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PUF-8 facilitates homologous chromosome pairing by promoting
proteasome activity during meiotic entry in C. elegans

Ganga Anil Kumar'-2 and Kuppuswamy Subramaniam*

ABSTRACT

Pairing of homologous chromosomes is essential for genetic
recombination during gametogenesis. In  many organisms,
chromosome ends are attached to cytoplasmic dynein, and dynein-
driven chromosomal movements facilitate the pairing process. Factors
that promote or control the cytoskeletal tethering of chromosomes are
largely unknown. Here, we show that the conserved RNA-binding
protein PUF-8 facilitates the tethering and pairing processes in the
C. elegans germline by promoting proteasome activity. We have
isolated a hypomorphic allele of pas-1, which encodes a proteasome
core subunit, and find that the homologous chromosomes fail to pair in
the puf-8; pas-1 double mutant due to failure of chromosome tethering.
Our results reveal that the puf-8; pas-1 meiotic defects are caused
by the loss of proteasome activity. The axis component HTP-3
accumulates prematurely in the double mutant, and reduction of its
activity partially suppresses some of the puf-8; pas-1 meiotic defects,
suggesting that HTP-3 might be an important target of the proteasome
in promoting early meiotic events. In summary, our results reveal a role
for the proteasome in chromosome tethering and identify PUF-8 as a
regulator of proteasome activity during early meiosis.

KEY WORDS: Germ cells, Meiosis, Caenorhabditis elegans, pas-1,
rpn-1, htp-3

INTRODUCTION
Sexual reproduction depends on the formation of haploid gametes
from diploid parent cells. This reduction in ploidy requires accurate
segregation of homologous chromosomes (homologs) such that
each gamete receives only one set of all chromosomes. Meiosis, a
specialized cell division, accomplishes this feat through a series of
well-coordinated processes, which include pairing of homologs,
assembly of the synaptonemal complex (SC; a complex of proteins
that assemble between homologs during meiotic prophase),
induction of DNA double-strand breaks (DSBs), crossover
formation, resolution of crossovers through homologous
recombination, and eventual segregation of paired chromosomes.
A crucial step in the pairing of homologs in many organisms is
the cytoplasmic dynein-driven chromosome movements that enable
the alignment of homologs. In C. elegans, specific repetitive DNA
sequences present near one end of each chromosome, known as the
pairing centers (PCs), are responsible for attaching chromosome
ends to cytoplasmic dynein via the SUN-1/ZYG-12 protein
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complex that spans the inner and outer nuclear envelopes (NEs)
(Penkner et al., 2007; Phillips et al., 2009; Sanford and Perry, 2001,
Sato et al., 2009). The pairing event begins when each PC binds to a
specific member of a family of zinc-finger proteins comprising
ZIM-1, ZIM-2, ZIM-3 and HIM-8 (MacQueen et al., 2005; Phillips
and Dernburg, 2006; Phillips et al., 2005). While the PC-binding
protein—PC complex binds to SUN-1 at the nuclear periphery,
ZYG-12 recruits dynein on the cytoplasmic side (Malone et al.,
2003; Penkner et al., 2007; Sato et al., 2009). Upon interaction with
the PC complex, the SUN-1/ZYG-12 complex aggregates into foci
at specific sites on the NE, which is a hallmark of tethering
chromosome ends to cytoskeleton (Sato et al., 2009).

Homolog pairing and synapsis are regulated by two kinases: the
checkpoint kinase CHK-2 and the polo-like kinase PLK-2 (Harper
et al., 2011; Higashitani et al., 2000; Labella et al., 2011; MacQueen
and Villeneuve, 2001). CHK-2 phosphorylates the PC proteins,
which then recruit PLK-2 to the PC (Kim et al., 2015). The
PC-associated PLK-2, in turn, promotes homolog pairing by an
unknown mechanism, and phosphorylates SUN-1, which, although
not essential for pairing, is required for continued chromosome
movement until pairing and synapsis are complete (Harper et al.,
2011; Labella et al., 2011; Woglar et al., 2013). Acting in a feedback
fashion, the meiotic chromosome axis components HIM-3 and HTP-
1/2 inhibit CHK-2 activity upon proper pairing and synapsis (Kim
et al., 2015).

The PUF family RNA-binding proteins are central players in
controlling meiotic entry (for a review, see Pushpa et al., 2017). In
C. elegans, two nearly identical PUF proteins, FBF-1 and FBF-2,
promote the proliferative fate by suppressing the expression of both
meiotic entry-promoting factors such as gld-1 and SC components
such as HIM-3, HTP-1, HTP-2, SYP-2 and SYP-3 (Crittenden et al.,
2002; Merritt and Seydoux, 2010). PUF-8, another C. elegans PUF
protein, promotes both proliferative and meiotic fates: it prevents
premature meiotic entry by facilitating GLP-1/Notch signaling, but
also enables germ cells to transition into meiosis by suppressing the
RAS/MAPK signaling (Maheshwari et al., 2016; Vaid et al., 2013).
PUF proteins control self-renewal/differentiation decisions in other
species as well. For example, the Drosophila PUF protein Pumilio
(Pum) partners with Nanos (Nos) to suppress the expression of
differentiation-promoting factors Brain tumor (Brat) and Mei-P26 in
germline stem cells (Harris et al.,, 2011; Joly et al., 2013). In
differentiating germ cells known as cystoblasts, in which the Nos
level is low and the Brat level is high, Pum partners with Brat and
suppresses the translation of Myc, Mad, Medea and Schnurri, which
promote the self-renewal fate (Harris et al., 2011; Newton et al.,
2015). How the initial meiotic entry decision is coordinated with the
execution of early meiotic events — for example, initiation of the
pairing process — is not known.

Here, we identify a role for PUF-8 in homolog pairing. We have
isolated a hypomorphic allele of pas-I, which encodes a core
component of the proteasome, and found that the homologous
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chromosomes fail to pair in puf-8(0k302); pas-1(kp23) double
mutants. Our results revealed that the pairing defect primarily
results from the reduction of proteasome activity in the double
mutant and that PUF-8 promotes proteasome activity in premeiotic
cells. Thus, our results uncover a role for the proteasome in homolog
pairing, which is consistent with recent findings (Ahuja et al., 2017,
Rao et al., 2017), and identify a molecular link between the meiotic
entry decision and the initiation of homolog pairing.

