
Report
A Non-Cell-Autonomous Rol
e of BEC-1/BECN1/Beclin1
inCoordinatingCell-Cycle Progression andStemCell
Proliferation during Germline Development
Graphical Abstract
Highlights
d Autophagy genes are required for the late larval expansion of

stem cell progenitors

d BEC-1/BECN1, ATG-16.2/ATG16L, and ATG-18/WIPI1/2

modulate cell-cycle progression

d BEC-1 acts non-cell-autonomously through DAF-2/IIR in a

SKN-1/Nrf-dependent manner

d ATG-7 is not required for cell-cycle progression, similar to

DAF-7/TGF-b
Ames et al., 2017, Current Biology 27, 1–9
March 20, 2017 ª 2017 Elsevier Ltd.
http://dx.doi.org/10.1016/j.cub.2017.02.015
Authors

Kristina Ames, Dayse S. Da Cunha,

Brenda Gonzalez, ..., Sara Wong,
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SUMMARY

The decision of stem cells to proliferate and differen-
tiate is finely controlled. The Caenorhabditis elegans
germline provides a tractable system for studying the
mechanisms that control stem cell proliferation and
homeostasis [1–4]. Autophagy is a conserved cellular
recycling process crucial for cellular homeostasis in
manydifferent contexts [5], but its function in germline
stem cell proliferation remains poorly understood.
Here,wedescribea function for autophagy in germline
stemcell proliferation.We found thatautophagygenes
such asbec-1/BECN1/Beclin1, 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/
BECN1/Beclin1 acts independently of the GLP-1/
Notch or DAF-7/TGF-b 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/BECN1/Beclin1, ATG-
18/WIPI1/2, and ATG-16.2/ATG16L all promote cell-
cycle progression and are negatively regulated by
the phosphatase and tensin homolog DAF-18/
PTEN. However, whereas BEC-1/BECN1/Beclin1 acts
through the transcriptional regulator SKN-1/Nrf1,
ATG-18/WIPI1/2 and ATG-16.2/ATG16L exert their
function through the DAF-16/FOXO transcription
factor. In contrast, ATG-7 functions in concert with
the DAF-7/TGF-b pathway to promote germline
proliferation and is not required for cell-cycle progres-
sion. Finally, we report that BEC-1/BECN1/Beclin1
functions non-cell-autonomously to facilitate cell-cy-
cle progression and stem cell proliferation. Our find-
ings demonstrate a novel non-autonomous role for
BEC-1/BECN1/Beclin1 in the control of stem cell pro-
liferation and cell-cycle progression, which may have
implications for the understanding and development
of therapiesagainstmalignantcell growth in the future.
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/BECN1/Beclin1 (hereafter called bec-1/Beclin1) result in

a sterile phenotype [6], suggesting a role for BEC-1/Beclin1 in

gonadogenesis or in germline development. We found that

compromising BEC-1/Beclin1 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 (Figures 1A–1D). Moreover, the proliferating

mitotic zone was shortened from an average length of 20 cell di-

ameters 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-1mutant and

bec-1 RNAi-depleted animals are indistinguishable (Figure 1D).

Since RNAi targets both the maternal and zygotic mRNA, and

the phenotype of bec-1 mutants subjected to RNAi against

bec-1 was not enhanced (data not shown), these results sug-

gest 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/Beclin1 has been shown to function in a complex with

VPS-34/PI3K [phosphatidylinositol 3-kinase] 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 and EPG-1/ATG-13), nucleation of the pre-autopha-

gosomal structure (e.g., BEC-1/Beclin1/Atg6/Vps30, VPS-34/

PI3K, EPG-8/ATG14, and VPS-15), elongation of the isolation

membrane (e.g., ATG-7, ATG-3, LGG-3/Atg12, and ATG-16.2/

ATG16L), docking and fusion with the lysosome (e.g., SNAP29),

and retrieval of membrane or membrane proteins (e.g., ATG-18/
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Figure 1. BEC-1-Mediated Autophagy Controls Germ Cell Population in the Distal Gonad

(A and B) Schematic (A) 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(ok691) 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 stepwise autophagy pathway with relevant genes indicated.

(legend continued on next page)
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WIPI1/2 and 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 (Figures 1F and 1G) and

males (data not shown). Importantly, we found that loss of CUP-

5/MCOLN1, the C. elegans 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 1H). 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/RME8, resulted in no change of germline stem cell number

(Figure 1H). 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 larval accumulation of germline stem cell

progenitors (from this point on, we refer to this phenotype as

a germline proliferation defect) (Figure 1I). This germline pheno-

type of autophagymutants is similar to that of mutants in the sole

insulin-like growth factor receptor daf-2/IIR (Figure 1I) [14], sug-

gesting that autophagy proteins such as BEC-1/Beclin1, ATG-

16.2/ATG16L, and ATG-18/WIPI1/2 may function in a manner

similar to that of the DAF-2/IIR receptor.

To obtain insight into the germline defects in bec-1 loss-of-

function animals, we examined the plasma membrane of the

germline by using a GFP::PLC1 (phospholipase C delta 1) re-

porter (Figure S1). PLC1 (derived from rat PLC1) comprises a

PH domain that specifically binds to plasma-membrane-asso-

ciated phosphatidylinositol 4,5-biphosphate [15]. In wild-type

hermaphrodites, the membranes of the germline syncytium

show uniformly arranged hexagons and line up at the periph-

ery surrounding the shared cytoplasm (rachis) in the shape

of the letter T (Figures 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 that were no longer visible (Figures S1 and

S4E). Surprisingly, atg-7-depleted animals did not display the

same level of membrane disorganization as bec-1 mutants

(Figure S1), despite the fact that atg-7 mutants had a decrease

in stem cell progenitors (Figures 1F–1H). However, we failed to

observe the characteristic division patterns of wild-type germ

cells in atg-7 loss-of-function animals (Figure S1). Together,

our results suggest that BEC-1 is necessary for membrane for-

mation, recruitment, and/or stability to ensure proper division

patterns during germline stem cell proliferation. A function

for autophagy in membrane trafficking, or nonconventional
(F–H) Quantification of mitotic nuclei in the proliferative zone of autophagy muta

(I) Quantification of mitotic nuclei at the indicated developmental stages.

