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ABSTRACT

Genes coding for members of the Sm-like (LSm) protein family are conserved through evolution from prokaryotes to humans.
These proteins have been described as forming homo- or heterocomplexes implicated in a broad range of RNA-related
functions. To date, the nuclear LSm2-8 and the cytoplasmic LSm1-7 heteroheptamers are the best characterized complexes in
eukaryotes. Through a comprehensive functional study of the LSm family members, we found that /sm-7 and Ism-3 are not
essential for C. elegans viability, but their perturbation, by RNAi or mutations, produces defects in development, reproduction,
and motility. We further investigated the function of Ism-1, which encodes the distinctive protein of the cytoplasmic complex.
RNA-seq analysis of Ism-7 mutants suggests that they have impaired Insulin/IGF-1 signaling (11S), which is conserved in
metazoans and involved in the response to various types of stress through the action of the FOXO transcription factor DAF-16.
Further analysis using a DAF-16::GFP reporter indicated that heat stress-induced translocation of DAF-16 to the nuclei is
dependent on Ism-1. Consistent with this, we observed that Ism-7 mutants display heightened sensitivity to thermal stress and
starvation, while overexpression of Ism-1 has the opposite effect. We also observed that under stress, cytoplasmic LSm proteins
aggregate into granules in an LSM-1-dependent manner. Moreover, we found that /sm-7 and Ism-3 are required for other
processes regulated by the IS pathway, such as aging and pathogen resistance.
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INTRODUCTION components of different snRNPs in the spliceosome (U1,
U2, U4, U5, Ul1, and U12), the LSm proteins have expanded
specialized RNA-related functions including splicing, nuclear
RNA processing, and messenger RNA decay (Tharun 2009;
Veretnik et al. 2009).

Eukaryotic LSm proteins are distributed in two distinct
LSm complexes, the nuclear LSm2-8 and the cytoplasmic
LSm1-7 (Tharun 2009). Therefore, LSm2 to LSm7 are com-

mon subunits of the two complexes, while Lsm8 and Lsm1

The presence of a domain forming a tertiary structure known
as “Sm-fold” is the common signature of the large Sm/LSm
(Sm-like) protein family. Genes encoding Sm/LSm pro-
teins exist in Archaea, Bacteria, and Eukaryotes (Mura et al.
2013; Weichenrieder 2014). The Sm-fold mediates the in-
teraction between Sm/LSm proteins in order to make
multimeric complexes involved in many aspects of RNA me-
tabolism (Wilusz and Wilusz 2013). While eukaryotic mem-

bers of the Sm family form protein complexes that are S )
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LSM-1 regulates C. elegans stress responses

are specific for nuclear and cytoplasmic compartments, re-
spectively. The nuclear complex binds to U6 snRNA in the
U6 snRNP and is involved in splicing, whereas the cytoplas-
mic complex has been described as an activator of the
decapping step in the 5'=3" mRNA decay pathway in P bodies
(Tharun et al. 2000; Parker and Sheth 2007).

Besides the above-mentioned canonical LSm complexes,
other heteromeric rings have been characterized in yeast
and vertebrate cells pointing toward an expanded catalog of
LSm functions in the modulation of RNA-RNA and RNA-
protein interactions (Tomasevic and Peculis 2002; Pillai
et al. 2003; Fernandez et al. 2004). Moreover, by doing
RNAI against Ism genes in diverse genetic backgrounds, we
and others have observed a greater functional complexity
than expected from the two described heteroheptameric
complexes (Ceron et al. 2007). The goal of the present study
is to explore the functions of LSm proteins in Caenorhabditis
elegans and therefore provide insights into their roles in the
physiology and development of multicellular animals.

A phylogenetic analysis based on protein sequences re-
vealed that the C. elegans genome contains all eight genes
(Ism-1, Ism-2, Ism-3, Ism-4, Ism-5, Ism-6, Ism-7, and Ism-8)
coding for small proteins (77-125 amino acids) of the canon-
ical eukaryotic complexes, and three other genes (Y48G1C.9,
K07A1.15, and C49H3.4) coding for small proteins with only
Sm domains (Supplemental Fig. S1A). In addition to this set
of Ism genes, other well-characterized and conserved Sm-like
genes including edc-3 and car-1 encode larger proteins con-
taining other functional domains (Supplemental Fig. S1A;
Squirrell et al. 2006; Tritschler et al. 2007).