RESULTS

kp23, a mutation that displays a synthetic sterile phenotype
with puf-8, is a hypomorphic allele of pas-1

Even the null alleles of puf-8, such as puf-8(0k302) and puf-8(zh17),
display a temperature-sensitive phenotype: worms homozygous for
either of these alleles are sterile at 25°C but fertile at 20°C (Ariz
et al., 2009; Subramaniam and Seydoux, 2003). An earlier genetic
screen on the puf-8(zh17) genetic background identified a number
of new mutant alleles that caused sterility even at 20°C when in
double-mutant combination with the puf~8 mutation (Ariz, 2010;
Vaid etal., 2013). Here, we describe the characterization of one such
mutant allele named kp23. Worms homozygous for the kp23 single
mutation did not show any obvious phenotypic defects; they were
fertile (=200 worms) with normal brood size and embryonic
viability (Fig. S2). Visualization of germline chromatin by DAPI
staining revealed that the chromatin morphologies characteristic of
germ cells at different developmental stages were also unaffected in
kp23 worms; hermaphrodites produced both sperm and oocytes,
and the spermatogenesis in males was unaffected (Fig. 1, Fig. S3).
By contrast, kp23; puf-8 double-mutant hermaphrodites were all
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sterile (n=200 worms); although sperm was present, no oocytes
were observed in these worms. Crescent-shaped chromatin
morphology, which is characteristic of normal transition zone
nuclei, could not be detected in double-mutant germlines. In
addition, the chromatin was irregularly distributed and less compact
in the pachytene region (Fig. 1). Spermatogenesis in kp23; puf-8
males was normal, although ~66% (n=346 embryos) of the
embryos sired by these males failed to hatch (Fig. S3).

We have mapped ip23 to the pas-1 locus using standard
two-factor mapping, whole-genome sequencing and RNAI (see the
supplementary Materials and Methods for details). kp23 is a G-to-A
missense mutation that substitutes the conserved glycine with
glutamic acid at position 20 of the PAS-1 amino acid sequence
(Fig. S4). We confirmed the mapping results by generating the same
G-to-A mutation in the wild-type strain using the CRISPR/Cas9
genome-editing method; worms homozygous for the resulting
allele, kp72, did not display any phenotypic defects, and the puf-
8(0k302), pas-1(kp72) worms shared the same germline defects as
puf-8(0k302); pas-1(kp23) worms (Fig. S4).

pas-1 encodes the ol subunit of the 20S proteasome (Davy et al.,
2001). Consistent with previous reports (Fernandez et al., 2005;
Sonnichsen et al., 2005; Takahashi et al., 2002), depletion of PAS-1
by RNAI resulted in embryonic lethality (data not shown), which
prompted us to test whether kp23 is a hypomorphic allele of pas-1.
We generated a null allele, kp73, by inserting a stop codon followed
by an additional frameshift in the first exon of the pas-1 locus using
the CRISPR/Cas9 method. As expected, whereas the worms
heterozygous for kp73 [pas-1(kp73/+)] were fertile with normal
brood size, the pas-1(kp73/kp73) embryos were inviable (Fig. S2).

Oocyte nuclei

Oocyte nuclei

Fig. 1. puf-8(0k302); pas-1(kp23) double-mutant gonads lack oocytes. Dissected gonads of the indicated genotypes stained with DAPI. The C. elegans
gonad is tube shaped and displays a distal (closed end)-proximal polarity with respect to the developmental stages of germ cells. Mitotically cycling germline stem
cells and mature gametes are located at the distal and proximal ends, respectively. Approximate boundaries of the mitotic, transition and pachytene regions are
indicated (short white lines). Oocytes are absent in the puf-8(0k302); pas-1(kp23) double mutant, whereas their nuclei are readily visible in the other three
genotypes. Insets show boxed regions (dotted yellow lines) at higher magnification. The double-mutant pachytene chromosomes appear irregularly shaped when

compared with the wild type. Scale bars: 20 um.
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Significantly, puf-8(0k302/0k302); pas-1(kp73/+) worms were
sterile and produced no oocytes, thus sharing the same
phenotypic defects as puf-8(0k302/0k302); pas-1(kp23/kp23)
(Fig. S5). These results demonstrate that kp23 is a hypomorphic
allele of pas-1 and that oogenesis in the puf-8§ mutant is sensitive to
the reduction of pas-1 and, by extension, of proteasome activity.
Consistent with this notion, depletion of PAS-3, another proteasome
component, led to 100% sterility in puf-8(0k302) worms (n=200
worms).

We determined the expression pattern of PAS-1 by inserting the
coding sequence of GFP in-frame at the C-terminus of PAS-1 at
the endogenous pas-1 locus using CRISPR/Cas9. As shown in
Fig. S6A, PAS-1::GFP was present throughout the germline; it was
predominantly localized to the nucleus, where it formed alternate
bands with the chromatin, as was readily apparent in pachytene
nuclei (Fig. S6B).

Homologous chromosomes fail to pair during oogenesis in
the puf-8(0k302); pas-1(kp23) double mutant

The abnormal meiotic chromatin morphology in puf-8(0k302); pas-
1(kp23) germlines (Fig. 1) suggested potential meiotic defects,
which have been known to trigger apoptosis. Thus, it is possible that

puf-8(ok302); pas-1(kp23); ced-3(RNA

Fig. 2. puf-8(ok302); pas-1(kp23) gonads accumulate oocytes with
unpaired chromosomes when apoptosis is blocked. Proximal part
(diplotene and diakinetic regions) of dissected gonads of the indicated
genotypes stained with DAPI. Oocyte nuclei are circled. Most oocyte nuclei in
ced-3(RNAI), puf-8(ok302); ced-3(RNAI) and pas-1(kp23),; ced-3(RNAI)
possess six DAPI-stained structures representing the six bivalents, whereas
12 such structures are seen in puf-8(0k302); pas-1(kp23); ced-3(RNAI)
oocytes. Images are maximum intensity projections. Scale bar: 20 um. Inset
shows one oocyte nucleus at higher magnification. Scale bar: 5 ym.