In (F)–(I), genes are color coded as in (E); retromer genes are in black. In (G), all anim

(C), (D), (E), and (H), animals were shifted to 20�C as L3 larvae and analyzed as you

average of at least three biological replicates, indicated with error bars as the mea

way ANOVA, with Dunnett’s correction in all panels. ***p % 0.001; ****p % 0.000

except for (H), where n R 15. See also Figures S1 and S4E.
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/transforming growth factor b (TGF-b), and

DAF-2/insulin-like growth factor 1 (IGF-1) receptor (IIR) signaling

have been shown to promote germ cell proliferation [14, 18–20].

To determine the pathways in which 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 prolifer-

ative fate of the germline [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) (Figures S2A and S2B),

an allele that is characterized by lack of germ cell differentia-

tion and overproliferation [21]. Similarly, genetic removal of

atg-16.2(ok3224) or atg-18(gk378) significantly suppressed the

glp-1(ar202gf) overproliferation phenotype (Figure S2B). Thus,

autophagy gene function is required for the excessive prolifera-

tion of progenitor/stem cells in glp-1(ar202gf) mutants. Interest-

ingly, the glp-1(ar202gf) allele suppressed the mitotic germline

proliferation defect of mutations in bec-1/Beclin1, atg-16.2/

ATG16L, or atg-18/WIPI1/2 to wild-type levels, but not to the

level of glp-1(ar202gf) alone (Figure S2B), suggesting that auto-

phagy 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(e2141lf) loss-of-

function allele (Figure S2C), which is characterized by a reduc-

tion in germline progenitors and a severe Glp (abnormal germ-

line 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 glp-1 activity. One possibility was that autophagy

proteins, such as BEC-1/Beclin1, act to modulate the produc-

tion or localization of a DTC-expressed Notch ligand or ligands.

To examine this possibility, we depleted bec-1 in a gld-2(q497)

gld-1(q1485); glp-1(q175) 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

RNAi still reduced the number of mitotic germ cells in the

gld-2(q497) gld-1(q1485); glp-1(q175) triple mutants to an

extent similar to that in wild-type animals (Figure S2D). Taken

together, our glp-1/Notch gain- and loss-of-function experi-

ments suggest that BEC-1/Beclin1 functions, at least in part,

independently of GLP-1/Notch activity to promote germ cell

proliferation.
nts (F and G) or RNAi-treated animals (H).

als carry him-5(e1490) in the background. Animals were grown at 15�C, and for

ng adults. For (G), animals were shifted to 20�C as L1 larvae. Results reflect the

n ± SEM. Statistical significance compared to control was determined by one-

1; ns, not significant. Number of analyzed gonads, n R 20 for all experiments,
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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-2/IIR signaling

(Figure 1I) [14]. Thus, we investigated possible interactions be-

tween the DAF-2/IIR pathway and autophagy genes. The reduc-

tion of germline progenitor cells in bec-1(ok691); daf-2(e1370)

double mutants was indistinguishable from that of bec-1 single

mutants; however, it was slightly enhanced when compared to

daf-2/IIR single mutants (p % 0.05) (Figure 2A). We conclude

that bec-1 acts in a pathway with daf-2/IIR signaling to promote

germline proliferation.

DAF-2/IIR signaling promotes germline stem cell proliferation

through the canonical class I PI3K pathway, which inactivates

the transcription factor DAF-16/FOXO, and is negatively regu-

lated by DAF-18/PTEN (phosphatase and tensin homolog)

[22, 23]. Interestingly, we found that daf-18/PTENRNAi depletion

suppressed the decrease in the number ofmitotic nuclei of bec-1

(ok691 and ok700) (p % 0.01), atg-18(gk378) (p % 0.05), or atg-

16.2(ok3224) (p % 0.01) mutant animals (Figure 2B). In contrast,

daf-16/FOXO RNAi depletion had no effect on bec-1 (ok691 or

ok700) mutants but suppressed the decrease in the number

of mitotic nuclei in atg-16.2(ok3224) or atg-18(gk378) mutant

animals (Figure 2C). To further corroborate the notion that bec-

1/beclin1 acts independently of daf-16/FOXO, we analyzed a

daf-16(mgDf47); bec-1(ok691) 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 deple-

tion of skn-1, a gene that encodes a bZip transcription factor or-

thologous to mammalian nuclear-factor-erythroid-related factor

(Nrf), an alternative transcription factor to DAF-16/FOXO [24],

suppressed the reduction of the mitotic nuclei phenotype of

bec-1mutants (Figure 2E). Thus, autophagy genes display com-

plex interactions with the DAF-2/IIR 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/

FOXO, atg-16.2/ATG16L and atg-18/WIPI1/2 function is depen-

dent on DAF-18/PTEN and DAF-16/FOXO. The mechanism for

germ cell proliferation for BEC-1 that we suggest here is reminis-

cent 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-func-

tion phenotype of atg-7 was not suppressed by RNAi-mediated

knockdown 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 TGF-b signaling (discussed later). 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-b Signaling,
Whereas ATG-7 Promotes Germline Proliferation
Together with DAF-7/TGF-b Signaling
A third pathway shown to control germline proliferation is the