The study of LSm proteins in multicellular organisms
has biomedical relevance since the overexpression of LSm1/
CaSm (cancer-associated Sm-like) has been associated with
malignant development in diverse types of human cancers
(Streicher et al. 2007; Watson et al. 2008),
although the causal oncogenic mechanism
of LSm1 in tumor cells is unknown.

required for the viability of the animals; and (ii) there is a
heterogeneous phenotypic signature for the core Ism genes:
Ism-2, Ism-4, Ism-5, Ism-6, Ism-7, and Ism-8 are essential, while
Ism-1 and Ism-3 are not. These phenotypes are consistent with
genetic data in yeast with the exceptions of Ism6 and Ism?7,
which are not essential in yeast (Supplemental Table S1);
and Ism3, which is essential (Mayes et al. 1999; Salgado-
Garrido et al. 1999). Therefore, Ism1/Ism-1 is the only nones-
sential member in both organisms.

We validated our RNAI results by analyzing mutants for
Ism-1 and Ism-3. Both these mutants contain deletions that
lack almost half of their transcripts, disrupting the Sm-like
domain of the proteins (Fig. 1A). Both deletions are putative-
ly functional null alleles since the corresponding dsRNAs de-
livered by microinjection did not further modify the mutant
phenotype (Supplemental Fig. S1B). Ism-1(tm3585) and Ism-
3(tm5166) mutant strains are viable but display pleiotropic
phenotypes. Both mutations cause a low incidence of larval
arrest, adult lethality, and embryonic lethality (Table 2).
Moreover, Ism-1(tm3585) and Ism-3(tm5166) both exhibit
reduced locomotor activity (Fig. 1B), are small compared
with wild-type worms (Fig. 1C) and result in reduced brood
sizes (Rbs) at 15°C. This Rbs phenotype is more pronounced
at higher temperatures (Fig. 1D). We detected a reduction in
the number of germ cells in adult Ism-1 worms compared
with wild-type worms (Supplemental Fig. S1C), which is
the possible cause of the reduced fertility. Low brood size
was also observed for worms with mutations in other P
body components such as homologs of the decapping en-
zyme DCAP-2/Dcp2 and the translation repression related
protein CGH-1/Dhh1 (Supplemental Fig. S1D).

We generated a transgenic strain containing integrated
copies of a LSM-1::GFP reporter with the Ism-1(tm3585).
The reporter rescued the developmental and Rbs phenotypes

TABLE 1. Phenotypic analysis classifies [sm genes in distinct functional categories

RESULTS AND DISCUSSION

RNAI by feeding
B — RNAI by injection

Gene targeted Canonical complex PO F1 F1
LSM-1 and LSM-3 are not essential for N - 3
C. elesans viability but contribute to Ism-1 Cytoplasmic Rbs Rbs, Gro Rbs, Gro, low% Emb
- eleg. . y Ism-2 Cytoplasmic/nuclear ~ Rbs, Ste  — 100% Emb
the regu|atl0n of deve|0pment; sm-32 Cytoplasmic/nuclear ~ Rbs Rbs, Gro  Rbs, Gro, low % Emb
reproduction, and motility Ism-4 Cytoplasmic/nuclear ~ Rbs Ste, Lva 100% Emb
. Ism-5 Cytoplasmic/nuclear ~ Rbs Ste 100% Emb
To shed light on the roles of the LSm  jsm.6 Cytoplasmic/nuclear ~ Rbs Ste, Lva 100% Emb
complexes in C. elegans, we initiated /Ism-7 Cytoplasmic/nuclear ~ Rbs Ste, Lva 100% Emb
functional studies of the components of ~ sm8 Nuclear Rbs Ste, Lva  100% Emb
the two canonical complexes as well as lggﬂ ?592‘ EO: app:!caE:e w¥ w¥ w$
. ot applicable
for Y48G1C.9, K07AL.15, and C49H3.4. 49143 4 Nt el WT WT WT