the absence of oocytes in puf-8(0k302); pas-1(kp23) worms
resulted from increased apoptosis. We blocked apoptosis in
puf-8(0k302); pas-1(kp23) worms by depleting CED-3, a core
component of the apoptotic machinery, using RNAi. In wild-type
C. elegans, oocytes arrest at the diakinetic stage until fertilization.
During this stage, the six bivalent chromosomes appear as distinct
dots upon staining with DAPI. In the wild type, several immature
oocytes, each containing six bivalent chromosomes, accumulated
upon CED-3 depletion. Similar observations were made in puf-
8(0k302) and pas-1(kp23) single-mutant germlines as well. Oocytes
with seven DAPI dots were occasionally seen in puf-8(0k302); ced-
3(RNAi) worms, presumably due to the accumulation of defective
oocytes that persisted in the absence of apoptosis. In contrast to the
puf-8(0k302); pas-1(kp23) double mutant, in which oocytes were
absent (Fig. 1), several cells resembling diakinetic oocytes were
readily observed in puf-8(0k302); pas-1(kp23); ced-3(RNAi)
germlines; significantly, all these cells contained twelve DAPI
dots, suggesting a failure of homolog pairing (Fig. 2). These results
indicate that oocytes fail to form in puf-8(0k302); pas-1(kp23)
worms due to cell death triggered by a potential pairing defect.

As mentioned above, sperm formation was unaffected in puf-
8(0k302); pas-1(kp23) worms, indicating that meiotic entry was

pas-1(kp23)

Fig. 3. The synaptonemal complex central element protein SYP-1 fails to
spread along chromosomes in puf-8(0k302); pas-1(kp23) meiocytes.
Sections of pachytene regions of the indicated genotypes stained with DAPI
(green) and with anti-SYP-1 antibodies (red). Whereas SYP-1 is seen spread
along chromosomes in wild-type, puf-8(0k302) and pas-1(kp23) nuclei, it
aggregates into a single focus in puf-8(ok302); pas-1(kp23) nuclei. Scale bar:
20 ym. See Fig. S12 for images of complete gonads.
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unaffected. Nevertheless, we tested by several approaches whether
the meiotic entry process was intact in these worms after germ cells
switched to the oogenic mode. First, in contrast to the puf-8(0k302);
pas-1(kp23) double mutant, mutants defective for meiotic entry,
such as the gld-2(q497) gld-1(q485) and gap-3(kp1),; puf-8(zhi17)
double mutants, did not form oocytes upon depletion of CED-3
(Fig. S7) (Kadyk and Kimble, 1998; Vaid et al., 2013). Second, the
puf-8(0k302); pas-1(kp23) double mutation failed to block
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tumorigenesis that is dependent on meiotic entry. For example, in
the absence of GLD-1 and PUF-8, germ cells in spermatogenic
mode dedifferentiate into germ cell tumors only after meiotic entry
(Priti and Subramaniam, 2015). The puf-8(0k302); pas-1(kp23)
worms did form germ cell tumors upon GLD-1 depletion by RNAi
(Fig. S8). Oogenic mode germ cells lacking GLD-1 have been
shown to dedifferentiate after meiotic entry (Francis et al., 1995).
To test the effect of puf-8(0k302); pas-1(kp23) on this
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Fig. 4. Homologous chromosomes fail to pair in puf-8(ok302); pas-1(kp23) meiocytes. (A) Sections of pachytene regions of the indicated genotypes. (Top)
Chromosome |V is visualized using the GFP::Lacl fusion protein bound to lacO sequences inserted into chromosome IV. In contrast to the other three
genotypes shown, where only one GFP focus representing the paired chromosome IV homologs is seen in each nucleus, two GFP foci are seen in each puf-
8(0k302); pas-1(kp23) nucleus. (Middle) ZIM-1, which binds to the PCs of chromosomes Il and Ill, is visualized by immunostaining (green); DNA is stained with
DAPI (blue). The majority of wild-type, puf-8(ok302) and pas-1(kp23) germ cells show two ZIM-1 foci per nucleus, which correspond to the bivalents of
chromosomes Il and Ill. By contrast, puf-8(0k302); pas-1(kp23) nuclei have more than two ZIM-1 foci per nucleus. (Bottom) Crossover sites are visualized
using COSA-1::GFP. Six COSA-1::GFP foci per nucleus, corresponding to one crossover per pair of the six homolog pairs, are seen in most wild-type, puf-

8(0k302) and pas-1(kp23) germ cells, whereas only one or two such foci per nucleus, indicating fewer crossovers, are present in puf-8(0k302); pas-1(kp23) germ
cells. Each oval outlines an individual nucleus. Images in the bottom row are maximum intensity projections. Scale bars: 10 ym. (B) Germlines of the
indicated genotypes have been divided into five regions, and the percentage of nuclei in each region with only one GFP::Lacl focus (paired chromosome 1V) has
been plotted. Total nuclei scored for regions 1-5, respectively: 85, 117, 130, 107 and 88 for wild type (four gonads); 49, 78, 87, 95 and 93 for puf-8(ok302) (four
gonads); 35, 34, 48, 59 and 44 for pas-1(kp23) (two gonads); 124, 126, 137, 101 and 55 for puf-8(ok302); pas-1(kp23) (six gonads). (C) Numbers of
crossovers per nucleus were scored and plotted as percentage of nuclei for the indicated genotypes. Total nuclei scored: 44, 70, 91 and 88 for wild type (three
gonads), puf-8(ok302) (five gonads), pas-1(kp23) (four gonads) and puf-8(0k302); pas-1(kp23) (six gonads), respectively.

