SCIENCE ADVANCES | RESEARCH ARTICLE

DEVELOPMENTAL BIOLOGY

Notch controls APC/CF?*! to enable accumulation of
chromatin regulators in germline stem cells from

Caenorhabditis elegans

David Puerta'?, Sara Rivera-Martin?, Adrian Fragoso-Luna?, Susan Strome?, Sarah L Crittenden®,

Judith Kimble?, José Pérez-Martin'>*

Originally known for its function in the cell cycle, the anaphase-promoting complex/cyclosome (APC/C) also plays a
crucial role in regulating differentiation and maintaining cell identity. However, the mechanisms by which APC/C
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mediates developmental processes are not fully understood. In this study, we show that APC/C and its activator FZR-
1 regulate the chromatin regulators MES-4 and MES-3. These proteins are part of histone methylation complexes

essential for maintaining germline stem cell (GSC) identity in the germ line of Caenorhabditis elegans. APC/

CFZR-1

facilitates the degradation of MES-4 and MES-3 when GSCs transition toward differentiating into oocytes. The activ-
ity of APC/C™*" is restricted by the Notch signaling pathway provided by the distal tip cell, which is responsible for
maintaining the stemness of the GSC pool. This negative regulation enables the accumulation of MES-3 and MES-4
in GSCs, offering an additional component by which niche activity modulates the C. elegans germ line.

INTRODUCTION

Stem cells maintain homeostasis in the body. Their ability to self-
renew and differentiate into various cell types makes them promis-
ing sources for cell replacement therapies and regenerative medicine
for treatment of injuries and diseases (1). Stem cells are typically
found in specific tissue areas known as stem cell niches. These nich-
es maintain the unique properties of stem cells. Understanding how
niches maintain stem cell features may enable the manipulation of
their regulatory mechanisms for future applications (2). However,
the complex structure of mammalian tissues makes it challenging to
identify and study the interactions between niches and stem cells in
vivo. In contrast, invertebrate model systems have a simpler tissue
architecture that facilitates the analysis of interactions between stem
cells and their niches (3). These model systems provide convenient
tools for genetic, cellular, and biochemical analyses of regulatory
networks (4).

The germ line in Caenorhabditis elegans provides a simple model
for studying stem cell regulation and the interaction of stem cells
with their niche. It has similar features to mammalian stem cell
niches and provides an effective platform for investigating key as-
pects of stem cell biology (5). The C. elegans germ line is enclosed in
two U-shaped gonad arms. Germ cells in each arm are arranged dis-
tally to proximally in a specific spatiotemporal order [reviewed in
(6)] (Fig. 1A). The distal tip cell (DTC), a somatic cell, occupies the
distal tip of each gonad arm and acts as a stem cell niche to support
nearby germ cells. The gonad area regulated by the niche is called
the progenitor zone (PZ), which contains a pool of germline stem
cells (GSCs) that divide mitotically and which extends for ~20
germline cell diameters (gcd) from the distal tip. The resulting divi-
sions displace germ cells from the PZ into the transition zone (TZ),
which extends for 8 to 10 gcd. The transition from the mitotic to the
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meiotic cell cycle begins just before the PZ/TZ boundary. After this
boundary, germ cells progress through the first stages of meiotic
prophase—leptotene, zygotene, and pachytene—and then differen-
tiate into oocytes in the proximal arm. These oocytes remain ar-
rested in diakinesis of meiotic prophase until fertilization, which
occurs upon reaching the spermatheca in the most proximal region.

The DTC plays a central role in maintenance of the GSC pool. It
signals through the Notch pathway and activates transcription of
two key GSC regulators Ist-1 and sygl-1. LST-1 and SYGL-1 are both
posttranscriptional regulators. LST-1 is also a transcriptional regu-
lator that feeds back to Notch signaling (7). These regulators bind to
each of the four PUF (Pumilio and FBF) proteins in the self-renewal
PUF hub (8). Among the self-renewal PUF proteins, the nearly
identical FBF-1 and FBF-2 play prominent roles. The resultant LST-
1/PUF and SYGL-1/PUF complexes suppress the translation of
mRNAs responsible for germline differentiation and somatic cell
development (Fig. 1B).

GSCs in the PZ have a markedly short or nonexistent G; phase,
owing to the sustained activity of the S-phase cyclin-dependent ki-
nase 2 (CDK-2)/CYE-1 complex (9). CDK activity in the PZ is
maintained by at least three mechanisms: (i) The glycogen synthase
kinase ortholog glycogen synthase kinase 3 maintains elevated
CDK-2 expression throughout the cell cycle (10); (ii) CYE-1 levels
remain high due to the lack of protein degradation and continuous
translation of its mRNA (9, 11); and (iii) the germline CDK inhibi-
tor CKI-2 is not translated in the PZ (12). The high CDK-2/CYE-1
activity typical of the PZ is down-regulated when cells enter the TZ,
suggesting that niche activity supports CDK activity in the PZ. Two
regulatory mechanisms responsible for maintaining high CDK ac-
tivity in the PZ are controlled by the Notch pathway: inhibition of
CKI-2 translation by FBF proteins (12) and translation of CYE-1
due to FBF-induced repression of GLD-1, a translational repressor
of CYE-1 mRNA (11) (Fig. 1C).

In addition to cell cycle control, GSC maintenance requires the
promotion of a germline-specific transcriptional program. MES-3
and MES-4 are abundant chromatin regulators in GSCs, but their
levels markedly decrease when cells reach the TZ (13, 14). MES-3
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Fig. 1. The gonad from C. elegans and its regulation. (A) Diagram illustrating the gonad of a C. elegans hermaphrodite. The DTC (red) caps the distal end of the gonad
and covers the germline PZ, which contains GSCs (yellow circles). The TZ is shown by crescent-shaped forms corresponding to cells in early meiotic prophase (zygotene,

diplotene). Green circles represent germ cells at later stages of the meiotic cell cycle.

(B) The DTC promotes GSC stemness through GLP-1/Notch signaling, which activates

transcription of Ist-1 and sygl-1. The LST-1 and SYGL-1 proteins form a central regulatory hub as partners with four PUF proteins. PUF/LST-1 and PUF/SYGL-1 heterodimers
repress differentiation-promoting RNAs, thereby maintaining stemness in the GSC pool. (C) DTC signaling acts through PUF hub partnerships to enhances activity of the

S-phase CDK complex, resulting in a shortened G; phase within the GSC pool.

provides a structural scaffold for the widely conserved polycomb
repressive complex 2 (PRC2), which drives histone methylation and
produces repressive H3K27me3 (15, 16). MES-4 is a histone methyl-
transferase that produces H3K36me3, a marker of actively tran-
scribed genes (17, 18). The loss of MES-4 or MES-3 results in the
early differentiation of germ cells, which led to the view that MES-4

Puerta et al., Sci. Adv. 11, eadu8572 (2025) 30 May 2025

and PRC2 facilitate expression of germline genes while suppressing
the expression of somatic genes in the germ line (19). However, re-
cent studies support a model in which MES-4 and PRC2 promote
germline survival and proliferation by silencing an oogenesis pro-
gram that interferes with the fate of nascent germ cells (20-22). De-
spite extensive investigation into the role of these chromatin
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modifiers, its regulatory relationship with the niche remains un-
clear. The drop of cellular MES-3 levels in the early pachytene stage
has been attributed to GLD-1-mediated translational repression
via the mes-3 3’ untranslated region (3’UTR and therefore indi-
rectly regulated by the Notch pathway (14). We aimed to character-
ize the mechanisms underlying the substantial down-regulation
of MES-4 and MES-3 expression upon meiotic entry to investigate
whether the niche regulates the levels of these chromatin regulators
in the gonads.

In this study, we report that the anaphase-promoting complex/
cyclosome (APC/C) complex and its activator Fzrl/Cdhl (APC/
CParl/Cdhly £ ilitate degradation of the proteins MES-4 and MES-3
in cells as they reach the TZ. APC/C™ Cdhl is a multisubunit E3
ubiquitin ligase that polyubiquitinates target proteins, leading to
their degradation by the proteasome. While APC/CF /41 i wyell-
known for its role in regulating the cell cycle (23), its functions in
development remain less studied (24). Here, we report that Notch
signaling from the niche regulates APC/CF"/ Cdhlip the distal go-
nad, offering a potential mechanism by which the niche modulates
levels of MES-4 and MES-3 in C. elegans gonads.

