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Abstract
The let-7 microRNA (miRNA) regulates developmental timing at the larval-to-adult transition in
Caenorhabditis elegans. Dysregulation of let-7 results in irregular hypodermal and vulval
development. Disrupted let-7 function is also a feature of human lung cancer. However, little is
known about the mechanism and co-factors of let-7. Here we demonstrate that ribosomal protein
RPS-14 is able to modulate let-7 function in C. elegans. The RPS-14 protein co-immunoprecipitated
with the nematode Argonaute homolog, ALG-1. Reduction of rps-14 gene expression by RNAi
suppressed the aberrant vulva and hypodermis development phenotypes of let-7(n2853) mutant
animals and the mis-regulation of a reporter bearing the lin-41 3′UTR, a well established let-7 target.
Our results indicate an interactive relationship between let-7 miRNA function and ribosomal protein
RPS-14 in regulation of terminal differentiation that may help in understanding the mechanism of
translational control by miRNAs.
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Introduction
MicroRNAs (miRNAs) are ~22-nucleotide small RNAs that regulate gene expression at the
post-transcriptional level. In animals, miRNAs are involved in multiple biological functions,
including development, apoptosis, metabolism and signaling pathways (Ambros, 2004; Bartel,
2004; Bushati and Cohen, 2007; Stefani and Slack, 2008). Dysregulation of miRNAs is also
linked to human diseases and cancers (Bushati and Cohen, 2007; Esquela-Kerscher and Slack,
2006; Kloosterman and Plasterk, 2006). The first two known miRNAs, lin-4 and let-7, were
originally identified in the nematode C. elegans through genetic analysis and found to control
the timing of cell fate determination during larval development (Lee et al., 1993; Reinhart et
al., 2000). lin-4 and let-7 loss-of-function mutations disrupt the control of cell differentiation
and cell cycle exit and result in inappropriate reiterations of the first larval stage (L1) and the
fourth larval stage (L4) fates, respectively. For example, specialized hypodermal cells, known
as seam cells, divide with a stem cell manner and terminally differentiate at the beginning of
the adult stage in wild-type animals (Sulston and Horvitz, 1977). In lin-4 and let-7 mutant
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animals, seam cells fail to exit the cell cycle after the L4-to-adult transition and instead reiterate
larval fates and continue to divide (Chalfie et al., 1981; Reinhart et al., 2000). Lack of cell
cycle control and failure to terminally differentiate are hallmarks of cancer. Indeed, our
previous studies have shown that let-7 regulates the oncogene RAS in C. elegans and human
lung cancer, which indicates a role for let-7 as a tumor suppressor in carcinogenesis (Johnson
et al., 2005).

In general, miRNAs, which are incorporated into ribonucleoprotein complexes (miRNPs) with
Argonaute proteins and other effectors, regulate gene expression through base-pairing to target
sites on the 3′ untranslated region (3′UTR) of mRNAs, which then reduces the protein yield.
Several models of translation repression have been proposed from a variety of model systems,
including C. elegans, Drosophila and mammalian cell cultures or in vitro translation in cell-
free extract (see below). In these models, translational repression is a consequence of miRNP
binding to mRNA sites with imperfect complementarity. The association of miRNPs with the
translation machinery may trigger inhibition of translation initiation, inhibition of translation
elongation, proteolysis of nascent peptides, pre-mature ribosome dissociation or mRNA
degradation (Filipowicz et al., 2008; Nilsen, 2007; Pillai et al., 2007). However, there are points
of controversy within these models. For example, studies in C. elegans and mammals have
shown co-sedimentation of miRNAs with polysomes, which suggests miRNAs function at the
elongation stage of translation (Maroney et al., 2006; Olsen and Ambros, 1999; Petersen et al.,
2006; Seggerson et al., 2002). Recent studies in cell-free translation systems clearly promote
a model where the binding of Argonaute proteins and GW182 to m7G-cap interferes with
translation initiation and may further induce deadenylation of the mRNA (Eulalio et al.,
2008; Mathonnet et al., 2007; Standart and Jackson, 2007; Thermann and Hentze, 2007;
Wakiyama et al., 2007). Other studies also pointed out that miRNAs repress translation by
preventing ribosome 60S subunit joining to mRNAs (Wang et al., 2008) and the let-7 miRNA
represses gene expression via translation initiation and elongation factors (Ding et al., 2008).
On the other hand, little is known about the interaction between miRNP components and
functional regions of the ribosome. In this study, we were interested in identifying factors that
function with the let-7 miRNA in developmental control.