DAF-7/TGF-b signaling pathway, which negatively regulates the
4 Current Biology 27, 1–9, March 20, 2017
daf-3/CoSMAD anddaf-5genes tomaintain 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 TGF-b signaling, we

found neither enhancement nor suppression of the germline pro-

liferation defect after the depletion of bec-1 or cup-5 by RNAi in

daf-3/CoSMAD or daf-5 mutants (Figure 2F). This observation

contrasts with the phenotype of daf-7/TGF-b, which is readily

suppressible by genetic removal of the negative regulators of

TGF-b signaling, daf-3/CoSMAD and daf-5 [18]. Interestingly,

we found that the atg-7 RNAi loss-of-function phenotype was

suppressed by loss of daf-3/CoSMAD or daf-5. Since the daf-7/

TGF-b loss-of-function phenotype was not enhanced by atg-7

RNAi depletion (Figure 2F), our results suggest that atg-7 acts

in a pathway with daf-7/TGF-b to promote proliferation of the

germ cell population and provide another example of a genetic

distinction between the autophagy genes bec-1/Beclin1 and

atg-7/ATG7 (discussed earlier). In contrast, the daf-7/TGF-b

loss-of-function phenotype was enhanced upon bec-1 or cup-

5/MCOLN1 RNAi depletion (Figure 2F), suggesting that BEC-1/

Beclin1 and CUP-5/MCOLN1 act in a parallel pathway with

DAF-7/TGF-b. Lastly, the reduction in adult germline stem cell

proliferation observed as a consequence of dietary restriction,

in eat-2 mutants, was exacerbated by bec-1 RNAi (Figure S2E).

We conclude that BEC-1/Beclin1 acts in a pathway indepen-

dently from DAF-7/TGF-b signaling, whereas ATG-7 may act

together withDAF-7/TGF-b to promote the expansion of germline

stem cell progenitors.

BEC-1/Beclin1 Regulates Cell-Cycle Progression
Our results showed that autophagy genes are necessary for the

stem cell proliferation in the developing germline that occurs

during the L4 larval stage and thereafter (Figure 1I). We consid-

ered three possible mechanisms for how BEC-1/Beclin1-medi-

ated autophagymay be required tomaintain amitotic population

of stem cells: (1) by ensuring cell survival, (2) by promoting the

transition from proliferation to differentiation, and/or (3) by con-

trolling cell-cycle progression. We found no increase in the num-

ber 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 knockdown (bec-1,

vps-34, or atg-18) was already visible. Thus, we conclude that

the reduction of progenitor/stem cell number in young auto-

phagy gene mutants is not due to a decrease in cell survival.

Precocious transition into meiosis can decrease the stem/pro-

genitor cell pool. The GLD-1 and GLD-3 RNA-binding proteins

are important for the transition of germ cells from proliferation

to differentiation [1, 26, 27]. Lack of GLD-1 in gld-1(q485) mu-

tants 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 differ-

entiate [1, 27].We found that RNAi against bec-1, vps-34, atg-18,

or atg-7 in 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., prolifera-

tion versus differentiation).

Finally, to investigate the role of autophagy genes in cell-cycle

progression, we first evaluated the fraction of germ cells in the



Figure 2. BEC-1 Functions in a DAF-18/PTEN- and SKN-1/Nrf-Dependent but DAF-16/FOXO-Independent Manner to Promote Germline Pro-

liferation

(A) Quantification of mitotic nuclei in the proliferative zone of wild-type, bec-1(ok691), daf-2(e1370) single, and daf-2(e1370); bec-1(ok691) double mutants.

(B and C) Quantification of mitotic nuclei in wild-type, bec-1(ok691), bec-1(ok700), atg-7(bp411), atg-18(gk378), atg-16.2(ok3224), 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(ok691) animals treated with RNAi against skn-1/Nrf or daf-16/FOXO.

(F) Quantification of mitotic nuclei in wild-type, daf-7(e1372), daf-3(ok3610), or 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 two trials and are

indicated with error bars as mean ± SEM. The number of analyzed gonads was n R 21 for all experiments. Statistical significance was determined by one-way

ANOVA, with corrections for multiple comparisons using Tukey’s method in (A) and (E) or �Sı́dák’s method in (B)–(D) and (F). *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 5-ethynyl-20-deoxyur-
idine (EdU) for S-phase and with anti-Ph-H3 for M-phase.

(BandC)QuantificationofS-phase index (B) andM-phase index (C) inwild-type,

bec-1(ok691), atg-18(gk378), atg-16.2(ok3224), and atg-7(bp411)mutants.

(D) Quantification of M-phase, S-phase, G1, and G2 indices in wild-type and

bec-1(ok691).

For (A)–(D), animals were grown at 15�C, shifted to 20�C as L3 larvae, and

stained for analysis as young adults. Results reflect the average of at least

three biological replicates, indicated with error bars as the mean ± SEM.

Significancewas determined by one-way ANOVA, with corrections for multiple

comparisons using Dunnett’s method. *p % 0.05; **p % 0.01; ***p % 0.001;

****p % 0.0001; ns, not significant. Number of analyzed gonads, n R 20. See

also Figure S3.
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activelydividingmitoticphase (M-index) and in theDNA-synthesis

phase (S-index) in wild-type animals and bec-1, atg-16.2, atg-

18, or atg-7 mutants (Figures 3A–3C). We found a significant

reduction in S-index (Figure 3B), as well as a reduced M-index

(Figure 3C), in bec-1, atg-18, and atg-16.2 mutants, compared

to wild-type animals. In contrast, the loss of atg-7 activity ap-

peared to have no effect on either S-phase or M-phase (Figures
6 Current Biology 27, 1–9, March 20, 2017
3B and 3C), consistent with our genetic analysis, demonstrating

that atg-7 acts in a pathway with daf-7/TGF-b, 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 the G2 and G1 phases, 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-functionmutantsexhibitednovisiblecell-cycle

arrest (data not shown), providing additional evidence for the

conclusion that autophagy functions to promote cell-cycle

progression.