First, we performed RNAI using both feed-
ing and injection methods (Table 1). These
experiments showed that (i) the three genes
encoding LSm proteins that are not pre-
sent in the canonical complexes are not

www.rnajournal.org

The table summarizes the RNAi phenotypes of the 11 /sm genes tested relative to control
animals (treated with an empty-vector clone). Phenotypes are abbreviated as follows:
(Rbs) Reduced brood size, (Gro) slow growth, (Lva) larval arrest, (Ste) sterile, (Emb) embry-
onic lethal, and (WT) wild type.
“Ism genes whose RNAi knockdown produces viable phenotypes.
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FIGURE 1. Characterization of Ism-1 and Ism-3 mutants. (A) Gene
structures of Ism-1 and Ism-3. White boxes represent exons. Connect-
ing lines represent introns. Black areas indicate the regions encoding
the conserved Sm domain. Gray boxes represent regions deleted by
Ism-1(tm3585) and Ism-3(tm5166) alleles; (bp) base pair scale. (B) Mea-
sure of animal motility using an automated locomotor tracking system
(Simonetta and Golombek 2007). Locomotor activity plots showing the
activity of L4 worms at 20°C (1 worm/well in a 96-well microplate, eight
wells per genotype were analyzed). Each dot corresponds to the mean
activity (measured in bins/hour) of 3 h intervals. (C) Graph represent-
ing the body length of young adults (grown for 48 h at 25°C from L1
stage). Mean and standard deviations are plotted (1 > 100 worms per
genotype tested). (D) Brood sizes of wild type (N2) and the indicated
mutant strains. Bars represent the standard deviation among individuals
(n>20).
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(Supplemental Fig. S1E), indicating that the Ism-1 deletion is
directly responsible for the observed phenotypes and demon-
strated that our integrated LSM-1::GFP reporter is functional.

In yeast, Ism3 is essential for viability and necessary for cor-
rect splicing (Mayes et al. 1999). Since spliceosome core com-
ponents are expected to be essential in C. elegans (Kamath
et al. 2003; Rual et al. 2004; Kerins et al. 2010), the viability
of Ism-3 mutants argues against a central role for LSM-3 in
splicing. To test for any relevance of Ism-3 in this process,
we generated a strain carrying a GFP reporter for constitutive
splicing and the Ism-3 deletion. These animals displayed nor-
mal GFP expression in the intestinal nuclei, indicating that
LSM-3 is not required for constitutive splicing (Supplemen-
tal Fig. S2A).

Given that neither Ism-1 nor Ism-3 are necessary for the
survival of the animal, we tested to see if these genes have re-
dundant functions by making a double homozygous mutant
strain. The lack of a synthetic phenotype (Fig. 1C,D) and the
fact that Ism-3 and Ism-1 mutants phenocopy each other in-
dicate that these genes are not redundant but might partici-
pate in the same cellular processes during reproduction and
development.

We also tested for additional synthetic interactions be-
tween the nonessential Ism genes in C. elegans by microinject-
ing combinations of diverse dsRNAs (Supplemental Fig.
S1F). Since we did not observe any synthetic interaction,
we concluded that C. elegans’ LSm family does not function
as in Arabidopsis, where functional redundancies among
Lsm proteins are evident (Perea-Resa et al. 2012).

In summary, our analysis showed that Ism-1 and Ism-3 are
the only nonessential genes coding for members of the ca-
nonical LSm complexes, nevertheless, they are required for
normal C. elegans development and health.

Expression of Ism genes in C. elegans

In addition to the apparent functional diversity of the Ism
genes in C. elegans, we wanted to know if differences also exist
at the regulatory level. The features of Ism genes in the C. ele-
gans genome indicate heterogeneity in terms of regulatory re-
gions because Ism genes present distinct UTR sequences and
four out of the eleven genes are located in predicted operons
(Supplemental Fig. S3A). We produced reporter constructs
by PCR fusion (Hobert 2002) to generate promoter::GFP::
unc-54_3'-UTR transgenic lines for the 11 Ism genes studied
in this report (Supplemental Table S3). All promoters report-
ed expression except for KO7A1.15. We analyzed fluorescence
intensities for several identifiers in C. elegans’ anatomy and
observed overlapping but distinct gene expression patterns
across family members (Supplemental Fig. S3B). However,
these transcriptional reporters provide insufficient informa-
tion to draw major conclusions because they do not contain
all the regulatory sequences. As an example of the import-
ance of other regulatory regions, a translational reporter for
Ism-4 in a fosmid context (including UTRs and introns)
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TABLE 2. Phenotypes caused by mutations in /sm-1 and /lsm-3

nuclear translocation dynamics of DAF-
16 in the Ism-1(tm3585) mutant back-

%let ground. Interestingly, we observed that

Strains %Emb %Lva
Ism-1(-) 19.1+£19.8 (n=511) 9.4+1.5 (n=2035) 8.1 +0.9 (n=1340)
Ism-3(-) 8.4+5.8 (n=845) 1250 (n=1912) 5.7+1.6 (n=1911)

upon heat stress the translocation of
DAF-16 to the nucleus is impaired in

Synchronized L1 worms were seeded on NGM plates and phenotypes scored after 48 h at
20°C. (Emb) Embryonic lethality, (Lva) larval arrest, and (Let) adult lethality. Mean values
and + standard deviations are shown. (n) The total number of eggs or individuals scored for

each phenotype.

was ubiquitously expressed although with apparent varying
levels depending on the cell type (Supplemental Fig. S3C).