RESULTS
APC/CF?®1 controls MES-4 levels in the gonad
The absence of MES-3 in the early pachytene stage has been attrib-
uted to translational repression directed by its 3'UTR (14). The re-
duction in protein levels in cells entering pachytene has been noted
for other germline proteins that are regulated post-transcriptionally
through their 3'UTRs (25). To investigate whether a similar mecha-
nism operates for MES-4, we constructed a mes-4 allele tagged with
green fluorescent protein (GFP) at its endogenous locus, including
its native 3'UTR, which accurately reflects the distribution of native
MES-4 protein in the germ line (fig. S1). We then compared the ex-
pression of this allele with similar constructs in which we replaced
the native 3'UTR with two heterologous 3"UTR regions from ubiq-
uitously expressed genes, specifically let-858 and tbb-2. The distribu-
tion of MES-4::GFP along the length of the gonad was similar
regardless of its 3'UTR (Fig. 2A). Although we cannot rule out that
the distribution may be regulated by mRNA sequences outside the
3'UTR (26), we sought to explore other possible mechanisms.
Proteasome activity regulates the decision between proliferation
and meiotic entry in the C. elegans germ line (27). To determine
whether the proteasome is involved in the decrease of MES-4 levels,
we used RNA interference (RNAI) to silence pas-4 and pbs-5, which
encode the o and P subunits of the proteasome, respectively (28).
MES-4::GFP became evenly distributed in the germ line upon pro-
teasome down-regulation (Fig. 2B), suggesting that the MES-4 de-
crease relies on protein degradation. Among ubiquitin complexes
that promote protein degradation in the gonads, the RING finger
ubiquitin ligase RFP-1 and Skp, Cullin, F-box containing (SCF)
complex associated with the F-box protein PROM-1 act in the distal
gonad (9, 29, 30). However, the MES-4::GFP germline distribution
was not altered by RNAI depletion of rfp-1 or prom-1 (fig. S2). The
analysis of the MES-4 amino acid sequence revealed a KEN box
with a high score (fig. S3). The KEN box is typical of proteins tar-
geted for degradation by the E3 ubiquitin ligase APC/C. Strikingly,
the MES-4::GFP distribution in the gonad became uniform after
RNAI against emb-27, which encodes a core APC/C subunit (Fig.
2C) (31).
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APC/C function relies on interactions with its activators, Cdc20
and Cdh1/Fzr1 [FZY-1 and FZR-1, respectively, in C. elegans (32, 33)],
to bring substrates to the catalytic core. Silencing fzr-1 using RNAi
resulted in MES-4::GFP expression throughout the germ line, while
silencing fzy-1 did not affect the distribution of MES-4::GFP (Fig.
2C). A similar uniform distribution was observed for MES-4::GFP
when we introduced mes-4::gfp into worms carrying the hypomorph-
ic fzr-1(ku298) allele (Fig. 2D) (32). This result was not attributable to
the GFP tag, as it was also observed by immunostaining of untagged
MES-4 worms after fzr-1 RNAI (fig. S4). To further test the hypothe-
sis that APC/C™®! targets MES-4 for degradation, we mutated its
KEN box by substituting key amino acids with alanine residues to
create the mes-4"*4::¢fp allele. Similar to the MES-4 distribution in
fer-1 (ku298), MES-4 AA.GFP distribution was uniform (Fig. 2D).
We concluded that APC/C™®! promotes MES-4 degradation upon
meiotic entry (Fig. 2E).

APC/CF?®1 and the mes-3 3'UTR both regulate MES-3 levels
We also found a KEN box in the MES-3 amino acid sequence (fig.
S$3), which prompted us to analyze the distribution of a MES-3::GFP
fusion protein in the gonads of fzr-1(ku298) mutants. Our findings
suggested that APC/CF®! regulates the MES-3 distribution along
the gonad (Fig. 3A). The substitution of amino acids in the KEN box
with alanine residues at the mes-3 locus (mes-3444) yielded similar
results (Fig. 3A). However, disabling the proposed APC/C™*-
mediated degradation of MES-3 did not fully abolish the decrease in
MES-3 levels in cells entering meiosis (Fig. 3A).

The absence of MES-3 at the early pachytene stage has been at-
tributed to translational repression via its 3'UTR (14). Thus, we in-
vestigated whether the inhibition of mes-3 mRNA translation and
the APC/C"®!_promoted degradation of MES-3 protein operate
together to reduce MES-3 levels in meiotic but not in mitotic germ
cells. To this end, we constructed worm strains carrying the endoge-
nous mes-3:gfp or mes-3*44::¢fp alleles in which we replaced the
native 3'UTR with that from tbb-2, a ubiquitously expressed gene
that is not repressed by GLD-1 (34). Unexpectedly, the replacement
of the 3'UTR region decreased MES-3 levels in the distal-most re-
gion in both cases (fig. S5A). To rule out potential unspecific effects
of the tbb-2 3'UTR, we replaced the mes-3 3'UTR in the mes-3::gfp
allele with two other alternative 3'UTRs from let-858 and mes-6 (an-
other PRC2 subunit, also expressed in gonads); similar results were
obtained (fig. S5B). These results suggest that sequences in the mes-3
3'UTR facilitate the translation of the mes-3 mRNA in the distal re-
gion in a manner that cannot be fulfilled by other 3'UTRs. Never-
theless, we readjusted the fluorescence levels in each gonad (Fig. 3B)
to measure relative fluorescence along the gonad in the four differ-
ent GFP-tagged alleles: mes-3, mes-3"4, mes-3 tbb-2 3'UTR, and
mes-3*44 tbb-2 3'UTR (considering 100% of intensity the highest
fluorescence value for each individual gonad from the distal tip to
the late pachytene region, ~80% of the distance from the tip to the
bend). We then compared the distribution of MES-3::GFP fluores-
cence along the length of the gonad for each allele. Replacing the
3'UTR reduces, although does not eliminate, the decrease in the
fluorescence signal when cells enter the meiotic phase. However,
when the 3'UTR is replaced and the KEN box is mutated in a single
allele, the fluorescence signal is uniformly distributed along the
length of the gonad (Fig. 3B). These results are consistent with the
hypothesis that the APC/C***" and the mes-3 3'UTR cooperate to
decrease MES-3 levels in meiotic germ cells (Fig. 3C). In summary;,

30f19



SCIENCE ADVANCES | RESEARCH ARTICLE

A B -
let-858 3UTR RNAi pas-4

RNAI pbs-5

tbb-2 3UTR

MES-4:GFP MES-4::GFP
. 1200000 o heo0ec0 pEmyp—"
E] — Control ] — RNAipas-4
< — let-858 UTR b RNAi pbs-5
2 tbb-2UTR 3 /\")\;\
2 800,000 g 00000017 ;
£ £ =
£ 3 L SR
g § 500000 v Ty
g 400000 ¢ . .
o <]
=} =3
3 2
2 . o
) 20 40 60 80 100 0 20 40 60 80 100
% of distance % of distance
C RNAi control D Control

fzr-1 (ku298)
RNAi emb-27

RNAi fzy-1
mes-4AM4

MES-4::GFP

. 1,200,000
RNAi fzr-1 — Control — ku298 mes-4A44

Y
TN o
800,000 1 ‘/V\,/v\’frr/l\/\ K/\rf'/\

MES-4::GFP

fluorescence intensity (a.u.)

