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ABSTRACT

The cold shock domain is one of the most highly con-
served motifs between bacteria and higher eukary-
otes. Y-box-binding proteins represent a subfamily
of cold shock domain proteins with pleiotropic func-
tions, ranging from transcription in the nucleus to
translation in the cytoplasm. These proteins have
been investigated in all major model organisms ex-
cept Caenorhabditis elegans. In this study, we set out
to fill this gap and present a functional characteriza-
tion of CEYs, the C. elegans Y-box-binding proteins.
We find that, similar to other organisms, CEYs are es-
sential for proper gametogenesis. However, we also
report anovel function of these proteins in the forma-
tion of large polysomes in the soma. In the absence
of the somatic CEYs, polysomes are dramatically re-
duced with a simultaneous increase in monosomes
and disomes, which, unexpectedly, has no obvious
impact on animal biology. Because transcripts that
are enriched in polysomes in wild-type animals tend
to be less abundant in the absence of CEYs, our find-
ings suggest that large polysomes might depend on
transcript stabilization mediated by CEY proteins.

INTRODUCTION

The cold shock domain (CSD) is one of the most an-
cient and highly conserved protein domains known, shar-
ing more than 40% identity and 60% similarity between
bacteria and vertebrates (1). This nucleic acid binding mo-
tif enables the proteins to bind to both ssRNA and/or ss-

DNA (2). A small subgroup of the CSD protein superfam-
ily includes the so-called Y-box-binding proteins (YBPs).
Apart from the CSD, YBPs can contain additional motifs,
such as basic/aromatic or glycine-rich stretches in verte-
brate and plant proteins, respectively, and RG/RGG repeats
in a range of invertebrate proteins (1,3). Even though YBPs
act predominantly as nucleic acid binding proteins, they can
also directly interact with other proteins, as has been shown
for human YB-1 (4). These interactions usually depend on
motifs located outside the CSD. YB-1, for example, binds to
actin filaments via its alanine- and proline-rich N-terminal
domain (5).

Previous work from many laboratories revealed that
YBPs function in different cellular processes, best repre-
sented by the intensively studied human YB-1 (reviewed in
(4)). In the nucleus, for instance, this protein is involved in
transcription, DNA repair and pre-mRNA splicing, while
in the cytoplasm it has an important role in mRNA reg-
ulation, which includes both mRNA stability and trans-
lation repression or activation. Another family member,
FRGY-2, is expressed specifically in Xenopus oocytes. Its
main function is to package newly synthesized maternal
messages and keep them stable and translationally inac-
tive until needed (6-8). Further examples of YBPs with
important functions in the germline are MSY-2, which is
important for the stability of many maternally provided
mRNAs in mice (9,10), Yps, which plays a role in cor-
rect localization and expression of maternal oskar mRNA
in Drosophila (11), and Ybx1, which regulates maternal
sqtl mRNA translation and thereby ensures correct devel-
opment of the zebra fish embryo (12). Due to their abil-
ity to bind and package mRNA, YBPs have also been re-
ferred to as ‘RNA histones’ (1). Just like YBPs, the so-called
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DEAD-box helicases appear to be common constituents of
mRNA /protein granules (RNPs) and it has been suggested
that these enzymes help to establish and stabilize the inter-
action of YBPs with ssRNA (13). A previous study iden-
tified Caenorhabditis elegans YBPs (CEYs) as interaction
partners of the DEAD-box helicase CGH-1 (14), which is
essential for correct oogenesis (15). The abnormal oocytes
that form in the cgh-I mutant appear in part to be a result
of the formation of large aberrant RNP granules (16-18),
which have been proposed to represent solid aggregates of
abnormal RNPs (19).

Here, we present a comprehensive characterization of
CEYs that expands our understanding of the function of
these proteins in animal biology. We show that CEY's are
essential for the production of viable progeny and have a
conserved role in the formation of maternal mRNPs. Ad-
ditionally, we present an unexpected function of these pro-
teins in the soma. We find that, in the absence of CEYs, there
is a spectacular loss of large polysomes with the concomi-
tant increase of mono- and disomes, suggesting that CEY's
are essential for the proper accumulation of multiple ribo-
somes on mRNAs. Surprisingly, however, this loss of large
polysomes appears to have little consequences for animal
development and homeostasis. The potential roles of CEY's
in polysome biogenesis and in animal biology are discussed.

MATERIALS AND METHODS
Culturing animals

Animals were usually grown on 3.5-15 cm NG 2% plates
seeded with OP50 bacteria. For large-scale experiments, an-
imals were grown on 15 cm peptone-rich plates seeded with
OP50 bacteria. Gravid adults were then bleached and al-
lowed to hatch on empty plates o/n. The next morning, syn-
chronized L1s were counted and a defined number of larvae
were transferred to seeded plates. Animals were then grown
to young adulthood and harvested in liquid N,. The two
temperature-sensitive strains, glp-1(e2144) and glp-4(bn2),
were maintained and grown to large numbers at 15°C, be-
fore bleaching gravid adults and then shifting staged L1s to
25°C.

Strains

cey-1(0k1805), cey-2(0k902), cey-4(0k858), glp-1(e2144),
glp-4(bn2), efk-1(0k3609), ced-9(n1950) and ced-1(el735)
mutants were obtained from CGC. The cey-3(tm2839) mu-
tant was provided by the Mitani Lab through the National
Bio-Resource Project of the MEXT, Japan. All strains were
outcrossed at least 4x before use. The AIR-2-GFP trans-
genic line was provided by the Colaiacovo Lab (20). Tran-
scription activator like effector nucleases (TALENSs) (21,22)
were used to delete cey-3 in the cey-2 mutant background
to obtain the cey-2,-3 double mutant. A common cross of
the two single mutants was not attempted due to very close
proximity of the two genes (<0.1 cM). We obtained an 8-bp
deletion in the first exon, which created a premature stop
codon soon after, making this cey-3(rrr11) mutant a func-
tional null (confirmed by sterile phenotype of the cey-1,-2,-
3,-4 mutant).

Despite a 539-bp deletion, the cey-1(0k1805) mutant still
gave rise to a severely truncated version of CEY-1. This
protein contained the first part of the cold shock domain
with both RNA-binding motifs (RNP1 and RNP2) (2,23).
Due to unpredictable effects of such a protein, we used the
Cas9/CRISPR system to obtain a functional null mutant
(24). We obtained a 5-bp deletion in the second exon that
generated a premature stop codon soon after. The aberrant
transcript was recognized and degraded by the NMD path-
way (confirmed by semi-quantitative PCR).

Transgenic lines

Multisite Gateway (Life Technologies) was used to clone
almost all transgenes. Only CEY-3-GFP was obtained
from the TransgeneOme project (25). For the expression
of FLAG-tagged CEY-4, the ubiquitous dpy-30 promoter
had to be used instead of the endogenous cey-4 promoter
(also ubiquitous) due to technical problems during cloning.
An operon system (26) was used to monitor expression of
FLAG-tagged transgenes. Supplementary Table S1 shows a
list of transgenes generated for this study. Except for CEY-3-
GFP, which was obtained by bombardment, all transgenic
lines were obtained using MosSCI (27). Each line was out-
crossed at least 2x before use.