Here we provide evidence in C. elegans that a ribosomal protein RPS-14 is involved in let-7
miRNA function. The RPS-14 protein was detected in immunoprecipitation reactions with the
nematode Argonaute protein ALG-1. We used RNAi to knock down rps-14 expression and
tested the effects on let-7 miRNA function by examining vulval and hypodermal phenotypes
of let-7(n2853) mutant animals (Reinhart et al., 2000). We also tested let-7 regulation on a
lacZ reporter gene that carries lin-41 3′UTR, which is a known let-7 target (Reinhart et al.,
2000; Vella et al., 2004). We found that loss of rps-14 enhanced let-7 function in let-7
(n2853) animals. These results demonstrate that RPS-14 protein, a component of the small
subunit of the ribosome, negatively interacts with let-7.

Materials and Methods
Cell extract and immunoprecipitation

An expression construct, pBS-F48gfp, containing the alg-1 genomic sequence and 4 kb of
upstream promoter with recombinant GFP sequence fused to the 5′ end of the first exon was
provided by Dr. Craig Mello (University of Massachusetts Medical School). This construct
was injected into N2 wild type animals at a concentration of 100 ng/μl with rol-6(su1006)
(Mello et al., 1991) as a coinjection marker at 70 ng/μl. Two representative lines carrying an
extrachromosomal array were selected for integration using a UV-irradiation protocol: L4
worms were soaked in 30 μg/ml Trimethylpsolaren for 15 min and exposed to 365-nm light
(30000 μJ/cm2) in a Stratalinker UV Crosslinker 1800 (Stratagene). Integrants were screened
from the progeny and outcrossed three times. Cell extracts were prepared as described
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previously (Chan et al., 2008). Cell extracts were pre-cleared by incubation with 0.1X volume
of protein-G Sepharose at 4°C for one hour. For western blotting, cell extracts containing 2
mg total protein were incubated with 20 μl of protein-G Sepharose beads, in which 2 μg of
monoclonal anti-GFP antibody (clone 3E6, Invitrogen) were conjugated and crosslinked, at 4°
C for one hour. The beads were washed four times with 1 ml washing buffer (50 mM Tris-HCl
pH 7.5, 200 mM KCl and 0.05% NP-40). The proteins were extracted by boiling the beads in
the SDS-PAGE loading buffer and separated on a 4-20% SDS-PAGE gel. For collecting
distinct protein bands from the gels, cell extracts containing 10 mg total protein were used in
the immunoprecipitation reaction with 10 μg of antibody. The beads were washed five times
with high salt washing buffer (50 mM Tris-HCl pH 7.5, 500 mM KCl and 0.05% NP-40). The
proteins were equally divided to two aliquots for two gels. One gel was stained by silver staining
with a high sensitivity for detecting interesting bands. The other was stained by colloidal
coomassive blue staining and was the actual gel used to cut the protein bands from. The proteins
bands were analyzed by LC-MS/MS (ProtTech, Inc., PA).

For detecting miRNAs in the GFP∷ALG-1 precipitates, cell extracts containing 1 mg total
protein were used in the immnunoprecipitation reaction with 2 μg of antibody. The beads were
treated with proteinase K (2 mg/ml proteinase K, 10 mM EDTA and 0.2% SDS) at 37 °C for
one hour and the total RNAs were extracted by phenol/chloroform. let-7 and lin-4 miRNAs
were detected by northern blot analysis using labeled DNA oligonucleotide probes as
previously described (Esquela-Kerscher et al., 2005).

RNAi experiments
Gene knockdown was performed by feeding RNAi using previously published libraries and
methods (Kamath et al., 2003; Timmons and Fire, 1998). The experiments were performed on
NGM plates that contain 1 mM isopropyl-β-thiogalactopyranoside (IPTG) and E. coli HT115
carrying pL4440-based dsRNA expression plasmids as a food source. Around one hundred
synchronized let-7(n2853) L1 larvae were placed on the plate and then incubated at 20 °C.
Five independent experiments were performed at 20°C for rps-14 RNAi (total n > 600) and
mock RNAi (total n > 600). The mock RNAi was performed using E. coli HT115 carrying the
pL4440 vector without a targeting dsRNA sequence as the food source. After the L4-to-adult
molt, viable animals were counted. Since rps-14(RNAi) has a moderate slow-growth effect,
the intensity of rps-14(RNAi) was reduced by diluting the rps-14(RNAi) expressing bacteria
with 1×, 2× or 4× volumes of bacteria carrying pL4440. These experiments were repeated 3
to 5 times with >100 animals counted in each single experiment. We also performed mock and
rps-14(RNAi) with the animals carrying an integrated wIs79[ajm-1∷gfp; scm-1∷gfp] allele in
the let-7(n2853) background (n = 57), to determine the effect of rps-14(RNAi) on seam cell
development. The experiment was performed at 20°C and the number of seam cell nuclei and
the adult alae were scored just after the L4-to-adult molt and before vulva bursting in a four-
hour window. In this experiment, rps-14(RNAi) expressing bacteria was diluted in 4× volumes
of bacteria carrying pL4440.