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.163949.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.163949.supplemental

RESEARCH ARTICLE

Development (2018) 145, dev163949. doi:10.1242/dev.163949

gld-1(-)-dependent tumorigenesis, we feminized the hermaphrodite
germline by depleting FEM-3, and found that the gld-1(RNAi), puf-
8(0k302); pas-1(kp23) fem-3(RNAi) animals had well-developed
germ cell tumors (Fig. S8). Third, the onset of SUN-1
phosphorylation, which is known to occur upon meiotic entry
(Penkner et al., 2009), was unaffected in puf-8(0k302); pas-1(kp23)
germlines (Fig. S9). Furthermore, chromosomal loading of SC
proteins such as HIM-3 and HTP-3 was also intact in the double
mutant (see below). These results demonstrate that puf-8(0k302);
pas-1(kp23) germ cells enter meiosis normally.

To characterize the puf-8(0k302); pas-1(kp23) meiotic defects
more precisely, we examined the localization patterns of SC proteins
and well-known markers of the pairing event. In wild-type
meiocytes, the lateral element (axis) components HTP-3 and
HIM-3 first appear on the chromatin at the premeiotic stage
(Goodyer et al., 2008; Zetka et al., 1999). Although HTP-3 was
localized on the chromatin in puf-8(0k302); pas-1(kp23) germlines,
its localization pattern was more irregular than that seen in the wild
type, which is consistent with the abnormal chromatin morphology
detected by DAPI staining as described above (Fig. S10). Moreover,
unlike the wild type, the double-mutant germlines expressed HTP-3
even in the distalmost germ cells (described in more detail below).
The localization pattern of HIM-3 in puf-8(0k302); pas-1(kp23)
germlines was also suggestive of irregular chromatin morphology.
However, the onset of HIM-3 expression, unlike HTP-3, was largely
unaffected in these germlines (Fig. S8). The central element protein
SYP-1 first appears as foci on a few nuclei just prior to the transition
zone and is distributed along the entire length of chromosomes in
transition and pachytene zones in the wild type (MacQueen et al.,
2002). We obtained similar SYP-1 localization patterns in the
puf-8(ok302) and pas-1(kp23) single-mutant germlines. By
contrast, SYP-1 was present only as foci and was never found to
form tracks along the chromosomes in puf-8(0k302); pas-1(kp23)
germlines (Fig. 3, Fig. S12). Similar persistence of SYP-1 foci
has been reported in some mutants in which homologous
chromosomes fail to pair (Alleva et al., 2017; Bilgir et al., 2013;
Brockway et al., 2014; Sato et al., 2009). Thus, consistent with the
ced-3(RNAi) results described above, the SYP-1 localization defect
supports the contention that homolog pairing is defective in
puf-8(ok302); pas-1(kp23) germlines. We observed a similar

puf-8(ok302); pas-1(kp23)

localization defect in the case of SYP-2, another central element
component (Fig. S13).

Next, we tracked a single chromosome pair (chromosome 1V)
marked with an integrated bacterial lacO operator sequence using a
transgene-expressed GFP::Lacl that binds to lacO (Bilgir et al.,
2013). As shown in Fig. 4A,B, only one GFP::Lacl focus per
nucleus, representing paired chromosome IV, was observed in the
pachytene zones of wild-type, puf-8(302) and pas-1(kp23)
germlines. By contrast, almost all pachytene nuclei of puf-
8(0k302); pas-1(kp23) germlines contained two GFP::Lacl foci
each, which indicates that the homologous chromosomes fail to pair
in these germlines. ZIM-1 binds specifically to the PCs on
chromosomes II and III. Thus, anti-ZIM-1 antibodies detect two
foci, representing the paired chromosomes II and III, in wild-type
pachytene nuclei (Phillips and Dernburg, 2006). Whereas we saw
only two ZIM-1 foci per nucleus in the pachytene zones of wild-
type, puf-8(0k302) and pas-1(kp23) germlines, there were several
nuclei each with three or four ZIM-1 foci in the puf-8(0k302);
pas-1(kp23) double-mutant pachytene region (Fig. 4A,B).

To confirm the above observations, we detected the crossover
sites in all four genotypes using GFP::COSA-1, which binds to the
crossover sites (Yokoo et al., 2012). As would be predicted from the
single crossover that is known to form per chromosome pair in
C. elegans, six GFP::COSA-1 foci were present in each late
pachytene nucleus in wild-type, puf-8(0k302) and pas-1(kp23)
germlines. By contrast, only one or two GFP::COSA-1 foci were
seen in the puf-8(0k302); pas-1(kp23) pachytene nuclei (Fig. 4C).
These foci appeared larger than those observed in wild type and
each single mutant. We conclude that the pairing of homologous
chromosomes requires PUF-8 or wild-type PAS-1.

Chromosome ends fail to attach to the cytoskeleton in the
puf-8(ok302); pas-1(kp23) double mutant

In C. elegans, the ends of chromosomes interact with SUN-1
localized on the inner NE, which interacts with ZYG-12 present on
the outer NE, which in turn recruits microtubule-associated dynein
in the cytoplasm. This chromosomal tethering to the cytoskeleton
initiates chromosomal movements that facilitate pairing and
synapsis (Penkner et al., 2007; Sato et al., 2009). A hallmark of
chromosomal tethering is the formation of ZYG-12 foci on the NE.

pas-1(kp23)

puf-8(0k302); pas-1(kp23)

Fig. 5. Chromosome ends fail to attach to the cytoskeleton in puf-8(0k302); pas-1(kp23) meiocytes. Aggregation of ZYG-12 and the dynein DHC-1 into
distinct foci on the NE indicate successful attachment of homolog pairs to the cytoskeleton. Expression patterns of ZYG-12::GFP (left) and DHC-1::GFP
(right) in the germlines of the indicated genotypes are shown. (Left) Maximum intensity projection images of distal arms of gonads (outlined) in intact worms.
(Right) Distal arms of dissected gonads. Vertical lines delineate regions of distinct foci visible in wild type, puf-8(0k302) and pas-1(kp23); no such distinctions are

seen in puf-8(0k302); pas-1(kp23) germlines. Scale bars: 20 um.
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To determine the status of this process in the puf-8(0k302); pas-
1(kp23) mutant, we examined the localization patterns of ZYG-12
and the dynein heavy chain DHC-1 in live worms using GFP
reporter fusions. As expected, both ZYG-12::GFP and DHC-1::
GFP formed distinct foci on the NE in transition and early
pachytene regions of wild-type, puf-8(ok302) and pas-1(kp23)
germlines (Fig. 5). By contrast, neither of the proteins formed such
NE foci in puf-8(0k302); pas-1(kp23) germlines, indicating that the
chromosome ends fail to attach to the cytoskeleton in these worms.