RNAi

Young adult hermaphrodites were injected with cey-2,-3
dsRNA (500 ng/wl each). Injected animals were allowed to
lay eggs for 10-12 h, before being transferred to new plates
and grown at 25°C. cgh-1 RNAIi was performed by feeding
(28).

Counting progeny numbers

For each strain, 10 L1s were picked to individual plates
and grown to adulthood at the corresponding temperature
(20°C, 25°C or 26°C). Adults were picked every 24 h to new
plates (two to three times). This allowed for a more accurate
counting of the progeny number.

Microscopy

Images were captured with a Zeiss Axiolmager Z1 micro-
scope, equipped with an Axiocam MRm REV2 CCD cam-
era. All images were acquired in the linear mode of the Ax-
iovision software (Zeiss) and processed using Image J and
Adobe Photoshop CS4 in an identical manner.

Live imaging

Animals were transferred into a drop of 0.04 M levamisol on
an agarose pad, covered with a cover slip and immediately
imaged.

Cell death assays

To measure germ cell death, animals were incubated for 3—
4 h on NGM plates containing acridine orange (AO) (500
pl of 100 mM AOQO/plate) and viewed by fluorescent mi-
croscopy (14). Cell corpses were counted visually using DIC
optics.



Immunostaining

Immunostaining was performed as previously described
(15). The following primary antibodies were used: a-CEY-4
(Supplementary Figure S1), a-GLD-1 (29), a-CGH-1 (14),
a-CAR-1 (14), a-pH3 (phospho-histone H3) (Upstate Bi-
ologicals) and a-activated MAPK-YT (Sigma). DNA was
visualized using 4”- 6-Diamidino-2-phenylindole (DAPI).

RNA extraction

One milliliter of Trizol (Life Technologies) was added to
each frozen C. elegans pellet (50-200 wl) and then ground
using a mortar and pestle in the presence of liquid N;. Ex-
tracts were centrifuged at 4°C for 10 min at 12 000 x g to
get rid of remaining debris. Supernatants were transferred
to new microcentrifuge tubes and 200 .1 of chloroform were
added, vortexed for 0.5 min and then centrifuged at 4°C for
15 min at 12 000 x g. The aqueous phase was transferred
to a new microcentrifuge tube and 500 pl of isopropanol
were added, mixed well and incubated at RT for 15 min. The
samples were then centrifuged at 4°C for 10 min at 12 000 x
g. Subsequently, the RNA pellet was washed once with 75%
ethanol, before being air dried and resuspended in nuclease-
free water (Ambion). To obtain germline-specific RNA, go-
nads were manually dissected and RNA was purified using
the Arcturus PicoPure RNA Isolation Kit (Life Technolo-

gies).

DNA and rRNA removal

DNAse treatment was performed with RNeasy Mini
columns (Qiagen) using the corresponding RNAse-free
DNAse set (Qiagen). The RNA cleanup protocol was fol-
lowed. Removal of rRNA was performed using the Ribo-
Zero™ Magnetic Gold Kit (Human/Mouse/Rat, Epi-
centre). For qRT-PCR, RNA samples were only DNAse
treated. For total RNA sequencing, RNA samples were
DNAse treated and rRNA was removed. rRNA removal
was checked on the Agilent Bioanalyzer using the Pico
RNA chip.

qRT-PCR

Reverse transcription reactions were performed using the
ImProm-II Reverse Transcription System (Promega) us-
ing random primers (Promega). For subsequent qRT-PCR
reactions, one primer in each pair overlapped an exon-
exon junction to avoid amplification from non-mRNA
molecules.

Polysome profiling

Polysome profiling and RNA extraction from sucrose frac-
tions was performed as previously described (30). A 15%
(w/v) to 60% (w/v) sucrose gradient was used for polysome
profiles shown (each profile was obtained at least twice). For
ribosome profiling, a 5% (w/v) to 45% (w/v) sucrose gradi-
ent was used.
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Ribosome profiling

Nematode lysates were prepared as described for polysome
profiling (30), however, without adding RNAse inhibitor
to the lysis buffer. RNAse I (200 U/110 OD, Ambion)
was added and the mixture was incubated at 23°C for 1
h. The remaining extract was used for total RNA extrac-
tion for subsequent total RNA sequencing. After digestion,
the lysate was immediately loaded on the gradient and cen-
trifuged. Samples were then fractionated into 24 collection
tubes instead of the usual 12. This allowed cleaner isola-
tion of monosomes. Ribosome-protected fragments (RPFs)
were then isolated as described above for total RNA ex-
traction. RNA was loaded on a Novex 15% TBE-Urea gel
(Life Technologies) and a piece between 27 and 31 nt (oli-
gos from Genscript) was excised from the gel and the RNA
was eluted from the gel piece o/n at RT. The library was
then prepared using the TruSeq Small RNA kit (Illumina),
whereby the RNA was precipitated for at least 4 h in be-
tween each of the following steps. RNA was first dephos-
phorylated using T4 PNK (NEB), followed by 3’ adapter
ligation (T4 RNA ligase 2 truncated, NEB). The 5’ end was
then re-phosphorylated using T4 PNK (NEB) supplied with
ATP, followed by 5 adapter ligation, cDNA synthesis and
PCR. The PCR product was then loaded on a Novex 6%
TBE-Urea gel (Life Technologies) and the band around 150
bp (5" adapter + 30 nt RPF + 3’ adapter) was excised from
the gel. The DNA was then eluted from the gel piece and
sent for sequencing.

RNA sequencing and data analysis

For total RNA sequencing, the samples were prepared us-
ing the ScriptSeq™ v2 RNA-Seq Library Preparation Kit
(Epicentre) and then sequenced. Both the total RNA se-
quencing data and the ribosome profiling data were ana-
lyzed as previously described (31).

Microarray and data analysis

Sample preparation, microarray and subsequent data anal-
ysis were performed in the glp-4(bn2) mutant as previously
described for wild-type (29).

Western blot analysis and antibodies used

Depending on the pellet size, 300-600 wl extraction buffer
(50 mM HEPES, 100 mM KOAc, 5mM MgAc, 0.1% Triton
X-100, 10% Glycerol (w/v), 20 mM B-glycerophosphate)
were added to the pellet. Protein extracts were then pre-
pared as for RNA extraction by grinding with a mortar and
pestle in the presence of liquid N,. Animal debris were re-
moved by a 20-min spin at 20 000 x g. Protein concentra-
tions were measured using the Bradford assay (Biorad). The
required amounts of 4x LDS sample buffer (Life Technolo-
gies) and 10x sample reducing agent (Life Technologies)
were added to the samples, followed by 10 min of heating
at 70°C. The samples were then loaded on a gel (NuPAGE
Novex 4-12% Bis-Tris Protein Gels, 1.0 mm, 10 well or 17
well) and ran for 55 min at 200 V. Proteins were transferred
to the membrane using the Trans-Blot® Turbo™ system
(Biorad). Membranes were then washed 2 x 10 min in
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ddH;O, Ponceau stained for 5-10 min and cut if necessary.
After washing for 2 x 5 min with PBS-T (Tween 1:1000),
membranes were blocked with 4% milk (in PBS-T) for 1
h. The primary antibody was then added. The primary «-
PAB-1 (29), a-CEY-4 (Supplementary Figure S1), a-RME-
2(32), a-ACT-1 (MABI1501, Millipore), a-EEF-2 (Cell Sig-
naling Technology) and a-EEF-2-P (Cell Signaling Tech-
nology) antibodies were incubated o/n at 4°C. The next day,
membranes were washed 3 x 5 min in 4% milk (in PBS-T)
before the secondary (HRP-coupled) antibody was applied
(GE Healthcare) for 1 h at RT. The membranes were then
washed 3 x 5 min in PBS-T and then developed using Pierce
ECL Western Blotting Substrate (Thermo Scientific). For
FLAG detection, we used the primary monoclonal ANTI-
FLAG® M2-Peroxidase (HRP) antibody (Sigma). This an-
tibody is coupled to HRP. After 2 h of incubation at RT,
the membrane was washed 3 x 5 min in PBS-T and then
developed using Pierce ECL Western Blotting Substrate
(Thermo Scientific).