lacZ reporter gene expression
lacZ reporter expression under the control of the seam cell-specific col-10 promoter and the
regulation of lin-41 3′UTR was assayed as previously described (Reinhart et al., 2000; Vella
et al., 2004). The construct pFS1030 contains the col-10 promoter following the lacZ reporter
gene and 1.1 kb sequence of lin-41 3′UTR (Vella et al., 2004). The control construct pFS1031
contains the col-10 promoter following the lacZ reporter gene and lin-41 3′UTRΔLCS in which
two major let-7 binding sites are deleted. Both constructs were injected into N2 wild type
animals at a concentration of 10 ng/μl with rol-6(su1006) as a coinjection marker at 80 ng/μl
(Vella et al., 2004). The extrachromosomal DNA arrays were crossed to let-7(n2853) animals.
Synchronized L1 larvae were subjected to RNAi experiments as described above but at 15 °
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C. L3/L4 larvae and young adult worms grown from the same synchronized L1 larval
population were harvested for X-Gal staining. Animals showing one or more stained seam cells
were scored as positive. The relative percentages of adult animals with lacZ expression shown
in Fig. 4 are obtained by dividing the percentage of stained adult animals by the percentage of
stained larvae. Three independent experiments using let-7(n2853) animals carrying the
lacZ∷lin-41 3′UTR reporter were performed at 15°C (for rps-14(RNAi), larva n = 915, adult
n = 223; for mock RNAi, larva n = 628, adult n = 359 in total). An unpaired Student's t-test
between two groups, i.e. mock RNAi and targeted gene RNAi, was used to determine whether
the effect of the targeted gene RNAi was significant. Since rps-14(RNAi) has a slow-growth
effect, the rps-14(RNAi) expressing bacteria were diluted in 2X volumes of bacteria carrying
pL4440. For the control experiment using let-7(n2853) animals carrying the lacZ∷lin-41 3′
UTRΔLCS reporter, larva n = 249, adult n = 225 for rps-14(RNAi); larva n = 243, adult n =
321 for mock RNAi.

Gel shift assay
Synthetic let-7 RNA (5′-UGAGGUAGUAGGUUGUAUAGU-3′) was purchased from
Dharmacon Research Inc. and radiolabeled at the 5′ end using T4 polynucleotide kinase and
[γ32P] ATP. Reaction mixtures (25 μl) contained 1X kinasing buffer (NEB, 50 mM Tris pH
7.5, 5 mM MgCl2), 2.0 μM RNA, 50 μCi of [γ32P] ATP (3000 Ci/mmol, NEN) and 25 units
of T4 polynucleotide kinase. The kinasing reaction was performed at 37 °C for 30 min. The
specific activities of the RNAs were typically 1 × 106 c.p.m./pmol. The labeled RNA was
purified by passage through a G25 column (Roche).

Gel shift reaction mixtures (10 μl) containing 20 mM Tris pH 7.5, 1 mM magnesium acetate,
1 mM calcium chloride, 0.01% NP-40, 2 mM ATP, 250 ng/μl E. coli tRNA, 4 × 105 c.p.m end
labeled RNA (~40 nM) and cell extracts containing 20 μg total protein were incubated at room
temperature for 60 min. The reaction mix was loaded into a 5% native polyacrylamide gel (19:1
acrylamide:bis) for electrophoresis. Gels were dried on 3 MM Whatman paper and exposed
on a phosphoimager plate.