BEC-1/Beclin1 Promotes Germline Stem Cell
Proliferation Non-Cell-Autonomously from Somatic
Tissues
Germline stem cell proliferation could be regulated non-cell-

autonomously from the surrounding somatic tissue or cell-auton-

omously within the germline. Several lines of evidence indicate

thatBEC-1/Beclin1canactnon-autonomously tocontrol germline

stem cell proliferation. First, RNAi depletion of bec-1 in ppw-1

mutants, but not in rrf-1 mutants, resulted in a reduced germ cell

progenitor pool (Figures 4A and 4B). Since RNAi in rrf-1 and

ppw-1 mutants compromise RNAi effectiveness in somatic tis-

sues [28], or in the germline [29], respectively, these results sug-

gest that BEC-1/Beclin1 functions non-cell-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 atg-18

wasnot observed in rrf-1germline-sensitivemutants (FigureS4C),

suggesting that VPS-34/Vps34 and ATG-18/WIPI1/2 are also

required non-cell-autonomously to control germline proliferation.

A second line of evidence for the cell-non-autonomous func-

tion 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 (Figures 4D, S4A, and S4B). In addition,

all cell-cycle defects (the decrease in S- and M-indices, as well

as the increase in G2) in bec-1 mutant animals were rescued

upon hypodermal expression of bec-1 (Figure S4D). In contrast,

expression of bec-1 from an intestinal promoter [Pglo-1::BEC-1]

did not rescue the proliferation defect of bec-1 mutants (Fig-

ure 4D). Similarly, expression of bec-1 in the germline, through

miniMos-mediated single-copy transgenes [30], failed to rescue

the bec-1mutant phenotype (Figure 4E), as did bec-1 expression

in the somatic gonad [Pced-1, or Plim-7] (Figures 4F and 4G).

Since expression of BEC-1 under the ced-1 promoter partially

rescued defects in cell-corpse clearance of bec-1/beclin1

mutants [31], our results demonstrate that BEC-1/Beclin1 can

function in different tissues to control germline proliferation and

cell-corpse clearance. Interestingly, tissue-specific overexpres-

sion 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/Beclin1 activity is detrimental, suggest-

ing 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



Figure 4. BEC-1 Acts Non-Cell-Autono-

mously to Control Proliferation

(A andB)Quantificationof themitoticnuclei number

in the proliferative zone of wild-type or rrf-1(ok589)

(A) orppw-1(pk1425) (B)mutants, treatedwithRNAi

against bec-1 or lag-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(ok691)mutants, compared to wild-type

or rrf-1(ok589) animals treated with RNAi against

bec-1.

(D) Quantification of mitotic nuclei in bec-1 mu-

tants that express the BEC-1 cDNA from a pan-

neuronal (Prgef-1), muscle (Pmyo-3), hypodermal

(Pdpy-7), or intestinal (Pglo-1) promoter or with no

transgene (�).

(E) Quantification of the number of mitotic nuclei in

animals expressing the BEC-1 cDNA in the

germline as single-copy insertions (miniMos).

Three independent miniMos lines were assayed.

(F and G) Quantification of mitotic nuclei in bec-1

mutants expressing BEC-1 in sheath cells (Plim-7)

(F) orwith aced-1promoter (Pced-1) (G). *p%0.05;

**p % 0.01; ****p % 0.0001; ns, not significant.

Number of analyzed animals, nR 20, except in (G),

where n R 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/IIR signaling

pathway to directly or indirectly facilitate cell-cycle

progressionof themitotic cell cycle in germline stem

cells.

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

indicated with error bars as the mean ± SEM.

Statistical significance was determined by one-

way ANOVA, with corrections for multiple com-

parisons using Dunnett’s method in (A), (B), (D),

and (E) or �Sı́dák’s method in (F) and (G). Statistical

significance of individual comparisons in (C) was

determined with the Mann-Whitney test. See also

Figure S4.
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model to control stem cell progenitor proliferation, which has

been previously proposed for Beclin1 activity in mammals,

where too little or too much autophagy may have negative con-

sequences [32, 33].

In contrast to previous studies that establishedBeclin1 or auto-

phagy genes as cell-autonomous regulators of Notch signaling

[34–36], we found BEC-1 to act non-autonomously and in par-

allel to both GLP-1/Notch signaling and TGF-b to promote

germline stem cell proliferation. Instead, BEC-1/Beclin1 acts in
a DAF-2/IIR-dependent, non-canonical

pathway through the transcriptional regu-

lator SKN-1/Nrf (rather than DAF-16/

FOXO) 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/

TGF-b to promote stem cell proliferation, suggesting that ATG-7

may function independently of autophagy in C. elegans germline

proliferation, possibly in analogy to its function in the cell-cycle ar-

rest of starved mouse embryonic fibroblasts [37]. Thus, although

atg-16.2/ATG16L, atg-18/WIPI1/2, atg-7, and bec-1/Beclin1mu-

tants display a similar decrease in proliferation of the stem cell
Current Biology 27, 1–9, March 20, 2017 7
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population, they appear to show different genetic interactions,

revealing a previously underappreciated complexity of function.

BEC-1/Beclin1 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/Vps34 and

atg-18/WIPI1/2may also act non-cell-autonomously. A possible

explanation could be that BEC-1/Beclin1-mediated autophagy

functions as part of a secretory pathway that provides sig-

nals that control germline proliferation. Alternatively, autophagy

may function to supply metabolites such as amino acids, nucle-

osides, lipids, or membrane to the developing germline. Since

autophagy genes are conserved from C. elegans to humans, un-

derstanding the molecular mechanisms by which autophagy

modulates the proliferation and/or maintenance of the stem pro-

genitor cell population in vivo may advance our understanding of

the etiology of cancers and cellular senescence. 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 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.

