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DEVELOPMENTAL BIOLOGY

ERK phosphorylates chromosomal axis component
HORMA domain protein HTP-1 to regulate

oocyte numbers

Debabrata Das, Shin-Yu Chen, Swathi Arur*

Oocyte numbers, a critical determinant of female reproductive fitness, are highly regulated, yet the mechanisms
underlying this regulation remain largely undefined. In the Caenorhabditis elegans gonad, RAS/extracellular signal-
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regulated kinase (ERK) signaling regulates oocyte numbers; mechanisms are unknown. We show that the RAS/ERK
pathway phosphorylates meiotic chromosome axis protein HTP-1 at serine-325 to control chromosome dynamics
and regulate oocyte number. Phosphorylated HTP-1(S325) accumulates in vivo in an ERK-dependent manner in
early-mid pachytene stage germ cells and is necessary for synaptonemal complex extension and/or maintenance.
Lack of HTP-1 phosphorylation leads to asynapsis and persistence of meiotic double-strand breaks, causing
delayed meiotic progression and reduced oocyte number. In contrast, early onset of ERK activation causes pre-
cocious meiotic progression, resulting in increased oocyte number, which is reversed by removal of HTP-1 phos-
phorylation. The RAS/ERK/HTP-1 signaling cascade thus functions to monitor formation and maintenance of
synapsis for timely resolution of double-strand breaks, oocyte production, and reproductive fitness.

INTRODUCTION

Oocyte number in metazoans is an indicator of ovarian reserve and
a measure of reproductive success, whereby higher oocyte number
correlates with increased reproductive fitness (I, 2). Regulation of
oocyte number therefore is critical for female fertility. In mammals,
female germline stem cells are finite in number and are depleted
before the female is born (3). Thus, oocyte number is thought to be
largely regulated through apoptosis (3). During fetal development,
female germ cells undergo differentiation through meiosis I to form
oocytes, which makes it technically challenging to study these pro-
cesses in a mammalian model.

Meiosis I is governed by a series of evolutionarily conserved
events of chromosome behaviors during the first prophase stage.
These include homologous chromosome (homolog) pairing, form-
ation, and maintenance of a meiosis-specific structure known as
the synaptonemal complex (SC), programmed DNA double-strand
break (DSB) formation, crossover formation, and chromosome re-
modeling (4-7). A measure of successful meiosis is often defined by
the ability of oocytes to generate euploid embryos (4, 8, 9). Delay in
any of the meiotic events leads to defects in chromosome segrega-
tion, which, in turn, cause infertility in the mother or aneuploidy in
the progeny (8, 9). Errors in meiosis also activate checkpoint mech-
anisms that reduce the oocyte number through apoptosis (10).
However, the consequences of speeding up the events of meiosis I in
any system remain unknown, and thus, mechanisms that govern the
rate of meiotic progression remain undefined. What also remains
unknown is the nature of the timer, which might control meiotic
progression itself and its physiological importance, if any.

Caenorhabditis elegans oogenesis occurs continuously in the adult
gonad, rendering it a genetically tractable system to investigate these
questions (4). Similar to mammals, C. elegans oogenesis is con-
trolled by the conserved receptor tyrosine kinase/RAS/extracellular
signal-regulated kinase (ERK) signaling pathway (11-14). Com-
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plete lack of ERK activation in the granulosa cells in mammals re-
sults in lack of germinal vesicle breakdown and meiotic arrest (14);
lack of ERK activation in worms causes meiotic arrest in mid-pachytene
(11, 15). Sustained ERK activation for ~12 hours in mammalian
oocytes, from prometaphase of meiosis I until the end of meiosis II,
is essential for many steps of meiotic progression (12). In C. elegans,
sustained (~18 hours) ERK activation in the mid-pachytene stage of
meiosis I is essential for progression of meiosis I (11, 16). For example,
reduction in ERK signaling results in extension of the mid-pachytene
stage—a phenotype known as “pachytene progression”—increased
apoptosis and lower oocyte numbers (11, 16, 17). Intriguingly, gain-
of-function in ERK signaling in C. elegans causes a dramatic in-
crease in oocyte numbers, albeit of low quality (11, 16). These
observations reveal that the RAS/ERK signaling pathway functions
as a rheostat to regulate oocyte number and thus quality. However,
the cellular and molecular mechanisms through which RAS/ERK
signaling regulates oocyte numbers remain unknown.

Common mechanisms that regulate cell numbers downstream
to the RAS signaling pathway in any developmental context involve
regulation of proliferation and apoptosis (18-20). Investigating the
role of either proliferation or apoptosis in regulation of RAS-mediated
control of oocyte numbers in this study revealed that the RAS/ERK
pathway does not regulate either apoptosis or proliferation to con-
trol oocyte number. Instead, we show that ERK phosphorylates HTP
(HIM-3 paralog)-1,a HORMA (HOP1, REV7, and MAD2) domain-
containing protein and one of the chromosome axis components
during meiosis I at serine-325 in vitro and in vivo. Phosphorylation
of HTP-1(S325) is necessary for SC extension and/or maintenance.
Lack of HTP-1(S325) phosphorylation results in asynapsis of the
chromosomes and persistence of meiotic DSBs [as assayed by RAD
(radiation sensitivity abnormal)-51 foci], causing delayed meiotic
progression and reduced oocyte number; we also observe asynapsis
in the ERK loss-of-function mutant animals. Increased and ectopic
ERK activation in the RAS gain-of-function mutants results in pre-
cocious meiotic progression, resulting in increased oocyte num-
ber, which is reversed upon removal of HTP-1 phosphorylation.
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Restoring HTP-1 phosphorylation in the ERK loss-of-function
mutants rescues the reduced oocyte number, through correction of
the SC defects. Together, our data suggest that ERK activation pro-
vides the signaling threshold in early-mid pachytene to coordinate
SC formation and/or maintenance, via HTP-1 phosphorylation,
with meiotic progression to result in the formation of healthy oo-
cytes and progeny.

RESULTS

RAS/ERK signaling regulates oocyte number independent

of proliferation and apoptosis

In the C. elegans hermaphroditic germ line, stem cells are housed in
the progenitor zone (PZ) and proliferate throughout the adult re-
productive life of the animal (Fig. 1A). The progenitor cells enter
meiosis I in the transition zone (TZ) and proceed through a long
meiotic prophase I to form a linear row of oocytes resulting in a
spatiotemporally organized tissue (Fig. 1A). ERK is activated in two
zones in oogenic germ cells in wild-type animals, zone 1 in mid-
pachytene and zone 2 in arrested diakinesis oocytes (Fig. 1, A and B).
An increase in RAS/ERK signaling [as assayed through a temperature-
sensitive gain-of-function mutation L19F in the guanosine triphos-
phatase domain of RAS/LET (Lethal)-60 (21); let-60(ga89 gf), called
RAS(act) in this study] causes a sharp increase in oocyte number, with
the gonad displaying nearly double the number of oocytes of
26.84 * 6.84 relative to 13.64 * 3.15 oocytes per gonad arm in
wild-type animals at the restrictive temperature of 25°C (Fig. 1,
C and D). Reduction of RAS/ERK signaling [as assayed through a
temperature-sensitive loss-of-function mutation in the mitogen-
activated protein kinase kinase (MPK) binding domain in ERK/
MPK-1 (22); mpk-1(galll rf), called ERK(loss) in this study] leads
to a corresponding decrease in oocyte number (9.98 + 3.6) relative
to wild-type animals at 25°C (Fig. 1, C and D). In both the back-
grounds (at the restrictive temperature of 25°C), the oocytes formed
are of low quality, and the mutant animals are either sterile or pro-
duce progeny that do not survive past early larval stages of develop-
ment (11). At the permissive temperature of 20°C, the RAS(act)
and ERK(loss) mutants display oocyte numbers and quality simi-
lar to wild-type animals (fig. S1, A and B).

To determine the mechanisms through which RAS/ERK signal-
ing regulates oocyte number, we investigated proliferation and
apoptosis, which regulate cell numbers in most organ systems
(23-25). In the wild-type C. elegans germ line, the progenitor germ
cells proliferate in the PZ region to populate and grow the germ line,
and the meiotic germ cells undergo apoptosis in the late-pachytene
region (Fig. 1A). We investigated the PZ cell pool and mitotic index
in the RAS/ERK mutants and the effect of blocking progenitor cell
proliferation on oocyte number in RAS(act) animals. Assessment of
total number of PZ cells and mitotic index (Materials and Methods
and fig. S2, A to C) revealed no difference in proliferation in the
two mutant backgrounds at any temperature or condition tested,
relative to wild type (fig. S2, D to G). These data suggest that the
rate of proliferation does not correlate with oocyte number in the
RAS/ERK signaling mutants. Next, we blocked proliferation in
RAS(act) and wild-type animals at both 20° and 25°C using hydro-
xyurea (HU), which inhibits DNA synthesis (Materials and Methods)
(26). The HU treatment led to a complete block in germline PZ
proliferation, which resulted in an overall reduction in total germ
cell numbers in wild-type and RAS(act) germ lines (fig. S3, A and

Das et al., Sci. Adv. 2020; 6 : eabc5580 30 October 2020

B). However, the block in proliferation did not affect the increased
number of oocytes in RAS(act) mutants (Fig. 1E and fig. S3, C
to F). These data demonstrate that proliferation does not reg-
ulate activated RAS-dependent increase in oocyte numbers.