400,000
120000 = RNAI control RNAi fzy-1
; —— RNAi emb-27 —— RNAi fzr-1 0
s 0 20 40 60 80 100
% 800,000 % of distance
£
?
8
g
& 400000
o
s
El

[ 20 40 60 80 100
% of distance

Fig. 2. APC/C*Z* controls MES-4 distribution along length of the gonad. (A to D) Top: images of young adult (1-day) dissected gonads, stained for DAPI (blue) and
GFP (green); dashed line marks PZ/TZ boundary, recognized by morphology of 4’,6-diamidino-2-phenylindole (DAPI)-stained nuclei. In all images, scale bar: 50 pm. Bot-
tom: Quantitation of GFP signal along length of gonad. Each line shows average GFP intensity + SEM measured in arbitrary units (five gonads each). The x axis represents
relative distance along gonads from the most distal end to the bend. Gray bar indicates location of the average localization of PZ/TZ boundary. (A) mes-4 3’UTR has mini-
mal effect on MES-4 protein distribution. Gonads from worms carrying mes-4::gfp allele (control) and variants in which the native 3'UTR was exchanged with the indicated
3’UTR. (B) Silencing the proteasome extends MES-4 signal through pachytene. Gonads from worms carrying mes-4::gfp allele and silenced for two genes encoding pro-
teasome components (pas-4 and pbs-5). (C) Silencing APC/C changes MES-4 distribution. Images show gonads from worms carrying the mes-4::gfp allele and silenced for
genes encoding APC/C core component Apc6 (emb-27) and activators Cdc20 (fzy-1) and Cdh1/Fzr1 (fzr-1). (D) APC/CFZR targets MES-4 for degradation. Gonads from
worms carrying mes-4:gfp allele in a wild-type or fzr-1(ku298) background. Gonad from a worm carrying the mes-4**::gfp allele is also shown. (E) Summary diagram. Germ
cells expressing MES-4 are highlighted in green; those without MES-4 are in gray. APC/C"?*" facilitates MES-4 degradation as cells enter the TZ.

Puerta et al., Sci. Adv. 11, eadu8572 (2025) 30 May 2025 40f 19



SCIENCE ADVANCES | RESEARCH ARTICLE

— Control — ku298 mes-3AAA

£.800,000
2
7] )
£ S L T
3 t MLH)—J’*\-/
400,000 o
@
o
S
=

0

0 20 40 60 80 100

% of distance

B
g
=
3
s
=
g
mes-3 thb-2 UTR 3
— Control mes-3 tbb-2 UTR
— mes-3AAA — mes-3AAA thb-2 UTR
mes-3A4A tbb-2 UTR o
0 20 40 60 80
e % of distance
MES-3::GFP
Cc

Fig. 3. Both APC/C"?*" and mes-3 3'UTR regulate MES-3 protein the distribution along length of the gonad. (A and B) Left panels show images of young adult (1-day)
dissected gonads, stained for DAPI (blue) and GFP (green); dashed line marks PZ/TZ boundary, recognized by morphology of DAPI-stained nuclei. In all images, scale
bar: 50 pm. The right panels show quantitation of GFP signal along length of gonad. Gray bar indicates location of the average localization of PZ/TZ boundary. (A) APC/
C"* targets MES-3 protein for degradation. The gonads were extracted from worms carrying the mes-3:gfp allele in a wild-type (control) or fzr-1(ku298) background. A
gonad from a worm carrying the mes-3**:gfp allele is also shown. The right panel shows average GFP intensity + SEM measured in arbitrary units (five gonads each). The
x axis represents relative distance along gonads from the most distal end to the bend. (B) The 3'UTR collaborates with APC/CF*" to regulate MES-3 distribution in the
gonad. Gonads were extracted from worms carrying different mes-3::gfp alleles: mes-3 (control); mes-3** carrying the KEN to AAA; mes-3 tbb-2 3'UTR in which the native
mes-3 3'UTR was replaced by the tbb-2 3'UTR; and mes-3*** tbb-2 3'UTR carrying both changes. The fluorescence intensity images from gonads carrying the tbb-2 3'UTR
were enhanced (see fig. S5A for unenhanced images). The right panel shows the relative levels of MES-3::GFP along the gonad. Relative values were adjusted to the
maximum fluorescence intensity in each gonad (seven gonads in total). The graph line shows the average relative GFP intensity + SEM. (C) Summary diagram. Germ cells
expressing MES-3 are highlighted in green; those without MES-3 are in gray. APC/C"2*" facilitates MES-3 degradation as cells enter the TZ, while the action of GLD-1 re-
presses translation of mes-3 mRNA once cells enter the meiotic cell cycle.
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we found evidence strongly suggesting that the E3 ubiquitin-ligase
complex APC/C™*! is involved in the decrease of MES-4 and MES-
3 levels in cells as they transition from the mitotic to meiotic region
in the gonad of C. elegans.

FBF proteins and APC/CF?* regulate FZR-1 levels in the
distal gonad

As MES-4 and MES-3 are both enriched in the distal mitotic nuclei
in the germ line, we hypothesized that FZR-1 would be absent or
only present at low levels in the mitotic region. Thus, we tagged
FZR-1 with the V5 epitope at its N terminus and analyzed germ
lines carrying v5:fzr-1 and mes-4::gfp alleles. Quantification of the
normalized V5-associated signal intensity revealed low levels of
FZR-1 in the distal-most part of the germ line. These levels increased
as cells approached the TZ, where they reached a maximum and
abruptly dropped when cells entered pachytene (Fig. 4A). We con-
firmed this distribution pattern by observing unfixed gonads using
an N-terminal-tagged gfp::fzr-1 allele (fig. S6).

Consistent with the proposed role of APC/C**! in facilitating
MES-4 degradation, we observed that as FZR-1 levels peaked, the
levels of MES-4::GFP began to decrease, indicating a correlative re-
lationship (Fig. 4A). Notably, the decline in FZR-1 levels was closely
aligned with the MES-4 decrease. The sudden drop in FZR-1 levels
in cells transitioning into meiosis resembled the APC/C-mediated
self-degradation of Cdhl observed in yeast meiotic cells (35). To
explore this hypothesis, we silenced emb-27, a subunit of APC/C,
and analyzed GFP:FZR-1 levels in gonads. Our results showed a
considerable increase in the GFP fluorescence signal in the pachy-
tene region (fig. S7A), strongly suggesting that APC/C mediates the
decrease of FZR-1 levels. Silencing of fzy-1 (Cdc20 in mammals) did
not replicate the GFP::FZR-1-induced pachytene invasion observed
when emb-27 was silenced (fig. S7A). This suggests that FZR-1 me-
diated its degradation. The FZR-1 amino acid sequence contains a
putative destruction box (D-box) near the N terminus (figs. S3 and
S7B). Mutating critical residues of the D-box to alanine (fzr-1? al-
lele) resulted in the stabilization and presence of FZR-1 throughout
the germline (fig. S7C). On the basis of these results, we propose
that APC/C™®! recognizes FZR-1 and promotes its self-degradation
via the D-box motif, resulting in the absence of FZR-1 in pachytene.

We also investigated the mechanisms involved in maintaining
low levels of FZR-1 in the distal-most part of the gonad. We ana-
lyzed the activity of the fzr-1 promoter using a transcriptional
GFP::H2B fusion. GFP levels increased as the cells approached the
meiotic region, although a measurable signal was present in the mi-
totic region (fig. S8). This suggests that some posttranscriptional
control over fzr-1 must exist to maintain low FZR-1 levels in the
distal-most part of the gonad.

The 3'UTR region of fzr-1 binds the translational repressors
FBEF-1 and FBF-2 (36). Because these repressors are more active in
the most distal region of the gonad, we hypothesized that FBF ac-
tivity could regulate FZR-1 levels. Using a strain carrying the
v5::fzr-1 allele, we investigated whether the FZR-1 levels were af-
fected by down-regulation of FBF expression using RNAi directed
against the fbf-1/2 genes. FZR-1 levels markedly increased in the
mitotic region of the germ line in response to silencing FBF (Fig.
4B). We further created an fzr-1 3'UTR reporter consisting of the
pie-1 promoter that transcribes a GFP::H2B fusion and the 3'UTR
from fzr-1 (25). The fzr-1 3'UTR reporter and a control carrying
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the 3'UTR from tbb-2 were inserted as a single copy using the Mos
system. The 3'UTR from fzr-1 caused low expression of the report-
er in the PZ (Fig. 4C). However, RNAi against fbf-1/2 attenuated
down-regulation of the GFP signal in the distal-most part of the
gonad, suggesting that FBF proteins down-regulate FZR-1 via the
fer-13'UTR.

These results provide a framework for explaining the FZR-1
distribution in the distal gonad. The limited transcriptional activ-
ity of the fzr-1 promoter and the repressor activity of FBF proteins
result in low FZR-1 levels in the region close to the distal tip, but
these levels increase as germ cells reached the TZ. This pattern
most likely results from increased transcriptional activity and de-
creased FBF-mediated repression. Once cells enter the meiotic cell
cycle, the APC/C"®! complex is activated (or derepressed, see
below), and its targets, including FZR-1, are consequently degraded
by the proteasome.

