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Summary

MicroRNAs (miRNAs) are approximately 23 nt regulatory
RNAs that posttranscriptionally inhibit the functions of
protein-coding mRNAs. We previously found that most
C. elegans miRNAs are individually not essential for devel-
opment or viability and proposed that paralogous miRNAs
might often function redundantly [1]. To test this hypothesis,
we generated mutant C. elegans strains that each lack
multiple or all members of one of 15 miRNA families. Mutants
for 12 of these families did not display strong synthetic
abnormalities, suggesting that these miRNA families have
subtle roles during development. By contrast, mutants
deleted for all members of the mir-35 or mir-51 families
died as embryos or early larvae, and mutants deleted for
four members of the mir-58 family showed defects in loco-
motion, body size, and egg laying and an inability to form
dauer larvae. Our findings indicate that the regulatory
functions of most individual miRNAs and most individual
families of miRNAs related in sequence are not critical
for development or viability. Conversely, because in some
cases miRNA family members act redundantly, our findings
emphasize the importance of determining miRNA function in
the absence of miRNAs related in sequence.

Results and Discussion

Genetic, computational, and genome-wide expression anal-
yses indicate that microRNAs (miRNAs) function primarily by
targeting sites in the 3'-untranslated regions (UTRs) of their
target genes [2]. miRNA regulation results in translational
inhibition and/or mRNA destabilization and, more rarely, in
mRNA cleavage. The “seed” nucleotides 2-7 of the miRNA
are the most important determinant for target regulation, and
miRNAs with identical seed sequences can be grouped into
families [2]. In C. elegans, approximately half of the miRNAs
(76 of 136) define 23 families with two to eight members each
(see Table S1 available online); eight of these 23 are conserved
with humans [3, 4]. Whether miRNAs within a family regulate
the same set of target genes has not been studied in detail;
differences in regulation of targets among family members
might result from differences in pairing at the 3’ end of a
miRNA, sequences surrounding the target site, and the timing,
space and levels of miRNA gene expression [5-12]. Although
functional redundancy among animal miRNA family members
has been reported for the C. elegans let-7 [13] and mouse
mir-133 [14] families, it is unclear whether such redundancy
is widespread.

To investigate functional redundancy among miRNA family
members, we constructed double, triple, or quadruple multiply
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mutant strains that each carried mutations in members of
agiven family for 15 of the 23 known C. elegans miRNA families
(Table 1; Table S1; Table S2). We performed a broad pheno-
typic analysis and examined morphology, growth, develop-
ment, and behavior. We found that even when several or
all members of most of these miRNA families are deleted,
C. elegans appears to be at least superficially wild-type in
phenotype. Animals lacking these miRNA families might have
subtler synthetic abnormalities not assayed in our studies.
By contrast, we discovered that mutations affecting multiple
members of the mir-35, mir-51, or mir-58 families caused
striking abnormalities (Table 1).

The mir-35 family comprises eight miRNAs, mir-35 through
mir-42, located in two genomic miRNA clusters separated by
350 kb on LGIl. One cluster contains mir-35 through mir-41
(mir-35-41), and the other contains mir-42, mir-43, and mir-
44 (mir-42-44) (Figure 1A; Figure S1A) [15]. mir-43 and mir-44
are not related to the mir-35 family by sequence, and mir-43
and mir-44 belong to two different miRNA families (Table S1).
A mir-35::GFP reporter was expressed strongly in most if not
all cells of the embryo beginning at the onset of gastrulation
and peaking at the onset of elongation (Figure S1B). A mir-
42::GFP reporter was expressed in cells of the hypodermis,
including the seam cells, the vulval cells, and the rectal epithe-
lial cells during embryonic and postembryonic development
(Figure S1C) [10].