To investigate the role of apoptosis in regulating oocyte number,
we assessed apoptotic germ cell numbers in both RAS(act) and
ERK(loss) mutants using live imaging to visualize engulfed cell
corpses encircled by the scavenger receptor CED-1::GFP driven by
the lim-7 promoter in gonadal sheath cells (27, 28) (Materials and
Methods and fig. S4A). Both the RAS(act) and ERK(loss) mutants
displayed increased (P = 0.030 and P = 0.032, respectively) cell
death relative to wild-type animals at 25°C (Fig. 1F), but not at 20°C
(fig. S4B), suggesting that apoptosis is not correlated with oocyte
number in this context. The increase in apoptosis in ERK(loss) and
RAS(act) mutant germ lines is consistent with previous observations
(17, 29). Nevertheless, we genetically blocked apoptosis in the
ERK(loss) mutants to investigate whether blocking apoptosis could
rescue the lower oocyte number. CED-3/Caspase is required for
apoptosis; ced-3(n717) null mutants do not exhibit germ cell apop-
tosis and display oocyte numbers similar to wild type (Fig. 1G and
fig. S4, C and D) (30). ERK(loss);ced-3(n717) double-mutant germ
lines are indistinguishable from ERK(loss) single-mutant germ lines
with respect to low oocyte numbers at 25°C (Fig. 1G and fig. S4, E to
H), suggesting that blocking cell death does not rescue the low
oocyte number in animals with loss of ERK signaling. Together, we
conclude that apoptosis does not regulate ERK-dependent loss of
oocyte number.

RAS/ERK signaling regulates meiosis | progression

to maintain oocyte numbers

The results obtained for proliferation and apoptosis (above) were
unexpected and led us to query the similarities and differences in
the pattern of ERK activation in RAS(act) mutant germ lines at 20°
or 25°C, since oocyte numbers are affected at 25°C, but not 20°C.
RAS(act) germ lines at 20° and 25°C display continuous activation
of ERK in the loop region (Fig. 2, A and B), which, while distinct
from the ERK activation pattern in wild type (Fig. 1B), does not
correlate with the specific increase in oocyte number in RAS(act)
at 25°C. Notably, RAS(act) germ lines display early onset of ERK
activation at 25°C relative to 20°C in the mid-pachytene region
(Fig. 2, A to C), leading to the hypothesis that the early onset of ERK
activation in mid pachytene of RAS(act) germ lines at 25°C drives
precocious exit of germ cells from pachytene to commence oocyte
formation at diplotene stage, in turn leading to increased oocyte
number.

To test whether germ cells are spatially exiting pachytene preco-
ciously in RAS(act) germ lines at 25°C, we used the length of PZ,
TZ, and pachytene regions as a measure of germ cell progression
via analysis of germ cell rows using chromosomal morphology and
GLD (germ line development)-1 accumulation as markers for the
germ cell stage (Materials and Methods) (31); GLD-1 accumulation
falls at the “loop” region where pachytene cells transit to diplotene
stage oocytes in wild-type germ lines (Fig. 2, D and E, and fig. S5, A
to H). RAS(act) germ lines display significantly lower number of
pachytene germ cell rows relative to wild-type germ lines at 25°C
(25.33 + 2.31 and 36.04 + 1.68, respectively) in these analyses
(Fig. 2, D and E, and fig. S5, C to G). These observations suggest that
the RAS(act) germ cells precociously exit pachytene to form diplotene
stage oocytes. In contrast, ERK(loss) mutant at 25°C leads to delayed
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Fig. 1. Proliferation and apoptosis do not affect RAS/ERK signaling-mediated control of oocyte numbers. (A) Schematic surface view of a hermaphroditic C. elegans
germ line displaying the spatiotemporal nature of germ cell organization with a distal (*) to proximal orientation from left to right. Proliferative PZ cells are in the distal
region, capped by the distal tip cell (DTC). Germ cells enter meiosis in the TZ, followed by progression through different stages of meiosis I. Germ cells undergo apoptosis
(black circles) in the late-pachytene stage. At the loop region, diplotene stage germ cells start to form oocytes and undergo meiotic arrest in diakinesis. The loop region
forms the anatomic bend in the gonad. (B) Representative dissected wild-type germ lines immunostained with anti-di-phosphorylated (dp) ERK (active ERK, in red) and
DNA [4',6-diamidino-2-phenylindole (DAPI), white]. (C) Representative live-fluorescent images of wild-type, RAS(act), and ERK(loss) mutants displaying germline morphol-
ogy marked by pH domain membrane green fluorescent protein (GFP; green) and histone H2B:mCherry (magenta). —1 marks the proximal end and oldest oocyte.
(D) Scatter dot plot of oocyte numbers from the indicated genotypes. (E) Representative dissected germ lines from HU-treated RAS(act) animals immunostained with
DAPI (DNA, white), anti-p-histone H3 (to mark dividing cells, magenta), and anti-RME-2 (to mark oocytes, green) at indicated temperature. (F) Quantification of apoptotic
germ cells from indicated genotypes. (G) Quantification of oocyte numbers from indicated genotypes. Each experiment was repeated three times, n =30 to 60 per geno-
type. Statistical significance was calculated by a nonparametric Mann-Whitney test, and scatter dot plots are represented as means + SD. P values are noted between
groups compared. Arrowhead indicates an oocyte. Scale bars, 25 um.
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Fig. 2. RAS/ERK signaling regulates early- and mid-pachytene meiotic progression. Germ lines are displayed with DTC on the left (asterisks) of the photograph.
(A and B) Representative images of dissected RAS(act) germ lines probed with anti-dpERK (red) and DAPI (DNA, white). Yellow dashed box highlights the region of early
onset of ERK activation at 25°C in RAS(act) germ lines. (C) Schematic representation of RAS(act) germ line displaying the early onset of active ERK in pachytene region and
the multiple oocyte phenotype at 25°C. (D and E) Graphical representation displaying the accumulation pattern of various markers assayed in the study. The y axis
represents arbitrary staining intensity. The x axis displays the positional value of a germ cell and its corresponding meiotic stage. The graphs are generated with the
mean values from the data shown in fig. S5. Purple bar represents p-SUN-1-positive cell rows sans TZ. Cyan bar represents XND-1-positive cell rows sans p-SUN-1-positive
cell rows. Green bar represents XND-1-negative pachytene germ cell rows. *** indicates significant difference; ns, not significant, based on fig. S5. (F to H) p-SUN-1(S8)
(green) localization and DAPI (DNA, white) in dissected germ lines of indicated genotypes. (I to K) Localization of dpERK (red), XND-1 (cyan), and DAPI (DNA, white) in the

indicated genotypes. Scale bar, 25 um.
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exit of pachytene stage germ cells, persistent GLD-1 accumula-
tion, and fewer number of oocytes (fig. S5SH). These data together
suggest that activation of RAS/ERK signaling in pachytene regulates
oocyte numbers likely through regulation of meiotic progression.

To determine whether early onset of ERK activation in RAS(act)
germ lines at 25°C drives the early exit of pachytene cells into
diplotene, we assayed for meiotic progression at TZ and early-mid
pachytene boundary using p-SUN-1(S8) (32) and at mid-late pachy-
tene boundary using XND (x-chromosome nondisjunction factor)-1
(33). p-SUN-1(S8) and XND-1 are meiotic regulators that accu-
mulate in distinct regions of the germ line along the distal-proximal
axis, and their dynamics mirrors the stage of meiotic germ cells.
p-SUN-1(S8) accumulates from TZ until mid pachytene in wild
type, while XND-1 accumulates until late pachytene in wild-type
germ lines. Currently, there are no established markers to assay mei-
otic progression of early-mid pachytene transition. However, mole-
cules like p-SUN-1(S8) persist in accumulation in germ cells if there
is any defect in early stages of meiosis, including pairing, synapsis,
or meiotic DSBs (32), and can thus be used as a marker for meiotic
progression. Using these markers, we tested the hypothesis that ear-
ly onset of ERK activation in the early-mid pachytene region of
RAS(act) germ lines results in an increased rate of pachytene pro-
gression leading to shorter early-mid pachytene boundary in the
RAS(act) mutant germ lines. As hypothesized, we observed that
p-SUN-1(S8) and XND-1 accumulation falls spatially earlier in
RAS(act) germ lines in pachytene relative to wild type at 25°C
(Fig. 2, D to ], and fig. S5, and J). Graphically superimposing these
data for both p-SUN-1(S8) and XND-1 reveals that the mid-pachytene
region, characterized by XND-1-positive and p-SUN-1(S8)-negative
cells is shorter in the RAS(act) germ lines at 25°C. Late-pachytene
stage germ cell rows as assessed by loss of XND-1 staining are similar
in RAS(act) and wild-type germ lines at 25°C (Fig. 2, D and E, and
fig. S5K), suggesting that late pachytene is not affected by an in-
crease in RAS signaling. In contrast to RAS(act) mutant germ lines,
the ERK(loss) germ lines display persistence of p-SUN-1(S8)- and
XND-1-positive cell rows at 25°C relative to wild type (Fig. 2, H to K),
consistent with the model that RAS/ERK signaling regulates the
rate of meiotic progression in the early- and mid-pachytene regions.
Together, these data suggest that germ cells are transitioning from
early to mid pachytene precociously in the RAS(act) mutant and
that this progression controls oocyte number.