RNAi

HT115 dsRNA (double-stranded RNA)-expressing bacteria were grown over-

night and seeded on carbenicillin plates. The IPTG (isopropyl b-D-1-thiogalac-

topyranoside)/carbenicillin mix was added to induce production of dsRNA,

12 hr prior to placing the animals on the plate. L4 animals were fed the

dsRNA-expressing bacteria, and their progeny were synchronized and

analyzed. HT115 bacteria with the control empty vector (L4440), or bacteria

expressing dsRNA against gfp (gfp 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 al-

lowed to self-fertilize. For the analysis of the bec-1(ok691) homozygous ani-

mals, F1 progeny from bec-1(ok691)/nT1 heterozygous parents were selected

as L3-stage animals and shifted to 20�C. The germline cell proliferation pheno-

type 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 software

package. For multiple comparisons, we used one-way ANOVA, with appro-
8 Current Biology 27, 1–9, March 20, 2017
priate corrections. 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 conduct-

ed using the method of �Sı́dák. Comparisons of two individual means were per-

formed using the Mann-Whitney test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-

mental Procedures and can be found with this article online at http://dx.doi.

org/10.1016/j.cub.2017.02.015.
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35. Barth, J.M., Hafen, E., and Köhler, K. (2012). The lack of autophagy trig-

gers precocious activation of Notch signaling during Drosophila oogen-

esis. BMC Dev. Biol. 12, 35.

36. Wu, X., Fleming, A., Ricketts, T., Pavel, M., Virgin, H., Menzies, F.M., and

Rubinsztein, D.C. (2016). Autophagy regulates Notch degradation and

modulates stem cell development and neurogenesis. Nat. Commun. 7,

10533.

37. Klionsky, D.J., Abdalla, F.C., Abeliovich, H., Abraham, R.T., Acevedo-

Arozena, A., Adeli, K., Agholme, L., Agnello, M., Agostinis, P., Aguirre-

Ghiso, J.A., et al. (2012). Guidelines for the use and interpretation of as-

says for monitoring autophagy. Autophagy 8, 445–544.

38. Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77,

71–94.

39. Crittenden, S.L., Leonhard, K.A., Byrd, D.T., and Kimble, J. (2006). Cellular

analyses of the mitotic region in the Caenorhabditis elegans adult germ

line. Mol. Biol. Cell 17, 3051–3061.

40. Lu, N., Yu, X., He, X., and Zhou, Z. (2009). Detecting apoptotic cells and

monitoring their clearance in the nematode Caenorhabditis elegans.

Methods Mol. Biol. 559, 357–370.
Current Biology 27, 1–9, March 20, 2017 9

http://refhub.elsevier.com/S0960-9822(17)30151-3/sref10
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref10
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref10
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref11
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref11
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref11
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref11
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref12
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref12
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref12
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref13
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref13
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref13
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref14
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref14
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref14
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref15
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref15
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref15
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref15
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref16
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref16
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref17
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref17
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref17
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref18
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref18
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref18
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref19
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref19
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref19
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref20
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref20
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref20
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref20
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref21
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref21
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref21
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref22
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref22
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref22
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref22
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref23
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref23
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref23
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref24
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref24
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref24
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref24
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref25
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref25
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref25
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref26
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref26
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref26
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref27
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref27
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref27
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref28
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref28
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref28
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref29
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref29
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref29
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref30
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref30
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref30
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref30
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref31
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref31
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref31
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref32
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref32
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref33
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref33
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref34
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref34
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref34
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref35
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref35
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref35
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref36
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref36
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref36
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref36
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref37
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref37
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref37
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref37
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref38
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref38
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref39
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref39
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref39
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref40
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref40
http://refhub.elsevier.com/S0960-9822(17)30151-3/sref40


Current Biology, Volume 27
Supplemental Information
A Non-Cell-Autonomous Role of BEC-1/BECN1/Beclin1

in Coordinating Cell-Cycle Progression and

Stem Cell Proliferation during Germline Development

Kristina Ames, Dayse S. Da Cunha, Brenda Gonzalez, Marina Konta, Feng Lin, Gabriel
Shechter, Lev Starikov, Sara Wong, Hannes E. Bülow, and Alicia Meléndez



 
 
 
Figure S1. BEC-1 and ATG-7 are necessary for membrane organization. Related to Figure 1.  
Representative gonad confocal images of animals that express the plasma membrane GFP::PHPLC1δ1 reporter, to 
visualize the plasma membrane, treated with bec-1 or atg-7 RNAi. Plasmid (L4440) served as a negative control. 
The germline membrane of control animals forms hexagonal shapes of equal size (top focal plane), and a T-shape 
morphology (mid focal plane). In bec-1 RNAi treated animals, the germline defects on the membrane are visible in 
the top and mid focal planes (also see Figure S4E). The bec-1 RNAi treated animals have lost the T-shapes (mid 
focal plane), and multiple multinucleated cells collapsed into the rachis. atg-7 RNAi treated animals have the 
hexagonal shapes of equal size, however the cells do not appear to be dividing, or the polarity is affected because no 
cells have changed shape.   
  



 