Protein extraction from sucrose fractions

One hundred and fifty microliters from each sucrose frac-
tion were transferred to a new 1.5 ml microcentrifuge tube
and filled up with washing buffer (20 mM Tris-HCI pH 7.9,
140 mM KCI, 5 mM MgCl,) to 500 pl. The entire volume
was then loaded onto an Amicon Ultra-0.5 Centrifugal Fil-
ter Unit (Milipore) and centrifuged at 4°C for 30 min at 14
000 x g. A7 pl4x LDS sample buffer (Life Technologies)
and 3 pl 10x sample reducing agent (Life Technologies)
were added to each sample (17 wl), which was then heated
at 70°C for 10 min. Subsequently, 14 w1 were loaded on the
gel.

Surface sensing of translation (SUnSET)

L1s were hatched in M9 o/n at 150 rpm. Per sample, 12
000 L1s were grown to young adulthood on NG 2% plates
seeded with OP50 bacteria. Animals were washed off the
NG 2% plates and washed twice in S-basal (33). Four
milliliters of S-medium (33) were added to the animals and
transferred to a 50 ml Erlenmeyer. An o/n culture of OP50
bacteria was 10x concentrated and the pellet was resus-
pended in S-medium. Seven hundred and fifty microliters
of bacteria solution were added to the Erlenmayer. Finally,
250 pl of puromycin stock solution (10 mg/ml) were added,
resulting in a final volume of 5 ml and a final puromycin
concentration of 0.5 mg/ml. Animals were grown in the
presence of puromycin for 4 h at 200 rpm and then har-
vested. Four hours allowed detection of a puromycin sig-
nal by western blot analysis, without having an obvious ef-
fect on general translation (no abnormalities observed on
polysome profiles, data not shown). Fifty micrograms of
total protein were loaded per well for western blot analy-
sis. This allowed for a good signal at a reasonable exposure
time of 5-10 min. The monoclonal a-puromycin antibody
(Millipore, (34)) was used at a dilution of 1:5000 in 4% milk
(in PBS-T). For GFP detection, we used monoclonal GFP
antibodies (Roche). GFP (GFP-RPS-1) was used as a spike
and served as an external loading control.

35S-methionine incorporation assay

The assay was performed as previously described (35).

CEY-1 and CEY-4 immunoprecipitation and mass spectrom-
etry (MS) analysis

CEY-1 and CEY-4-associated proteins were identified by
anti-FLAG 1IPs, using FLAG-coupled Dynabeads (Life
Technologies). The FLAG IPs were performed on FLAG-
CEY-1 and FLAG-CEY-4 transgenic lines, and wild-type.
An on-bead RNAse digestion was performed with 0.1
mg/ml RNAse A (Sigma) for 2 h at 4°C. After washing,
samples were eluted using FLAG peptides (Sigma). Sam-
ples were TCA precipitated and submitted for MS. The pro-
tein pellets were dissolved in 0.5 M Tris pH 8.6, 6 M guani-
dinium hydrochloride, reduced with 16 mM TCEP for 30
min and alkylated in 35 mM iodoacetamide for 30 min in
the dark. The proteins were digested with 0.2 wg Lys-C
(Wako chemicals, Osaka, Japan) for 6 h after 3x dilution
in 50 mM Tris SmM CaCl2 (pH 7.4), followed by 0.2 pg
trypsin after an additional 2 x dilution, overnight. The pep-
tides were analysed by capillary liquid chromatography tan-
dem MS with an EASY-nLC 1000 using the two-column
setup (Thermo Scientific). The peptides were loaded in
buffer A onto a peptide trap (Acclaim PepMap 100, 75
pm x 3 cm, C18, 3 wm, 100 A) at a constant pressure of
500 bar. Then they were separated, at a flow rate of 200
nl/min with a gradient of 2-44% buffer B in buffer A in
67 min (buffer A: 0.1% formic acid in water, buffer B: 0.1%
formic acid in acetonitrile) using a 75 pm x 25 cm Reprosil-
PUR CI18, 3 wm, 100 A PicoFrit column mounted on a
DPYV ion source (New Objective). The data were acquired
on an Orbitrap Velos (Thermo Scientific) using 60 000 res-
olution for the peptide measurements in the Orbitrap and
a top 20 method with CID fragmentation and fragment
measurement in the LTQ, according to the recommenda-
tion of the manufacturer. Mascot (Matrix Science, London,
UK) searching UniProt database version 2012_09 was used
to identify the peptides. The enzyme specificity was set to
trypsin allowing for up to three incomplete cleavage sites.
Carbamidomethylation of cysteine (+57.0245) was set as a
fixed modification, oxidation of methionine (+15.9949 Da),
acetylation of protein N-termini (+42.0106 Da), dimethy-
lation of Arginine (+28.0312 Da) and phosphorylation of
Serine and Threonine (+79.9663) were set as variable modi-
fications. Parent ion mass tolerance was set to 5 ppm and
fragment ion mass tolerance to 0.6 Da. The results were
validated with the program Scaffold Version 4.0 (Proteome
Software, Portland, USA). Peptide identifications were ac-
cepted if they could be established at greater than 50% prob-
ability as specified by the Peptide Prophet algorithm (36).
Protein identifications were accepted if they could be estab-
lished at greater than 95% probability and contained at least
two identified peptides. Protein probabilities were assigned
by the Protein Prophet algorithm (37). Post-translational
modification sites were further evaluated with the software
ScaffoldPTM 2.1.2.1 (Proteome Software) and validated
manually. Relative quantification of the proteins was done
with the program ProgenesisLC (Nonlinear Dynamics).



Phylogenetic tree

Protein sequences (fasta files) were obtained from
www.uniprot.org. Sequence alignment and phylo-
genetic tree were constructed using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). Njplot
(http://pbil.univ-lyonl.fr/software/njplot.html) was used to
modify the phylogenetic tree.

Chemotaxis

Chemotaxis was tested toward different volatile chemo-
attractants as described (38). Briefly, animals were given
a choice between a spot of 0.1% (vol/vol) attractant in
ethanol with 20 mM sodium-azide and a counter spot with
ethanol and sodium-azide. After 1 h, the animals were
counted and a chemotaxis index was calculated as described
(38). Fifty to two hundred synchronized young adults were
used per plate and each experiment was done in triplicates
and repeated three times.