RAS-mediated increase in oocyte numbers is suppressed
by loss of SC formation

If the rate of meiotic progression through early and mid pachytene
is the limiting factor for regulating oocyte number, then we reasoned
that slowing down meiotic progression in RAS(act) mutants should
decrease the oocyte number and suppress the RAS(act) mutant phe-
notype. Early- and mid-pachytene are characterized by SC formation
and maintenance and meiotic DSB accumulation for crossover
formation. These two processes are uncoupled in C. elegans (34),
unlike in yeast or mice where DSB formation is required for homolog
pairing and occurs before SC assembly (5). Thus, using RNA inter-
ference (RNAI) analysis, we tested whether slowing down the rate of
meiotic progression through perturbation of either of these two
processes regulates oocyte number. SC in C. elegans is composed
of six central region proteins [SYP (synapsis in meiosis abnormal)-1,
SYP-2, SYP-3, SYP-4, SYP-5, and SYP-6] and four axial element
proteins [HIM (high incidence of males)-3, HTP-1, HTP-2 and HTP-3]
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(4). To destabilize the SC, we depleted him-3, which is essential for
SC formation (35). To interfere with DSB formation, we depleted
spo-11, a type IV topoisomerase, essential for DNA DSB forma-
tion (34). We performed him-3 and spo-11 RNAIi in wild-type
and RAS(act) background together with luciferase RNAI as a con-
trol (Fig. 3, A to F). We confirmed the RNAI| efficiency via assaying
for univalent chromosomes in diakinesis oocytes (Fig. 3G), which
are formed because of loss or improper chromosome remodeling
upon loss of SC or DSB function (4). Notably, him-3 RNAiled to a
suppression of the increased oocyte phenotype in the RAS(act)
germ lines at 25°C (Fig. 3, A to F). him-3 RNAi also leads to a signif-
icant reduction in oocyte number in wild-type germ lines relative to
luciferase RN A1 controls (Fig. 3H and fig. S6A). spo-11 RNAi had
no impact on oocyte number in either wild-type (Fig. 3, A to C) or
RAS(act) (Fig. 3, D to F) mutants at either 20° or 25°C (Fig. 3H and
fig. S6A). These data suggest that disrupting SC formation in the
wild-type and RAS(act) germ lines affects oocyte numbers, likely
through an effect on meiotic progression.

To test whether him-3 RNAi altered the rate of meiotic progres-
sion, we assayed him-3 RNAi and control RNAi germ lines for
p-SUN-1(S8) accumulation. Analysis of p-SUN-1(S8) accumulation
in him-3 and control RNAI revealed a significant (P < 0.0001) ex-
pansion of p-SUN-1(S8)-positive cell rows in RAS(act) and wild-type
germ lines treated with him-3 RNAI relative to control (luciferase)
RNAi (Fig. 3, Ito K, and fig. S6, B and C). These data suggest that
early meiotic progression is delayed upon him-3 RNAI, likely result-
ing in the suppression of oocyte numbers in RAS(act) germ lines.
Thus, we hypothesize that RAS/ERK signaling regulates the rate of
meiosis I progression and oocyte numbers by regulating SC forma-
tion in C. elegans.

HTP-1 is an in vitro and in vivo substrate of ERK

SYP-2 is an ERK substrate in worms and regulates chromosome
segregation (36) rather than meiotic progression. To identify the
components of SC that intersect with ERK signaling in regulating
SC formation and oocyte numbers, we performed an in silico search
for ERK phosphoacceptor sites [as described in (17)] on the axial
and central element components of the SC. We identified HIM-3,
HTP-1, HTP-2, HTP-3, SYP-1, SYP-2, and SYP-4, but not SYP-3,
SYP-5, or SYP-6, as putative ERK substrates through this approach.
We then performed ERK2 in vitro kinase assays on recombinant
full-length purified proteins of each of the putative axial and central
element proteins as described (Fig. 4, A and B) (17). We identified
two previously unidentified in vitro ERK2 substrates—the HORMA
domain containing axial element proteins HTP-1 and HTP-3
(Fig. 4B). In our hands, SYP-2 was not phosphorylated in this assay
(Fig. 4B); thus, we focused on HTP-1. A recent study showed that
HTP-1 is phosphorylated on the N-terminal region, downstream to
Polo-like kinase 1 (PLK-1) and PLK-2 (37), whereas the putative
ERK phosphoacceptor sites are C-terminal (Fig. 4C). Using site-
directed mutagenesis, we converted each potential ERK2 phospho-
acceptor site on HTP-1 to alanine (alanine substitution of serine
renders the protein unphosphorylatable) (Fig. 4D). These assays
identified HTP-1 serine-325 as an ERK-dependent phosphoacceptor
in vitro (Fig. 4E).

To determine whether HTP-1(S325) is phosphorylated in vivo
and to investigate its spatial and cellular localization, we generated
a phospho-specific antibody against the seven-amino acid peptide
[AQMS*PIQ] surrounding HTP-1(S325) [Materials and Methods
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and 5 um [for (G)].
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Fig. 4. Active ERK phosphorylates axial element proteins HTP-1(serine325)
and HTP-3 in vitro. (A) Western blot analysis using anti-His antibody to visualize
recombinant 6x His-tagged full-length central and axial element proteins of the
SC. (B) Autoradiographs of in vitro ERK2 kinase assay of the central and axial ele-
ment proteins from (A) demonstrates phospholabeling of HTP-1 and HTP-3 in vitro.
ATP, adenosine triphosphate. (C) HTP-1 protein structure with putative (black) and
confirmed (red) ERK phosphorylation sites. (D) Western blot (WB) analysis using
anti-His antibody to visualize HTP-1 wild-type and serine to alanine edited pro-
teins. (E) Autoradiographs of in vitro ERK2 kinase assays reveal serine-325 as the
HTP-1 phosphoacceptor in vitro. LIN (abnormal cell lineage)-1 is the positive control
for the in vitro ERK2 kinase assay. Red asterisks indicate degraded protein. The kinase
assays for each protein were performed twice in an independent replication of the data.

(17, 38)]. Phosphorylated HTP-1(S325) [p-HTP-1(S325)] accumu-
lates in the TZ and pachytene and into diplotene stage oocytes in
wild-type and RAS(act) germ lines (Fig. 5, A to C, and fig. S7). In
TZ, p-HTP-1(S325) localizes to the nucleus and nucleoplasm and
along the chromosomes. As germ cells progress into late pachytene,
p-HTP-1(S325) staining concentrates along parts of the SC, as
detected by coimmunostaining with SYP-1, while a majority of the
signal is localized to the nucleoplasm (Fig. 5D). In diplotene stage
oocytes, p-HTP-1(5325) accumulates in the nucleoplasm and chro-
matin and is colocalized with SYP-1 (Fig. 5E). In diakinesis oocytes,
p-HTP-1(S325) staining is diffuse and drops in levels (Fig. 5F). The
p-HTP-1(S325) accumulation pattern remains high in the loop re-
gion, likely because a phosphatase distinct from the dual-specificity
ERK phosphatase (39) mediates its dephosphorylation. The anti-p-
HTP-1(S325) signal is specific to HTP-1 phosphorylation at serine-325
and is not detected in either htp-1(gk105) deletion mutant or upon
loss of HTP-1(S325) phosphorylation site (Fig. 5, G and H).

To determine whether p-HTP-1(S325) is dependent on ERK acti-
vation in vivo, we assayed the ERK(null) allele, mpk-1(gall7) mutant
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germ lines. mpk-1(gall7) germ cells arrest in the mid-pachytene
stage (15). In more than 90% of the mpk-1(gall7) germ lines, we
did not observe any accumulation of p-HTP-1(5325). However,
in ~10% of the mpk-1(gal17) dissected germ lines, we observed a
low-level accumulation of p-HTP-1(S325) (Fig. 5I), which suggests
that a second kinase may redundantly phosphorylate HTP-1 in vivo,
while the majority of HTP-1 phosphorylation may depend on ERK.
To test whether this low level of HTP-1(S325) phosphorylation in
ERK(null) germ lines is due to lower HTP-1 protein, we performed
Western blot analysis using HTP-1/2 antibody. We find that the
total level of HTP-1 is not affected by loss of ERK activation (Fig. 5]).
These data together demonstrate that HTP-1 is phosphorylated at
$325 in vivo in an ERK-dependent manner.