Figure S2. BEC-1 acts independently of the GLP-1/Notch, TGFβ/DAF-7 signaling and dietary restriction 
pathway. Related to Figure 2. 
(A) Representative confocal images of DAPI stained gonads of wild type, glp-1(ar202gf), bec-1(ok691), and glp-
1(ar202gf);bec-1(ok691) double mutants. * labels the distal tip of the gonad. White line marks the end of the mitotic 
zone. (B) Quantification of mitotic zone nuclei in the proliferative zone of wild type, glp-1(ar202gf) single mutant 
animals, glp-1(ar202gf);bec-1(ok691), glp-1(ar202gf);atg-18(gk378), atg-16.2(ok3224); glp-1(ar202gf) double 
mutants and in bec-1(ok691), atg-18(gk378), or atg-16.2(ok3224) single mutants, as well as in the glp-1(ar202gf) 
mutant animals RNAi depleted of bec-1 activity or control (gray symbols). (C) Quantification of mitotic zone nuclei 
in the proliferative zone of glp-1(e2141lf), glp-1(e2141lf);bec-1(ok691) and bec-1(ok691) animals. (D) Number of 
mitotic zone nuclei in animals segregating from gld-2(q497) gld-1(q485)/hT2 [dpy-18(h662)] I; unc-32(e189) glp-
1(q175)/hT2 [bli-4(e937)] III after RNAi depletion of bec-1 or with control plasmid (L4440). (E) Number of mitotic 
zone nuclei in the eat-2(ad1116) dietary restricted animals treated with bec-1 or lag-2 RNAi (as a positive control), 
as well as with control plasmid (L4440; as a negative control). For (A-E), animals were raised at 15ºC and switched 
to 25ºC as L3 larvae. Young adults were DAPI stained and analyzed. Results reflect the average of at least three 
biological replicates shown as the mean ± SEM (shown as error bars). Number of analyzed gonads N≥30. Statistical 
significance was determined by one-way ANOVA with corrections for multiple comparisons using the method of 
Tukey (B, C) or Šídák (E). Statistical significance of individual comparisons in (D) was determined with the Mann-
Whitney test; *** P≤0.001, **** P≤0.0001, ns- not significant. 
 

  



 
 
 
Figure S3. Autophagy genes are not required for germ cell survival or the cell decision to switch from 
proliferation to differentiation. Related to Figure 3. 
(A) Quantification of the apoptotic cell corpses at the gonad bend.  Animals that carry a ced-1::gfp transgene 
(bcIs39) labeling apoptotic nuclei were treated with RNAi against the control (L4440), bec-1, vps-34, atg-18, rme-8, 
snx-1 or lag-2 activity. Animals were grown at 20°C and analyzed as young adults. (B) Quantification of the mitotic 
region length measured in cell diameters of gld-1(q485) or gld-3(q741) mutants after RNAi depletion with control 
(L4440), bec-1, vps-34, atg-18, atg-7 or lag-2 (as a positive control). For (B), animals were grown at 15°C switched 
to 20°C at L1 larval stage and analyzed as young adults. For (A), and (B), results reflect the average of at least three 
replicates shown as the mean + SEM (shown as error bars). Number of analyzed gonads N>20. Statistical 
significance was determined by one-way ANOVA with corrections for multiple comparisons using the method of 
Tukey, and indicated as * P ≤0.05, **** P≤0.0001, ns - not significant.  
NOTE: Strain used in (A) MD701: bcIs39[lim-7p::ced-1p::GFP+lin-15(+)] that expresses functional CED-1::GFP 
protein in the sheath cells. In (B), gld-1(q485) animals segregated from the strain JK3025: gld-1(q485)I/hT2[bli-
4(e937) let?(q782)qIs48](I;III), and gld-3(q741) animals segregated from the strain JK 3345: gld-3(q741)/ 
mIn1[mIs14 dpy-10(e128)] II. 
  



 



Figure S4.  Cellular focus of action for BEC-1/Beclin 1. Related to Figure 4. 
(A) Quantification of mitotic nuclei in the proliferative zone of wild-type, bec-1(ok691) homozygous, or bec-1/nT1 
heterozygous animals that carry (+) or do not carry (-) the extrachromosomal array expressing BEC-1 from its 
endogenous promoter, or (B) expressing the transgene izEx5, which consists of wild-type BEC-1 expressed from its 
endogenous promoter, fused with RFP. The bec-1(ok691) homozygous animals segregated from the bec-1/nT1 or 
bec-1/nT1; Ex[bec-1(+), sur-5::gfp] parents. (C) Quantification of the number of mitotic nuclei in wild-type or rrf-
1(ok589) mutant animals RNAi depleted against vps-34 or atg-18. Plasmid L4440 served as a negative control. (D) 
Quantification of M-phase index, S-phase index, G1 index and G2 in wild-type and bec-1(ok691) mutants, and in 
bec-1(ok691) mutant that express the BEC-1 cDNA from a hypodermal (dpy-7) promoter (data for wild type and 
bec-1(ok691) is identical to the data in Figure 3D and shown for comparison only). (E) Representative confocal 
images of the extracted gonads stained with DAPI and Phalloidin stain to visualize the plasma membrane in wild 
type, bec-1(ok691) single mutant animals and bec-1 animals expressing BEC-1 in the germ line under a pie-1 
promoter, and in sheath cells under a lim-7 promoter. For (A), (B), (D), and (E), animals were grown at 15ºC, shifted 
to 20ºC as L3 larvae, and analyzed as young adults. For (C), animals were grown at 15ºC, L1 larvae were shifted to 
20ºC, and analyzed as young adults. For (A)-(E), 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, and indicated as * P ≤0.05, ** P≤0.01, *** 
P≤0.001, **** P≤0.0001, ns - not significant. 
 
 
Supplemental Experimental Procedures 
 

Strains, plasmids and transgenes  
Strains were generated for this study:  

QU67: bec-1(ok691)/nT1[qIs51]; izEx100[Pdpy-7::bec-1(+), sur-5::GFP], QU68: bec-1(ok691)/nT1[qIs51]; 
izEx101[Pmyo-3::bec-1(+), sur-5::GFP], QU71: bec-1(ok691)/ nT1[qIs51]; izEx102[Prgef-1::bec-1(+), sur-
5::GFP], QU134: bec-1(ok691)/nT1[qIs51]; Ex[Pglo-1::bec-1(+), rol-6(su1006)], QU155: bec-
1(ok691)/nT1[qIs51]; Ex[Pglo-1::bec-1(+), rol-6(su1006)], QU135: bec-1(ok691)/nT1[qIs51]; Ex[Prgef-1::bec-
1(+), sur-5::GFP], QU137: bec-1(ok691)/nT1[qIs51]; Ex[Pdpy-7::bec-1(+), sur-5::GFP], QU136: bec-
1(ok691)/nT1[qIs51];  Ex[Pmyo-3::bec-1(+), sur-5::GFP], EB2589: bec-1(ok691) IV/nT1 [qIs51] (IV,V); 
dzTi2[pie-1p::bec-1::mCherry::tbb-2 3’UTR +NeoR]V, EB2590: bec-1(ok691) IV/nT1 [qIs51] (IV,V); dzTi3[pie-
1p::bec-1::mCherry::tbb-2 3’UTR +NeoR]V, EB2591: bec-1(ok691) IV/nT1 [qIs51] (IV,V); dzTi4[pie-1p::bec-
1::mCherry::tbb-2 3’UTR +NeoR]V, and EB2629: bec-1(ok691) IV/nT1 [qIs51] (IV;V); Is[lim-7p::bec-
1::mCherry::tbb-2 3'UTR + NeoR]. 