Results
In order to learn more about let-7 miRNA mechanisms and function, we sought protein factors
that interact with the let-7 binding factor, Argonaute. We used the nematode Argonaute
homolog ALG-1, known to bind to C. elegans let-7 (Hutvágner et al., 2004), in
immunoprecipitation reactions. We introduced a gfp∷alg-1 translational fusion construct into
a C. elegans wild-type strain, N2. This gfp∷alg-1 construct was able to complement an alg-1
(gk214) knockout allele (Supplemental Figure 1), suggesting that the GFP∷ALG-1 fusion
protein is functional. We found that the GFP∷ALG-1 protein is expressed throughout the
animal, initiating expression in early embryos, and culminating in the adult with intense
expression in the pharynx, seam cells, distal tip cells (DTCs), somatic gonad and vulval
precursor cells (VPCs), vulva and spermatheca (Fig. 1). The GFP∷ALG-1 protein is localized
in the cytoplasm and can be detected highly concentrated in subcellular granules (Fig. 1N and
1P). The active expression of alg-1 in the seam cells and vulva may reflect a requirement for
miRNA-mediated regulation in the development of these cells and explain the heterochronic
mutant phenotypes, including retarded seam cells and burst vulva in young adult animals,
caused by RNAi knock down of Argonaute genes in C. elegans (Grishok et al., 2001). Cell
extracts prepared from the transgenic line were used for immunoprecipitation with an anti-GFP
antibody. We detected let-7 and lin-4 miRNAs in the precipitates, suggesting that GFP∷ALG-1
is associated with, but not limited to, let-7 miRNP (Fig. 2A). These results are consistent with
previous reports implicating a function for ALG-1 in let-7-mediated heterochronic regulation
(Grishok et al., 2001) and the presence of ALG-1 in a let-7-containing miRNP complex
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(Hutvágner et al., 2004). We also detected C. elegans Dicer homolog DCR-1 and the ALG-1
interacting protein 1 (AIN-1) (Ding et al., 2005) in the precipitates (Fig. 2B), Dicer interacts
with Argonaute proteins physically and incorporates into protein complexes processing
miRNAs or siRNAs (Pham et al., 2004; Tahbaz et al., 2004). AIN-1 is the C. elegans homolog
of GW182, a component of miRNA-induced Silencing Complex (miRISC), whose association
with Argonaute proteins is required for miRNA-mediated translational repression (Ding et al.,
2005; Eulalio et al., 2008). These observations indicate that GFP∷ALG-1 incorporated into
functional miRNP complexes. The precipitates from a large-scale immunoprecipitation
reaction were subjected to SDS-PAGE followed by silver staining or colloidal coomassive blue
staining. Twelve bands not present in the control lane were excised and sent for LC-MS/MS
sequencing and fifteen proteins were identified by the mass spectrometry, including DCR-1
and ALG-1 (Fig. 2C and Supplemental Table 1). It is not clear if the ALG-1 peptides were
from endogenous ALG-1 or degraded forms of the GFP∷ALG-1 protein although the source
bands migrated around the position of ALG-1 molecular weight (~110 kDa). In spite of that,
the appearance of DCR-1 revealed that this procedure was able to detect relevant miRNP
proteins.

Knocking down rps-14 suppresses the vulval bursting phenotype of let-7(n2853) mutant
animals

To test the relevance of any of these protein factors to let-7, we tested for a genetic interaction
between ALG-1 interacting protein candidates and the let-7(n2853) mutant gene. let-7
(n2853) temperature sensitive mutant animals, in which the mutated let-7 miRNA contains a
G to A base substitution at the fifth nucleotide, die at the young adult stage by bursting through
the vulva at the non-permissive temperature (20°C) (Fig. 3A) (Reinhart et al., 2000), while the
phenotype is less penetrant at a lower temperature (15 °C). The weakly penetrant vulval
bursting phenotype at 15°C can be enhanced by reducing expression of components in the
miRNA pathway, ALG-1 or DCR-1, using RNAi (data not shown). Thus, the severity of the
temperature sensitive let-7(n2853) phenotype can be altered by changing the activity of miRNP
components. We used a feeding RNAi library (Kamath et al., 2003) to screen preliminary
ALG-1 interacting protein LC-MS/MS candidates for their influence on viability of let-7
(n2853) mutant animals (Supplemental Table 1). We anticipated that some candidates may act
as positive regulators, e.g. if these were functional effectors of let-7 miRNPs, then knocking
down them should cause enhancement of the bursting phenotype at the permissive temperature.
In contrast, other candidates may act as negative regulators of let-7 miRNPs and knocking
down these factors may cause reduced bursting at the non-permissive temperature.

One candidate gene that interacted in this secondary screen encodes ribosomal protein RPS-14
(Supplemental Table 1). Knocking down rps-14 by RNAi suppressed the vulval bursting
phenotype of the let-7(n2853) mutant at the non-permissive temperature (88% survival, n >
600) (Fig 3B). rps-14(RNAi) also results in slow growth and sterility. We serially diluted the
bacterial food used for feeding rps-14(RNAi) by adding 1X, 2X or 4X volumes of bacteria
carrying a control plasmid pL4440, which was used for mock RNAi, to provide a lower
intensity of RNAi. We found that the let-7(n2853) animals grew at a near normal rate at a 1:4
mix ratio and the bursting phenotype was still significantly suppressed (Fig. 3B). rps-14
(RNAi) strongly suppressed the vulval bursting phenotype of let-7(n2853) mutant animals,
showing that reduced expression of rps-14 partially relieves this particular defect in let-7 loss-
of-function animals. These results suggest a negative role of RPS-14 in let-7 function.