p-HTP-1(S325) regulates oocyte number downstream

to RAS/ERK signaling

To determine the function of HTP-1(S325) phosphorylation on
meiotic progression and oocyte number in vivo, we generated an
unphosphorylatable HTP-1 [htp-1(viz62), referred to as HTP-1(S325A)
from here on] and a phosphomimetic HTP-1 [htp-1(viz67), referred
to as HTP-1(S325E) from here on] mutant alleles using CRISPR-Cas9
genome editing technology [Materials and Methods and Fig. 6A, (40)].
Phospho-editing of serine-325 of HTP-1 to either alanine or glutamic
acid did not affect its protein stability as assessed by Western blot
analysis (Fig. 6B) or accumulation of HTP-1/2 on the chromosomal
axis (fig. S8). To assess whether lack of HTP-1 phosphorylation or
constitutive HTP-1 phosphorylation affects meiosis I per se, we char-
acterized the phosphomutant alleles for their germline morphology,
brood size, embryonic lethality, and high incidence of male (Him)
phenotype (Fig. 6, C to H). HTP-1(5325A) mutant germ lines exhibit
univalent chromosomes in diakinesis nuclei, which is a hallmark
of meiotic impairment. Relative to wild-type —1 to —4 diakinesis
oocytes, which display 6 4’,6-diamidino-2-phenylindole (DAPI)
bodies (indicative of six bivalent chromosomes), the HTP-1(S325A)
mutant oocytes display 6 to 10 DAPI bodies with >70% of diakinesis
oocytes displaying 7 to 9 DAPI bodies (Fig. 6I). HTP-1(S325A) germ
lines also exhibit pachytene progression defect (Fig. 6D), reduced
brood size (201.15 £ 9.9 versus 271.3 + 5.54 in wild type, P < 0.0001),
embryonic lethality (56.83 £ 1.95 versus 0 in wild type), and Him
phenotype (5.04 + 0.53% versus 0.06 + 0.03% in wild type) (Fig. 6,
F to H). Thus, HTP-1(S325A) is a loss-of-function allele, since com-
plete loss of htp-1 in null animals results in 94% embryonic lethality;
of the 6% that survive, 24% present with Him phenotype (41). These
data suggest that phosphorylation of HTP-1 at serine-325 activates
its function. HTP-1(S325E) mutants did not display any significant
defects for any of the parameters assayed (Fig. 6, E to H), which is
consistent with HTP-1 phosphorylation being essential for HTP-1
function. These observations suggest that continuous phosphorylation
of HTP-1(5325), as would be mimicked by replacement of serine by
glutamic acid, does not have a gain-of-function-like effect likely be-
cause HTP-1 normally exists in a phosphorylated state in the oogenic
germ cells.

To test whether HTP-1(S325) phosphorylation regulates oocyte
number downstream to RAS/ERK signaling pathway, we assayed
for oocyte number in HTP-1(S325A)RAS(act) and ERK(loss); HTP-
1(8325E) double mutants (Fig. 7, A to G, and fig. S9, A to G). Notably,
HTP-1(5325A) suppressed the RAS(act) mutant phenotype of in-
creased oocytes and displayed a linear pattern of oocytes in 43.9% of
the germ lines (n = 41) at 25°C (compare Fig. 7, D and E, and fig. S9,
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Fig. 5. HTP-1 is phosphorylated at $S325 in vivo. The representative dissected germ lines are oriented with the DTC on the left (asterisks) of the photograph. (A) Immuno-
localization of p-HTP-1(5325) (green), SYP-1 (to mark the central region protein of SC; magenta), and DAPI (DNA, white) in wild-type dissected germ line. (B to F) Magnified
regions [corresponding to the boxes on (A)] of the indicated germ cell stages with individual and merged channels. p-HTP-1(5325) accumulates in nucleoplasm and
chromatin in meiotic germ cells. (G to H) Representative dissected germ lines stained with p-HTP-1(S325) (green) and DAPI (white, DNA) from htp-1(gk150) deletion allele,
and HTP-1(5325A) allele demonstrates lack of accumulation of p-HTP-1(S325). (I) Representative dissected germ lines from mpk-1(ga117) probed with anti-p-HTP-1(5325)
(green) and anti-SYP-1 (magenta) display weak p-HTP-1(S325) accumulation in 10% of the germ lines. Yellow box highlights the regions in the inset. (J) Western blot
analysis against anti-HTP-1/2 and GLD-1 proteins on wild-type, htp-1(gk150), and mpk-1(ga117) animals reveals that HTP-1/2 total protein accumulation is not changed
in ERK(null) worms compared to wild type. Anti-GLD-1 immunoblot was used as an internal loading control. Corresponding densitometric analyses for HTP-1/2 proteins
are shown [top, in arbitrary units (A.U.)] as a ratio between HTP-1/2 and GLD-1 proteins and expressed as percentage. Experiments were repeated at least three times;
n>10 gonad arms per genotype were examined. Scale bars, 25 um [for (A), (G), (H), and (I)] and 5 um [for (B) to (F)].
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D and E). Overall, the double-mutant germ lines exhibit significantly ~ at 25°C, restoring them to relative wild-type levels (Fig. 7, F and G,
(P < 0.0001) lower oocyte number relative to RAS(act) single-mutant  and fig. S9, F and G). Thus, we conclude that HTP-1 phosphorylation
germ lines (Fig. 7H). Consistent with the suppression of RAS(act) is necessary for regulating RAS/ERK pathway-dependent oocyte
by loss of HTP-1 phosphorylation, we observed that phosphomimetic  numbers. Because HTP-1(S325E) does not present with a RAS(act)-like
HTP-1(S325E) rescued the lower oocyte number in ERK(loss) mutants ~ phenotype as a single mutant, we hypothesize that RAS/ERK-mediated
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Fig. 6. HTP-1(S325) phosphorylation activates its function in vivo. (A) Sequence analysis of CRISPR-Cas9-edited animals. The figure displays the region surrounding
the HTP-1(5325) locus (amino acids 321 to 329) from unphosphorylatable HTP-1(5325A) and phosphomimetic HTP-1(S325E) mutants. Red asterisks indicate changes to the
DNA, blue asterisk indicates the silent mutation inserted to remove the Bsa | site, and black asterisks mark the S325 codon. (B) Western blot analysis against wild type and
each of the htp-1 mutant alleles using anti-HTP1/2 antibody. The upper HTP-1 band is absent from htp-1(gk150) and equally abundant in wild-type, HTP-1(5325A), and
HTP-1(S325E) lysates. Anti-GLD-1 immunoblot was used as an internal loading control. Corresponding densitometric analyses for HTP-1/2 proteins are shown (top, in
arbitrary units) as a ratio between HTP-1/2 and GLD-1 proteins and expressed as percentage. (C to E) Dissected DAPI-stained germ lines of indicated genotypes displaying
germline morphology. Inset is a magnified view of diakinesis oocytes —1 to —4 from each genotype. HTP-1(S325A) oocytes exhibit univalence (white arrows). Germ lines
are oriented with the DTC on the left (asterisks). (F to H) Quantitative analysis of HTP-1 phospho-edited alleles for brood size, embryonic lethality, and Him phenotype.
() Quantification of DAPI bodies (as a measure of univalence) in —1 to —4 diakinesis oocytes in HTP-1(5325A) compared to wild type. Data from the experiments showed

n (F) to (I) were performed at 20°C and repeated three times; n =20 to 30 per genotype were analyzed. Statistical significance was calculated by a nonparametric
Mann-Whitney test, and P values are indicated between the groups compared. Error bars represent means + SD. Scale bar, 25 um.
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Fig. 7. RAS/ERK pathway regulates oocyte numbers through phosphorylation of HTP-1(S325). (A to G) Differential interference contrast (DIC) microscopy images of
germ lines from indicated genotypes to visualize oocyte morphology. The loop region is on the right in the photographs and oocytes on the ventral side. Scale bar,
25 pum. (H) Scatter dot plot, with mean and SD, demonstrates quantification of oocyte number from the indicated genotypes. Oocytes were counted from dissected germ
lines with anti—-RME-2 and DAPI staining (Materials and Methods and fig. S9). Experiments were repeated three times, n =25 to 44 per genotype. Statistical significance
was calculated by a nonparametric Mann-Whitney test, and P values are indicated between the groups compared.

regulation of oocyte number is governed redundantly by HTP-
1(S325) as well as through another substrate of ERK, such as HTP-3
or others, which currently remain unidentified.

HTP-1(S325) phosphorylation regulates synapsis extension,
maintenance, and meiotic progression

To determine the cellular mechanism through which phosphorylated
HTP-1 regulates oocyte number downstream to RAS/ERK signaling,
we assayed for early meiotic progression via accumulation of p-SUN-
1(S8) in HTP-1 phosphomutant backgrounds with RAS(act) and
ERK(loss) mutants (fig. S10, A to G). We observed that HTP-1(S325A)
displayed significantly (P < 0.0001) increased number of p-SUN-
1(S8)-positive pachytene germ cell rows (30.89 + 3.41) relative to
HTP-1(S325E) or wild-type germ lines (22.67 + 2.51 and 22.92 + 1.97,
respectively) (fig. S10, A, B, and H). This suggests that lack of HTP-
1(8325) phosphorylation is sufficient to delay early meiotic progres-
sion. Next, to determine whether the altered rate of early meiotic
progression in RAS/ERK mutants is reset upon loss or gain of HTP-1
phosphorylation, we assayed HTP-1(S325A)RAS(act) and ERK(loss);
HTP-1(S325E) double mutants with p-SUN-1(S8). HTP-1(S325A)

Das et al., Sci. Adv. 2020; 6 : eabc5580 30 October 2020

RAS(act) double-mutant germ lines display significantly (P < 0.0001)
higher number of p-SUN-1(S8)-positive cell rows relative to RAS(act)
single-mutant germ lines (20.00 + 2.14 versus 16.08 + 1.38, respec-
tively) (fig. S10, C, D, and H). Conversely, ERK(loss); HTP-1(S325E)
germ lines displayed a significantly (P = 0.0139) lower number of
p-SUN-1(S8)—positive cell rows compared to ERK(loss) alone (fig. S10,
F to H). Thus, we conclude that the HTP-1 phosphorylation is sufficient,
in part, to rescue early meiotic progression defects in RAS/ERK mutants.