Olfactory conditioning and memory

Olfactory conditioning and memory was assessed as de-
scribed previously (39). Starvation conditioning was per-
formed using young adult animals on conditioning plates
without food in the presence of 2 pl undiluted diacetyl
spotted on the lid and trained for 1 h on 10 cm CTX
plates (5 mM KH,PO4/K,HPO,4 pH = 6.0, 1 mM CacCl,,
I mM MgSOy, 2% agar). Naive and conditioned animals
were given a choice between a spot of 0.1% (vol/vol) DA
in ethanol with 20 mM sodium-azide and a counter spot
with ethanol and sodium-azide for 1 h, and chemotaxis in-
dex was calculated as described (38). Memory was assessed
as described (40) where diacetyl conditioned animals were
tested for their preference toward the attractant following a
60-min resting period in absence of food and odorant.

RESULTS
CEYs are ubiquitous cytoplasmic proteins

The C. elegans genome encodes five CSD-containing pro-
teins, which include the well-studied developmental reg-
ulator LIN-28 (41,42) and four previously uncharacter-
ized proteins, CEY-1-4, which are the focus of this study.
CEYs are relatively small proteins, ranging from around 200
amino acids (CEY-1) to almost 300 amino acids (CEY-4).
CEY-2 and CEY-3 are around 270 amino acids in length
and are 70% identical. As their expression patterns also
overlap (see below), CEY-2 and CEY-3 very likely have re-
dundant functions. The CSD represents one of the most
highly conserved protein domains (1). However, outside the
CSD, CEYs share only limited similarity with YBPs from
other species (Figure 1A). In addition to the CSD, CEY-1
and CEY-4 contain RG/RGG repeats (Figure 1B), which is
reminiscent of such repeats in other invertebrate Y BPs (43—
45).

To find out where the different cey genes are expressed,
we generated GFP reporters. The results revealed that cey-1
and cey-4 were present in both the soma and the germline,
whereas cey-2 and cey-3 were only expressed in the germline
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(Figure 1C and D). This was confirmed by qRT-PCR per-
formed on RNA isolated from either wild-type animals
or temperature-sensitive glp-4(bn2) mutants, which, when
grown at 25°C, have no germline (Supplementary Figure
S2A). In addition, the reporters revealed that cey-2 and cey-
3 were lowly expressed in the distal most part of the gonad
that contains self-renewing undifferentiated germ cells, but
became strongly expressed upon the entry of germ cells into
meiosis (Figure 1C and D). Furthermore, we observed the
disappearance of GFP-tagged versions of CEY-2 and CEY-
3 during the oocyte-to-embryo transition, such that these
proteins were no longer detected in early embryos (Fig-
ure 1E).

YBPs in other organisms have been implicated in gene
regulation at both transcriptional and post-transcriptional
levels. Accordingly, they are present in both the cytoplasm
and the nucleus, best illustrated by the human YB-1 (4).
In contrast, immunostaining and GFP localization exper-
iments showed that CEY proteins were only present in the
cytoplasm in both soma and germline (Figure 1E and Sup-
plementary Figure S2B). Knockdown of xpo-I, the ho-
molog of yeast, vertebrate and Drosophila CRM 1 /exportin-
1, which represents the major receptor for the export of pro-
teins out of the nucleus (46), did not cause an accumula-
tion of CEY-1 or CEY-2 in the nucleus (data not shown).
This supports a predominantly cytoplasmic localization for
CEYs, allowing the analysis of post-transcriptional roles of
these proteins independently from potential functions in the
nucleus, for example, in transcription or mRNA splicing.

Both CEY-1 and CEY-4 contain RG/RGG repeats. The
arginine residues can serve as targets for protein argi-
nine methyl transferases (PRMTs), which can either mono-
or di-methylate arginines and thereby alter protein func-
tion (47). Our MS data (data not shown) suggested that
some of the RG/RGG repeats were indeed methylated
and western blotting experiments confirmed this, show-
ing that both CEY-1 and CEY-4 were asymmetrically di-
methylated (ADMA) (Supplementary Figure S2C and D).
The RG/RGG methylation was recently shown to depend
on PRMT-1 in C. elegans (48). Consistently, we found that
CEY-4 no longer carried the ADMA mark in the prmt-
1(0k2710) mutant (Supplementary Figure S2D). Interest-
ingly, CEY-4 protein levels appeared to increase upon de-
methylation (Supplementary Figure S2D and E), suggest-
ing that the methylation status of its RG/RGG repeats may
regulate CEY-4 protein levels.

CEY proteins are required for multiple aspects of germline
development

The loss of YBPs in the germline has a major impact on
the production and viability of progeny in other organ-
isms (9,10,12). While cey-1 and cey-4 single mutants showed
wild-type brood sizes, the loss of germline-specific CEY-2
or CEY-3 caused a significant reduction in progeny number
(Supplementary Figure S3A). This defect was strongly ex-
acerbated upon the loss of both CEY-2 and CEY-3 (Supple-
mentary Figure S3B). By contrast, the loss of both CEY-1
and CEY-4 had little or no effect on brood size at either 20
or 25°C. Only at 26°C, an extreme growth temperature for
C. elegans, was the sterility observed in cey-1,-4 double mu-
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closest being Yps in Drosophila melanogaster. The distance values show the number of amino acid substitutions as a proportion of the length of the
alignment. (B) Besides the CSD, CEY-1 and CEY-4 contain RG/RGG repeats, which are absent in CEY-2 and CEY-3. (C) A schematic gonad with
embryos. Self-renewing germ cells are located in the most distal part of the gonad. More proximally, germ cells enter meiosis via a so-called transition
zone and, in adults, eventually differentiate into oocytes. Ovulated oocytes become fertilized by sperm stored in the spermatheca (in gray). Embryogenesis
follows. (D) Fluorescent micrographs from live animals expressing reporter constructs for each of the four cey genes. The indicated cey promoters and the
corresponding 3'UTRs drive expression of GFP fused to histone H2B (localizing GFP to the nucleus). The gonads are outlined by dotted lines and the
animals by solid lines. Asterisks indicate the distal ends of the gonads. In the germline, cey-/ and cey-4 begin to be expressed in the distal most region of
the gonad. In contrast, cey-2 and cey-3 are very lowly expressed distally but become strongly upregulated more proximally, when germ cells enter meiosis.
In the soma, cey-1 and cey-4 are expressed in all tissues, albeit at different levels. Upper panel: cey-1 reporter is expressed in neurons and muscles (yellow
arrows point to exemplary neurons and yellow arrowheads to muscles). Lower panel: cey-4 reporter is strongly expressed in the intestinal cells (yellow
arrows). Scale bars = 50 pm. (E) Fluorescent micrographs from live animals expressing GFP-tagged CEY-2 and CEY-3. Gonad and embryos are outlined
by dotted lines. Consistently with the reporters shown above, both GFP-CEY-2 and CEY-3-GFP are upregulated upon the meiotic entry. The GFP signal
starts to decrease in most proximal oocytes and disappears in early embryos. Scale bar = 50 pm.
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Figure 2. CEY proteins are essential for fertility. Light micrographs from
live wild-type and mutant animals grown at the indicated temperatures.
Gonads and embryos are outlined by white dotted lines, and oocyte nuclei
by yellow dotted circles. Asterisk indicates the distal end of the gonad. Wild
type looking oocytes form in the cey-1,-2,-3,-4 quadruple mutant at 20°C,
but all embryos fail to develop. A double row of smaller oocytes form in
the cey-1,-2,-3,-4 quadruple mutant at 25°C. Scale bar = 50 pm.

tants (Supplementary Figure S3B). Finally, knocking out
all four cey genes led to sterility, whereby the severity of the
phenotype was strongly temperature-dependent, with more
or less normal-looking oocytes at 20°C and a double row
of smaller oocytes at 25°C (Figure 2). In summary, while
CEY-1 and -4 have some function, CEY-2 and -3 appear to
be the major CEY proteins in the germline.