We obtained three deletions that affect mir-35 family
members in the mir-35-41 or mir-42-44 clusters and con-
structed strains lacking most or all mir-35 family members
(Figures S1A and S1D). Whereas deletion of mir-36-41 (nDf48
mutants), mir-42-44 (nDf49 mutants, referred to as mir-42), or
mir-36-42 (nDf48 nDf49 double mutants) did not result in
obvious abnormalities, deletion of mir-35-41 (nDf50 mutants)
resulted in temperature-sensitive embryonic or L1 (first larval
stage) larval lethality: almost half of mir-35-41 animals died
during the embryonic or L1 stages at 15°C, and more than
99% died at 26°C (Figures 1B and 1C). By contrast, deletion
of all eight mir-35 family members (nDf50 nDf49 double
mutants) resulted in fully penetrant embryonic or L1 lethality
that was not temperature sensitive (Figure 1B and data not
shown). Thus, mutants expressing only mir-35 (nDf48 nDf49
mutants) are wild-type in appearance, and mutants expressing
only mir-42 (nDf50 mutants) display temperature-sensitive
embryonic lethality. More generally, miRNAs of the mir-35
family act redundantly, because endogenous expression of
single miRNAs is sufficient to sustain embryonic development.

The mir-35 family contains members that are tightly clus-
tered in the genome, and the deletions we isolated affected
all or multiple members of each cluster (Figures S1A and
S1D). To examine the functions of individual mir-35 family
miRNAs, we expressed individual miRNAs from transgenes
and found that each mir-35 family miRNA but not the unrelated
mir-43 and mir-44 miRNAs was sufficient to rescue the defects
caused by deletion of all family members (Figure 1D). In short,
all members of the mir-35 family can act redundantly.

We examined the mir-35 family mutant phenotype in more
detail. Most animals deleted for all mir-35 family members
underwent developmental arrest at the two-fold or three-fold
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Table 1. Phenotypic Characterization of miRNA Family Mutants

Locomotion Defecation Egg Retention

(body bends/ Pumping (defecation (no. eggs in DiO Dauer Dauer Synthetic
Family 20 s) (pumps/ 20's) interval, s) utero) Fill Entry  Exit Abnormalities
wild-type 16.0 £ 0.9 754 7.8 55.6 = 6.2 171 £43 + + +
Defective mutants (controls) 9.9"* + 1.8 17.0** £ 6.9 326.8*** = 198.0 33.2*** +£6.5 - - -
lin-4,mir-237 0*** + 0.0 66.0 + 17.6 63.1 = 16.2 10.3** + 4.6 + - NA b
let-7,mir-48,84,241,793,794,795 5.9*** + 3.1 67.0 = 12.1 56.9 = 8.9 21.5 =31 + + + ® Developmental timing
mir-2,43,250,797 15.0+1.1 65.6 = 4.8 68.0 = 12.6 8.0** £ 5.3 + + + b
mir-35,36,37,38,39,40,41,42 NA NA NA NA NA NA NA Embryonic lethality
mir-44,45,61,247° 134 +28 75.0 = 8.2 64.4 +12.8 8.5"** £ 53 + + + b
mir-44,45,61,2472 13.3+ 34 718+ 4.4 67.6 = 21.0 9.5 + 5.1 + + + b
mir-46,47 12.8 = 3.1 76.2 = 6.4 68.0 = 11.3 16.3 = 1.6 + + +
mir-51,52,53,54,55,56 NA NA NA NA NA NA NA Embryonic lethality
mir-58,80,81,82,1834 3.6** + 3.3 67.0 = 10.1 93.0 + 35.0 11.8 £ 5.1 + - NA Locomotion, dauer

entry, egg-laying,
body size

mir-63,64,65,66,229 128 £1.2 73.0 =£10.2 529 +7.9 18.6 £ 5.2 + + +
mir-72,73,74 125+ 0.5 79275 55.9 + 15.9 20.6 = 5.6 + + +
mir-75,79 13.6 £ 0.9 77.8 £9.8 54.5 + 16.0 14.0 + 3.8 + + +
mir-87,233 125+ 0.8 64.8 + 20.5 50.0 + 3.9 195+ 6.4 + + +
mir-232,357 11.7 = 241 74.8 = 11.2 72.5 = 16.0 15.9 = 5.3 + + +
mir-238,239a,239b 11.8 £ 23 722 +7.2 55.3 + 15.1 16.9 + 6.8 + + +
mir-251,252 13.1 £ 0.9 73.2 £10.0 57.9 = 13.1 20.7 £ 4.4 + + +