Since knock down of another ribosomal small subunit protein RPS-24.2 also has been shown
to suppress the vulval bursting phenotype of let-7(n2853) (Ding et al., 2008), we were interested
in the effects of knocking down other ribosomal proteins even we did not detect them in our
ALG-1 immunoprecipitation. We tested RNAi of 37 other ribosomal protein encoding genes
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and found that rps-25(RNAi) and rpl-24.2(RNAi) (Ding et al., 2008), in addition to rps-14
(RNAi), showed suppression of let-7 vulva bursting whereas rpl-29(RNAi) did not
(Supplemental Table 2). Knock down of the remaining ribosomal protein genes caused highly
penetrant developmental arrest at early or late larval stages (Supplemental Table 2). Hence,
the possibility that general ribosome deficiency affects the bursting phenotypes can not be
completely excluded.

Knocking down rps-14 suppresses let-7(n2853) mutant phenotypes in seam cells
rps-14(RNAi) strongly suppressed the vulval bursting phenotype of let-7(n2853) mutant
animals at 20°C, showing that reduced expression of RPS-14 partially relieves this particular
defect in let-7 loss-of-function animals. We tested if rps-14(RNAi) suppressed abnormal seam
cell development in let-7(n2853) animals. In wild-type animals, the ten seam cells on each side
of the body present at hatching become 16 seam cells during the L2 stage. At the third and
fourth larval transitions, seam cells divide but only one daughter cell of each division retains
the seam cell fate and the total number of seam cells remains the same. At the L4-to-adult molt,
neighboring seam cells exit the cell cycle, fuse with each other and secrete a cuticular structure
known as adult alae (Sulston and Horvitz, 1977). In let-7(n2853) animals, seam cells reiterate
the late larval fate of cell division at the L4-to-adult molt, which leads to an increased number
of seam cell nuclei, around 22~24 (Reinhart et al., 2000). Also, those seam cells do not fuse
with neighboring seam cells and do not generate alae. We scored the number of seam cell
nuclei, using seam cell marker (scm-1∷gfp) expression from the wIs79[ajm-1∷gfp;
scm-1∷gfp] allele, and scored the formation of alae in let-7(n2853) mutants just after the L4-
to-adult molt under mock or rps-14(RNAi) (with a reduced RNAi intensity by adding 4X
volumes of bacteria carrying the pL4440 plasmid, see Material and Methods). In our
experiments, let-7(n2853) animals after the L4-to-adult molt displayed 22.3 ± 1.6 seam cell
nuclei (n = 110) on average. rps-14(RNAi) partially suppressed the abnormal reiterative
division of seam cells and reduced the number to 17.9 ± 0.5 (n = 57) (Fig. 3C). rps-14
(RNAi) also significantly restored alae formation in let-7(n2853) worms after the L4-to-adult
molt; 80% of animals produced complete alae (Fig. 3D and 3E) upon rps-14(RNAi), compared
to 16% in the mock RNAi experiment (Fig. 3E). These results suggest a genetic interaction
between rps-14(RNAi) and let-7, and reinforce the notion that RPS-14 interacts negatively with
let-7.

Knocking down rps-14 enhanced let-7-mediated gene regulation in let-7(n2853) animals
It is possible that the suppression on the let-7(n2853) mutant phenotypes in our experiments
was due to rps-14(RNAi) solely affecting genes downstream to let-7 in the C. elegans
heterochronic gene pathway (Reinhart et al., 2000) and not because it interfaced with let-7
function. To distinguish between these possibilities, we tested if direct let-7 regulation on a
reporter with lin-41 3′UTR would be affected by rps-14(RNAi). let-7 is up-regulated from the
third larval (L3) stage during C. elegans development and binds to the 3′UTR of the lin-41
gene to repress its expression in seam cells. This event allows seam cell fates to transition
normally from the larval to adult stage. The 1.1 kb of sequence after C. elegans lin-41 stop
codon, which contains let-7 binding sites, was fused to a lacZ reporter gene driven by the
col-10 promoter (Reinhart et al., 2000). The β-galactosidase activity, which is specifically
expressed in seam cells, can be detected by X-Gal staining (Wightman et al., 1993). This
construct was introduced into N2 and let-7(n2853) animals. In N2 animals, robust X-Gal
staining was observed in the seam cells through the L1 to the L4 larval stages but the staining
was greatly reduced at the adult stage (46% of animals, data not shown) (Reinhart et al.,
2000; Vella et al., 2004). In contrast, the X-Gal staining in let-7(n2853) adult animals was
unchanged from larval levels (98%, n = 359, normalized to stained larvae, see Materials and
Methods), indicating a low efficacy of let-7 regulation (Fig. 4A and 4C). Upon rps-14
(RNAi) (with a reduced RNAi intensity by adding 2X volumes of bacteria carrying the pL4440
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plasmid, see Material and Methods), only 56% of let-7(n2853) adult animals were stained (n
= 223, Student's t-test p = 0.011), suggesting that let-7 function in let-7(n2853) mutants was
partially restored. We also used a reporter construct with the lin-41 3′UTRΔLCS as control, in
which the two major let-7 binding sites in the 3′UTR have been removed (Vella et al., 2004).
In the control experiment, we found little difference in the staining in larvae and adult animals
regardless of whether mock or rps-14 RNAi was performed (Fig. 4D), which suggested the
effect of rps-14(RNAi) is not due to defects in general ribosome function, but is specific to
let-7. These results support our assertion that RPS-14 acts as a negative modulator of let-7
function.