PUF-8 promotes proteasome activity in the distal germline
Since PAS-1 is a core component of the proteasome and since our
genetic analyses (see above) indicate that pas-1(kp23) is a reduction-
of-function allele, we examined whether proteasome activity is
compromised in the puf-8(0k302), pas-1 (kp23) mutant. We generated
a transgenic line that expresses a non-hydrolysable version of
ubiquitin fused to a GFP reporter and histone H2B (UbG76V::GFP::
H2B) in the germline. Substitution of the C-terminal glycine with
valine abrogates hydrolysis of the mutant ubiquitin from substrates
conjugated to it, resulting in constitutive targeting of the conjugated
substrate for proteasome-mediated degradation (Johnson et al., 1992).
The UbG76V mutant form of ubiquitin has previously been shown to
be a reliable sensor of proteasome activity in C. elegans somatic cells
(Hamer et al., 2010). In wild-type germlines, UbG76V::GFP::H2B
could not be detected in the mitotic, transition and pachytene zones.
Depletion of PAS-1 or PAS-3, another core proteasome component,
by RNAI led to the accumulation of UbG76V::GFP::H2B throughout
the germline, which demonstrates that the absence of UbG76V::
GFP::H2B in the distal germline was indeed due to proteasome-
mediated degradation. Presumably due to the absence or low levels of
proteasome activity in oocytes, we did detect the presence of
UbG76V::GFP::H2B in oocyte nuclei of all genotypes tested. The
expression patterns of UbG76V::GFP:H2B in puf-8(RNAi) and
pas-1(kp23) germlines were similar to that of the wild type. By
contrast, in puf-8(RNAi); pas-1(kp23) germlines, UbG76V::GFP::
H2B was readily detectable in the distal germline (Fig. 6). These
observations indicate that the kp23 mutation reduces proteasome
activity only partially — the effect was detectable only in the distal part
of germlines missing puf-8 function — and uncover a role for puf-8§ in
promoting proteasome activity in the distal germline, where PUF-8 is
strongly expressed (Ariz et al., 2009).

HTP-3 accumulates precociously in puf-8(0k302);
pas-1(kp23) germlines

In wild-type germlines, HTP-3 does not accumulate to detectable
levels in the mitotic zone. However, when proteasome activity is
compromised, the HTP-3 level increases significantly in the mitotic
zone, showing that HTP-3 is normally degraded by the proteasome in
this zone (Burger et al., 2013). Therefore, if proteasome activity is
indeed compromised in the mitotic zone of puf-8(0k302); pas-1(kp23)
germlines, we would expect HTP-3 to accumulate in this zone.
Immunostaining dissected gonads with anti-HTP-3 antibodies
revealed that the HTP-3 level in the mitotic zone was substantially
higher in the double mutant than in the wild type or the two single
mutants (Fig. 7). Thus, these results provide additional evidence that
proteasome activity is reduced in the distal part of puf-8(0k302); pas-
1(kp23) germlines.

Meiotic defects in the puf-8(0k302); pas-1(kp23) mutant are
due to loss of proteasome activity

Next, we determined whether the puf-8(0k302); pas-1(kp23)
pairing defect was due to, or independent of, the loss of

UbG76V::GFP::H2B
Distal

Wild-type

puf-8(RNAI) o
[@]

Proximal

pas-1(kp23)

puf-8(RNAI); pas-1(kp23)

pas-1(RNAi)

pas-3(RNAi)
GFP::H2B

Fig. 6. PUF-8 promotes ubiquitin-mediated protein degradation. Dissected
gonads showing the expression patterns of Ub(G76V)::GFP::H2B in germlines
of the indicated genotypes. Ub(G76V)::GFP::H2B is expressed in germlines
using the pie-1 promoter and drp-1 3’ UTR. Ub(G76V)::GFP::H2B is
undetectable from the distal end to the late pachytene region in wild-type, puf-
8(0k302) and pas-1(kp23) germlines. By contrast, Ub(G76V)::GFP::H2B is
present in the distal part of puf-8(0k302); pas-1(kp23) germlines. Gonads in
which the proteasome core components PAS-1 and PAS-3 have been
depleted by RNAI are shown as controls for the proteasome-mediated removal
of Ub(G76V)::GFP::H2B in the germline. As additional controls, the expression
patterns of non-ubiquitylated GFP::H2B, expressed under the same promoter
and 3’ UTR, in the wild-type and puf-8(RNAi) germlines are shown (bottom).
Scale bars: 20 pm.

proteasome activity in the double-mutant germlines. We were able
to restore proteasome activity in the double-mutant germline using
kp78, amutant allele of rpn-1, which encodes a non-ATPase subunit
of the proteasome 19S regulatory particle. We isolated kp78 in a
genetic screen for potential suppressors of puf-8(0k302); pas-
1(kp23) phenotypes (see Materials and Methods and the
supplementary Materials and Methods). The ip78 mutation
substitutes a conserved glycine at position 403 to serine and does
not cause any obvious phenotypic defects, except a slight reduction
in brood size [rpn-1(kp78), 211 progeny/worm, n=5 worms; wild
type, 263 progeny/worm, n=6 worms; Fig. S14]. However, kp78
rescues the sterility phenotype of puf-8(0k302); pas-1(kp23) even in
the heterozygous condition: all worms of both puf-8(0k302); rpn-
1(kp78/+); pas-1(kp23) and puf-8(0k302); rpn-1(kp78/kp78), pas-
1(kp23) genotypes are fertile (n=100 worms; Fig. 8A). In contrast to
the puf-8(0k302); pas-1(kp23) double mutant, in which UbG76V::
GFP::H2B could be readily detected in the first half of the distal
germline, it was absent throughout the entire distal part of
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puf-8(ok302)

pas-1(kp23)

puf-8(0k302); pas-1(kp23)