We examined the consequences of disabling the proposed regu-
latory framework. Our first focus was on the effects of turning off
FZR-1 self-degradation. The fzr—ldb allele, which could not be tar-
geted by APC/C, functions comparably to the wild-type allele, at
least in terms of promoting MES-4 degradation (fig. S9A). However,
worms carrying the fzr-1” allele experience significant fertility is-
sues (fig. S9B), mainly due to a reduced number of embryos (fig.
S9C). Although we cannot exclude somatic effects, abnormally en-
larged oocytes were seen in gonads derived from fzr—]db mutants
(fig. S9D). The sustained presence of FZR-1 in the pachytene region
of these mutant worms may result in the unscheduled degradation
of proteins important for oocyte development.

We further sought to determine the importance of maintaining
low levels of FZR-1 in the mitotic region for the regulation of APC/
CF#R1 activity. To this end, we analyzed the levels of MES-4:GFP (as
a readout of APC/CF®! activity) under conditions that enable ac-
cumulation of FZR-1 in the most distal gonad. In control gonads,
signal from MES-4::GFP extended to 30 gcd from the distal tip of
the germ line on average. In fbf-1/2-silenced gonads (conditions in
which we observed a dramatic increase in FZR-1 expression in the
distal gonad), MES-4::GFP signal extended to 24 gcd on average
(Fig. 4D). This result suggests that high levels of FZR-1 in the mi-
totic region accelerate MES-4 down-regulation. However, the ab-
sence of a stronger effect (e.g., MES-4 degradation along the entire
distal region) suggests the presence of additional ways to restrict
APC/CMR activity in the mitotic region, besides regulation of
FZR-1 levels. In summary, we found that FBFs work together with
APC/CF®! to control the distribution and levels of FZR-1 in the
germ line (Fig. 4E).

CDK activity prevents APC/C*Z”" activity in the mitotic
region of the gonad

We sought to elucidate the additional mechanisms underlying APC/
CF#®1 regulation along the most distal part of the gonad. The inter-
action between Cdh1/Fzr1 and the APC/C core is negatively regu-
lated by phosphorylation of Cdhl/Fzrl by the CDK complex at
several sites (37). CDK-mediated inhibitory phosphorylation ap-
pears to be widely conserved, including in yeast, Drosophila, and
mammalian cells [reviewed in (38)]. In vitro assays revealed that
CDK complexes can phosphorylate FZR-1 in C. elegans (39). These
phosphorylation sites are in conserved regions that are important
for interactions with APC/C core subunits (fig. S10).
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shows distance, in germline cell diameters, between the distal tip of the germline and the end row of continuous MES-4::GFP accumulating cells from 24 gonads in each condi-
tion. P < 1% 107*. (E) Summary diagram. Germ cells expressing FZR-1 are highlighted in green (intensity reflects protein amounts), and those without FZR-1 are in gray.

Puerta et al., Sci. Adv. 11, eadu8572 (2025) 30 May 2025 7 of 19



SCIENCE ADVANCES | RESEARCH ARTICLE

We investigated whether high CDK activity in the PZ (9) could
be responsible for the hypothesized down-regulation of APC/C**!
activity in the most distal gonad in C. elegans. To this end, we ana-
lyzed whether MES-4::GFP was prematurely degraded in gonads
depleted through RNAi of the components of various cell cycle-
related CDK complexes in C. elegans: the CDK4 complex (cdk-4
and cyd-1), CDK2 (cdk-2, cye-1 and cya-1), and CDK1 (cdk-1, cyb-1
and cyb-3) [reviewed in (40)] (Fig. 5, A and B). The most consider-
able effect was observed upon the silencing of cdk-2 or its partner
cye-1; the MES-4::GFP signal was fainter and limited to the most
distal part of the gonad, extending, on average, between 5 and 8 ged
(Fig. 5C).

We silenced cye-1 in a strain carrying the mes-4*4* allele tagged
with GFP to determine whether the decrease in MES-4::GFP levels
was due to effects of the down-regulation of CDK activity unrelated
to APC/C™®! activity such as the decrease in the transcriptional
expression of mes-4. MES-4*** was not prematurely degraded fol-
lowing cye-1 silencing (fig. S11). This result strongly links the de-
crease in CDK activity to an increase in APC/CFR! activity. We
suggest therefore that the CYE-1/CDK-2 complex may be mainly
responsible for down-regulation of APC/C™*" activity in the distal
gonad (Fig. 5D).

We further sought to confirm whether CDK negatively regulates
the activity of APC/C™®! via the inhibitory phosphorylation of
FZR-1 in the mitotic region of the gonad. To this end, we constructed
a mutant fzr-1 allele (fzr-1°*) carrying alanine substitutions in the
described in vitro CDK phosphorylation sites (eight sites) and one
putative conserved phosphorylation site (fig. S10) (41). All attempts
to insert the fzr-1°* allele into worms as an ectopic copy were unsuc-
cessful (contrary to the wild-type version of the same construction),
suggesting that the mutant allele was deleterious. To circumvent this
technical problem, we constructed a version of the mutant allele in
which an intervening sequence (consisting of a hygromycin resis-
tance gene) flanked by lox target sites of Cre recombinase was in-
serted between the promoter and the open reading frame of the
mutant allele. Cre-induced recombination resulted in the excision
of the intervening sequence and the expression of the mutant allele
(Fig. 6A). This construct was inserted on chromosome IV using the
Mos system. To induce recombination, the Cre recombinase was
generated by crossing hermaphrodites with males carrying a trans-
gene expressing Cre recombinase in the germ line (Fig. 6B). We ana-
lyzed the gonads from the progeny (1-day-old adults) resulting from
crosses of hermaphrodite worms carrying the mes-4::gfp allele and
the corresponding ectopic fzr-1 allele (wild type or fzr-1°*) with
males carrying the mes-4::gfp allele and the transgene providing Cre
recombinase. Although expression of an ectopic copy of wild-type
fzr-1 did not seem to affect the distribution of MES-4::GFP-associated
signals, the expression of fzr-1** resulted in absence of detectable
MES-4. A clear and uniform fluorescent signal was observed when
using the mes-4***::¢fp allele, which is refractory to APC/CFR!
promoted degradation (Fig. 6C). None of the hermaphrodites ob-
tained from crosses with the nonphosphorylatable version of FZR-1
was fertile (Fig. 6D), and analysis of their gonads showed an aber-
rant morphology (Fig. 6E). The lack of fertility was not suppressed
by the presence of nondegradable versions of MES-4 and MES-3
(Fig. 6D). This suggests that additional targets of APC/C™**" are im-
portant for germline maintenance.

We investigated whether the presence of two distinct mecha-
nisms that maintain APC/CF*! inactivity in the mitotic region
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(e.g., the CDK-mediated inhibition of FZR-1 and the control of
FZR-1 levels exerted mainly by FBF proteins) indicated collabora-
tive functions. To this end, we quantified MES-4::GFP levels in
worms in which cye-1, fbf-1/2, or both genes were silenced using
RNAi. We observed an additive effect on the decrease of MES-4 lev-
els when both negative regulatory circuits were simultaneously dis-
abled (fig. S12). These results support the notion that at least two
mechanisms collaborate to restrict APC/C™®! activity in the mi-
totic region of the germ line (Fig. 5D).