The expansion of p-SUN-1(S8) accumulation in mid-pachytene
in HTP-1(S325A) is reminiscent of persistence of p-SUN-1(S8) in
meiotic mutants that either display synapsis defects or have not sat-
isfied the crossover assurance checkpoint. HTP-1 establishes early
homolog alignment and prevents nonhomologous chromosome
synapsis. Loss of HTP-1 results in severe asynapsis, a drastic reduc-
tion in meiotic crossover formation and activation of the crossover
assurance checkpoint affecting meiotic progression (41, 42). We
hypothesize that phosphorylated HTP-1 regulates meiotic progres-
sion through regulating one of these components of meiosis I. To
determine which step of the meiotic hierarchy was regulated by
phosphorylation of HTP-1, we assayed for synapsis in HTP-1(S325A)
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and HTP-1(S325E) mutant germ lines, which is an early step in meiosis
I. Synapsis initiates in the TZ region at or near pairing centers, special-
ized regions required for homolog associations (43). Once initiated,
the SC extends rapidly, largely irreversibly, to chromosome ends (43).

To examine whether HTP-1(S325) phosphorylation regulates SC
extension and/or its maintenance, we took advantage of the spatio-
temporal arrangement of germ cells in the C. elegans germ line. We
assayed for synapsis in the early- and mid-pachytene chromosomes
in HTP-1(8325A) germ lines using HIM-3 and SYP-1 immunostaining
(Fig. 8, A to F). We observed partial or complete asynapsis of more
than one chromosome in a given germ cell nucleus (Fig. 8, B and F),
consistent with an increase in univalent chromosomes in diakinesis
(Fig. 61). Spatially, we observed asynapsed chromosomes in early
pachytene in HTP-1(S325A) mutant germ lines (Fig. 8D) with the
stretches of asynapsed chromosomes becoming significantly longer
in the mid-pachytene region compared to early pachytene (Fig. 8B),
suggesting that synapsis is neither formed nor maintained in HTP-
1(S325A) mutant germ cells (Fig. 8F). We did not observe any asyn-
apsis defects in the HTP-1(S325E) allele. These data together suggest
that phosphorylation of HTP-1(S325) is essential for extension and/
or maintenance of the SC.

To determine whether the asynapsis in the HTP-1(S325A) re-
sults in activation of the crossover assurance checkpoint, we assayed
for meiotic DSBs since the presence of DSBs is a prerequisite for
crossover designation and thus crossover assurance (44). RAD-51
functions to repair meiotic DSBs in preparation for homologous
recombination (4). Because C. elegans lacks H2A. X (which marks
DSBs) RAD-51 chromatin localized foci are widely used as a marker
to assay for the level of DSB formation and to follow recombination
dynamics. Defects in DSB formation should result in fewer RAD-51
foci, while defects in recombination should result in more RAD-51
foci. We thus assayed for RAD-51 foci in wild-type and HTP-1(S325A)
germ lines. Consistent with previous observations in the field, we
find that in wild-type germ lines, RAD-51 foci accumulate at their
highest density in zone 3 (Fig. 9, A to H) with >85% of the germ cell
nuclei harboring at least one RAD-51 focus (Fig. 9, C, E, F, and H).
By zone 4, wild-type germ lines display fewer RAD-51 foci per germ
cell nucleus with barely visible RAD-51 expression in zone 5 (Fig. 9,
C and F). RAD-51 accumulation in HTP-1(S325E) germ lines fol-
lows a similar pattern to that of wild-type germ lines (Fig. 9H).
Intriguingly, HTP-1(S325A) mirrors the dynamics of the wild-type
germ line with the highest density of RAD-51 foci accumulating in
zone 3, suggesting that lack of HTP-1 phosphorylation does not
significantly impair formation or accumulation of DSBs (Fig. 9,
B, D, and G). However, unlike wild-type germ lines where DSBs
reduce in zone 4 and resolve in zone 5, we find that the DSBs in
HTP-1(S325A) zone 4 are similar to those in zone 3, whereby the
foci start to reduce in number by zone 5 and eventually resolve.
These data suggest that there is an overall delay in DSB resolution
upon lack of HTP-1 phosphorylation, likely due to the defects in
synapsis formation and/or maintenance, which occurred in early-mid
pachytene in HTP-1(S325A) mutant germ cells. Thus, we conclude
that HTP-1 phosphorylation likely coordinates synapsis formation
and maintenance to regulate meiotic progression.

To determine whether ERK(loss) mutants display any synapsis
defects similar to HTP-1(S325A) animals and whether this defect
was reversed by HTP-1(S325E) potentially underlying the cause of
the rescue of low oocyte number, we assessed for synapsis in RAS(act)
and ERK(loss) single mutants and in combination with HTP-1
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phospho-alleles (Fig. 10, A to E, and fig. S11, A to H). At 25°C,
ERK(loss) and HTP-1(S325A) single-mutant germ lines display 53.6%
and 45.7% nuclei with asynapsed chromosomes in mid-pachytene
stage, both here, and in subsequent paragraphs respectively, consist-
ent with the role of ERK signaling in regulating SC dynamics. In
contrast, wild-type, RAS(act), and HTP-1(S325E) single-mutant
germ lines display ~4% nuclei with asynapsed chromosomes in
mid-pachytene stage (Fig. 10E). As predicted, ERK(loss);HTP-
1(S325E) double mutants exhibit a reduction in number of mid-
pachytene stage nuclei with asynapsed chromosomes from 53.6%
in ERK(loss) alone to 25.2%, suggesting that ERK(loss)-mediated
synapsis defects are due, in part, to the lack of HTP-1(S325) phos-
phorylation (Fig. 10E). Consistent with this observation, the lack
of HTP-1(S325) phosphorylation led to an increase in asynapsis in
mid-pachytene stage in RAS(act) mutant germ lines from 1.8 to
42.6%, resulting in a suppression of the increased oocyte number
(Fig. 10E). Together, these data demonstrate that ERK-mediated
HTP-1(S325) phosphorylation is necessary and sufficient for SC
extension and/or maintenance to coordinate timely crossover for-
mation, which, in turn, controls the rate of meiosis I progression
and thus oocyte numbers.

DISCUSSION

“.... cells acquire positional values in a coordinate system, which they
interpret by developing particular ways to give rise to spatial patterns”
was proposed by Lewis Wolpert (45) in his groundbreaking work
51 years ago on positional information in pattern formation in
development. This central concept proposes that cells acquire posi-
tional identities and use these identities to interpret their fate and
give rise to patterns. Extrapolating this concept to the spatiotemporal
organization of the meiotic germ cells in the context of a signal
(ERK activation) that varies continuously along the distal-proximal
axis of the tissue, we propose that activation of ERK in distal meiotic
cells (early-pachytene), which normally do not receive this informa-
tion at this position, results in the cells acquiring a more proximal
(mid-pachytene) positional identity. The distal cells then interpret
this information and proceed through events of meiosis I as if they
were more proximal, resulting in a tissue that loses its stereotypical
pattern of oocyte formation, number, and quality (Fig. 10). Thus,
while the actual time that the cells spend in each spatial position
may not change, the progression of meiosis I does, as interpreted by
the cells in their individual positions along the coordinate system.
Together, our data suggest that ERK activation provides the signal
gradient in early-mid pachytene, which interprets and coordinates
SC formation and/or maintenance with meiotic progression and
formation of healthy oocytes and progeny (Fig. 10).

RAS/ERK signaling links environmental and metabolic cues to
regulate cell numbers during tissue development across metazoans
(16, 18). In the C. elegans germ line, as in other organ systems in
animals (19, 20), RAS/ERK signaling regulates oocyte numbers: An
increase in RAS signaling results in a sharp increase in oocyte number,
and a decrease in ERK signaling causes a corresponding decrease in
oocyte number (11, 17). We show that in the germ line, RAS/ERK
pathway does not regulate either proliferation or apoptosis to con-
trol oocyte numbers. At first glance, this is an unexpected result be-
cause of the prevailing models of RAS-mediated regulation of cell
numbers (19, 20, 46). Our work goes on to show that the RAS/ERK signal-
ing pathway regulates progression of meiosis I by phosphorylation
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(A) Schematic of an adult C. elegans hermaphroditic germ line. Red

and blue boxes show the early- and mid-pachytene regions of the germ line, green arrow indicates the direction of meiotic progression. (B) Quantitation of the asynapsed
chromosome lengths from HTP-1(S325A) using Imaris and ImageJ software (Materials and Methods). (C to F) Representative confocal images of germ cells from wild-type
and HTP-1(5325A) mutants labeled with HIM-3 (axial element of SC, green), SYP-1 (central region of SC, magenta), and DAPI (DNA, white). Arrowheads indicate the stretches
of chromosome lacking an SYP-1 label (asynapsed chromosomes). Note the presence of either partial (P) or completely asynaped chromosomes. When completely
asynapsed, one (1) and two (2) asynapsed chromosomes in the mid-pachytene germ cells [(E), merged] are visible. Experiment was repeated three times; n> 10 gonad

arms per genotype were examined. Scale bars, 5 um.

of HORMA domain protein HTP-1, which, in turn, stabilizes
the SC during meiosis I and allows meiotic progression (Fig. 10F).
Lack of ERK signaling or lack of HTP-1 phosphorylation results
in an inability of the SC to be properly extended or maintained,
which effectively delays the chromosomal transition of cells from
pachytene stage of meiotic prophase I to diplotene stage of oocytes.
These data turn the light on a new mechanism of controlling cell
numbers by signaling pathways, which are independent of canonical
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modes of regulation such as apoptosis and proliferation. Since this is
the first report of such a regulation, given the conservation in RAS sig-
naling across species, we propose that a similar mechanism may be
responsible for regulating cell numbers by RAS in multiple contexts.