Maintenance of stem cells and transit amplifying cells
in the most distal part of the gonad, control of germ cell
apoptosis and correct timing of oocyte maturation, are
key events required for the production of healthy gametes.
Focusing on the two germline-specific CEYs, CEY-2 and
CEY-3, we wanted to evaluate a potential requirement for
them in these processes. We first examined germ cell prolif-
eration in animals subjected to cey-2 and cey-3 RNAI (cey-
2,-3 RNAI for brevity). To assess cell cycle progression, we
used an antibody against Ser10-phosphorylated histone H3
(pH3), which stains condensed chromosomes marking cells
in the M phase of the cell cycle. Animals depleted of CEY-
2 and -3 had a significantly reduced number of proliferat-
ing cells in the distal gonad (Figure 3A) and, consistently,
the mitotic zone was shorter in these gonads than in con-
trol wild-type gonads (Figure 3B). The length of the so-
called transition zone, where germ cells enter into the mei-
otic prophase, remained similar between cey-2,-3 RNAi and
control animals (Figure 3C).

Next, we examined the effect of cey-2,-3 knockdown on
germ cell apoptosis in the mutant strain ced-9(nl1950). In
this mutant, only the physiological apoptosis pathway is ac-
tive, which removes defective germ cells and ensures oocyte
quality (49). We observed a significant increase in the num-
ber of apoptotic cells in the RNAi-ed animals (Figure 3D).
This could be due to increased rates of cell death or reduced
rates of cell corpse clearance. To distinguish between these
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two alternatives, we RNAi-ed cey-2,-3 in the cell corpse
engulfment-defective mutant ced-1(el735). We observed a
significant increase in the number of germ cell corpses in the
ced-1(el735); cey-2,-3 RNAI animals compared to mock-
RNA-ied animals (Figure 3E), indicating that CEY-2 and
-3 depleted animals have increased levels of germ cell apop-
tosis. Thus, CEY-2 and -3 are required for normal levels of
germ cell proliferation and survival.

Finally, we examined the ability of oocytes to un-
dergo normal oocyte maturation in CEY-2,-3 depleted
animals. To monitor oocyte maturation, we used two
phosphorylation-specific markers; one for the mitogen-
activated protein kinase 1 (MPK-1) and one for Aurora
B kinase (AIR-2). In wild-type gonads, these markers
highlight the most proximal oocytes (so-called -1 and -2
oocytes). In contrast, depleting CEY-2,-3 resulted in the ap-
pearance of these markers in more distal oocytes (Figure 3F
and G), suggesting premature maturation.

CEYs are essential components of germline mRNPs

A major function of YBPs in the germline is to bind
and package mRNAs into mRNPs for cytoplasmic stor-
age (8,50). To look at the association between CEYs and
mRNAs globally, we isolated RNA following FLAG IPs
performed on extracts of animals expressing FLAG-tagged
versions for CEY-1, CEY-2 and CEY-4. MYC IPs per-
formed on the same extracts served as controls. The differ-
ent replicates correlated with each other very well (Supple-
mentary Figure S4A), indicating high reproducibility. Com-
paring the FLAG IP data to the respective MYC control IPs
revealed no striking enrichment of specific mRNAs (Sup-
plementary Figure S4B-D). We thus conclude that CEY's
do not have a clear preference for binding specific subsets
of mRNAs, a result expected for proteins that either do not
bind mRNA or interact with messages in an unspecific fash-
ion. As YBPs from other model organisms often interact
more generally with mRNA, we believe that this is also the
case in C. elegans. Curiously, we found that many mRNAs
were depleted in the case of all three FLAG IPs compared
to MYC control IPs (Supplementary Figure S4B-D). This
was most strongly apparent for the germline-specific CEY-
2 (Supplementary Figure S4C). We speculated that the ob-
served depletion of mRNAs might stem from varying ex-
pression of a given CEY protein in different tissues. To test
this, we selected the mRNAs ‘depleted’ from FLAG-CEY-2
IPs and monitored their expression in the soma versus the
gonad (Supplementary Figure S4E-F). As predicted, these
mRNAs were predominantly expressed in the soma, a tissue
in which the germline-specific CEY-2 is not present.

Two previous studies had shown that both the con-
served RNA helicase CGH-1/DDX6 and the STAR-
domain RNA-binding protein (RBP), GLD-1/Quaking, in-
teract with CEYs via RNA (14,29). In a reverse immuno-
precipitation experiment, we purified FLAG-tagged CEY-1
and CEY-4 in the presence or absence of RNAse. The sam-
ples were then examined by MS analysis to obtain a global
view of RNA-dependent and RNA-independent protein in-
teractions. We found that CGH-1 and GLD-1 co-purified
with CEYs in an RNA-dependent fashion (Supplementary
Table S2-3 and Figure S5 and 6, green squares). These data
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Figure 3. Germline defects in the absence of CEY proteins. Gonads were either not injected (uninjected), control injected (mock RNAI) or injected with
RNAI clones targeting both cey-2 and cey-3 (cey-2,-3 RNAI). (A-G) Error bars represent SEM. Asterisks denote P-values <0.01 by #-test. (A) Proliferative
germ cells were stained with anti-pH3 antibody and the number of positive cells was subsequently quantified by fluorescence microscopy. (B) The prolif-
erative zone was shorter in cey-2,-3 RNAi gonads compared to controls, while the length of the transition zone remained constant (C). (D) Depletion of
CEY-2,-3 caused an increase of acridine orange (AO) stained apoptotic cells in both wild-type and ced-9(n1950) animals. (E) RNAIi of cey-2,-3 in the cell
corpse engulfment-defective strain, ced-1(el735), resulted in a significant increase in the number of germline corpses. (F and G) RNAI of cey-2,-3 resulted
in premature appearance of activated MAPK in proximal oocytes and AIR-2-GFP on the chromosomes of oocytes in diakinesis.

were confirmed by co-IPs performed again with or with-
out RNAse treatment on FLAG-CEY-2 (chosen instead of
FLAG-CEY-1 to include a germline-specific CEY protein)
and FLAG-CEY-4, and detecting specific proteins by west-
ern blot (Figure 4A). Intriguingly, while RNAse treatment
led to the loss of the interaction between CEY's and several
germline RBPs, we observed that the interaction with multi-

ple ribosomal proteins was maintained (Supplementary Ta-
ble S2-3, Figure S5 and 6, red dots), suggesting a potential
direct link between CEY's and ribosomes.