SCFPROM-1 and APC/CF?R" cooperate in CYE-1 degradation
and contribute to APC/CFZR" activation, together with
additional regulators

Negative regulation of APC/ enables accumulation of MES-4,
MES-3, and other unknown targets in the mitotic region of the germ
line. However, this negative regulation must be alleviated as mitotic
germ cells reach the TZ to allow timely activation of APC/C™*"! and
subsequent degradation of its targets. CYE-1 levels remain high
throughout the mitotic cell cycle but sharply decrease as germ cells
enter meiosis (9). Thus, we hypothesized that the diminished CYE-1/
CDK-2 activity at the end of the mitotic zone, caused by low CYE-1
levels, combined with an increase in FZR-1 production, results in the
presence of nonphosphorylated FZR-1 that can bind to the APC/C
core. This hypothesis is consistent with the finding that CYE-1 levels
decreased by a few cell diameters before MES-4 degradation (Fig. 7,
A and B), suggesting a causal relationship. Thus, we aimed to measure
APC/CFRY activity (using MES-4 levels as a readout) under high
CYE-1 levels along the entire gonad to confirm this causal relation-
ship. The PROM-1 protein associated with the SCF E3 ubiquitin li-
gase complex mediates the degradation of CYE-1 when cells reach
meiosis. However, additional factors are required for the complete
decrease of cyclin levels (9, 30). We previously observed that prom-1
silencing did not affect the distribution of MES-4 along the gonads
(fig. S2). However, when analyzing CYE-1 and MES-4 levels in the
same gonads, we noticed that MES-4 degradation roughly overlapped
with CYE-1 degradation following prom-1 silencing (Fig. 7C). On the
basis of this observation, we hypothesized that SCE**M acts as a
first-wave degrader of CYE-1 and that second-wave degradation oc-
curs later. As this coincides with a decrease in MES-4 levels, we hy-
pothesized that this second-wave degrader might be APC/CF*!,
While the absence of FZR-1 or PROM-1 alone did not result in CYE-
1::GFP expression throughout the pachytene region, the depletion of
PROM-1 in fzr-1 (ku298) worms by RNAi resulted in the GFP signal
being distributed throu%hout the germ line (Fig. 7D), indicating the
redundant role of SCF "M and APC/C™*" in the decrease of
CYE-1 levels when germ cells reached meiosis. Consistent with these
findings, the amino acid sequence of CYE-1 contains both KEN and
destruction boxes (fig. S3). Thus, we constructed the cye—lAAAdb allele
by exchanging the amino acids comprising the KEN-box and D-box
with alanine residues. The decrease of CYE-1 levels when the cells
reached pachytene was disabled when the cye-1444 db::gfp allele was
combined with prom-1 silencing (Fig. 7D). In summary, SCF"ROM!
and APC/CF*! appear to cooperate to decrease the CYE-1 levels
once germ cells reach the TZ (Fig. 7E).

We maintained high CYE-1 levels alon% the gonads to evaluate
MES-4::GFP levels as a readout of APC/C"*! activity. To this end,
prom-1 was silenced in a strain carrying the cye-14* % allele. Al-
though MES-4 accumulated more proximally than in the control
gonads, eventually its levels dropped (Fig. 7, F and G). This indicates
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that APC/C™*! was activated despite the high levels of CYE-1. This
observation suggests that the decrease in the levels of CYE-1 is not
the sole cause for the promotion of APC/C"“R! activity and that ad-
ditional factors may contribute to APC/CF*! activation.

The CDK inhibitor CKI-2 contributes to the activation of
APC/CF?®1 in cells reaching meiosis
We sought to identify the additional elements involved in the timely
activation (derepression) of APC/CF® ' in C. elegans gonads. One
possibility could have been the presence in the PZ of APC/C inhibi-
tors of the Emil family in mammals (42) or Rcal in Drosophila (43),
which could be removed when cells enter meiosis. We did not follow
up on this option because no clear homologs have been identified in
C. elegans. Furthermore, the marked effect seen in the analysis of the
phosphorylation-refractory FZR-1°* mutant suggests that the pri-
mary regulatory mechanism may be the inhibitory phosphorylation
mediated by CDK. As a result, we shifted our focus to exploring al-
ternative methods to control CDK activity.

During Drosophila development, the down-regulation of Cyclin
E-Cdk2 expression before terminal divisions, in preparation for
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imminent cell cycle exit in differentiating cells, converts Cyclin A
complexed to Cdk2 from a redundant into an indispensable negative
regulator of APC/C™ (44). We investigated whether CYA-1, a sec-
ond partner of CDK-2, plays a similar role in the C. elegans gonad.
The analysis of a GFP-tagged version of cya-I revealed that germ
cells expressing CYA-1 were located at the edge of the region covered
by the DTC processes (fig. S13A), a zone in which a small pool of
cells complete the final mitotic cell cycle (45). We identified KEN and
destruction boxes in the amino acid sequence of this protein (fig. S3).
Furthermore, we confirmed that APC/C™*! also targeted CYA-1
(fig. S13B). However, combining the stabilized cya-1**" % and cye-
1444 alleles with prom-1 silencing did not lead to the expected uni-
form distribution of MES-4 along the gonad (Fig. 8A). Nonetheless,
MES-4 accumulated more proximally than in control gonads (Fig.
8C), suggesting some degree of cooperation in maintaining APC/
CFR Y inactivity between these two CDK complexes.

We further analyzed CKI-2 in this study. We hypothesized that
APC/C™® ! was activated even under high levels of CYE-1 expres-
sion because the CDK-2/CYE-1 complex was repressed by other
mechanisms. The C. elegans genome encodes two cyclin-dependent
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decreased in the absence of PROM-1. Distal region of gonads from worms carrying mes-4::cherry and cye-1::gfp alleles and subject to RNAi control or prom-1 RNA..
(D) SCFPROM1 and APC/C™2*" promote the decrease of CYE-1 levels. Gonads from worms carrying the cye-1::gfp allele in the indicated genetic backgrounds or RNAi conditions.
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CYE-1 are highlighted in green. APC/C"*! and SCFPFOM! cooperate to facilitate the degradation of CYE-1 in cells reaching the TZ. (F and G) Decrease of CYE-1 levels is not
solely responsible for the promotion of APC/CF2R activity. Gonads from worms carrying the mes-4::gfp allele in the indicated genetic backgrounds or RNAi conditions and
quantification of the distance (in germline cell diameters) between the distal tip of the germ line and the end row of continuous MES-4::GFP accumulating cells (at least
20 gonads were measured for each condition). **##P < 1 x 10™*and *P < 0.1.
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kinase inhibitors from the CIP/KIP family: CKI-1 and CKI-2 (46).
Of these, cki-2 is expressed in the germ line; however, FBF proteins
negatively regulate its mRNA in the PZ, resulting in its accumulation
only in cells entering meiosis (12). The analysis of the cki-2 mutant
germlines showed that the MES-4::GFP fluorescent signal appeared
more proximal compared to the control gonads (Fig. 8, B and C),
although it drops in the medial part of the gonad. In contrast, when
combined with cyer*44 % and RNAi of prom-1, the MES-4 signal
was distributed alon§ the entire length of the gonad (Fig. 8B). This
suggests that APC/C"“®" was not activated in these conditions.

Together, these results show that APC/C'*! is derepressed
when cells enter meiosis, owing to the redundant effect of several
independent mechanisms: (i) the increase in FZR-1 levels, (ii) the
inhibition of CDK2 activity due to high levels of the CDK inhibitor
CKI-2, (iii) the coordinated action on CYE-1 levels by the ubiquitin
ligases SCFPROMT and APC/CF4R 1,

MES-4 and MES-3 expression in the pachytene region may
interfere with oogenesis

APC/CF*1 is primarily recognized as a cell cycle regulator that fa-
cilitates removal of various targets at the end of mitosis and in the
early G, phase. Because many of these targets are crucial regulatory
proteins that play significant roles during mitosis but become un-
necessary in subsequent phases, the elimination of these proteins by
APC/CM®! prevents interference with cell cycle progression (47).
We therefore entertained the idea that the role of APC/C™*! in the
germ line may involve removal of regulatory proteins, such as MES-
4 and MES-3, that could obstruct activation of the oogenesis pro-
gram once germ cells enter meiosis.

In agreement with published reports (32), we found that worms
carrying the fzr-1(ku298) allele had a 50% smaller brood size than
control worms (Fig. 9A). A transgenic line carrying an ectopic copy
of fzr-1 under the control of the rps-27 promoter (which is expressed
in the soma but not in the germline; fig. S14A) was not able to rescue
this decrease in brood size (fig. S14B). Therefore, we attributed the
brood size reduction to defects associated with the specific roles of
APC/C™*! in the germ line and not in the somatic gonad. Worms
carrying mes-3**4, mes-4*44, or both showed only a modest de-
crease of 5 to 21% in brood size (Fig. 9A). We theorized that the
differences in fertility between fzr-1(ku298) worms and those carry-
ing the mes-3"** and mes-4*** alleles may reflect the involvement of
additional unknown APC/C™®! targets in the regulation of progeny
production by the germ line.