rps-14(RNAi) affects let-7 miRNP formation
We previously reported that in vitro the let-7 miRNA assembles into ribonucleoprotein
complexes of different sizes, named M* (>667 kDa), M3/M4 (~500 kDa), M2 (~250 kDa),
M1 (~160 kDa) and M** (Chan et al., 2008). The protein content and the role of these
complexes are still not clear. Two small complexes M1 and M2 assemble only with the
members of the let-7 miRNA family and their formation is highly dependent on specific
sequences in the 5' seed region of let-7. The formation of M1 and M2, especially M1, also
requires ALG-1 (Chan et al., 2008), suggesting its relevance to miRISCs. A smaller complex
M** migrates faster than M1 on native gels as a less distinct band and may represent
heterogeneous initial products in assembly or disassembly (Chan et al., 2008). We incubated
radioactive labeled let-7 with the cell extract prepared from animals subjected to rps-14
(RNAi) (with a reduced RNAi intensity by adding 1X volume of bacteria carrying the pL4440
plasmid, see Material and Methods) and tested for let-7 complex formation. The amount of
M** was reduced and the formation of M1 was slightly increased (Fig. 5). While we found an
increase in the M1/M** ratio, other complexes seemed not to be affected significantly.
Although the let-7 binding complexes are still to be characterized in detail, this result shows
that RPS-14 is required for these complexes to form and suggests that RPS-14 modulates
let-7 function through miRNP complex formation (see Discussion).

Discussion
We found a small ribosomal protein RPS14 as an ALG-1 co-purifying product. In our
experiments, rps-14(RNAi) significantly suppressed the vulval bursting phenotype of let-7
(n2853). rps-14(RNAi) also showed a strong genetic interaction with let-7 in a particular
developmental event in seam stem cells. Moreover, rps-14(RNAi) restored let-7 mediated
regulation of the lacZ reporter gene carrying lin-41 3′UTR in let-7(n2853) animals. Although
knocking down rps-14 also caused slow growth, perhaps because translation is impaired, the
expression of a lacZ∷lin-41 3′ UTR reporter gene at all larval stages was not affected, and
neither was the expression of a lacZ∷lin-41 3′UTRΔLCS reporter gene affected at larval or
adult stages. Thus, the effect of rps-14(RNAi) on enhancing let-7 function seems to be specific.
In addition, rps-14(RNAi) altered the formation of certain let-7 binding complexes in cell
extracts. These in vivo and in vitro results consistently suggest a negative impact of RPS-14
on let-7 miRNA function.

Since in human cells, let-7a, Ago proteins and reporter mRNA carrying the lin-41 3′UTR have
been shown to sediment with polyribosomes in sucrose gradients (Nottrott et al., 2006), we
suspected that our immunoprecipitates may contain certain ribosomal components. However,
we did not find any other ribosomal proteins in our band samples. Nevertheless, we tested
whether knock down of other ribosomal proteins could suppress the vulval bursting phenotypes
of let-7(n2853), and found that like rps-14(RNAi), rps-25(RNAi) and rps-24.2(RNAi) also
showed similar effects whereas rpl-29(RNAi) did not. Hence, it is difficult to rule out whether
the slowed growth caused by knocking down ribosomal proteins contributed to the suppression
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on vulva bursting of let-7(n2853) adult animals. In spite of that, our findings still strongly
suggest a negative role of RPS-14 in let-7 function.