The absence of CGH-1 causes the accumulation of aber-
rant RNP granules, which have been proposed to repre-
sent an aggregation of abnormal mRNPs (16-19). Indeed,
knockdown of c¢gh-1 also resulted in the localization of
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Figure 4. CEYs are required for the integrity of germline mRNPs. (A) FLAG IPs performed in the presence or absence of RNAse on extracts from
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lines. Asterisk indicates the distal end of the gonad. (B) Fluorescent micrographs of medial gonads from live animals expressing CEY-3-GFP. In the
cytoplasm of wild-type gonads, the CEY-3-GFP was distributed evenly. Upon cgh-I RNAi, CEY-3-GFP localized to sheet-like structures. Scale bar = 20
pm. (C) Fluorescent micrographs of wild-type and cey-1,-2,-3,-4 mutant gonads co-immunostained for CAR-1 and CGH-1, and additionally stained with
DAPI to visualize DNA. Both proteins localized to aberrant RNP granules in cey mutant germlines (yellow arrow points to an exemplary RNP granule).
Scale bar = 20 pm. (D) Fluorescent micrographs of wild-type and cey-1,-2,-3,-4 mutant gonads immunostained for GLD-1 and stained with DAPI. GLD-1
also localized to aberrant granules in the absence of CEY proteins. Scale bar = 20 pm.
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GFP-tagged CEY-3 to abnormal granules in the cytoplas-
mic core of the gonad (Figure 4B). To test if CEYs play a
role in RNP regulation, we stained CEY(-) gonads for both
CGH-1 and CAR-1/Rap55, a conserved RBP that is usu-
ally present on CGH-1-bound mRNAs (14). Indeed, both
factors localized to aberrant RNP granules in the cey-1;
cey-2 cey-3; cey-4 (for brevity cey-1,-2,-3,-4) quadruple mu-
tant (Figure 4C). Furthermore, we found that GLD-1 was
also present in aberrant RNPs (Figure 4D). Thus, CEYs are
important for normal RNP appearance in the C. elegans
germline, as their homologs are in other organisms.

CEY-1 and CEY-4 are required for the formation of large
polysomes in the soma

Besides germline defects, the loss of YBPs can impact so-
matic development. For example, YB-1 depleted mice are
embryonic lethal (51), though it remains possible that this
lethality may reflect a maternal function of YB-1. Initially,
we observed that the cey-1(0k1805) mutant grew signifi-
cantly slower than wild-type at 20°C. However, we found
that the 0ok/805 mutation, thought to be a null, gave rise
to a truncated protein that contained both RNA-binding
motifs (RNP1 and RNP2) of the CSD (data not shown)
(2,23), and might therefore still bind RNA. To create a func-
tional null, we generated a new cey-I mutation (rrrl2), us-
ing the CRISPR /Cas9-system (24). We used this mutant in
subsequent studies. We found that cey-1(rrrl2) mutants,
thereafter referred to simply as cey-1, no longer displayed
the growth delay observed in cey-1(0k1805) mutants. This
might suggest a slight dominant-negative effect of the trun-
cated CEY-1 protein encoded by the cey-1(0k1805) mutant.
Also the cey-1,-4 double mutant had no apparent develop-
mental defects compared to wild-type under normal growth
conditions. Furthermore, apart from the sterile phenotype
observed at 26°C, the cey-1,-4 mutant showed no defects
in its response to different stress cues, such as low or high
temperature or food deprivation. The same was true for
longevity (data not shown). Similarly, neither the two single
mutants (cey-1 and cey-4) nor the double mutant (cey-1,-4)
showed any significant irregularities in diacetyl chemotaxis
(Supplementary Figure S7), despite the fact that CEY-1 was
strongly expressed in neurons (Figure 1D).

YBPs can act as translational repressors (4,6,7). For this
reason, we monitored mRNA translation by polysome pro-
filing. In this approach, ‘ribosomal’ fractions harbor ri-
bosomes actively engaged in translation (Supplementary
Figure S8A). While the depletion of the germline-specific
CEY-2 and -3 caused no obvious change in the distribu-
tion of ribosomes (Figure SA), the removal of CEY-1 and
-4 resulted in a striking loss of large polysomes (multi-
ple ribosomes associated with mRNAs) with a concomi-
tant increase in monosomes and disomes (Figure 5B). This
was very surprising, considering the absence of any obvi-
ous phenotype in the cey-1,-4 mutant. Polysome profiles of
heat-shocked animals (Supplementary Figure S8B and C),
suggested that the effect observed in cey-1,-4 mutants did
not reflect a stress response. Furthermore, the cey-7,-4 mu-
tant responded to the heat stress as wild-type animals did,
namely, by reducing translating ribosomes, consistent with

our previous observation that these mutants deal with stress
as well as wild-type animals.

As most cells in adult C. elegans are germ cells, we per-
formed polysome profiling also on germline-less glp-4 mu-
tants to find out what contribution the germline has on
the polysome profile. Strikingly, we found that virtually
all subpolysomal (repressed or poorly translated) mRNAs
were germline specific (disappeared in the glp-4 mutant
background) (Supplementary Figure S8D and E). Thus,
it seemed unlikely that the loss of polysomes in cey mu-
tants was caused by germline defects. To test this directly,
we crossed the cey-1,-4 mutant into another temperature-
dependent germline-less mutant, glp-1(e2144). In these an-
imals, we still observed the loss of large polysomes and, ad-
ditionally, some intermediate ribosomal peaks (Figure 5C).
Because CEY-4 expressed specifically in the germline and
CEY-2 expressed from the cey-I promoter both failed to
rescue the polysome defect (Figure SD and E and Supple-
mentary Figure S8F and G), we conclude that, in general,
accumulation of large polysomes depends on the somatic
CEY proteins. Interestingly, by monitoring a FLAG-tagged
version of CEY-1 and the endogenous CEY-4, we found
that the distribution of CEY-1 and CEY-4 between sub- and
polysomal fractions from wild-type animals was not iden-
tical. While CEY-4 was present in both sub- and polyso-
mal fractions, potentially indicating an interaction with ri-
bosomes, CEY-1 was mainly present in the submonosomal
fractions (Figure SF). Consistent with nonidentical distri-
butions along the gradient, the polysome profiles of individ-
ual cey-1 and cey-4 single mutants did not match. The cey-4
single mutant showed a drop in larger polysomes and an
increase in mono- and disomes, similar to the cey-1,-4 dou-
ble mutant, albeit to a lesser extent (Supplementary Figure
S8H). The cey-1 single mutant, on the other hand, showed
only a slight decrease of large polysomes without affecting
mono- or disomes (Supplementary Figure S8I). Thus, CEY-
1 and -4 may have specific functions, though the fact that
the loss of CEY-1 further increases both the loss of large
polysomes and the accumulation of mono- and disomes in
cey-4 single mutants, suggests that there is some degree of
redundancy between CEY-1 and CEY-4.