miRNAs that were deleted for each family are indicated in bold. Average and standard deviation are reported for each assay (AVG + SD). The complete
genotype for strains is given in Supplemental Experimental Procedures. The mutants with established relevant phenotypic defects used as controls
were mod-5(n3314) for locomotion, eat-2(ad465) for pumping, dec-1(sa48) for defecation, egl-5(n945) for egg retention, daf-16(mgDf50) for dauer entry,
and daf-21(p673) for dauer exit. Phenotypic assays are described in Experimental Procedures. +, normal; —, defective; NA, not applicable. Strains were
compared with analysis of variance followed by a Dunnett’s multiple comparison test using the wild type as the reference. ***p value < 0.001; **p value <
0.01. let-7 family animals were scored after passage through dauer to suppress the early adult lethality [1].

2 mir-44 and mir-45 are located 9 kb apart, and our efforts to identify a deletion affecting both miRNAs or to obtain a recombinant chromosome with deletions
affecting both miRNAs were unsuccessful. Instead, we constructed and examined two strains, each missing three of the four members of the mir-44 family.
®The defects observed for the let-7, lin-4, and the mir-2 and mir-44 families are not synthetic. See also Table S2.

stage of embryonic development (Figure 1C; Figure S1E). In
some embryos, morphogenesis appeared to fail, resulting in
the formation of an amorphous mass of cells (Figure S1E).
By the two-fold stage, almost all embryonic cell divisions
have occurred and several organs and tissues, such as the
hypodermis, the pharynx, and the intestine, can be identified
readily [16]. The morphologies of these organs and tissues
appeared normal in mir-35-41 mir-42 mutant embryos, except
that in most cases the pharynx failed to elongate and to attach
to the hypodermis that links the digestive tract to the hypo-
dermis surrounding the embryo (Figure 1C). Using time-lapse
microscopy, we found that the development of mir-35-41
mir-42 mutants proceeds more slowly than that of wild-type
animals (Figure 1C; Movie S1). For example, ventral enclosure
started at approximately 260 min after the first cleavage in
the wild-type but at approximately 340 min in mir-35-41
mir-42 mutants, and wild-type embryos reached the two-fold
stage at approximately 340 min whereas mir-35-41 mir-42
mutants did so at approximately 470 min. The elongation of
mutant embryos was blocked but animals were not paralyzed,
indicating that muscles were functional [17]. Initial cell divi-
sions, gastrulation, dorsal intercalation, and ventral enclosure
appeared normal as viewed with Nomarski optics (data not
shown).

To seek direct and indirect targets of the mir-35 family
miRNAs, we performed large-scale genetic screens for sup-
pressors of the embryonic lethality of mir-35-41 and mir-35-
41 mir-42 mutants (Supplemental Experimental Procedures).
We were unable to identify any such suppressors, suggesting
either that the mir-35 family controls regulation of several
genes that act in parallel in development or that loss-of-

function mutations in mir-35 family target genes result in
embryonic lethality.