triple-mutant germlines (Fig. 8B). Consistently, the HTP-3
expression pattern in the triple mutant was comparable to that of
the wild type and unlike that of the puf-8(0k302); pas-1(kp23)
double mutant (Fig. 8C). These observations strongly support the
contention that rpn-1(kp78) rescues the proteasome defects caused
by the lack of PUF-8 and partial loss of PAS-1 function.
Immunostaining revealed normal spreading of SYP-1 along
chromosomes in puf-8(0k302); rpn-1(kp78); pas-1(kp23)
germlines, which is in contrast to the SYP-1 aggregates seen in
puf-8(0k302); pas-1(kp23) (data not shown). Thus, restoration of
proteasome activity abolishes the defective localization patterns of
meiotic machinery components such as HTP-3 and SYP-1 and
restores fertility in puf~-8(0k302); pas-1(kp23) worms. The
restoration of synapsis in the triple mutant is accompanied by the
restoration of chiasmata to homolog pairs, as visualized in the
highlighted oocyte nucleus in Fig. 8A. Additionally, depletion of
PAS-1 alone by RNAI caused similar SYP-1 aggregation to that
observed in puf-8(0k302), pas-1(kp23) (Fig. 8D). We conclude that
the meiotic defects and sterility observed in these worms are due to
the loss or reduction of proteasome activity.

Meiotic defects of the puf-8(ok302); pas-1(kp23) mutant are,
at least in part, due to increased HTP-3 activity

To investigate how the proteasome contributes to homolog pairing,
we first focused on HTP-3 because its expression in the germline, at
least its levels in the mitotic zone, is controlled by the proteasome.
Moreover, reduction of HTP-3 activity suppresses the sterility
phenotype of worms lacking LRR-1, which is the substrate
recognition subunit of the E3 ligase CRL2"RR-! that targets HTP-
3 for proteasome-mediated degradation (Burger et al., 2013). We
tested whether reduction of HTP-3 activity suppressed any of the
meiotic defects of puf-8(0k302), pas-1(kp23) animals by generating
a triple-mutant strain using ve75, which is a reduction-of-function
allele of Atp-3 (Burger et al., 2013; Couteau and Zetka, 2011).
Although the ve75 mutation did not abolish the misexpression of
HTP-3 observed in the puf-8(0k302); pas-1(kp23) mitotic zone, the

Fig. 7. HTP-3 is expressed precociously in
puf-8(ok302); pas-1(kp23) germlines. Distal ends of
gonads of the indicated genotypes stained with anti-HTP-
3 (red) antibodies and DAPI (green). In wild type,
puf-8(0k302) and pas-1(kp23), HTP-3 expression is weak
in the distalmost region of the germline. By contrast, a
significant amount of HTP-3 localizes on chromatin in the
same region in puf-8(ok302); pas-1(kp23) germlines.
Scale bar: 20 ym.

chromatin morphology defects, as revealed by staining with DAPI
and anti-HTP-3 antibody, were significantly less severe in Ap-
3(ve75); puf-8(0k302); pas-1(kp23) triple mutants than in puf-
8(0k302); pas-1(kp23) double mutants (Fig. 9A). This was
particularly noticeable in the late pachytene region, where the
triple-mutant nuclei exhibited the characteristic wild-type ‘bowl of
spaghetti’ morphology (Fig. 9B). In addition, although the SYP-1
foci persisted longer in the triple mutant than in the wild type, SYP-
1 did spread along chromosomes by the time the triple-mutant
nuclei progressed to late pachytene stage in 25% of worms (n=133),
which is in contrast to puf-8(0k302); pas-1(kp23) germlines in
which SYP-1 remained as concentrated foci in all worms (n=100)
(Fig. 9C). However, the triple mutants did not produce oocytes and
were sterile. Thus, the above results suggest that altered HTP-3
expression is at least partly responsible for the meiotic defects of
puf-8(0k302); pas-1(kp23) mutants.

DISCUSSION

The role of protein degradation during the early events of meiotic
prophase I has remained unknown until recently. Earlier this year,
Ahuja et al. (2017) showed that the core proteasome is essential in
yeast for the homologous coupling of centromeres — a prelude to
homolog pairing in yeast — and crossover-dependent repair of the
DSB. They also provided evidence that the proteasome is localized
on meiotic chromatin and required for SC assembly in both yeast
and C. elegans. In parallel studies, Rao et al. (2017) showed that
SUMO, ubiquitin and the proteasome localize on meiotic chromatin
in the mouse, where SUMOylation and ubiquitylation work in
tandem to promote DSB repair via crossover formation (Rao et al.,
2017). Our current work corroborates these findings and
furthermore (1) provides evidence that proteasome activity is
essential in C. elegans for tethering chromosome ends to the
cytoskeleton via SUN-1/ZYG-12, a prerequisite in many organisms
for proper homolog pairing, and (2) identifies PUF-8, a conserved
translational regulator, as a regulator of proteasome activity in
premeiotic cells.
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DNA|Embryos

puf-8(ok302); pas-1(kp23)

puf-8(RNAI); pas-1(kp23)

buf (0k302); pas-1(kp23)

. Oocyte'nucleus
puf-8(ok302); rpn-1(kp78); pas-1(kp23)

pn-1(kp78); pas-1(kp23)

puf-8(ok302); pas-1(kp23)

Fig. 8. Meiotic defects of puf-8(0k302); pas-1(kp23) are primarily due to loss of proteasome activity. (A) Germlines (white outline) within whole worms of the
indicated genotypes, stained with DAPI. Whereas the puf-8(0k302); pas-1(kp23) double mutant fails to produce oocytes, the puf-8(0k302); ron-1(kp78); pas-
1(kp23) triple mutant produces oocytes and embryos. (B) Expression patterns of Ub(G76V)::GFP::H2B in the distal germline of the indicated genotypes.
Proteasome activity, which is significantly reduced in puf-8(RNAI); pas-1(kp23) germlines (n=80 germlines), is restored by the kp78 allele of rpn-1 (n=40
germlines). (C) Misexpression of HTP-3 in the mitotic region observed in puf-8(0k302); pas-1(kp23) germlines is suppressed by the kp78 allele. (D) Expression
pattern of SYP-1::GFP in the late pachytene region of PAS-1-depleted and puf-8(0k302); pas-1(kp23) double-mutant germlines. In both cases, SYP-1::GFP
aggregates into foci. Images in D are maximum intensity projections. Scale bars: 20 ym.