Previously, a central region protein, SYP-2, had been shown to
be regulated by ERK signaling in C. elegans to mediate chromosome
segregation (36); in our hands, SYP-2 was not labeled in vitro by
ERK phosphotransfer assay. We surmise that this could be due to a
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Fig. 9. Meiotic DNA DSBs persist in HTP-1(S325A) mutant germ lines. (A and B) Representative dissected germ lines from distal tip (left, asterisks) until the end of
pachytene (right) from indicated genotypes probed with DAPI (DNA, blue) and RAD-51 antibody (to detect meiotic DSBs, yellow). White lines segment the germ line into
distinct meiotic zones 1 to 5. (C to E) Magnified germ cells from each meiotic zone labeled with RAD-51 foci from the indicated genotypes. (F to H) Bar graphs with the
quantification of RAD-51 foci in the germ cells from each meiotic zone [shown in (A) to (C)] of the indicated genotype displayed as percent RAD-51 foci. Experiment was
repeated twice; n > 150 germ cells per zone per genotype were examined. Scale bars, 25 um [for (A) and (B)] and 5 um [for (C) to (E)].
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Fig. 10. HTP-1(S325) phosphorylation monitors the formation and/or maintenance of synapsis and regulates progression of meiosis | and oocyte production.
(A) Schematic view of an adult C. elegans hermaphroditic germ line; red box shows the region (mid-pachytene) of the germ line displayed in the bottom panels, and green
arrow indicates the direction for meiotic progression. (B to D) Representative confocal images of indicated genotypes probed with HIM-3 (axial element, green), SYP-1
(central element, magenta), and DAPI (DNA, white). Arrowheads indicate the stretches of chromosome lacking SYP-1 (asynapsed chromosomes). Loss of ERK activation
results in increased asynapsis, which is reversed by restoration of HTP-1 phosphorylation. Scale bar, 5 um. (E) Quantification of mid-pachytene germ cells with asynapsed
chromosomes from germ lines of the indicated genotypes expressed in percentage. Total number of germ cells counted (n) in the mid-pachytene region/genotype is
indicated on the bars. (F) Model presenting the cellular and molecular mechanism through which the RAS/ERK signaling pathway regulates oocyte number: (i) RAS/ERK
signaling controls the progression of meiosis | in the early- and mid-pachytene regions by phosphorylating HTP-1 at S325. (ii) The threshold of ERK-dependent p-HTP-1
(S325) controls the transition of germ cells from early- to mid-pachytene stage. (iii and iv) Spatially early onset of ERK activation in RAS(act) mutant germ cells results in an
increased threshold of HTP-1(S325) precociously causing distal pachytene stage cells to take on proximal identities, followed by early exit from pachytene stage germ
cells to diplotene stage oocytes of the pachytene stage. Thus, spatial activation of ERK coordinates meiotic progression with oocyte formation.
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difference in experimental setup. That axial components of the SC
are phosphorylated by ERK signaling adds a new layer of regulation
to the dynamic range of chromosome behaviors, in particular be-
cause the HORMA domain proteins form the base of the scaffold
that builds and supports the SC (4, 6, 7, 47). It is likely that phosphor-
ylation-based scaffold formation allows for multiple heterotypic
interactions between SC proteins that help stabilize the SC to allow
for the various chromosome movements, which are essential for
recombination and remodeling. Our data document a phosphosig-
naling cascade (RAS/ERK/HTP-1) in SC extension and/or mainte-
nance. We propose that each of the phosphoprotein axial elements
is necessary to initiate extension and stabilization of the SC and,
in turn, control the progression of meiosis I. Thus, loss of even a
single phosphorylation event such as in HTP-1(S325A) results in
SCs that either do not extend or fail to maintain. In this case, the
germ cells do not progress through pachytene as in wild type and are
delayed, as evidenced by p-SUN-1(S8) accumulation pattern. In ad-
dition, in a background of increased RAS signaling, where all the
substrates are likely to be phosphorylated, loss of one substrate
phosphorylation [HTP-1(S325)] results in asynapsis and extension
of meiotic DSBs, effectively reversing the phenotype of precocious
meiotic progression (relative to wild type) and increased oocyte
number. We also find that while phosphorylation of HTP-1 is
necessary in SC dynamics, constitutive phosphorylation of HTP-
1 is not sufficient to drive precocious meiotic progression. Thus,
phosphomimetic HTP-1(S325E) does not by itself mimic in-
creased RAS phenotype of multiple oocytes. It is likely that con-
stitutive phosphorylation of HTP-3, or other currently unidentified
substrate, function redundantly in vivo with HTP-1(S325) for
this to occur. However, constitutive phosphorylation of HTP-
1(S325E) is sufficient to rescue the ERK loss-of-function pheno-
type likely because in this context, all the ERK substrates are
poorly phosphorylated and constitutive phosphorylation of one
allows for partial stabilization of the SC and restores some of the
SC phenotypes.

Together, we propose that the phosphorylation of HORMA
domain proteins HTP-1 generates a phosphoproteome SC scaffold
that allows for dynamic organization of the SC to coordinate the
need of the germ line with the environmental conditions. Under
nutrient-replete conditions, optimal RAS/ERK signaling results in
normal progression of meiosis I, resulting in generation of healthy
oocytes. However, in events of low nutrient levels or unfavorable
environmental conditions, ERK signaling is low (16), resulting in
lower phosphorylation of the HORMA domain protein that, in turn,
slows down the extension and/or maintenance of SC, which effec-
tively slows down the generation of oocytes. In this situation, oocytes
would not be formed until the conditions return to normal, which
will have a short-term impact on reproductive fitness; however, be-
cause the quality of the few oocytes formed upon return to favorable
conditions will be high, the long-term impact on reproductive fit-
ness would be minimal. In addition, because the progeny would be
born from high quality oocytes under replete conditions, the chance
of progeny survival would also be higher. This model directly links
the regulation of chromosome behavior during early phases of
meiosis I to dynamic control by environmental signaling and female
reproductive fitness (Fig. 10F). Given the conservation of female
meiosis I progression across species, we speculate that a similar
signaling-based mechanism may be operative in mammalian females
to regulate oocyte number and ovarian reserve.
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MATERIALS AND METHODS

C. elegans maintenance

All strains (Table 1) were maintained at 20°C on plates made from
standard nematode growth medium [NGM; NacCl (3 g/liter), Bacto
peptone (2.5 g/liter), Bacto agar in distilled water (17 g/liter), with
cholesterol (1 ml/liter) (5 mg/liter in ethanol), 1 M CaCl, (1 ml/liter),
1 M MgSOy4 (1 ml/liter), and 1 M potassium phosphate buffer
(25 ml/liter, pH 6.0)]. OP50 Escherichia coli was used as the food
source (Table 2) (48). The temperature-shift experiments were per-
formed by placing L4/Adult molt animals from indicated genotypes
at 25°C for 18 hours, unless otherwise noted. A parallel set of con-
trol experiments with the genotypes was conducted at 20°C each time.

Live imaging of worms

Five animals were mounted (each time) with 10 ul of 0.1 M levamisole
in M9 on 2% agarose pads and imaged with Zeiss Axio Imager M2
equipped with an AxioCam MRm camera (Zeiss). All images were
obtained using AxioVision software (Zeiss) as a montage of images
at x40.

Oocyte number counting

Oocyte numbers were counted by (i) live imaging using the mem-
brane pH domain tagged with green fluorescent protein (GFP),
to mark germ cell membranes (see Table 1 for the strains), and (ii)
analysis of dissected and fixed oocytes labeled with RME (receptor
mediated endocytosis)-2 (to mark oocytes) and mCherry::H2B (to
mark chromosomal morphology) captured with Z-stacks (0.6 pm).
Irrespective of method used, the datasets fall within the range of SD
for that group and were reproducible within the replicates.

Germ cell nucleus counts and mitotic index

Germ cell counts and mitotic index were calculated as described
previously (49). In brief, each germ cell nucleus was visualized by
DAPI. PZ cells were defined as DAPI positive and HIM-3 negative.
The number of germ cell nuclei (in PZ or entire germ line) was de-
termined by a semiautomated method using a custom Image] Macro.
The M-phase index was calculated as the number of p-histone H3-
positive cells in the PZ divided by the total number of cells in the
PZ multiplied by 100.

HU treatment

A stock of 850 mM HU was prepared in Milli-Q filtered water, and
300 pl was added to a 10-cm OP50-seeded standard NGM plate,
followed by overnight incubation. Worms synchronized at 20°C until
6 hours past L4/adult molt stage were transferred to the HU-treated
plates for 12, 18, or 24 hours and incubated at either 20° or 25°C.
The animals were dissected, stained with anti—p-histone H3 (Ser'°)
to assay proliferation and anti-RME-2 to assay oocyte number.
Total germ cell number was counted manually from the acquired
Z-stack (0.6 um) images of the DAPI-stained gonad arms by the
semiautomated method using a custom Image] Macro. Twelve
hours of HU treatment was used for data analysis, since this treat-
ment time displayed >~80% of germ lines with no proliferative
cells. Eighteen hours of HU treatment coupled with the temperature
shift also displayed no proliferative PZ cells and a similar phenotype
as the 12-hour treatment; however, the longer treatment times led
the RAS(act) oocytes to undergo endomitosis, which, in turn, leads
to loss of membrane markers (fig. S3), causing errors in analysis.
Thus, this time point was not used.
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Table 1. C. elegans strains. The following C. elegans strains were used in
this study.