However, this localizome study showed that internal pro-
moters can drive the expression of Ism genes located within
different purported operons (as Ism-3 and Ism-8). Since
both SL1 and SL2 splice leaders have been detected upstream
of their messenger RNA (Allen et al. 2011), the activity of
these internal promoters may not fully capture the endoge-
nous expression pattern.

Ism-1 and Ism-3 are required for various stress responses

To gain insight into LSM-1 functions, the LSm protein with
the highest biomedical relevance, we compared the transcrip-
tomes of L3 (where the germline is not yet fully developed)
Ism-1(tm3585) and wild-type animals (Supplemental Table
S4). RNA-seq data suggest that genes related to the Insulin/
IGF-1 signaling (IIS) pathway are mis-regulated in Ism-1
(tm3585) mutants (Supplemental Table S4; McElwee et al.
2003; Murphy et al. 2003; Liu et al. 2004; Halaschek-
Wiener et al. 2005; Oh et al. 2006; Pinkston-Gosse and
Kenyon 2007; Lee et al. 2009; Schuster et al. 2010). The IIS
pathway has been associated with immune response and
stress protection, processes interconnected and regulated by
DAF-2, which is the C. elegans ortholog of the insulin-like
growth factor-1 (IGF-1) receptor (Troemel et al. 2006;
Singh and Aballay 2009; Murphy and Hu 2013). In C. elegans,
DAF-2 activity keeps the FOXO transcription factor DAF-16
in the cytoplasm. However, inactivation of DAF-2 signaling
allows DAF-16 to translocate to the nucleus, thus inducing
stress response at the transcriptional level (Yen et al. 2011).

Remarkably, among the top 24 up-regulated genes (fold
change >3, Supplemental Table S4) in Ism-1(tm3585) mu-
tants, we found four genes that are normally down-regulated
by the IIS effector DAF-16 (C32H11.4, C32H11.9, dod-21,
and dod-24) (Murphy et al. 2003). Moreover, pud-1.1 and
pud-2.2, which are up-regulated in daf-2 mutants (Dong
et al. 2007), are among the top 17 down-regulated genes
(fold change < —3, Supplemental Table S4) in Ism-I
(tm3585) mutants. Therefore, our transcriptome data point
toward a DAF-16 deficiency in Ism-1(tm3585) mutants under
normal conditions.

To further investigate the functional relationship between
LSM-1 and the IIS pathway, we studied the stress-induced

Ism-1(tm3585) mutants (Fig. 2A,B), a
defect previously associated with dimin-
ished stress resistance (Lin et al. 2001).
We observed a delay in the DAF-16 nucle-
ar translocation although most of DAF-
16 is eventually relocated to the nuclei.
Such an effect is a hallmark of mutations that affect the correct
function of the IIS pathway (Chiang et al. 2012). The DAF-
16::GFP reporter that we used and Ism-3 are located in the
same chromosome, making the generation of a genetic hybrid
difficult. Thus to test the impact of Ism-3 on DAF-16 nuclear
relocalization kinetics, we injected Ism-3 dsRNA and Ism-1
dsRNA as positive controls in a DAF-16::GFP strain. In
both cases, we observed a defect in DAF-16 nuclear transloca-
tion upon heat shock (Supplemental Fig. S2B).

Consistent with our previous observations, we found that
Ism-1(tm3585) and Ism-3(tm5166) mutants were sensitive to
heat stress (Fig. 2C), while strains overexpressing Ism-1 dis-
played a significant thermoresistance, similar to that reported
for daf-2(e1370) mutants where DAF-16 is constitutively
nuclear and transcriptionally active (Fig. 2D; McColl et al.
2010). Furthermore, we also observed that Ism-1(tm3585)
and Ism-3(tm5166) mutant L1 larvae were more sensitive to
starvation than wild-type animals, whereas larvae with extra
copies of Ism-1 had a higher survival rate than wild-type
worms (Fig. 2E). All these results support the idea that Ism-
I and Ism-3 contribute to stress responses through the IIS
pathway in C. elegans and that Ism-1 levels influence the ro-
bustness of these responses.