Using miRNA microarrays and northern blots, we found that
the mir-35-41 cluster genes were expressed to much greater
extent in oogenesis than in spermatogenesis; furthermore,
these miRNAs were the only C. elegans miRNAs that showed
such differential germline expression. Specifically, we com-
pared animals that produce oocytes but no sperm (fem-2
(b245ts) [18]) to animals that produce sperm but no oocytes
(fem-3(q20ts) [19]) (Figure 1E; Figure S1F). Most mir-35-41
miRNA expression originates from the gonad, because gonad-
less animals do not express these miRNAs at levels detectable
by northern blots (Figure S1F) [15]. Consistent with the pres-
ence of mir-35-41 miRNAs in oocytes, the embryonic lethality
of mir-35-41 mir-42 mutants was rescued by maternal expres-
sion of mir-35-41 (Table S3). Expression of mir-35-41 or mir-35
alone but not mir-42 exclusively from the embryo (without
maternal expression of the miRNAs) was also sufficient for
normal development (Table S4), indicating that the essential
function of mir-35 family members is required after embryonic
transcription has initiated. The striking germline specificity,
maternal contribution, and early zygotic expression of mir-
35-41 miRNAs together with the embryonic lethality caused
by deletion of mir-35 family members demonstrate an essen-
tial role for this miRNA family during embryonic development.

The mir-51 family comprises the six miRNAs, mir-51
through mir-56 [15], and has a human counterpart with three
family members (Figure 2A; Figure S2A). The C. elegans
mir-51 family members are highly abundant and are expressed
throughout development [4, 20, 21]. Mutation of mir-100, the
only orthologous Drosophila melanogaster miRNA, causes
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Figure 1. mir-35 Family Sequences and Mutant Phenotype

(A) Sequences of the eight mir-35 family members. Nucleotides are shown in white letters on black background if more than half of the family members are
identical.

(B) Mutations in the mir-35 family result in embryonic or L1 lethality. n > 200 for each genotype. All experiments were conducted at 20°C except where noted.
(C) mir-35-41(nDf50) mir-42(nDf49) mutant animals develop abnormally slowly and arrest during embryogenesis. Time points are from time-lapse recordings
of individual embryos. Time = 0 min corresponds to the first cell division. In the mir-35-41(nDf50) mir-42(nDf49) embryo, the anterior pharynx (white arrow-
head) is not attached to the mouth hypodermal cells that normally link the digestive tract to the hypodermis surrounding the embryo (black arrowhead). The
wild-type embryo hatched at 654 min. The scale bar represents 10 um.

(D) Transgenic expression of any mir-35 family member rescues the embryonic lethality of mir-35-41(nDf50) mir-42(nDf49) animals. We injected mir-35-
41(nDf50) mir-42(nDf49)/min1[mis14 dpy-10(e128)] animals with constructs encoding single miRNAs and established transgenic lines. We concluded
that a transgene had rescued the lethality if we could maintain a homozygous mir-35-41(nDf50) mir-42(nDf49) strain carrying the transgene.

(E) Scatter plot of the normalized intensities from a miRNA microarray comparing fem-3(q20ts) to fem-2(b245ts) expression. The germline of fem-3(q20ts)
animals produces only sperm, whereas the germline of fem-2(b245ts) animals produces only oocytes at the restrictive temperature. See also Figure S1.

no obviously abnormal phenotype [22]. C. elegans mutants
deleted for single mir-51 family members do not have
obvious abnormalities [1]. We constructed a strain lacking all
mir-51 family members and found that these mutant animals
died as late embryos or shortly after hatching (Figures 2B
and 2C; Figure S2B), indicating that family members act redun-
dantly. Frequently, the pharynx was not attached to the hypo-
dermis in arrested embryos and the animals that hatched
did so without having fully elongated and displayed gross

deformations (Figure 2C). Unlike the embryonic lethality of
mir-35 family mutants, the embryonic lethality of mir-51 family
mutants was not rescued by a maternal contribution of
miRNAs, because we were unable to recover viable homozy-
gote mutant progeny from a heterozygote. The embryonic
lethality caused by deletion of mir-51 family members could
be rescued by transgene expression of any single mir-51
family miRNA (Figure 2D), demonstrating that all family
members act redundantly.
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Figure 2. mir-51 Family Sequences and Mutant Phenotype

(A) Sequences of the C. elegans (C.e.) mir-51 family members and their human (H.s.) homologs. Nucleotides are shown in white letters on black background if
more than half of the C. elegans family members are identical.