Several lines of evidence together demonstrate that the meiotic
defects of puf-8(0k302); pas-1(kp23) result from loss of
proteasome activity in the premeiotic region, rather than being
due to a combined effect of reduction of proteasome activity
caused by the kp23 mutation and loss of puf-8 function that is
unrelated to the proteasome. First, depletion of PAS-1 by RNAI
causes similar meiotic defects — for example, aggregation of SYP-
1 —as seen in puf-8(0k302), pas-1(kp23) double mutants. Second,
proteasome activity, monitored by detecting the expression of
Ub76V::GFP::H2B, is diminished in the puf-8(0k302); pas-
1(kp23) double-mutant distal germline, but not in either of the
single mutants. Third, a potential gain-of-function mutation in
rpn-1, which encodes a regulatory subunit of the proteasome,
restores proteasome activity and suppresses the puf-8(ok302);

pas-1(kp23) meiotic defects, such that puf-8(0k302), rpn-1(kp78);
pas-1(kp23) worms are fertile.

In addition to the precocious build-up of a specific proteasome
substrate such as HTP-3 in puf-8(0k302); pas-1(kp23) germlines,
we found that non-hydrolysable ubiquitin fused to a reporter
(Ub76V::GFP::H2B) also accumulated in these germlines. These
observations indicate that puf-8 promotes core proteasome activity,
rather than promoting the degradation of a specific protein, in the
germline. Furthermore, since Ub76V::GFP::H2B accumulated only
in the premeiotic region of puf-8(0k302); pas-1(kp23) germlines,
the positive influence of puf-8 on the proteasome is spatially
restricted to this region, where its expression is strongest (Ariz et al.,
2009; Pushpa et al., 2013). Intriguingly, even in this region, the
effect of puf-8 on the proteasome is subtle: neither the HTP-3
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A puf-8(0k302); pas-1(kp23)

htp-3(vc75); puf-8(0k302); pas-1(kp23)

Fig. 9. Reduction of htp-3 function partly suppresses
the morphological defects of puf-8(ok302); pas-1(kp23)
meiotic chromatin. Dissected gonads of the indicated
genotypes stained with DAPI and anti-HTP-3 (A,B) or anti-
SYP-1 (C) antibodies. Higher magnifications of the boxed
regions in A are shown in B. The chromatin morphology, as
revealed by staining with DAPI and anti-HTP-3 antibodies,
is more regular — closer to the wild-type ‘bowl of spaghetti’
morphology (Fig. 3) —in the htp-3(vc75); puf-8(0k302);
pas-1(kp23) triple mutant than in the puf-8(0k302);
pas-1(kp23) double mutant. (C) SYP-1 starts to spread
along the chromosomes in late pachytene meiocytes of the
triple mutant; by contrast, SYP-1 never distributes along
chromosomes in the double mutant. The brackets indicate
the late pachytene meiocytes. Images in C are maximum
intensity projections. Scale bars: 20 um.

¢

htp-3(vc75); puf-8(ok302); pas-1(kp23)

misexpression nor the accumulation of Ub76V::GFP::H2B was
observed in puf-8 single mutants, although meiotic defects were
observed in these worms (Subramaniam and Seydoux, 2003). We
have previously reported a similar subtle, but negative, influence of
puf-8 on RAS/MAPK signaling in promoting mitotic exit (Vaid
et al., 2013). Thus, these observations support the conclusion that
PUF-8 primarily functions as a regulator, rather as an absolute on/
off switch, in facilitating the mitosis-meiosis transition. Such a role
is likely to be crucial to control the number of germ cells that enter
meiosis at any given time, which, in turn, is potentially crucial for
maintaining the size of the self-renewing population.

How does puf-8 regulate core proteasome activity? Since PUF-8
regulates the translation of specific mRNAs (Maheshwari et al.,
2016; Mainpal et al., 2011; Vaid et al., 2013), an obvious possibility
is that it regulates the translation of one or more of the core
components of the proteasome. Alternatively, expression of
factor(s) that regulate proteasome activity, such as RPN-1, might

be subject to translational control by PUF-8. A third possibility is
that PUF-8 controls the stability of one or more mRNAs connected
to proteasome activity or regulation (Pushpa et al., 2013). The
transgenic line expressing Ub76V::GFP::H2B in the germline,
generated in the current work, will be a valuable resource in
screening for the relevant mRNA(s).

Multiple observations reported here — unpaired chromosome IV,
presence of more than two ZIM-1 foci, severe reduction in the
number of COSA-1 foci that mark the crossovers, and SYP-1
aggregation — provide evidence that homologous chromosomes fail
to pair in puf-8(0k302), pas-1(kp23) animals. An early event during
homolog pairing is the binding of PC proteins such as ZIM-1 to
PCs, which was not affected in these animals. Thus, proteasome
activity might not be essential for the PC-binding protein—PC
interaction. A crucial subsequent event is the initiation of pairing,
upon which the PC proteins bound to a given homolog pair appear
as a single focus. The paired PCs are tethered to the cytoplasmic
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microtubule-associated dynein via the SUN-1/ZYG-12 proteins,
which leads to aggregation of ZYG-12 and the dynein DHC-1 to
form specific foci on the NE (Penkner et al., 2007; Sato et al., 2009).
In the puf-8(0k302); pas-1(kp23) mutant, the PCs do not pair and
neither ZYG-12 nor DHC-1 forms specific foci, which suggests that
an intact proteasome is essential for initiating the pairing process.
Although the proteasome substrate(s) most relevant to the pairing
process are currently unknown, our observations that the axis
protein HTP-3 prematurely accumulates in puf-8(0k302); pas-
1(kp23) germlines and that the reduction of HTP-3 activity partially
rescues chromatin morphology and promotes SYP-1 spreading
along chromosomes, suggest that the proteasome contributes to
homolog pairing and synapsis, at least in part, by preventing the
premature accumulation of HTP-3 in mitotic/premeiotic germ cells.