A recent model proposed that MES-4 and PRC2 may protect
germ line survival and proliferation by repressing an X-linked oo-
genesis program that may otherwise interfere with the development
of nascent germ cells (20). In this model, the transcription factor
LIN-15B may play an unknown role in launching the X-linked oo-
genesis program. We hypothesized that this program is counteract-
ed by MES-4 and PRC2 in the distal gonad and released when the
levels of these factors decrease in cells entering meiosis. This sug-
gests that in fzr-1(ku298) mutants, the elevated levels of MES-4 and
MES-3 (PRC2) in pachytene germ cells could interfere with activa-
tion of the oogenesis program. Consistent with this hypothesis, we
found a strong synthetic effect on fertility in fzr-1(ku298) and lin-
15B(n744) double mutants, which could be partially recapitulated in
worms carrying the mes-3*4* and mes-4*4* alleles (Fig. 9A). To
extend these observations, we used reverse transcription poly-
merase chain reaction (RT-PCR) to analyze the expression levels of
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three X-linked genes (mbk-1, Isd-1, and pek-1) that were proposed
to be controlled by LIN-15B and MES-4/PRC2 (22). We found a
clear correlation between the decreased mRNA levels of these genes
and decreased brood size in their respective mutants (Fig. 9B).

DISCUSSION

The initial objective of this study was to understand the mechanism
behind the decrease of MES-4 levels when germ cells enter meiosis
in the gonads of C. elegans. An unexpected finding was that this
protein decay was mediated by the E3 ubiquitin ligase complex
APC/C, in interaction with its coactivator FZR-1. In addition, we
found that APC/C™*! similarly targets MES-3, a PRC2 component
that also decreases upon onset of meiosis. These findings prompt
questions about why APC/CF®, which is a cell-cycle regulator, is
recruited to decrease the levels of these chromatin modifiers and
how this E3 ubiquitin ligase complex is controlled to ensure the
timely degradation of MES-4 and MES-3. Our study aimed to ad-
dress these questions.

The APC/C E3 ubiquitin ligase primarily regulates the cell cycle,
where it works sequentially, depending on the coactivator to which
it binds. When associated with the Cdc20 coactivator at the onset of
anaphase, APC/C first triggers sister chromatid separation by pro-
moting degradation of Securin and Cyclin B, two inhibitors of Sepa-
rase activity (48). Without Cdc20, cells arrest in metaphase (49).
Later, when associated with the Cdh1/Fzr1 coactivator, APC/C pro-
motes removal of many targets as cells exit mitosis and enter early
G;. These targets fall into two main classes: proteins with essential
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2 and ###5P < 1 x 1074,

roles during mitosis with no role in the upcoming cell cycle phase
(such as Cdc20, Geminin, or the kinases Aurora and Polo) and pro-
teins whose levels must be limited to avoid premature accumulation
during G; (such as Cyclins A and B) (47). Thus, APC/CCIPF 4 ctg
as a dedicated cleaning machinery that limits the presence of pro-
teins that could otherwise interfere with the cell cycle. Although
cells lacking Cdh1/Fzrl can proliferate, they show defects in the cell
cycle and genome stability. This likely occurs because of unwanted
interactions caused by the persistence of certain cell cycle regulators
(50, 51).

In line with the regulatory role of APC/C"/F in the cell cycle,
we have found that CYE-1 and CYA-1, the cyclins for S phase and S/
G, phase, respectively, are targets of APC/CFR in the C. elegans
germ line, once cells enter the meiotic cell cycle. Decreasing S-phase
cyclins during meiotic prophase I may prevent unwanted interfer-
ence with subsequent meiotic stages.

We found that APC/C targets FZR-1 degradation, and its inabil-
ity to do so markedly reduced fertility. Although APC/C targeting of
Cdh1/Fzrl has been described in other systems (35, 52), we can only
speculate about why FZR-1 must be degraded as germ cells transi-
tion to meiosis in C. elegans. Our study showed that the primary
obstacle to APC/C™*" activity in mitotically dividing germ cells is
CDK?2 activity. However, CDK2 activity markedly decreases when
cells enter meiosis because of decreased CYE-1 and CYA-1 levels
and increased CKI-2 activity. In this context, where APC/C™®1 jt-
self is not significantly inhibited, FZR-1 degradation makes sense to
prevent unscheduled targeting of proteins essential for meiosis. One
potential target could be Geminin (GMN-1), a well-described target
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of APC/CEMFar iy other systems; consistent with this same regu-
lation in worms, the GMN-1 sequence harbors a destruction box. In
addition, RNAI silencing results in an aberrant germline with a se-
vere oogenesis defect (53).

A major discovery reported in this work is that APC/C r-
gets degradation of MES-4 and MES-3, two well-defined chromatin
regulators in C. elegans mitotically dividing germ cells. Although
unexpected, this result is not illogical. It was unexpected because
few chromatin modifiers have been identified so far as targets of
APC/C complexed with Cdhl/Fzrl. One is mammalian Ki-67, a
protein involved in structuring heterochromatin that is cleared from
constitutive heterochromatin as cells exit mitosis during neuronal
differentiation. APC/C®h! performs this clearance, and defects in
that degradation alter heterochromatin, nuclear architecture, and
gene expression, resulting in severe defects in brain development
(54, 55). A second is Saccharomyces cerevisiae Set1, an H3K4 histone
methyltransferase that promotes the transcription of histone genes,
which is a target of APC/C“PM". Set1 degradation prevents prema-
ture synthesis and accumulation of potentially cytotoxic core his-
tones during G; (56). These targets align with the proposed role of
APC/C complexed with Cdh1/Fzrl, working as a specific system to
decrease the levels of certain proteins, control their activity, and pre-
vent unwanted interference. Similarly in C. elegans, APC/C™*! di-
rected degradation of MES-4 and MES-3 may limit these chromatin
regulatory proteins, whose roles in mitotic germ cells could interfere
with meiotic germ cells and oogenesis. The recently proposed func-
tions of MES-4 and PRC2 as negative regulators of an X-linked oo-
genesis program (20) highlight the need for their degradation.
Consistent with our findings, APC/C**! activity may facilitate the
transition from undifferentiated germ cells to oocytes by lifting re-
pression in cells entering meiosis. In addition, decrease of the levels
of MES-4, MES-3, and other targets that remain unknown by APC/
CFR1 ¢ould facilitate the reprogramming of germ cells into oocytes.
The dynamic remodeling of histone modifications as germ cells dif-
ferentiate into oocytes has been described (57), suggesting a mecha-
nism for establishing an early transcriptional program to trigger
zygotic genome activation. Transiently decreasing the levels of chro-
matin modifiers such as MES-4 and PCR2 from early to late pachy-
tene provides an opportunity for the establishment of an alternative
epigenetic landscape in oocytes.

An intriguing question stemming from our findings is why the
APC/C™®1 E3 ubiquitin ligase is used to eliminate MES-4 and
MES-3. Why not other E3 ubiquitin ligases that are also active in the
germline, such as RFP-1 or the SCF™*°™™! complex? A crucial point
to consider when exploring this question is that APC/C™*! may
also serve to communicate cell cycle status. Despite its role as a cell
cycle regulator, APC/CEM/F! does not initiate any cell cycle transi-
tion (unlike APC/C%?), Conversely, because CDK phosphoryla-
tion negatively affects the Cdh1/Fzrl interaction with the APC/C
core, APC/CCdn/Farl activity is restricted from the end of mitosis
(when CDK activity begins to decrease) to late G; phase (when CDK
activity starts to rise). In other words, APC/CCIMVFZ1 activity is
linked to cell cycle exit. By placing MES-4 and MES-3 under regula-
tion of APC/C™®, these chromatin regulators remain active dur-
ing the mitotic cell cycle, which is maintained by the CDK2 complex.
However, once germ cells initiate the meiotic program, a reduction
in CDK2 activity triggers activation of APC/CF?®1, This, in turn,
leads to the decrease of MES-4 and MES-3 levels.

FZR-1
Rl o
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An important element in this regulation is the negative feedback
loop between CDK-2/CYE-1 and APC/C™*!, which is unique to
C. elegans. Although Cdk2/Cyclin E inhibition of APC/CEF#1 i
widely conserved [reviewed in (58)], cyclin E was not identified as a
substrate of APC/CCMVF#L iy S, cerevisiae (Clb5 and Clb6) (59),
Drosophila (43), or vertebrates (60). Mutual repression is a classical
network motif in developmental processes and serves as a “toggle
switch” for regulating changes between the two states (61). However,
the mutual repression between APC/C**! and CDK-2/CYE-1 in
C. elegans changes with position within the germ line and therefore
does not provide a simple toggle switch. Rather, we propose that this
mutual repression acts more as a teeter-totter that shifts the balance
between on/off degradation of chromatin regulators (among other
targets) depending on the germline region (Fig. 10A).