 
Other strains used in this study:  

QU22: bec-1(ok691); izEx5 [pAy39.1, bec-1::BEC-1::RFP] [S1] [S2], QU254: bec-1(ok691); izEx6 [bec-1(+), 
pTG96 (sur-5::GFP)] [S1], HZ1683: him-5(e1490) V; atg-2(bp576) X [S3], HZ1684: atg-3(bp412) IV; him-
5(e1490) V [S4], HZ1687: atg-9(bp564) him-5(e1490) V [S3], HZ1691: epg-8(bp251) I; him-5(e1490) V [S5], 
DR466: him-5(e1490)V, MD701: bcIs39[lim-7p::ced-1::GFP+lin-15]V, bec-1(ok691)/nT1[qIs51]; Ex[Pced-
1::mCherry::bec-1(+), rol-6(su1006)] [S6], JK3025: gld-1(q485)I/hT2[bli-4(e937) let?(q782)qIs48](I;III), 
JK3345: gld-3(q741)/mIn1[mIs14 dpy-10(e128)] II. 

Plasmid construction  
The pTB80 plasmid, (Pdpy-7::gfp) [S7], containing the hypodermal dpy-7 promoter and the HindIII and PstI, was 
kindly provided by Oliver Hobert. The bec-1 cDNA (verified by sequencing) was cloned into pTB80 using KpnI and 
BsmI (blunt end) to produce pAM200 [Pdpy-7::BEC-1]. This pAM200 [Pdpy-7::BEC-1] was injected at 10µg/ml 
together with pTG96 [sur-5::GFP] at 100µg/ml, into the bec-1(ok691) IV/nT1 [qIs51] (IV;V) strain, to generate 
izEx100 [Pdpy-7::BEC-1, pRF4], and the strain QU67: carrying bec-1(ok691)/nT1[qIs51]; izEx100[Pdpy-7::bec-
1(+), sur-5::GFP]. 

The muscle expression plasmid pAM260 was designed to contain the myo-3 promoter of pPD95_86.myo-3. To 
this construct, the bec-1 cDNA fragment from pAM200 was cloned using KpnI and BsmI. The pAM260 [Pmyo-
3::BEC-1] construct was injected at 10µg/ml, together with pTG96 [sur-5::GFP] at 100µg/ml, into bec-1(ok691) 



IV/nT1 [qIs51] (IV;V) animals, to generate izEx101 [Pmyo-3::BEC-1, pTG96], and the strain QU68, carrying bec-
1(ok691)/nT1[qIs51]; izEx101[Pmyo-3::bec-1(+), sur-5::GFP]. 

The neuronal pAM240 [Prgef-1::BEC-1] construct consists of a fragment KpnI to EagI from plasmid pF25B3.3 
cloned into pAM200, which contains the bec-1 cDNA. pAM240 [Prgef-1::BEC-1] was injected into bec-1(ok691) 
IV/nT1 [qIs51] (IV;V) animals at 10µg/ml, together with pTG96 [sur-5::GFP] at 100µg/ml, to generate izEx102 
[Prgef-1::BEC-1, pTG96], and the strain QU71, which carries bec-1(ok691)/ nT1[qIs51]; izEx102[Prgef-1::bec-
1(+), sur-5::GFP].  

For the intestinal expression of bec-1, the bec-1 cDNA was amplified from pAM200 [Pdpy-7::BEC-1], cloned 
into TOPO Kit and verified by sequencing. The bec-1 cDNA containing AgeI and EcoRV was cloned into pDS224 
[Pglo-1::mCherry] to form pAM400. pAM400 was injected into bec-1(ok691) IV/nT1 [qIs51] (IV;V) animals at 
20µg/ml, together with the dominant roller marker pRF4 [rol-6(su1006)] at 100µg/ml, and izEx103 [Pglo-1::BEC-1, 
pRF4] was generated, and contained in strains QU134 and QU155: bec-1(ok691)/nT1[qIs51]; Ex[Pglo-1::bec-1(+), 
rol-6]. 

A Pced-1::mCherry::bec-1 consists of a full-length bec-1 cDNA as previously described [S6]. An 
extrachromosomal array was generated by injecting the plasmid containing the Pced-1::mCherry::bec-1 into bec-
1(ok691)/nT1[qIs51], with pRF4 [rol-6(su1006)]. This construct was previously shown to rescue the embryonic cell 
corpse engulfment phenotype in bec-1 homozygous mutant animals [S6]. 