MATERIALS AND METHODS

C. elegans strains

All strains were maintained at 20°C as described (Brenner, 1974). We used
the Bristol (N2) strain as the wild type. Strains used are listed in Table S1.
Genetic mapping of kp23 and kp78 mutations and the generation of various
transgenic lines and genetic mutant combinations used in this study are
described in the supplementary Materials and Methods, Figs S1 and S11.

Fluorescence microscopy

Whole worms and dissected gonads were stained with DAPI to visualize
DNA as described previously (Francis et al., 1995). For immunostaining,
gonads were dissected, permeabilized by freeze-crack, fixed and incubated
with antibodies as described (Ariz et al., 2009). Fixation conditions were as
described by MacQueen et al. (2005). The following antibodies were used:
anti-pSUN-1 (Penkner et al., 2009), anti-SYP-1 (MacQueen et al., 2002),
anti-ZIM-1 (Phillips and Dernburg, 2006) and anti-HTP-3 (Goodyer et al.,
2008) at 1:1000, 1:1000, 1:500 and 1:250, respectively. Secondary
antibodies were from Jackson ImmunoResearch Laboratories and used at
1:50. Immunostained gonads were mounted in Vectashield (Vector
Laboratories) anti-fading agent before microscopy. Fluorescence signals
of immunostained gonads and those expressing GFP were observed using a
Zeiss Axio Imager M2 fluorescence microscope. Images were captured
using a CCD camera (Zeiss Axiocam 506 Mono) and deconvolved using the
Deconvolution module of Axiovision software (Zeiss).

Mutagenesis

To identify mutations that suppress the puf-8(0k302); pas-1(kp23)
phenotype, the IT1028 [ puf-8(0k302) unc-4(e120)/mnC1 II; pas-1(kp23)
V] strain was treated with the chemical mutagen ethyl methanesulfonate
(EMS) as described (Brenner, 1974). Briefly, L4 larvae were incubated in
M9 buffer (22 mM KH,PO,4, 42 mM Na,HPO,, 85 mM NaCl, 1 mM
MgSOy,, pH 7.0) containing 50 mM EMS for 6 h, washed and allowed to
recover on lawns of E. coli strain OP50. After 12 h, embryos were collected
from gravid hermaphrodites. Larvae hatching out of these F1 embryos were
cloned and their progeny examined. F1 clones producing fertile puf-
8(0k302) unc-4(el20); pas-1(kp23) progeny, which were identified based
on the uncoordinated phenotype, were selected as carrying potential
suppressor mutations.

RNA interference

For RNAi, 500-700 bp coding sequences were PCR amplified from cDNA
synthesized from total RNA isolated from wild-type worms and were cloned into
the pSV2 vector (Mainpal et al., 2011). PCR primers used for pas-1, pas-3, uig-1
and coh-3 RNAI clones are listed in Table S2; the puf-8 RNAI clone was already
available (Mainpal et al., 2011). For RNAI treatment, worms were grown on
lawns of E. coli strain HT115 carrying the desired pSV2 construct as described
(Mainpal etal., 2011). Since loss of PAS-1 or PAS-3 causes embryonic lethality,
L2 stage larvae were transferred to RNAi lawns and the phenotypes were scored
at the adult stage of the same worms. For wuig-/ and coh-3, L4 larvae were
transferred to RNAi lawns and their progeny examined for the RNAi phenotype.

Generation of point mutations and reporter insertions

Various point mutations and reporter insertions were introduced by the
CRISPR/Cas9 genome-editing method using protocols described by Arribere
etal. (2014). To drive sgRNA expression in C. elegans, we constructed a new
plasmid vector, pAP20, which does not have the concatamerization problem
observed with pRB1017 as described by Arribere et al. (2014). We removed
the internal Bsal site in pSV2 by digestion with Bsal and Bg/lI and religation,
and inserted the sgRNA expression cassette containing a U6 promoter, two
Bsal sites and the sequence for coding tracrRNA at the EcoRV site to yield
pAP20. The sgRNA cassette was PCR amplified using primers KS4973 and
KS4974 from pRB1017 (Arribere et al., 2014). Annealed oligonucleotides
coding for sgRNAs were ligated to Bsal-digested pAP20. The pAP20 vector
was used to express sgRNAs for all edits except for generating the pas-
1(kp72) mutation for which the pDD162 vector was used (Dickinson et al.,
2013). We used pJASS as the sgRNA template targeting the dpy-10 locus as
the co-injection marker (Arribere et al., 2014).

We used single-stranded oligodeoxynucleotides (ssODNs) as repair
templates (Paix et al., 2014) for introducing point mutations and the long
homology-dependent repair method (Dickinson et al., 2015) for GFP
insertion. We PCR amplified the GFP coding sequences from pKS114
(Mainpal et al., 2011) using primers KS4194 and KS5423 and inserted at the
Xmal site of pBluescript KS(+) (Stratagene) to generate pAK96. About 600 bp
sequences immediately upstream [5" homology arm (HA)] and downstream
(3" HA) of the PAS-1 stop codon were PCR amplified from genomic DNA
obtained from wild-type worms using the primer pairs KS5576-+KS5577 and
KS5578+KS5579, respectively. The PCR products were cloned at BamHI and
Hindlll sites of pAK96, respectively, to generate the repair template pAK115
for inserting GFP downstream of the pas-I coding sequence. For generating
the IT1187 strain, which expresses Ub(G76V)::GFP::H2B, the coding
sequence of Ub(G76V) was PCR amplified from the AGD1033 strain
(Vilchez et al., 2012) using primers KS5432 and KS5433 and the PCR
product was used as the repair template. Ub(G76V) coding sequences were
introduced upstream of the GFP coding sequences in the IT828 strain, which
carries an integrated transgene that expresses GFP::H2B under the control of
the pie-1 promoter and drp-1 3’ UTR (A. Chaturbedi and K.S., unpublished).
All oligonucleotides mentioned above are listed in Table S2.
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