The IIS pathway also regulates resistance to bacterial in-
fection and longevity (Evans et al. 2008). We observed that
mutations in Ism-1 and Ism-3 cause heightened sensitivity
to infection by certain pathogens (Fig. 3A) and have negative
effects on lifespan (Fig. 3B). However, ectopic Ism-1 expres-
sion does not protect C. elegans from pathogens or extend
its lifespan (Fig. 3). Moreover, the daf-2(m577) extended
lifespan requires Ism-1 and Ism-3, and the short lifespan of
daf-16(mu86) mutants is shortened by Ism-1(tm3585), sug-
gesting that the harmful effect of the Ism-1 mutation on
longevity is independent of the regulation of DAF-16 nuclear
location.

Redistribution of cytoplasmic LSm proteins
in stress conditions

We generated integrated transgenic reporter lines for LSM-1
and LSM-4, which allowed the tracking of nuclear and cyto-
plasmic LSm complexes in the germline and early embryo. As
previously observed in other systems (Ingelfinger et al. 2002;
Spiller et al. 2007), LSM-1 was located exclusively in the
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FIGURE 2. Ism-1promotes DAF-16 nuclear localization upon stress and
influences stress responses. (A) Ism-1 is required for proper stress-in-
duced DAF-16 nuclear translocation. Fluorescence images of DAF-16::
GFP in wild-type (N2) and Ism-I mutant animals grown at 25°C, and after
a 40 min heat shock at 35°C. (B) Time-course analysis of DAF-16::GFP
nuclearaccumulation in response to heat stress. The histogram represents
the average of percentages of worms with full nuclear DAF-16::GFP
in three independent experiments (n>50 for each strain and time
point). Error bars, SEM. (C) Representative graph of experiments (see
Supplemental Fig. S4A) showing the significant reduced resistance to
heat stress caused by mutations in Ism-1 and Ism-3 (P-value < 0.001).
Young adult worms were incubated at 35°C and survival was scored every
hour. (D) Representative graph of experiments (see Supplemental Fig.
S4A) showing the significant resistance to heat stress caused by three dis-
tinct strains overexpressing Ism-1 (P-value < 0.001). daf-2(e1370) were
used as positive control for heat stress resistance. Young adult worms
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and Ism-3 mutations reduce the survival of L1 larvae during starvation
at 20°C. Ectopic expression of Ism-1 through the integrated reporter
LSM-1::GFP displayed a significant survival to starvation compared
with wild-type (N2) animals after 19 d (P-value < 0.001). Graph repre-
sents the mean percentage of survival and standard deviations from three
experimental replicates (n > 100 for each replicate and time point).
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cytoplasm whereas LSM-4 was expressed both in the nucleus
and cytoplasm (Fig. 4A).

As previously reported in C. elegans, we observed constitu-
tive cytoplasmic LSm granules in the early embryo in somatic
blastomeres (Fig. 4A; Gallo et al. 2008). However, we found
that in young adult animals the distribution of cytoplasmic
LSm proteins was diffuse rather than located in aggregates
(Fig. 4B). However, under heat stress, adult animals express-
ing LSM-1::GFP or LSM-4::GFP showed cytoplasmic GFP
granules (Fig. 4B). Microscopic analysis of the LSM-4::GFP
reporter in Ism-1 mutants indicated that the formation of
cytoplasmic LSm granules after stress was dependent on the
presence of LSM-1 (Fig. 4B).

In summary, while the formation of cytoplasmic LSM
granules is constitutive in some embryonic cells, the accumu-
lation of visible LSm granules in larvae and adults may occur
upon stress only, in an LSM-1-dependent manner.

The described competition of LSm8 and LSm1 for the
common components of the LSm complexes (LSm2-7)
implies that nuclear and cytoplasmic functions are some-
how interconnected, and such co-regulation should be care-
fully studied in multicellular organisms (Spiller et al. 2007;
Novotny et al. 2012).

Cytoplasmic LSm granules: P-bodies
or stress granules?

In yeast and humans, the LSm1-7 complex has been associ-
ated with P bodies (PBs) (Kedersha and Anderson 2007).
PBs are dynamic cytoplasmic aggregates of proteins and
RNA molecules that participate in diverse processes related
to RNA metabolism such as translational repression and
mRNA degradation (Sheth and Parker 2006; Parker and
Sheth 2007; Buchan et al. 2010). In particular, the LSm1-7
complex has been implicated in the 5~3’ mRNA decay ma-
chinery as a decapping activator of oligoadenilated mRNAs
in P-bodies (Tharun 2009).