CEY-1 and -4 appear dispensable for normal levels of protein
synthesis

Considering the importance attributed to polysomes in
maintaining high translation rates, we were surprised to see
that the cey-1,-4 double mutant grew similar to wild-type.
To assess global protein synthesis rates in these animals, we
used SUrface SEnsing of Translation (SUnSET) (34). SUn-
SET is based on the incorporation of puromycin into newly
synthesized peptides and the subsequent detection of the in-
corporated puromycin by western blotting using a specific
monoclonal antibody. Consistent with the normal growth
of cey-1,-4 mutants, we detected no obvious decrease in
puromycin incorporation (Figure 6A), suggesting that, on
the global scale, there is no major change in the translation
rates in cey-1,-4 mutants. To confirm this, we additionally
performed the 3°S-Met labeling assay (35). The results were
consistent with the data obtained from the SUnSET exper-
iment (Figure 6B). In agreement with those findings, the to-
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tal amounts of protein were similar between wild-type and
the cey-1,-4 mutant (Supplementary Figure S9A).

The global loss of large polysomes in cey-1,-4 mutants
suggested that there could be less ribosomes per spe-
cific mRNAs in the mutant compared to wild-type. A re-
cent study in human cells showed that a decrease in ri-
bosome number activates the elongation machinery via a
controlled feedback loop (52). The amount of translation-
inhibiting EEF-2 kinase (eef-2k) decreases, thereby reduc-

ing the amount of phosphorylated EEF-2, the inactive form
of this essential elongation factor. This might allow fewer
ribosomes to translate more efficiently, producing the same
protein output as in wild-type. In the cey-7,-4 mutant, how-
ever, we found that both efk-1 (C. elegans homolog of eef-
2k) mRNA levels (data not shown) as well as the EEF-2
phosphorylation status remained unchanged compared to
wild-type (Supplementary Figure S9B), suggesting that the
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above-mentioned feedback mechanism is unlikely to com-
pensate for the loss of polysomes.

CEY proteins are broadly required for mnRNA accumulation

To obtain a more detailed view of mRNA levels and trans-
lation in cey-1,-4 mutants, we performed ribosome profil-
ing combined with total RNA sequencing (53); these data
may reveal relative changes of mRNA levels and transla-
tion within a given sample but cannot be used to com-
pare absolute mRNA levels between different samples. The
replicates correlated very well with one another for both
the ribosome profiling experiment as well as for the total
RNA sequencing (Supplementary Figure S10), indicating
high reproducibility. We first created start- and stop codon
profiles of the 5" ends of all ribosome-protected fragments
(RPFs), but found no apparent differences between profiles
from wild-type and cey-1,-4 mutants (Supplementary Fig-
ure S11). Interestingly, we observed a gradual increase of
reads along mRNA in both wild-type and mutant animals

(Supplementary Figure S11), suggesting that the speed of
translation elongation gradually decreases toward the end
of messages in C. elegans. This could help, for example, in
co-translational protein folding that might become more
problematic with increased polypeptide length (54).

To determine the impact of CEY-1 and -4 on mRNA
levels and translation, we globally compared the changes
on the mRNA level to those on the RPF level in a scatter
plot. We observed a group of transcripts that showed rela-
tively small changes in mRNA abundance but displayed a
pronounced reduction of RPFs (Figure 7A, red arrow). We
found that the majority of the messages that were down-
regulated predominantly at the RPF level were germline-
specific (Figure 7B and Supplementary Figure S12A and B).
As germline mRNAs tend to be poorly translated, we also
observed that messages normally depleted from ribosomal
fractions were downregulated at the RPF level (Figure 7C
and Supplementary Figure S12C). Interestingly, many of
these CEY-1 and -4 regulated germline mRNAs encode fac-
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compared to all MRNAs, genes in this subset have a higher chance to be lower in abundance in the mutant (P-value <2.2 x 10716 by -test).

tors important for the oocyte-to-embryo transition, such
as RME-2, EGG-1,-2,-4,-5 and OMA-2 (Supplementary
Figure S12D-F and Supplementary Table S4). Thus, re-
duced translation of these messages may be responsible for
the fertility defects observed in cey-1,-4 mutants at restric-
tive temperature (Supplementary Figure S3B). In stark con-
trast, we found that messages normally enriched in ribo-
somal fractions (translated) (Supplementary Figure S12G
and H) showed, in general, a decrease in mRNA abun-
dance in the mutants (Figure 7D). We performed a series
of qRT-PCR experiments to validate these global observa-
tions. Indeed, the abundance of ‘ribosome-associated mR-
NAs’ (mainly ubiquitous or soma-specific mRNAs) was in
most cases strongly reduced in the absence of CEY-1 and
-4 (Figure 8A), but remained constant in cey-2,-3 mutant
animals (Figure 8A). We also found that germline-specific
mRNAs were more strongly affected in cey-2,-3 than in cey-
1,-4 mutants (Figure 8B), which is consistent with a pre-
dominant role for CEY-2 and -3 in the germline. Neverthe-
less, the absence of all four CEY proteins further reduced
mRNA levels (Figure 8B). As expected, this reduction in

mRNA abundance had a major effect on protein accumula-
tion in the germline, as exemplified by RME-2 (Figure 8C).
Finally, as RPF levels of oocyte-to-embryo transition fac-
tors decreased more strongly compared to mRNA levels
(Supplementary Figure S12D-F and Supplementary Table
S4), we looked for potential redistribution of these mes-
sages from mono- and polysomal fractions to submonoso-
mal fractions in the cey-1,-4 mutant (Supplementary Figure
S13A). Indeed, we observed a redistribution of rme-2, but
not of oma-2 or egg-1 (Supplementary Figure S13B). It is
possible that these messages shift predominantly from heav-
ier to lighter polysomes. However, as mRNAs of oocyte-
to-embryo transition regulators are generally present at low
levels in polysomal fractions, detecting such redistributions
may be difficult.

DISCUSSION
The conserved requirement for CEY proteins in the germline

All four CEYs are expressed in the germline. However,
whereas CEY-1 and -4 are present in the self-renewing germ
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Figure 8. CEYs promote mRNA abundance in the soma and the germline.
(A and B) Polysome profiling was performed for wild-type, cey-1,-4, cey-2,-
3, and cey-1,-2,-3,-4 animals. qRT-PCR analysis was performed on RNA
extracted from pooled sucrose fractions 1-12 (total RNA) (see Supplemen-
tary Figure SI3A). The data were normalized to a mouse mRNA, cytc (cy-
tochrome c), to correct for any discrepancies during RNA extraction and
cDNA synthesis. One asterisk denotes P-value < 0.05 by ¢-test. Two as-
terisks denote P-value < 0.01 by #-test. Three asterisks denote P-value <
0.005 by t-test. Error bars represent SEM. (A) The abundance of tested
ubiquitous (expressed in germline and soma) or soma-specific mRNAs
was reduced in the cey-1,-4 mutant but not in the absence of the germline-
specific CEY-2 and -3. (B) The abundance of germline-specific transcripts
was more strongly affected in the cey-2,-3 double mutant compared to cey-
1,-4 mutant animals. The mRNA levels dropped even further in the cey-1,-
2,-3,-4 quadruple mutant. (C) Changes in RME-2 protein levels mirrored
the changes of mRNA levels (B), showing the strongest decrease in the
cey-1,-2,-3,-4 mutant.