It is interesting that rps-14(RNAi) altered formation of let-7-binding complexes in vitro.
Although the roles of these complexes in let-7 function are still unclear, rps-14(RNAi) seems
to facilitate the formation of at least one complex (M1) and prevent another let-7-binding
product (M**). In a pulse-chase experiment in our previous report, we found that the 32P-
labeled let-7 in these small complexes, including M2 and M1, can be rapidly replaced by a
cold let-7 competitor (Chan et al., 2008), not only suggesting that the let-7 miRNA in these
complexes is highly exchangeable but also indicating that the pre-formed complexes with
endogenous let-7 in vivo can be monitored by adding exogenous 32P-labeled let-7 into cell
extracts. In other words, the signals in our gel shift experiment may represent both endogenous
let-7 complexes and newly in vitro assembled complexes. This is also supported by the
observation of less M1 and M2 complex formation in the alg-1(gk214) cell extract (Chan et
al., 2008), in which the amount of endogenous let-7, probably also the amount of endogenous
let-7 binding complexes, is lower than that in the wild-type cell extract (unpublished data).
However, the amount of M** in the alg-1(gk214) cell extract is higher than that in the wild-
type cell extract, resulting in an very low M1/M** ratio (Chan et al., 2008). We speculate that
deficiency in Argonaute proteins may promote let-7 into the M** pool, where let-7 is only
associated with a few proteins. In contrast, rps-14(RNAi) reduced the amount of M** and
increased M1/M** ratio, suggesting that the lack of RPS-14 affects let-7 and/or miRISCs
behavior and causes less let-7 in the M** pool. Although the mechanism is unknown, this
observation is consistent to the notion that RPS-14 plays a negative role in let-7 function. It
would be interesting to see if RPS-14 also affects other miRNAs. However, these small
ribonucleoprotein complexes were found only with let-7 and their formation is dependent on
the 5' seed region sequence of let-7 (Chan et al., 2008).