Stress granules (SGs) are another type of cytoplasmic
aggregate, composed of nontranslating mRNAs and diverse
proteins related to mRNA processing that form when trans-
lational initiation is impaired (for example, when cells are
exposed to environmental stresses) (Buchan and Parker
2009).

PBs and SGs are dynamic structures that share some pro-
tein components and can physically interact (Kedersha and
Anderson 2007; Buchan et al. 2010); however, the physiolog-
ical roles of these aggregates are not well understood and
the classification of proteins within one or another is mostly
based on protein co-localization experiments with previously
characterized proteins.

In the C. elegans embryo, it has been shown that LSM-1::
GFP co-localizes with other PB components, but the pres-
ence of visible LSM-1::GFP granules is not required for
mRNA degradation (Gallo et al. 2008). Comparing the local-
ization of LSM-1 to the known P bodies component DCAP-
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type (N2) animals. Differences between Ism-1 and Ism-3 mutants were significant compared with wild-type (N2) after pathogen infection (0.01 <
P-value < 0.001 in all cases). (B) Representative graphs showing lifespan analysis (see Supplemental Fig. S4C) of wild-type (N2) and different mutant
and transgenic strains. daf-2(m577) and daf-16(mu86) mutants were used as control for extended and shortened lifespans, respectively.

2, which is the catalytic enzyme of the 5'-3" decapping step in
PBs, shows they are different. In developing C. elegans embry-
o0s, LSM-1 is present only in somatic blastomeres, whereas
DCAP-2 localizes in P granules in germline blastomeres
(Lall et al. 2005). Another PB component, the decapping en-
zyme DCAP-1, localizes in granules that are only weakly re-
duced upon Ism-1 RNAI inactivation (Sun et al. 2011).
Moreover, in adult animals, although DCAP-1-positive gran-
ules have been described to increase in size with age (Sun
et al. 2011), we did not observe this effect in LSM-1::GFP
worms (not shown).

Distinct cytoplasmic aggregates can share many RNA-
binding proteins and depending on cellular conditions, these
factors can relocalize from one type of granule to another
(Buchan 2014). Since LSM-1::GFP aggregates in stress condi-
tions, LSM-1 may shuttle between PBs and SGs depending
on physiological or environmental conditions. To confirm
the aggregation of LSM-1 in SGs, we used an RFP-tagged
TIAR-1 (TIA-1-related), which is a RNA-binding protein de-
scribed as a SG component (Kedersha et al. 1999). We ob-
served the co-localization of LSM-1::GFP and TIAR-1:RFP
under heat stress (Fig. 4C), suggesting that LSM-1 can also

accumulate in SG under specific conditions. In mammalian
cells, LSm1 is mostly P body-specific in the absence of stress,
although it has been observed associated with some types of
stress granules (Kedersha and Anderson 2007).

Since the single bacterial LSm protein homolog Hfq is also
required for stress responses in bacteria (Wilusz and Wilusz
2013), the capability of LSm proteins to chaperone RNA—
protein and RNA-RNA interactions seems to be conserved
through evolution as an adaptive response, distributing
RNA molecules and regulating protein synthesis, to cope
with adverse environmental conditions. Interestingly, such
aresponse in C. elegans seems to be linked to the IIS pathway,
also evolutionary conserved in Metazoa.

Concluding remarks

Through a comprehensive phenotypic analysis of the Ism
family in C. elegans, we have uncovered the role of cytoplas-
mic LSm proteins in C. elegans stress response. We found that
LSM-1 is required to establish a primary response to stress
through two known mechanisms: (i) the translocation of
DAF-16 to the nucleus, and (ii) the formation of cytoplasmic
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FIGURE 4. LSM proteins accumulate in cytoplasmic foci in specific stages and conditions. (A) LSM proteins accumulate in cytoplasmic granules
during embryogenesis. Confocal images of embryos expressing LSM-1::GFP in the cytoplasm and LSM-4::GFP in the nucleus and the cytoplasm.
Right panels show the same embryos visualized under differential interference contrast (DIC). (B) LSm accumulation in cytoplasmic granules in adult
cells is induced by heat stress (1 h at 35°C) (additional images in Supplemental Fig. S5) and is dependent on Ism-1. Confocal images (Z hyperstack) of
the head of young adult worms expressing LSM-1::GFP and LSM-4::GFP in control (20°C) and after heat-shock. (C) LSM-1 granules colocalize with
TIAR-1 granules under heat-stress conditions (1 h at 35°C). Confocal images of the tail of L4 worms coexpressing LSM-1::GFP and RFP::TIAR-1.

granules. To the best of our knowledge, this is the first time
that a functional link has been observed between these two
mechanisms in the stress response.