cell compartment in the most distal gonad, the most likely
redundant CEY-2 and CEY-3 are only weakly expressed
in this gonadal region. They become strongly upregulated
more proximally, i.e. upon the entry into meiosis. Our ob-
servations that the cey-2,-3 mutant animals produce only
around half of wild-type progeny, while the cey-1,-4 double
mutants have less progeny only when challenged with ex-
treme temperature, suggest that CEY-2 and -3 are the pre-
dominant CEY proteins in the germline. We speculate that
they are induced to support CEY-1 and -4 to cope with
the bulk of newly synthesized maternal mRNAs, which are
then transported with general cytoplasmic flow into grow-

ing oocytes (55). Consistent with this idea, CEY-2 and -3
disappear in early embryos, coincidently with the degra-
dation of most maternal mRNAs (56,57). Indeed, abun-
dance of tested maternal mRNAs was more strongly af-
fected in cey-2,-3 mutant animals, compared to cey-1,-4
double mutants, supporting a predominant role for CEY-
2 and -3 during oogenesis. Essential RBPs and germline
RNP components, such as GLD-1, CGH-1 and CAR-1,
are also strongly upregulated when germ cells enter meio-
sis (14,15,58) and interact, via RNA, with CEYs (14,29),
suggesting that all these proteins are present in the same
RNPs during oogenesis. The observation that both the cgh-
1 mutant (15) and the cey-1,-2,-3,-4 mutant display similar
germline defects, such as reduced germ cell proliferation,
enhanced apoptosis and defective oocytes, supports a func-
tional connection between these proteins. Even though the
aberrant RNP granules observed in cey-1,-2,-3,-4 gonads
appear distinct from the solid square sheets found in the
absence of cgh-1 (16-19), the formation of abnormal ag-
gregates is likely to impact the regulation of germline mes-
sages. Although the connection between large RNP forma-
tion and function in mRNA regulation remains unclear, we
found that the abundance of maternal mRNAs was strongly
affected in the absence of CEYs. We therefore believe that
CEY proteins play an important role in the binding and sta-
bilization of maternal messages during oogenesis, similar to
what has been postulated for mouse and Xenopus Y BPs (6—
10). This may involve the formation, maintenance and/or
disassembly of functional RNP granules to guarantee cor-
rect spatial and temporal mRNA translation.

A function of CEY proteins in the accumulation of large
polysomes

In contrast to the expected results in the germline, we found
that the loss of CEY proteins in the soma causes a striking
reduction of large polysomes, with a simultaneous increase
in monosomes and disomes. Our ribosome profiling data
combined with mRNA sequencing and subsequent qRT-
PCR validation suggest that the abundance of messages
normally enriched in the polysomes decreases. One possi-
bility, therefore, is that CEY proteins are also required for
mRNA stability in the soma, consequently permitting accu-
mulation of more ribosomes on mRNAs and thus allowing
the formation of larger polysomes. In this scenario, CEYs
might promote mRNA stability via direct association with
mRNAs and, by doing so, protect mRNAs from destabi-
lizing factors such as deadenylases or de-capping enzymes.
We attempted to test the stability of specific mRNAs in
cey mutant adults by inhibiting Pol II-mediated transcrip-
tion and monitoring mRNA decay. However, although sev-
eral drugs inhibited Pol II transcription, they also interfered
with the expression of ribosomal RNAs and, consequently,
with translation, rendering these experiments inconclusive.

Interestingly, the germline-specific protein CEY-2, when
expressed in the soma from the cey-1 promoter, was not able
to rescue the polysome defect observed in the cey-1,-4 mu-
tant. This suggests that, to some extent, CEY-1 and -4 have
different functions than CEY-2 and -3, which might be re-
lated to their potential association with the ribosome. This
idea is based on the immunoprecipitation results, which



suggest that CEY-1 and CEY-4 might directly interact with
ribosomal proteins. Other proteins have been shown to bind
and potentially regulate ribosomes. For example, nucle-
olin binds ribosomal proteins via its RG/RGG motifs (59).
Whether this represents a broader role of the RG/RGG mo-
tifs in ribosomal interactions remains unknown, but it is
intriguing that the human genome encodes over 1000 pro-
teins with at least one RG/RGG repeat, in most cases with
unknown molecular functions (47). Similarly, the two so-
matic nematode CEY proteins also have RG/RGG repeats
that can be di-methylated. A potential role of this methyla-
tion in polysome accumulation seems unlikely, as we found
that polysomes were normally present in prm¢-I mutants
(our unpublished observation). However, this does not ex-
clude the possible role of the RG/RGG repeats of CEYs
in regulating some aspect of ribosome biology, which could
have an impact on efficient translation and/or mRNA sta-
bility. Testing this will require mutating the RG/RGG mo-
tifs in otherwise rescuing proteins and is an interesting ob-
jective for the future research. Intriguingly, in addition to
the loss of large polysomes in cey-1,-4 mutants, we observed
the accumulation of potentially partial or aberrant ribo-
somes. Partial ribosomal peaks have been described previ-
ously. However, these were found on the heavier side of ri-
bosomes and were shown to represent so-called ‘half-mers’
(60-62). They form due to problems in 60S binding or avail-
ability and represent a 40S subunit bound to mRNA. In
contrast, the unusual ‘peaks’ in cey mutants accumulate to
the lighter side of ribosomes (observed for di- and trisomes).
The formation of potentially abnormal ribosomes suggests
that the overall number of ‘healthy’ ribosomes might be
lower in cey mutant animals. However, the causal relation
between the appearance of these, potentially abnormal, ri-
bosomes and the loss of large polysomes remains to be de-
termined.

The biological (in)significance of C. elegans polysomes

Our most striking finding is that the apparent loss of
large polysomes in cey-1,-4 mutants appears to have lit-
tle or no negative impact on global translation rates.
This stands in stark contrast with the general view that
large polysomes contribute significantly to overall protein
production. Puromycin release assays showed that large
polysomes are indeed engaged in translation in C. elegans.
So, in the absence of polysomes, how can protein synthesis
rates remain at wild-type levels? One possible explanation
is that an enhanced speed of translation elongation might
compensate for the loss of polysomes. If we assume that
the number of functional ribosomes is reduced in cey-1,-4
mutant animals, maintaining wild-type EEF-2 levels means
that the ratio of available elongation machinery factors per
ribosome may increase, possibly providing a ‘passive’ way to
make translation elongation more efficient. However, test-
ing this hypothesis will require developing methodology to
measure the speed of elongation in C. elegans, which is
currently not feasible. Independent of whether elongation
speed is affected or not, our study has raised a fundamental
question: what is the accumulation of multiple ribosomes
on messages required for? A regulatory function appeared
to us most likely. However, under several different stress
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conditions, the cey-1,-4 mutant performed as well as wild-
type did. Nevertheless, it remains possible that a potential
disadvantage of the mutant might only become apparent in
nonlaboratory conditions, where slight defects could have a
large impact on the overall fitness.
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