Strain name

[name used in this study] O VEE
N2 [Wild type] Wild type
BS3364 mpk-1(gal11 r)lll= ERK(loss) in
the study
AUM1265 let-60(ga89 gf)IV = RAS(act) in
the study
BS3675 bcls39 [lim-7p::ced-1::GFP + lin-
15(+)]V
AUM1265a mpk-1(ga111 rf) lll; bcls39
[lim-7p::ced-1::GFP + lin-15(+)]V
MD771 let-60(ga89 gf) IV; bcls39
[lim-7p::ced-1::GFP + lin-15(+)]V
MT1522 ced-3(n717)IV
AUM1273 mpk-1(gal11 ri)lli;ced-3(n717)IV
AUM1034 Its38 [(pAAT) pie-
1p::GFP::PH(PLC1deltal) + unc-
119(+)] lll; Itls37 [pie-
1p::mCherry::his-58
(pAA64) + unc-119(+)]IV
AUM1038 mpk-1 (gal11 rf) Itls38 [(pAAT)
pie-1p::GFP::PH(PLC1deltal) + unc-
119(+)1 lll; Itls37 [pie-
1p::mCherry::his-58 (pAA64) + unc-
119(+H)]IV
AUM1032 Its38 [(pAAT) pie-
1p::GFP::PH(PLC1deltal) + unc-
119(+)] lll; let-60(ga89 gf) Its37
[pie-1p::mCherry::his-58
(pAA64) + unc-119(+)]IV
AUM1606 htp-1(viz62 [S325A])IV = HTP-
1(S325A) in the study
AUM1607 htp-1(viz67 [S325E])IV = HTP-
1(S325E) in the study
AUM1564 htp-1(viz76[5325A])let-60(gas9 gf)
IV =HTP-1(5325A) RAS(act) in
the study
AUM1591a mpk-1(ga111)Ill; htp-
1(viz67[S325E])IV = ERK(loss);
HTP-1(5325E) in the study
BS3830 mpk-1(ga117)/qC1[dpy-19(e1259)
glp-1(q339)qls26]ill. = ERK(null)
in the study
VC257 htp-1(gk150)IV
FX30203 tmC25[unc-5(tmlis1241)]IV

Apoptosis assay

Cell corpses were defined as CED-1::GFP-positive cells (see Table 1
for the strains). The animals were anesthetized, mounted, and visu-
alized under an epifluorescence microscope. CED-1::GFP-marked
germ cells were counted manually from the acquired Z-stack (0.6 um)
images of the gonad arms. CED-1 is a scavenger receptor. In the
transgenic line used in this study, lim-7 promoter drives CED-1::GFP
in the gonadal sheath cells (27, 50), enabling the visualization of
germ cell engulfment by the somatic gonad.
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Table 2. Bacterial strains. The following bacterial strains were used in
this study.

Bacterial strains

E.coli: OP50

Caenorhabditis
Genetics Center

OP50

E.coli: TOP10 Thermo Fisher Catalog no. C404003

Scientific, MA

E.coli: DH5a Thermo Fisher Catalog no. 18265017
Scientific, MA

E.coli: BL21(DE3) pLysS Millipore, CA Catalog no. 69451-M

E.coli: BL21(DE3) pLysE Sigma-Aldrich, MO Catalog no. B9058

Germline dissection, immunofluorescence staining,

and microscopy

After each experiment, worms (n = 80 to 100) were dissected as de-
scribed (51). Dissected worms were fixed in 3% formaldehyde with
100 mM K,HPO, (pH 7.2) for 10 min at room temperature washed
with phosphate-buffered saline (PBS) and 0.1% Tween 20 (PBST) and
postfixed with 100% methanol (—20°C) for 1 hour [for di-phosphorylated
(dp) ERK, GLD-1, RME-2, XND-1, p-SUN-1(S8), and p-HTP-1(S325)
antibodies] or overnight (for HIM-3, p-histone H3, SYP-1, HTP-1/2,
and RAD-51 antibodies). Fixed gonads, in batches, were washed with
PBST and blocked with 30% normal goat serum for 1 hour at room
temperature (for dpERK, GLD-1, RME-2, XND-1, and p-SUN-1
antibodies) or 3 hours [HIM-3, p-histone H3, SYP-1, p-HTP-1(S325),
HTP-1/2, and RAD-51 antibodies] before incubation with the desired
primary antibody as described (51). For p-histone H3 (1:400), HIM-3
(1:800), and SYP-1 (1:200) staining, germ lines were incubated in
primary antibody for 4 hours at room temperature. dpERK (1:400)-,
GLD-1 (1:200)-, RME-2 (1:600)—, XND-1 (1:800)—, p-SUN-1(S8)
(1:800)-, p-HTP-1(S325) (1:400)—, HTP-1/2 (1:400)-, and RAD-51
(1:2000)-treated germ lines were incubated in primary antibody
overnight at 4°C and processed as described (51) (see the antibodies
in Table 3). Images were acquired either with Zeiss Axio Imager M2
equipped with an AxioCam MRm camera (Zeiss) or with an in-
verted laser scanning confocal microscope (Zeiss LSM 800). All images
were obtained as a montage at x40 or x63 with overlapping cell bound-
aries. Images for a given antibody staining were taken with identical ex-
posures and processed with Image] software. The montages were then
assembled in Adobe Photoshop CS3 and processed identically.

RNAi of him-3 and spo-11

The RNAI clones for him-3 and spo-11 were obtained from the
Vidal library (Vidal ORFeome Library) and sequenced to verify in-
tegrity. Clones were grown overnight on LB agar plates containing
ampicillin (100 pg/ml) at 37°C. Single colonies were inoculated in
LB liquid cultures containing ampicillin (100 ug/ml) and grown to
necessary densities as described previously (17). The cultures were
seeded onto the standard NGM agar plates supplemented with 1 mM
isopropyl B-p-1-thiogalactopyranoside and ampicillin (100 ug/ml).
RNAI experiments were performed as described earlier (17) in the
wild-type and in RAS(act) worms at the permissive temperature
(20°C). Three to four adult (24 hours past L4) worms were placed
on the RNAI plates overnight for embryo lay. The mothers were
removed the next morning. The embryos were grown on the plate
until adulthood. Sixty to 70 L4/A molt stage worms were placed on
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Table 3. Antibodies and other reagents. Antibodies, bacterial strains,
and other chemicals used in this study are presented in a tabular form

below. HRP, horseradish peroxidase.

Reagent or resource Source Identifier
Antibodies
Phospho histone H3 Millipore CA 05-806
(Ser )
HIM 3 Sd|x DE 5347 00 02
RME 2 B Grant (54)
dp ERK (ant| MAPKYT) Slgma Aldnch MO M81S9
GLD 1 T Schedl (37)
XND 1 J Yanownz (33)
p SUN 1 (58) V Jantsch (32)
SYP 1 A V|IIeneuve (55)
p HTP 1(5325) ThIS study
RAD 51 Sdlx 2948.00.02
HTP 1/2 A Dernburg
Ant| poly Hlstldlne Slgma AIdrlch MO H1029
Goat-anti-mouse AIexa .
Fluor 555 Invitrogen, CA A-21422
Goat—antl rabblt AIexa .
Fluor 488 Invitrogen, CA A-11008
Goat—antl gumea plg . )
Alexa Fluor 555 Invitrogen, CA A-11076
Goat-antiguinea pig Abcam, MA ab102372
Cy5
Ant| rabblt HRP MilliporeSigma, MO NA934
Anti-mouse HRP Thermo Fisher 1858413

Scientific, MA

fresh RNAi plates and either transferred to 25°C or maintained at
20°C for 18 hours for analysis.

Expression of recombinant axial element and central

region proteins

Recombinant fusion proteins were generated by cloning full-length
complementary DNAs for each of the axial element and central region
components into pTrcHis Topo (Invitrogen, catalog no. K4410-01)
bacterial expression vectors (Table 2) to generate N-terminally 6x
His-tagged proteins as described (17). HTP-1 unphosphorylatable
mutant proteins were generated through site-directed mutagenesis
as described (17). Positive clones were verified by sequencing.
Recombinant proteins were expressed in BL21(DE3) (Sigma-Aldrich)
cells at 37°C by using 1 mM isopropyl B-p-1-thiogalactopyranoside
(dioxane free) for 3 to 4 hours. Proteins were purified by using
Ni-nitrilotriacetic acid agarose. The expression of proteins was
confirmed by Western blot analysis with anti-His (Sigma-Aldrich,
no. H1029). LIN-1 used in these experiments is a glutathione S-
transferase-tagged protein (52).

In vitro kinase assay by using activated murine ERK2

Purified ERK2 kinase was purchased from New England Biolabs
(catalog no. P6080S), and in vitro kinase reactions with the purified
recombinant proteins were carried out as described (17). After
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phosphotransfer, the proteins were resolved on to a 4 to 20% SDS-
polyacrylamide gel electrophoresis (Bio-Rad, catalog no. 5671094).
The gel was then dried at 60°C under vacuum for 1 hour and ex-
posed to the autoradiographic film (Sigma-Aldrich, catalog no. 864
6770) for 4 or 16 hours at —80°C. The film was developed using the
Kodak X-OMAT 2000A processor machine.