Regarding the link between LSm1 and cancer, it is tempt-
ing to establish a parallel between cancer cells and the
conditions required in C. elegans for LSM-1 cytoplasmic ag-
gregation, namely, rapid cell division in the embryo and en-
vironmental stress. Thus, we present C. elegans as an excellent
model to further investigate the impact of cytoplasmic Lsm
proteins in cellular metabolism and cancer.

MATERIALS AND METHODS

Strains

Caenorhabditis elegans strains were cultured and maintained using
standard procedures (Stiernagle 2006; Porta-de-la-Riva et al. 2012).
Bristol N2 was the wild-type strain, and the following alleles and
transgenic strains were used: CER60: Ism-1(tm3585)11, CER59:
Ism-3(tm5166)IV, CER36: Ism-1(tm3585)Il, Ism-3(tm5166)IV,
CB1370: daf-2(e1370)111, CF1038: daf-16(mu86)1, BL3466: inls173
[PNvitgfp], TJ356: zIs356[Pdaf-16::daf-16::gfp,rol-6(sul006)]IV,
DRI1567: daf-2(m577)II, CER154: Ism-1(tm3585)I;daf-2(m577)
II, CERI158: Ism-1(tm3585)I;daf-16(mu86)I, CER159: Ism-3
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(tm5166)1V;daf-2(m577)111, DG1701: cgh-1(tn691)I1I and RB1641:
dcap-2(0k2023)1V.

We also generated the following transgenic strains: CER26: unc-
119(ed3)111; cerEx26[Plsm-1::Ism-1::gfp::lsm-1_3'UTR, unc-119(+)],
CER27: unc-119(ed3)11L; cerEx27[Plsm-1:lsm-1::gfp::Ism-1_3'UTR,
unc-119(+)], CER4L: unc-119(ed3)111; cerlsO2[Plsm-4::Ism-4::gfp::
Ism-4_3'UTR, unc-119(+)], CER157: unc-119(ed3)I1l; cerlsO7
[Plsm-1::Ism-1::gfp::lsm-1_3"UTR, wunc-119(+)], CER152: cerls02;
Ism-1(tm3585)I1, CERI155: zIs3561V;lsm-1(tm3585)II, CER129:
inls173[PNvitgfp[;lsm-3(tm5166)IV, CER162: cerls07;lsm-1(tm3585)
II, CER166: cerlsO7;cerEx42[Ptiar-1::RFP::tiar-10RF::tiar-1 3 UTR
+rol-6(+)].

Generation of transgenic animals

For the generation of Ism-1 and Ism-4 translational reporters, fosmid
vectors containing a GFP-tagged version of these genes were re-
quested from the Transgeneome resource (Sarov et al. 2012) and
transformation was performed by bombardment with gold particles
(Biolistic Helium Gun, Caenotec). unc-119(ed3) young adults were
shot with 16 pg of the purified DNA of interest (Praitis et al. 2001).

For the co-localization experiments, CER157 animals expressing
integrated copies of LSM-1::GFP were injected with a mix contain-
ing 80 ng/uL of a RFP::TIAR-1 construct (Rousakis et al. 2014) and
20 ng/pL of the linearized roller marker pRF4 [rol-6(su1006)].
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Transcriptional reporters, described in the Supplemental Materi-
al, were constructed by PCR fusion (Hobert 2002).

RNAi

The RNAI clones used in this study were obtained from the
ORFeome library (Rual et al. 2004) (Ism-1, Ism-3, Ism-5, Ism-7,
C49H3.4) or the Ahringer library (Kamath et al. 2003) (Ism-2,
Ism-4, Ism-6). We completed the Ism family RNAI clone collection
by amplifying the cDNAs of Ism-8, Y48G1C.9, and K07A1.15, and
cloning them into a 14440 vector by ligation after digestion with re-
striction enzymes. All RNAI clones were verified by sequencing.
RNA-mediated interference (RNAI) by feeding was performed fol-
lowing standard conditions (Fontrodona et al. 2013), using a con-
centration of 3 mM IPTG on the RNAI plates. To induce RNAi by
microinjection, specific dsRNAs were synthesized by using the
MEGAscript T7 kit (Ambion). Young adult animals were injected
with 1 pg/uL of the dsRNA of interest.