Low FZR-1 levels in mitotically dividing germ cells rely on Notch
signaling, its activation of LST-1 and SYGL-1 and their partnerships
with FBF proteins. FBF/LST-1 and FBF/SYGL-1 are well-established
RNA repressors and likely repress fzr-1 expression via interactions
with the fzr-1 3’'UTR (36). In addition, FBF inhibits cki-2 mRNA
translation (12) and helps maintain high CYE-1 by promoting
translation, indirectly through inhibition of GLD-1 (11). The CDK2-
APC/C"™®! balance in mitotic germ cells favors accumulation of
phosphorylated FZR-1 and thus inactive APC/C** in this region.
As germ cells move away from the influence of the niche and ap-
proach the TZ, an increase in activity of the fzr-1 promoter coincides
with a decrease in FBF-mediated repression, resulting in higher
FZR-1 as germ cells enter the meiotic cell cycle. In addition to the
CDK-2/CYE-2 activity decrease and FZR-1 increase in this region,
the appearance of SCE""M is supplemented with the rise in CKI-2
and likely in GLD-1. Under these conditions, nonphosphorylated
forms of FZR-1 accumulate. Upon binding to the APC/C core, CYE-1
degradation is enhanced, shifting the balance between CDK and
APC/C™*! in favor of full activity of the E3 ubiquitin ligase. This
shift, which occurs as germ cells enter meiosis, promotes degrada-
tion of MES-4 and MES-3.

The negative feedback loop between CDK-2/CYE-1 and APC/
CFR1 reported here resembles the negative feedback loop between
GLD-1 and CDK-2/CYE-1 (62). Furthermore, CDK phosphoryla-
tion negatively regulates Cyclin-dependent kinase inhibitors (CKIs)
in C. elegans (63), suggesting existence of a similar negative feed-
back loop for CKI-2 as well. The balance of each negative feedback
loop shifts as cells leave influence of the niche. A reduction in the
inhibitory effect of FBF on the levels of GLD-1, CKI-2, and FZR-1,
in conjunction with activity of SCF"*™! drives this shift. PROM-1
levels increase as cells approach the TZ (64), and likely, it acts as a
trigger to initiate the decrease in CDK activity. All these negative
loops operate in a coordinated manner but appear to be indepen-
dent of each other, making the timing of the down-regulation of
CDK-2/CYE-1 activity and, thereby, the release of APC/C™*"! very
robust (Fig. 10B). This observation aligns with the idea that redun-
dancy is a common feature in the decision-making process between
proliferation and meiosis in C. elegans (65).

Cdh1/Fzrl is essential for the development of multicellular or-
ganisms, and its absence has been linked to defective cell differentia-
tion [reviewed in (24, 47)]. However, it remains unclear whether
these differentiation defects result from abnormalities in the cell
cycle or lack of degradation of targets in the differentiation process,
such as Myf5 in muscles (66), Id2 in neurogenesis (67), or SnoN in
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Fig. 10. The working model of APC/C"?* regulation in the distal gonad of C. elegans. (A) A cartoon showing how the negative feedback loop between CDK-2/CYE-1
and APC/C®7 acts as a cellular teeter-totter, shifting the balance between on/off degradation of chromatin regulators (among other targets) depending on which gonad
region the cell is located. (B) Scheme showing how different pathways, all under Notch control, act coordinately to enable the activation of APC/C™2*". Dashed lines indi-

cate predicted genetic interactions.

the lens (68). Our study, which identifies MES-4 and MES-3 as tar-
gets of APC/C™®! suggests that the lack of degradation of targets
that repress differentiation causes these defects. However, the two
explanations are not mutually exclusive.

The APC/C™F#! complex is present but inactive in undifferen-
tiated cells, particularly in stem cells, but its activity significantly in-
creases during differentiation (reviewed in (69)). This increase was
thought to result from G1 phase elongation, which typifies differen-
tiation (70). The G1 phase is when Cdh1/Fzrl interacts with the
APC/C core. However, our findings challenge this perspective. One
of the key conclusions of our study is that the DTC, which provides
the niche in this system, regulates APC/C™®! activity through
Notch signaling and its downstream effectors. By analogy, an attrac-
tive hypothesis is that stem cell niches maintain properties of stem-
ness by suppressing activity of the Cdhl/Fzrl-associated APC/C
complex. When stem cells leave their niche, this Cdh1/Fzr1 suppres-
sion is lifted, thus facilitating differentiation. Investigating niche-
mediated down-regulation of Cdh1/Fzrl could thus enhance our
understanding of how stem cell niches promote stemness and war-
rants further exploration in other experimental systems.

Limitations of the study

This study had some limitations. The first was the incomplete charac-
terization of the biological consequences of absence of APC/CFR!
activity in gonads. Given the significant role of Cdh1/Fzr1 in differen-
tiation in other organisms, we observed that worms carrying the fzr-
1(ku298) allele had a modest reduction in fertility, producing only
about half as many offspring as wild-type worms. We attributed this
to the hypomorphic nature of this allele. The molecular defect in this
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mutant allele is a single amino acid change in one of the B-propellers
of WD40 repeats (C526Y) (32). WD40 repeats are involved in the
recognition of substrates (38). Although the mutation in k1298 most
likely affects recognition of substrates such as MES-4 and MES-3, it is
possible that other important substrates remain unaffected by this
mutation. We have created a complete loss-of-function allele of fzr-1
by deleting the entire open reading frame. However, this mutant
causes a severe defect in determining the fate of the DTC and hence
has essentially no germline tissue. Therefore, future studies of this
mutant must differentiate defects in the somatic gonad from defects
in the germline to fully elucidate the germline role of FZR-1.

The combination of the mes-4*" and mes-3""* alleles did not
replicate the fertility defects observed in ku298 worms, suggesting
the possibility of additional unknown targets. Besides the ability to
methylate histones via catalytic complexes, essential factors for in-
terpreting histone modifications are the effectors or readers that
connect the chromatin landscape to functional outcomes (71). We
hypothesized that APC/C™®! removes histone methylation readers
in addition to the catalytic subunits when the cells enter meiosis.
Thus, the observed low impact of high levels of MES-4 and MES-3
in the pachytene region could be attributed to the degradation of
histone modification readers by APC/CF®!, We believe that more
significant effects may be observed if both the catalytic subunits and
the histone-modification readers were stabilized simultaneously. A
recent systematic characterization of chromodomain proteins in
C. elegans identified several putative readers of diverse histone
methylation marks (72). Some of these chromodomain-containing
proteins (UAD-2, SET-31, CEC-7, and CEC-9) are expressed in the
germ line, recognize marks made by MES-4 or PCR2 and contain
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putative KEN or destruction boxes in their sequences. However,
further study is needed to determine whether the APC/C**! tar-
gets these proteins.

MATERIALS AND METHODS

Nematode strain, strain constructions, and

culture conditions

All strains used in this work were derivatives of N2 Bristol (table S1).
Standard culture conditions were used, with maintenance at 20°C
unless otherwise stated (73). CRISPR editing and MOS integration
were performed as described previously (74, 75). The construction of
transgenes and generation of transgenic lines are described in the
Supplementary Materials. The guide and repair templates, along with
other primers used in this study, are listed in table S2.

Cytological preparation of gonads for direct observation
and immunostaining

All procedures are based on previously published protocols de-
scribed in (76). Worms were dissected as young adults (24 hours
after the L4 stage of development) unless otherwise stated. The
worms were synchronized using a bleaching protocol to reduce ex-
perimental variability. Synchronized young adults were selected and
placed in a tube of phosphate-buffered saline (PBS) and 0.1% Tween
20 (PBST) supplemented with 0.1% levamisole to allow partial im-
mobilization of the worms. After 5 min, the worms were transferred
to a petri dish filled with PBST and dissected by cutting the head at
the pharyngeal level with a scalpel and consequently expelling the
gonad from the interior of the worms. Gonads were collected and
transferred to new tubes for further experiments.