miniMos constructs 
Two constructs were made to express bec-1 in the germ line [Ppie-1p::bec-1::mCherry::tbb-2 3'UTR + NeoR] 

and in the sheath cells [Plim-7p::bec-1::mCherry::tbb-2 3'UTR + NeoR]. In short, we used the strategy previously 
described by Frokjaer-Jensen et al. [S8]. A construct comprising of the bec-1 cDNA, under the control of the pie-1 
or lim-7 promoter, followed by the tbb-2 3’ UTR, was assembled by Gibson assembly in the miniMos vector 
(pCFJ910- neoR). The final plasmid Ppie-1p::bec-1::mCherry::tbb-2 (or Plim-7p::bec-1::mCherry::tbb-2) was 
injected (10 ng/µl) into the bec-1(ok691) IV/nT1 [qIs51] (IV;V) strain, with the following co-injection plasmids: 
pGH8 (Prab-3::mCherry::unc-54UTR) at 20 ng/µl, pCFJ90 (Pmyo-2:mCherry:unc-54UTR) at 5 ng/µl, pCFJ104 
(Pmyo-3::mCherry::unc-54UTR) at 20 ng/µl, pCFJ601 (Peft-3::mos1 transposase::tbb-2UTR) at 100 ng/µl, 
pMA122 (Phsp16.41:peel-1:tbb-2UTR) at 10 ng/µl. Three miniMos insertions of bec-1(ok691) IV/nT1 [qIs51] 
(IV;V); Ti[Ppie-1p::bec-1::mCherry::tbb-2 3'UTR + NeoR] were identified and analyzed. One miniMos insertion of 
bec-1(ok691) IV/nT1 [qIs51] (IV;V); Ti[Plim-7p::bec-1::mCherry::tbb-2 3'UTR + NeoR] was identified and 
analyzed. 

 
Microscopy 
Fluorescent images were captured using a Leica TCS-SP5 laser-scanning confocal microscope. Z-stacks were 

taken at 1.5 µm steps. Images were collected by a PMT (photomultiplier tube) detector, processed in 3-D projection 
mode, and converted to TIFF format for analysis.  

 
Staining and Immunofluorescence  
Germ lines were analyzed by visualizing DAPI (Vectashield) stained gonads of whole worms [S9] and/or 

dissected gonads [S10]. For whole worm staining: animals were fixed in 95% ice-cold ethanol and stained with 
DAPI (Vectashield) mounting media. For extracted gonad analysis: gonads were extracted in phosphate-buffered 
saline solution (PBS) containing 0.25mM levamisole [S11], fixed in 2% PFA for 10min, blocked in PBSB (PBS 
plus 1% BSA) for 30 min, and DAPI stained. For Phalloidin staining, PBSB blocked gonads were stained with 
Phalloidin (ThermoFisher Scientific) 5µl in 200 µl of PBSB for 20 min at room temperature, followed by 3 washes 
in PBS and DAPI stained.  Animals or gonads were mounted on slides containing a 3% agarose pad for microscopy. 

 
RNA interference 
L4 animals were fed dsRNA expression bacteria and their progeny analyzed. Synchronization of F1 progeny, 

from RNAi treated animals, was achieved by a “wash-off” method, where parents are washed off the plates and the 
remaining eggs were allowed to hatch during a 2-hour period (modified protocol [S9]). Hatched L1 animals were 
transferred onto fresh RNAi plates (and grown at the specified temperature, and analyzed as young adults (with up 



to 6 eggs per gonad), unless noted otherwise. HT115 E. coli that expressed target dsRNA were obtained from the 
Ahringer and Vidal libraries [S12, S13], and sequence verified.  

 
5-ethynyl-2-deoxyuridine (EdU) labeling 
NGM plates were seeded with small amounts of OP50 bacteria (50-100 µl) and grown overnight. Bacteria to be 

spread on plates was killed by UV at 0.5J/sec for 10 min. 12 h later, an EdU solution (stock 300 µM) was applied to 
cover the entire lawn of the killed bacteria. After the EdU solution dried up, adult animals were placed on NGM 
plates and fed the dead bacteria covered with the EdU solution for 30 min, followed by the immediate dissection of 
gonads. Gonads were extracted in 0.25µM levamisole, fixed using 3.7% PFA for 10 min, permeabilized with 0.1% 
Triton X-100 in PBSB that contains 1% BSA, blocked in PBSB for 30 min, and processed using the Click-IT EdU 
reaction (Molecular Probes), according to the manufacturer’s protocol. Following the Click-IT reaction incubation, 
the gonads were antibody and DAPI stained, before imaging.  

 
Measuring Mitotic, Synthesis, G1 and G2 phase Indexes  

Gonads were extracted in PBS containing 0.25 mM levamisole [S11], fixed in 2% PFA for 10min, permeabilized 
with 0.1% Triton X-100 in PBSB (PBS plus 1% BSA), and blocked in PBSB for 30 min. Extracted gonads were 
then stained with the anti-Phospho Histone H3 marker (Millipore) (1:500), for at least 4 hours at room temperature, 
followed by 3 X 15 min washes in PBSB and stained with a goat-anti-rabbit secondary antibody stain Alexa Fluor 
488 or Alexa Fluor 564 (5µg/ml) (Life Technnologies), for at least 2 hours at room temperature, followed by 3 X 15 
min washes in PBSB. As a final step, gonads were DAPI stained (using Vectashield) and mounted on slides with 
pads made of 3% agarose, for microscopy.  

The mitotic index (M-phase index) was calculated as a ratio of phospho-Histone H3 positive cells in metaphase 
and anaphase (determined by nuclear anatomy), to the total number of nuclei in the proliferative zone [S14]. The 
Synthesis index (S-phase index) was calculated as a ratio of the EdU positive cells, to the total number of mitotic 
cells. The presence in the cell of any EdU staining (on individual chromosomes or all chromosomes) was scored as 
an EdU positive cell.  

Mitotic cycling in the proliferative zone of C. elegans is continuous and lacks quiescent cells [S10], and it is 
assumed that all the progenitor cells in the mitotic zone are distributed between G1, S, G2 and M phases. To 
quantify G1 and G2 phases, images were processed in Image J and the pixel intensity of DAPI nuclear staining was 
calculated as the sum of all pixel intensities, within a manually drawn outline around each nucleus in the mitotic 
zone [S15]. G1 phase nuclei are classified by less DNA content than that of S-phase cells, and not in M-phase. G2 
phase nuclei are classified by having DNA content greater than that of S-phase cells and not EdU-positive. 
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