(B) Some mir-51 family mutant combinations result in slow growth and embryonic or early larval lethality. The percent of animals that had progressed beyond
the late fourth larval (L4) stage 48 hr or 72 hr after they were laid as embryos is indicated; n > 100 for each genotype and time point. Figure S2C lists the
genotypes of the strains scored.

(C) Animals lacking all mir-51-56 family members (mir-51 mir-53(nDf67); mir-52(n4114); mir-54-56(nDf58)) died as embryos or early larvae. Micrographs were
taken 16-18 hr after the first cell division. Scale bars represent 10 um. In the mir-51 mir-53(nDf67); mir-52(n4114); mir-54-56(nDf58) embryo, the anterior
pharynx (white arrowhead) is not attached to the hypodermal cells of the mouth that normally link the digestive tract to the hypodermis surrounding the
embryo (black arrowhead). The newly hatched larva shows gross posterior body abnormalities.

(D) Expression of single mir-51 family members rescues the embryonic lethality caused by lack of all members. We injected heterozygote mir-51
mir-53(nDf67) mir-52(n4114)/nT1 [qls51]; mir-54-56(nDf58) animals with constructs containing single miRNAs and established transgenic lines. We
concluded that a transgene had rescued the lethality if we could maintain a homozygous mir-51 mir-53(nDf67) mir-52(n4114); mir-54-56(nDf58) strain
carrying the transgene. See also Figure S2.

To assess the relative importance of different mir-51 family  other nematodes and insects but not mammals [25].
members, we generated strains lacking all possible combina- C. elegans, mir-58, mir-80, mir-81, and mir-82 are expressed
tions of mir-51 family mutations (Figure 2B; Figure S2C). at all developmental stages [20, 21].

Animals expressing only mir-53 died as young larvae, but no Single mutants of the mir-58 family do not display obvious
other strain displayed significant embryonic or larval lethality abnormalities [1]. By contrast, we found that mutant adults
(Figure S2C). Several mutant combinations developed at lacking all mir-58 family members for which a deletion is avail-
slower rates than did the wild-type (Figure 2B). From these able, referred to as mir-58,80,81,82, were sluggish (Table 1)
observations, we deduced the contribution of a lack of each and smaller than the wild-type, comparable in size to mutants
of these miRNAs to the mutant phenotype as mir-52 = mir-  defective in the regulation of body size such as sma-1, sma-2,
54-6 > mir-51 > mir-53, which correlates with the level of endo-  and db/-1 mutants (Figure 3B; Figure S3B) [26]. In addition,
genous expression of these miRNAs (mir-52 > mir-54-6 > 1-day-old mir-58,80,81,82 hermaphrodites but not single
mir-51 = mir-53) [4, 20]. The difference in phenotype might mir-58 family mutants laid eggs at an abnormally wide range
also be explained by differences in miRNA sequence or site  of stages, with over 25% retained in utero until at least the
or time of expression. The range of mutant phenotypes, from three-fold stage, reflecting both a longer retention of embryos
slow growth to larval lethality to embryonic lethality, suggests in utero and slower rates of egg-laying than the wild-type
that the mir-51 family has roles during both embryonic and (Figure 3C; Figure S3C). The locomotion, body size, and egg-
larval development and is consistent with expression at all laying defects could be rescued by expression of mir-80
developmental stages [20, 21]. from a transgene (Figures 3B and 3C; Figures S3B-S3D).

The mir-58 family comprises four highly abundant We found that mir-58,80,81,82 mutants but not any other
members, mir-58, mir-80, mir-81, and mir-82 and the recently = combination of mir-58 family mutants were unable to form
discovered mir-1834 (Figure 3A; Figure S3A) [15, 23]. mir-58 dauer larvae (Table 1; Figure 3D; Figure S3E), an arrested
family members are orthologs of bantam (Figure 3A), a developmental stage that forms in response to environmental
Drosophila miRNA that controls cell proliferation and apo- stress [27]. The dauer formation defect could be rescued by
ptosis [24]. Homologs of these miRNAs have been found in  expression of mir-58, mir-80, or mir-82 but not of mir-81
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Figure 3. mir-58 Family Sequences and Mutant Phenotype
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(A) Sequences of the C. elegans (C.e.) mir-58 family members and the Drosophila melanogaster (D.m.) homolog bantam. Nucleotides are shown in white
letters on black background if more than half of the C. elegans family members are identical.

