifted to 20°C as L3 larvae,
and analyzed as young adults. Results reflect the average of at least 2 trials and shown as
mean + SEM (shown as error bars). The number of analyzed gonads was N=>21 for all
experiments. Statistical significance was determined by one-way ANOVA with corrections
for multiple comparisons using the method of Tukey (A,E) or Sidak (B,C,D,F), and
indicated as * P <0.05, ** P<0.01, *** P<0.001, **** P<0.0001, ns - not significant. See
also Figure S2.
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Figure 3. BEC-1 is important for the cell cycle progression
(A) Confocal images of gonads stained with DAPI, and EdU for S- phase, and with anti-Ph-

H3 for M-phase. (B) Quantification of S-phase index and (C) M-phase index in wild type,

bec-1(0k691), atg-18(gk378), atg-16.2(0k3224), and atg-7(bp411) mutants. (D)

Page 16

Quantification of M-phase, S-phase, G1 and G2 indices in wild type and bec-1(0k691). For
(A)—(D), animals were grown at 15°C, shifted to 20°C as L3 larvae, and st ained for analysis
as young adults. Results reflect the average of at least three biological replicates shown as
the mean £ SEM (shown as error bars). Significance was determined by one-way ANOVA

with corrections for multiple comparisons using the method Dunnett’s: * P <0.05, **
P<0.01, *** P<0.001, **** P<0.0001, ns - not significant; number of analyzed gonads

N=20. See also Figure S3.
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Figure 4. BEC-1 acts cell non-autonomously to control proliferation (A, B)

Quantification of the mitotic nuclei number in the proliferative zone of wild-type or

Page 17

rrf-1(0k589) (A), or ppw-1(pk1425) (B) mutants, treated with RNAI against bec-1 or /ag-2
(GLP-1/Notch ligand as a positive control); plasmid (L4440) served as a negative control in

all RNAI experiments. (C) Quantification of the mitotic index in wild-type, and

bec-1(0k691) mutants, compared to wild-type or rrf-1(0k589) animals treated with RNA.
against bec-1. (D) Quantification of mitotic nuclei in bec-1 mutants that express the BEC-1
cDNA from a pan-neuronal (Prgef-1), muscle (Pmyo-3), hypodermal (Papy-7), intestinal
(Pglo-1) promoter, or with no transgene (-). (E) Quantification of the number of mitotic
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nuclei in animals expressing the BEC-1 cDNA in the germ line as single copy insertions
(miniMos). Three independent miniMos lines were assayed. (F) Quantification of mitotic
nuclei in bec-1 mutants expressing BEC-1 in sheath cells (P/im-7), or (G) with a ced-1
promoter (Pced-I1). For (A)—(C), animals were grown at 20°C and analyzed as young adults.
For (D)-(G), animals were raised at 15°C, shifted to 20°C as L3 larvae, and analyzed as
young adults. Results reflect the average of at least three biological replicates shown as the
mean + SEM (shown as error bars). Statistical significance was determined by one-way
ANOVA with corrections for multiple comparisons using the method of Dunnett (A, B, D,
E) or Sidéak (F, G). Statistical significance of individual comparisons in (C) was determined
with the Mann-Whitney test. * P <0.05, ** P<0.01, *** P<0.001, **** P<0.0001, ns - not
significant; number of analyzed animals N=>20, except for (G), where the N>10. (H) Current
model of the cell non-autonomous function of BEC-1 and autophagy during germline
proliferation. BEC-1-mediated autophagy interacts with components of the DAF-2/1IR
signaling pathway, to directly or indirectly facilitate cell cycle progression of mitotic cell
cycle in germline stem cells. See Figure S4.
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