RPS-14 associates with helix 23 of the 18S rRNA during the processing of rRNA and following
ribosome assembly. In other systems, it has also been found to be capable of auto-regulation
of its own expression, transcriptionally or post-transcriptionally (Fewell and Woolford,
1999; Tasheva and Roufa, 1995). In human cells, two stable antisense RNAs transcribed from
the first intron of RPS14 gene stimulate RPS14 mRNA transcription. Free RPS14 protein was
able to bind RPS14 mRNA and these antisense RNAs. It also inhibits its own mRNA's
transcription directly by its negative effects on the RPS14 mRNA transcription complex or
indirectly by inhibiting the synthesis of stimulating antisense RNAs (Tasheva and Roufa,
1995). In yeast, free RPS-14 protein can inhibit RPS-14B expression by associating with
sequences around the 5′ splice site of RPS-14B pre-mRNA, which form a stem-loop structure
with a bulged region caused by imperfect complementary base pairs (Fewell and Woolford,
1999). These examples indicate that certain ribosomal proteins can be multi-functional and are
able to target other RNAs besides rRNAs. However, our results do not yet show whether the
free RPS-14 or the RPS-14 protein on the 40S ribosomal subunit is involved in let-7 function.
One hypothesis is that RPS-14 assembled on the 40S ribosomal subunit may play a role when
ribosome activity is regulated by the let-7 miRNA. Since the co-purification of RPS-14 with
ALG-1 in our experiments could be due to the proximity of miRISC and ribosome, an
interesting speculation is that RPS-14, not only associates with 18S rRNA, but may also interact
with the approaching let-7 miRNPs and hence play a role in translational control. In the 40S
subunit, RPS-14 is on the “platform” and helps to form the mRNA exit channel along with its
interacting protein RPS-5 in the “head” of the 40S subunit (Yusupov et al., 2001). It has been
shown in bacteria that mutations in this region can reduce the association of ribosomal subunits
(Robert and Brakier-Gingras, 2003). Taken together, we speculate that miRISC may prevent
the 60S subunit from joining to the pre-initiation complex or disrupt translating ribosomes by
interacting with ribosome 40S subunit surfaces near the RPS-14/RPS-5 region.
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Some ribosomal proteins have been implicated in mi/siRNA silencing. For example, RpL5 and
RpL11 were found in a complex containing dFMR, AGO2, Dmp68 and 5S rRNA in
Drosophila (Ishizuka et al., 2002). The authors also showed that dFMR associates with Dicer
and miRNAs in vivo. dFMR may associate with the 60S ribosomal subunit, by binding to RpL5
and RpL11 that are on the top surface of 60S ribosomal subunit, and prevent the assembly of
the translation initiation complex (Ishizuka et al., 2002). In addition, a recent study in
Drosophila has shown that knockdown of several ribosomal proteins impacted small RNA
pathways. Among these ribosomal proteins, RpS7, RpL21 and RpL22 could
immunoprecipitate mi/siRNAs and components of the miRNA or siRNA pathways, including
AGO1, AGO2, dFMR and VIG (Vasa intronic gene) (Zhou et al., 2008). In C. elegans,
rps-24.2 has been shown to genetically interact with let-7 (Ding et al., 2008) and RPS-0 has
been found in association with AIN-2 (ALG- 1 interacting protein 2) (Zhang et al., 2007).
RPS-14 was not detected in the AIN-2 associating complex probably because of a different
proximity of RPS-14 to AIN-2. While the mechanism is still unclear, our findings point to a
new direction in the study of miRNA function with the possibility that certain ribosomal
proteins, like RPS-14, may interact with miRISC and play roles in miRNA-mediated
translational repression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
gfp∷alg-1 is expressed throughout C. elegans. gfp∷alg-1 is initially expressed in early embryos
(A and B) and highly expressed in the pharynx and seam cells (C and D), distal tip cell (DTC)
(E and F), somatic gonad and vulval precursor cells (VPCs) (G and H), vulva and spermatheca
(I, J, K and L). The GFP∷ALG-1 protein is localized in the cytoplasm and can be highly
concentrated in sub-cellular granules, indicated by arrows in (N) an embryo at comma stage
and (O) a cell in the tail of an adult animal.
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Figure 2.
Identification of ALG-1 interacting proteins. Total extracts prepared from animals carrying the
integrated gfp∷alg-1 expression construct or from the N2 wild-type animals were
immunoprecipitated with monoclonal anti-GFP antibody. (A) Immunoprecipitates were
treated with proteinase K and total RNAs from the pellets were extracted and analyzed by
northern blot. First two lanes are hybridizations to unlabeled lin-4 and let-7, respectively. (B)
Proteins eluted from the immunoprecipitates were separated on SDS-PAGE and analyzed by
western blot. (C) Proteins eluted from the precipitates of a larger scale immunoprecipitation
were divided to two equal aliquots and separated on two SDS-PAGE gels following by silver
and colloidal coomassie staining, respectively. Twelve pieces containing interesting bands
(indicated by numbers) were excised from the colloidal coomassie stained gel and sent for LC-
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MS/MS sequencing. The names of proteins identified by the LC-MS/MS sequencing for each
band are listed on the right. The names of RISC components are shown in bold. RPS-14 is
highlighted with underline. The asterisk indicates GFP∷ALG-1 band confirmed by western
blot (data not shown).
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Figure 3.
rps-14(RNAi) suppresses let-7(n2853) mutant phenotypes. (A) The vulval bursting phenotype
of a let-7(n2853) mutant animal at non-permissive temperature. The arrow indicates the burst
vulva of the animal at the top of the image. (B) Vulva bursting was strongly suppressed by
rps-14(RNAi) at (n > 600) and by RNAi with diluted bacteria food carrying rps-14(RNAi)
plasmid (see Materials and Methods). (C) wIs79 [ajm-1∷gfp; scm-1∷gfp] animals showing
seam cell nuclei at the L4-to-adult molt. Left, wIs79 animals in a wild-type background under
mock RNAi. Middle, wIs79 animals in a let-7(n2853) background and under mock RNAi (n
= 110). Right, wIs79 in a let-7(n2853) background under rps-14(RNAi) (n = 57). Arrows
indicate seam cell nuclei and the average numbers of nuclei are shown under the pictures. (D)
Animals used in C were scored for complete alae formation. The picture shows complete alae
in a let-7(n2853) animal under rps-14(RNAi). (E) In let-7(n2853) animals, rps-14(RNAi)
enhanced complete alae formation after the L4-to-adult to 80% of animals, compared to 16%
under mock RNAi. Error bars show the standard error of the mean.
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Figure 4.
RSP-14 modulates let-7 function. (A) let-7-mediated repression of col-10∷lacZ∷lin-41 3′UTR
reporter expression at the adult stage was defective in let-7(n2853) animals. Arrows indicated
X-gal stained seam cell nuclei. (B) A representative of let-7(n2853) animals treated with
rps-14 RNAi. let-7-mediated repression of col-10∷lacZ∷lin-41 3′UTR reporter expression at
the adult stage was restored and lacZ expression was reduced in seam cells. (C) 98% (n = 359)
of let-7(n2853) animals maintained lacZ expression after the L4-to-adult molt. Under rps-14
(RNAi), the relative percentage of adult animals (see Materials and Methods) with lacZ
expression was reduced to 56% (n = 223). *, Student's t-test p = 0.011. (D) A lacZ∷lin-41 3′
UTRΔLCS reporter was used for the control experiment. 109% (n = 321) and 98% (n = 225)
of let-7(n2853) adult animals showed lacZ expression after the L4-to-adult molt under mock
RNAi or rps-14(RNAi), respectively.
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Figure 5.
rps-14(RNAi) altered let-7 miRNP formation in cell extracts. Cytosolic cell extracts prepared
from young adult wild-type animals treated with the control or rps-14(RNAi) were subjected
to gel shift assay using radiolabeled let-7 miRNA. Distinct let-7 binding complexes are
indicated (Chan et al., 2008). Three independent repeats are shown.
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