(B) mir-80(nDf53); mir-58(n4640); mir-81-82(nDf54) mutants are smaller than the wild-type. A transgene carrying mir-80 (Ex[mir-80]) rescued the small body
size defect of mir-80(nDf53); mir-58(n4640); mir-81-82(nDf54) mutants. Micrographs were taken 48 hr after the late L4 (fourth larval) stage. Scale bars repre-

sent 100 pum.

(C) mir-58 family mutants lay late-stage embryos. Distributions of the developmental stages of eggs laid by wild-type animals, single and combinations of
mir-58 family mutants, and mir-58,80,81,82 animals carrying a mir-80 transgene (Ex[mir-80]). At least 100 embryos were scored for each genotype.

(D) mir-58 family mutants are defective in the formation of dauer larvae. “YES,” dauers were isolated from every plate assayed; “NO,” no dauers were iso-
lated from any of the plates assayed. n, number of plates. Two independently isolated transgenic lines were tested for the mir-82 and T07D1.2::mir-82 trans-
genes (three plates for each line), and one line was tested for each of the other transgenes. mir-82 is contained within an intron of T07D1.2. The transgene
designated [mir-804] had the sequence corresponding to mir-80 deleted. See also Figure S3.

from transgenes (Figure 3D and Supplemental Experimental
Procedures).

Our phenotypic analysis of 15 miRNA families identified two
miRNA families with essential roles in embryogenesis and one
miRNA family that affects both development and behavior. We
found that expression of individual miRNAs from transgenes
was sufficient to rescue the defects caused by deletion of all
corresponding family members for 17 of the 18 miRNAs we
tested, indicating that members of each miRNA family act
redundantly with other family members and suggesting that
complementarity to miRNA 5 sequences that include the
seed is sufficient for efficient regulation of target genes. That
miRNAs within families act redundantly with each other reveals
the importance of eliminating sequence-related miRNAs to
uncover the full effect of regulation by miRNAs. Surprisingly,
we found that 12 of the 15 families analyzed did not show strong
synthetic abnormalities, indicating that the regulatory roles of
many miRNAs are not critical for development and suggesting
that either most miRNA families act redundantly with other
miRNAs, miRNA families, or non-miRNA genes or that most
miRNAs play relatively minor biological roles.

Experimental Procedures

Nomenclature
We named each family according to the miRNA with the lowest gene number
(e.g., mir-58 for the mir-58,80,81,82,1834 family).

Strains and Genetics

C. elegans was cultured as described previously [28]. N2 was the wild-type
strain. The mutations used are described in the Supplemental Experimental
Procedures.

Rescue Experiments

For rescue experiments, we amplified fragments from wild-type genomic
DNA by using PCR and cloned them into the pGEM-T Easy (Promega), the
pCR2.1, or the pCRII-TOPO (Invitrogen) vector. We used site-directed
ligase-independent mutagenesis [29] to generate control plasmids in which
the mature miRNA sequence was deleted and to generate plasmids with
single miRNAs when miRNAs were clustered in the genome. Germline trans-
formation experiments were performed as described [30]. Injection mixes
contained plasmids at 50 ng/ul (for mir-80 and a mir-80 control plasmid
with the mature mir-80 sequence deleted), 40 ng/ul (for mir-51, mir-53,
and mir-54), 20 ng/ul (for mir-35 through mir-44, mir-58, and mir-82),
10 ng/ul (for mir-52 and mir-56), or 1 ng/pl (for mir-55). All mixes contained
20 ng/pl of pTG96 (sur-5::gfp) [31] as a cotransformation marker and 80 ng/pl
of 1 kb+ DNA ladder (Invitrogen) as carrier DNA. We unsuccessfully
attempted to rescue the dauer-defective phenotype of mir-80(nDf53);
mir-58(n4640); mir-81-82(nDf54) by using mir-81 constructs injected at
50 ng/ul and 100 ng/pl (Supplemental Experimental Procedures). The
T07D1.2::mir-82 transgene is described in the Supplemental Experimental
Procedures.