The collected gonads were partially fixed in methanol at —20°C for
5 min for direct observation of fluorescent proteins. They were centri-
fuged in a benchtop centrifuge and washed thrice with PBST. Next,
they were stained in 4',6-diamidino-2-phenylindole (DAPI) (0.5 pg/
ml) diluted in PBST for 5 min; they were then centrifuged, and most
liquid removed from the tube to enable transfer of gonads to a 2%
agarose pad on a slide. A mounting agent (VECTASHIELD) was add-
ed to each corner of the agarose pad, and a cover slip was gently placed
on top of the sample, which was then sealed with nail polish spread on
the coverslip edges.

Immunostaining of V5:FZR-1 worms (Fig. 4, A and B) was per-
formed as previously described (76). Briefly, gonads were fixed in 2%
paraformaldehyde for 10 min. They were then centrifuged at 4400 rpm
for 1 min and placed in methanol at —20°C. After 5 min, the samples
were centrifuged, and methanol was removed. The gonads were then
incubated with a blocking solution [PBST and 0.5% bovine serum
albumin (BSA)] for 1 hour. Next, they were incubated overnight at
4°C with the primary antibody mix diluted in blocking solution. Spe-
cific primary antibodies were used at the concentrations recom-
mended by the manufacturer. Mouse anti-V5 (MCA1360, Bio-Rad)
was used at 1:1000 to 1:5000; rabbit anti-GFP (ab290, Abcam) was
used at 1:200. The following day, gonads were centrifuged, the pri-
mary antibody mix removed, and samples washed three times with
PBST for 3 to 5 min. Gonads were subsequently incubated in the dark
for 1 hour with a secondary antibody mix composed of PBST, 0.5%
BSA, DAPI, and secondary antibodies aMouse-Alexa647 (1:1000;
A-31571, Molecular Probes/Invitrogen) and anti-Rabbit-Alexa Fluor
488 (1:1000; A-21206, Molecular Probes/Invitrogen). Gonads were
centrifuged, the secondary antibody mix removed, and samples
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washed four times with PBST for 3 to 5 min. After the final wash, go-
nads were left in only 10 pl of PBST. A drop of ProLong Gold antifade
mounting medium was added and gently mixed. Gonads were then
placed on a slide, bubbles and excess liquid were removed, and a cover
was gently placed on top. The samples were left to cure for at least 1 day.

Immunostaining of MES-4 (figs. S1 and S4) was performed as
previously described (77). Dissected gonads were fixed through
freeze cracking on poly-L-lysine-coated slides, followed by metha-
nol and acetone incubation at 4°C (10 min each). The slides were
allowed to dry and then blocked with 1.5% ovalbumin and 1.5%
BSA in PBS at room temperature for 30 min. Samples were incu-
bated with the primary antibody (Rabbit-anti-MES-4; 1:400) over-
night at 4°C in PBST. The next day, the slides were washed thrice
with PBST, blocked again for 10 min, and incubated in the dark with
a secondary antibody (a«Rabbit-Alexa488, 1:1000; A-21206, Molecu-
lar Probes/Invitrogen) and DAPI for 2 hours. The slides were washed
and mounted in a polyvinyl alcohol solution for imaging 1 day later.

Microscopy

All procedures are described in (76). Gonads were imaged using an
Olympus IX81 confocal spinning disk (Yokogawa CSU-X1 disk unit
equipped with a photometrics evolve electron multiplying charge-
coupled device camera) with the Metamorph software. Immunos-
tained gonads were imaged using a Leica SP8 confocal scanning
laser with LAS X software.

Z-stack images were converted into Z-max projections using the
FIJI software. Olympus spinning disk images require stitching to ob-
serve the full gonad in a single image. The images were stitched to-
gether using Stitching plugin in FIJI. In some cases (fig. S13B), when
the intensity of the signal was very low, the stitching of images to
build up the entire gonad was performed manually using Adobe
Photoshop. In these cases, the fluorescence levels of the stitched im-
ages were adjusted in Adobe Photoshop to correct for the auto-
adjustment settings of the microscope. The Leica SP8 images required
no stitching because the field of vision and zoom were appropriate
for capturing the full gonads in a single image. PZ size was scored in
DAPI-stained dissected gonads. Briefly, the PZ/TZ boundary was
defined as the distal-most row of cells containing multiple nuclei
with crescent-shaped DAPI morphology. The quantification of pro-
tein levels is described in the Supplementary Methods.

RNA interference
Procedures are described in (76). RNAi was used to silence gene
expression. RNAi was introduced into worms by feeding them the
Escherichia coli strain HT115 with different RNAi-producing plas-
mids. These strains were either obtained from Ahringer’s library or
constructed by cloning 0.5- to 1-kb gene fragments into pL4440 and
then transforming the constructed plasmid into HT115. To silence
multiple genes, up to three gene fragments of 0.5 to 1 kb were cloned
in tandem into a multicloning site in pL4440. HT115 cells with dif-
ferent pL4440 plasmids were grown overnight at 37°C in LB medium
supplemented with ampicillin (200 mg/liter). The culture was concen-
trated 10 times and placed on nematode growth medium (NGM)
plates containing isopropyl-p-Dp-thiogalactopyranoside (50 mg/liter)
and ampicillin (200 mg/liter). RNAI plates were incubated at room
temperature for 1 day before the worms were added.

Synchronized L4s were placed on NGM plates seeded with
double-stranded RNA-expressing or empty vector control bacteria
and incubated at 20°C. We dissected gonads after 24 hours.
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RNA extraction and qRT-PCR
RNA was extracted from ~50 gonads dissected from 1-day-old her-
maphrodite adults as previously described (20). Isolated gonads
were incubated in 500 pl of TRIzol reagent, flash-frozen in liquid
nitrogen, and stored at —80°C before RNA extraction. To release
RNAs from gonads in TRIzol, gonads were freeze-thawed three
times using liquid nitrogen and a 37°C water bath while vortexing
vigorously between cycles. This solution was mixed with phase-lock
heavy gel and 100 pl of 1-bromo-3-chloropropane and incubated at
room temperature for 10 min. Samples were then centrifuged at
13,000 rpm and 4°C for 15 min to separate phases. RNAs in the
aqueous phase were precipitated by mixing well with 0.8 volumes of
ice-cold isopropanol and 1 pl of glycogen (20 mg/ml), followed by
incubation at —80°C for 1 to 2 hours and centrifugation at 13,000 rpm
for 30 min at 4°C. RNA pellets were washed thrice with ice-cold
75% ethanol and then resuspended in 15 pl of water.

c¢DNA was synthesized using the high-capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA) with
1 mg of total RNA per sample. qRT-PCR was performed using the
Sso Advanced Universal SYBR Green Supermix (Bio-Rad) in a CFX96
Real-Time PCR System (Bio-Rad). Reaction conditions were as fol-
lows: 3 min at 95°C, followed by 40 cycles of 10 s at 95°C, 10 s at
60°C, and 30 s at 72°C. The relative levels of the analyzed mRNAs in
the mutant strains were calculated using the AACt method with
tbb-2 expression and normalized to the wild-type control. The list of
primers used for qRT-PCR is shown in table S2.

Determination of brood size

Individual L4 hermaphrodites were transferred to separate plates for
brood size assessment. They were moved to new plates every
48 hours for 8 days, and progeny was counted in each plate. Un-
hatched embryos were allowed another 24 hours to hatch and de-
velop, after which unhatched embryos were counted as dead and
hatched progeny as living. The total brood size of each mother was
calculated as the sum of both living and dead progeny.

Prediction of KEN-box and D-box motifs

We used GPS-ARM 1.0 to validate the presence of KEN- or D-box
motifs in the protein. This software predicts the existence of both
KEN-boxes and D-boxes and assigns them a score based on previ-
ously identified boxes (78).

Quantification and statistical analysis

We used GraphPad PRISM 6 for statistical analysis. GraphPad PRISM
6 software was also used to determine brood size and expression graphs.
Graphs show all individual values, the median and the standard devia-
tion. Two-tailed unpaired Student’s ¢ tests were performed when data
passed the Shapiro and Kolmogorov-Smirnov normality tests and when
sample variance was equal; two-tailed Welchss ¢ tests were performed
when data passed the Shapiro and Kolmogorov-Smirnov normality tests
and when sample variance was unequal; two-tailed nonparametric
Mann-Whitney tests were performed when data did not pass the
Shapiro or Kolmogorov-Smirnov normality test.

Supplementary Materials
This PDF file includes:
Supplementary Methods

Figs.S1to S14

Tables S1.and S2
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