CRSIPR-Cas9-meditated generation of unphosphorylatable
and phosphomimetic HTP-1 alleles
The unphosphorylatable and phosphomimetic alleles at the endog-
enous locus of htp-1 were generated with a co-CRISPR-Cas9 method
as described (40). To generate the unphosphorylatable HTP-1 mutant,
serine-325 was mutated to alanine. To generate a phosphomimetic
mutant, serine-325 was mutated to glutamic acid. Two potential
CRISPR cut sites flanking the serine-325 were identified, and the
corresponding Crispr(cr)RNAs were ordered from Dharmacon:

GTTGACGACATTACTGTTAC, 1026 base pairs (bp) down-
stream of the start codon

ACAACACGAAGAGGUGCTGA, 1134 bp downstream of the
start codon

The repair template sequence contained the desired edit and
35 nucleotide homology arms outside of the crRNA recognition
site. Five silent mutations were added on the crRNA recognition
sites to prevent re-cutting by Cas9 after editing. One silent mutation
was added to take out the Bsa I restriction site. This resulted in the
following single-stranded oligo donors (ssODN) with the mis-
sense mutations (in bold) and the silent mutations (in lowercase):

For HTP-1(S325A):

GATCAAGGAGGAAACGAGACTTCTCCGGTtGAcGACAT-
tACTGTTACTTTATTAGTTTTTTACATATAAA-
CAAAAAATTTAAAATTGTAGGAGTCTCTCGAGAAAGCA-
CAAATGGCGCCTATCCAGACCAGACCAACaACaCGaAGAG-
GtGCtGATGGCAGCAAAACC

For HTP-1(S325E): GATCAAGGAGGAAACGAGACTTCTC-
CGGTtGACGACATtACTGTTACTTTATTAGTTTTTTA-
CATATAAACAAAAAATTTAAAATTGTAGGAGTCTCTC-
GAGAAAGCACAAATGGAGCCTATCCAGACCAGACCAA-
CaACaCGaAGAGGtGCtGATGGCAGCAAAACC

An injection mix was made as described (40) and injected into
N2 young adult animals. Roller F;s were screened for the mutation
by polymerase chain reaction (PCR) digestion using the following
primers: ACG GCT AAT TTT CGA TTG GAG T (forward) and
ACT AAG GAT ACA ATA ATG GAG CAG AA (reverse), followed
by overnight Bsa I restriction enzyme digestion (1 IU/10 pul PCR
product). The PCR results in a wild-type product of 650 bp, which,
upon restriction digestion, yields two bands at 450 and 200 bp.
Because the phospho-edit removes the Bsa I cut site, heterozygous
edited worms display three bands at 650, 450, and 200 bp, and
homozygous edited worms display a single band at 650 bp upon
restriction digestion. Four independent founders with accurate
sequence were followed up for analysis. Homozygous worms from
each founder line were outcrossed four times with the N2 wild-type
strain, balanced (on tmC25 [unc-5(tm1241 Venus]) and used in the
experiments. All founders displayed identical phenotypes.

htp-1 and let-60 are on chromosome IV, and ~3.5 map units
apart. Thus, the double-mutant HTP-1(S325A)let-60(ga89)IV double
mutants were generated by CRISPR editing of let-60(ga89) as de-
scribed above. Four founder lines were obtained with the desired
sequence and analyzed after four backcrosses.
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mpk-1(galll)IIl; HTP-1(S325E)IV double mutants were gener-
ated by crossing mpk-1(galll) with the HTP-1(S325E) animals.
The progeny was screened using the strategy stated above for HTP-
1(S325E), followed by sequence verification of the mpk-1(gall1) locus
and htp-1(S325E) edit.

Brood size analysis, embryonic lethality,

and % Him phenotype

Ten early L4 hermaphroditic worms of the indicated genotypes
were placed individually on plates. A total of three replicates were
performed. Every 24 hours, the parent worm was moved to a fresh
plate, and the total number of embryos was counted on the original
plate. This process was repeated over 5 to 7 days until the worms stopped
producing progeny. The total number of embryos (across the entire
lay period) was added up for each animal and then averaged between
replicates. Embryonic lethality was calculated as the total number of
larvae or adults on the plates subtracted from the number of embryos
as follows [(number of embryos — number of adults)/numbers of
embryos] x 100. The “Him” phenotype was calculated as the per-
centage of F; male progeny produced by one PO hermaphrodite as
follows: [total number of F; males/total numbers of adults] x 100.

Phospho-specific HTP-1(S325) antibody generation

and purification

To generate p-HTP-1(S325) phospho-specific antibody, phospho-
peptide (AQM[pS]PIQ) was synthesized and high-performance
liquid chromatography fractionated (CPC Scientific Inc., CA). A
C-terminal Cys-Lys-Lys-Lys was added to facilitate maleimide-based
conjugation of peptides to KLH for immunization and to bovine
serum albumin for purification of the antibodies. Sera were gener-
ated from immunized rabbits by Yenzym Antibodies, LLC (CA).
Affinity purification of the phosphopeptide antibody and specificity
testing were done as described (17, 38, 53). The phosphopeptide
antibody was tested in vivo from specificity to HTP-1 and phosphoryl-
ated HTP-1, using htp-1(gk150) deletion allele and HTP-1(S325A),
htp-1(viz62) phospho-null mutant germ lines.

Western blot analysis of whole worm protein extract

Whole worm protein extract and Western blot analysis was per-
formed as described (31). Briefly, adult worms from respective geno-
types were hand-picked (~200 for each genotype), washed in M-9
buffer, and boiled for 2 min with 2x loading dye at 95°C. The mpk-1
(gall7) germ lines are smaller than wild type because they are arrested
in early-mid pachytene. Thus, 2.5 as many worms (~500 worms)
as wild type were used per lane to obtain an equivalent amount of
protein. Western blot analysis was performed as described (31)
with anti-HTP-1/2 (1:600) and anti-GLD-1 (1:800), followed by
anti-rabbit secondary antibody (1:2000). GLD-1 protein levels
were used to normalize the germline content from each genotype.
For quantification of band intensity, Western blots were converted
to gray-scale images in Adobe Photoshop. The intensity of the
bands was calculated using Fiji (Image]J). The intensity of the
GLD-1 bands was used as the control to calculate the relative
amount of HTP-1/2 and expressed in percentage as arbitrary
units (A.U.).

Confocal microscopy and analysis of asynapsed germ cells
Immunofluorescence images for p-HTP-1(S325), HIM-3, and SYP-1
(asynapsis assays) were captured with an inverted laser scanning
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confocal microscope (Zeiss LSM 800). Images were acquired as
Z-stacks (0.19 um) and deconvolved using the AutoQuant X3 decon-
volution software. Images were processed in Fiji (Image]) for quan-
titation. The top five stacks of DAPI, HIM-3, and SYP-1 were
projected maximally and overlaid in Adobe Photoshop to display the
figures presented. Asynapsed germ cells from the mid-pachytene
region were counted manually by assessment of colocalization be-
tween HIM-3 and SYP-1; cells where SYP-1 did not accumulate and
colocalize with HIM-3 were termed “asynapsed.” Percentage of these
cells was calculated as follows: asynapsed germ cells/total number of
germ cells x 100. The length of the asynapsed chromosome stretch
was assayed using the Filaments module in the Imaris imaging soft-
ware (Imaris x64, version 9.5.1; Oxford Instrument). The Filaments
module was used to trace the asynaped stretch of the chromosome
(with loss of SYP-1 staining), upon a DAPI channel “mask,” which
highlighted only the chromosomes. The data were measured over mul-
tiple Z-stacks, allowing for a measure along the three-dimensional
configuration of the chromosome.

Quantification of RAD-51 foci

Immunofluorescence images for RAD-51 staining were captured with
an inverted laser scanning confocal microscope (Zeiss LSM 800) in
Z-stacks (0.19 um) and processed in Fiji (Image]) for quantitation.
The top five Z-stacks of DAPI and RAD-51 channels were projected
maximally and overlaid in Adobe Photoshop. Quantitation of the
foci was done manually; only nuclei that were completely contained
within the image stack were scored. The germ line was divided into
five consecutive zones from TZ until the end of pachytene. Occasional
atypical nuclei with condensed, bright DAPI signals (apoptotic bodies)
were excluded (mostly present in zones 4 and 5) from analysis. For
each genotype, at least 150 nuclei per zone were calculated from five
different germ lines.

Statistical analysis

Statistical analysis of data was done using GraphPad Prism 7.0 soft-
ware. All datasets were checked for normal distribution using
Wilk-Shaphiro test. In most experiments, the datasets did not
follow a normal distribution pattern. Thus, P values were derived
using the nonparametric Mann-Whitney U test. P values lower than
0.05 were considered statistically significant. Data graphs were plotted
in GraphPad Prism using the scatter dot plots or bar graph display-
ing the SD from the mean value. P values are noted by brackets that
indicate the groups being compared, and # values for each experi-
ment are denoted in the corresponding figure legend.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabc5580/DC1

View/request a protocol for this paper from Bio-protocol.
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