RNA-seq analyses

N2 wild-type and Ism-1(tm3585) L1 synchronized worms were
grown and harvested at L3 stage (26 h at 25°C). Animals were
washed with M9 buffer to remove bacteria, and pellet frozen in
TRIzol. Total RNA purification was performed using the mirVana
miRNA isolation kit (Ambion) followed by Ribosomal RNA deple-
tion with the RiboMinus Eukaryote Kit (Invitrogen). RNA quality
was verified in the Experion Bioanalyzer (Bio-Rad). We used an
Illumina kit to make libraries that were run through a Genome
Analyzer 1IX Ultrasequencer (Illumina). Each sample produced
~10 million reads that were processed using TopHat (Trapnell
et al. 2009) to be mapped against the C. elegans genome (WS225).
BAM files were analyzed with the SeqSolve NGS software (Integro-
mics, S.L.) using a false discovery rate of 0.05, and filtering reads
displaying multiple mapping sites. SeqSolve uses Cufflinks (Trapnell
etal. 2010) and Cuffdiff (Trapnell et al. 2013) programs to perform
differential gene expression analyses between samples (P-value <
0.005). Expression values were normalized in FPKM (fragments
per kilobase of exon per million fragments mapped).

Stress assays

For thermotolerance assays, L4 animals grown at 16°C were trans-
ferred to plates seeded with OP50 bacteria and grown to day 1 of
adulthood. Next, worms (n=40) were transferred to two 6 cm
plates without any food and incubated at 35°C. Viability was scored
at several time points; death was determined by the lack of move-
ment and/or pharyngeal pumping after prodding.

To quantify DAF-16::GFP subcellular localization, 14 worms
grown at 16°C were shifted to 25°C until they reached day 1 adult
stage. GFP was analyzed using an Axio Imager Z1 Zeiss microscope
at 40x magnification before and after heat shock at 35°C. For heat
shock time-course analyses, worms were scored for the presence
or absence of GFP accumulation in the nuclei of somatic cells along
the body every 10 min at 35°C. Animals were scored as having full
nuclear GFP if DAF-16::GFP was observed in the nucleus of somatic
cells homogeneously from head to tail.

L1 starvation assay was performed as previously described by
Zhang et al. (2011). Briefly, adult worms were bleached and the re-

sulting eggs were resuspended in 4-6 mL S-basal without cholesterol
in 15-mL tubes. Egg prep was filtered using a 40 um nylon cell
strainer (BD Falcon) in order to remove debris and larger clumps
of unhatched eggs derived from the bleaching. Tubes were incubated
rotating at 20°C. To determine larval viability, 20-pL aliquots (~100
worms) were placed every 3 d onto three 6-cm nematode growth
medium (NGM) plates and survival rates were calculated.

For bacterial pathogen assays, L4 worms grown at 16°C (n =10
for each genotype) were cultured in the presence of pathogenic bac-
teria as the sole food source, and the number of survivors was count-
ed every day. Enterococcus faecalis OG1RF was grown in BHI with 40
ug/mL of gentamycin. Staphylococcus aureus NTCT8325 was grown
in TSB with 10 ug/mL of nalidixic acid.

For all the stress assays, graphical representation of survival curves
and Kaplan-Meier statistical analyses were made using GraphPad
Prism 4.0 software (GraphPad Software Inc.) P-values were ob-
tained applying the Mantel-Cox logrank test.

Lifespan experiments

A synchronized population of L1 larvae was grown at 15°C for 72 h
until they reached L4 stage. At that point, worms were washed from
the plate using sterile M9 buffer and transferred (at least 100 animals
per experiment) onto NGM plates seeded with OP50 and 0.1 mg/
mL 5-fluoro-2’-deoxyuridine (FUDR) to chemically inhibit repro-
duction and to eliminate any effects reproduction might have on
longevity. The viability of the worms, cultured at 25°C was scored
every two or three days. Animals that failed to respond to stimula-
tion by touch were considered dead. Day 0 of adulthood was defined
as the day that mid-to-late L4s were transferred to NGM-FUDR
plates and maintained at 25°C. Survival curves were made with
GraphPad Prism 4.0 software.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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