Microarray Analysis

Total RNA was isolated from staged 1-day-old adult populations of C. ele-
gans by freeze-cracking [32] and extracted with Trizol (Invitrogen) according
to the manufacturer’s protocol. Synchronized animals were grown at 25°C
and harvested 24 hr after the late L4 stage. A total of 20 ng of total RNA
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was used for each microarray experiment. The results shown are the aver-
ages of data obtained from two biological replicates. Short RNAs were
isolated with denaturing polyacrylamide gels [33], and RNA was labeled
by ligation to pCU-Cy3 [11]. Our microarrays represented 108 miRNAs
and miRNA candidates that corresponded to miRBase release 3.0. Microar-
ray probes were oligonucleotides with sequences complementary to
miRNAs printed on custom microarrays as described [11]. Each oligonucle-
otide was printed four times. Data were scaled on the basis of total array
intensities (sum of the normalized spot intensities), and data for each
sample and each gene were averaged.

Phenotypic Analyses

Locomotion

The number of body bends during a 20 s period was counted after transfer-
ring 1-day-old adults to Petri plates without bacteria (food). A total of 20
animals from four Petri plates were scored per genotype. The average for
the four plates is reported.

Egg Retention

Single 1-day-old adults were placed in a drop of a 1M NaOH, 5% hypochlo-
rite solution to dissolve the animal, allowing the eggs to be counted. At least
ten animals per genotype were scored. Assays for defecation, pharyngeal
pumping, dye filling, dauer entry ,and dauer exit were done as described [1].
Isolation of Dauer Larvae

Dauer larvae were isolated by washing animals from plates with a 1% SDS
solution and incubating for 1 hr 5 days after food was exhausted.

Growth Rate

We determined the time it took embryos that had been laid within an interval
of 4-6 hr to reach the L4 stage as a measure of growth rate. The late L4 stage
was identified by the presence of a crescent-shaped developing vulva.
Time-Lapse Microscopy

Wild-type and mir-35-41(nDf50) mir-42(nDf49) 1-day-old adults were
dissected to obtain early-stage embryos. Photographs of the embryos
were taken every m for a total of 800-1000 m in a temperature-controlled
room set to 22.5°C. The pictures were converted to a time-lapse movie
with 16.7 frames per s.

Stage of Freshly Laid Embryos

One-day-old adults were allowed to lay embryos on a plate for 1.5 hr and
removed. The stages of the embryos were scored immediately after the
adults were removed [34].

Rate of Egg Laying

Six 1-day-old adults were placed on Petri plates seeded with bacteria (food)
and removed after 12 hr. The number of embryos and larva on the plate was
counted.

Accession Numbers

Microarray data have been deposited at the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE19557.

Supplemental Information

Supplemental Information includes three figures, four tables, Supplemental
Experimental Procedures, and one movie can be found with this article
online at doi:10.1016/j.cub.2009.12.051.

Acknowledgments

We thank Shannon McGonagle for screening for deletion alleles and for
DNA sequence determination; Andrew Hellman, Eric Miska, and Shannon
McGonagle for strain constructions; Eric Miska for the initial phenotypic
characterization of some miRNA family mutants; Na An for strain manage-
ment; Craig Mello for help with characterization of the mir-35 family mutants;
Allison Abbott, Victor Ambros, David Bartel, and Eric Miska for discussions;
and Konstantinos Boulias, Daniel Denning, Brendan Galvin, Hillel Schwartz,
and Lucila Scimone for suggestions concerning this manuscript. H.R.H is the
David Koch Professor of Biology at MIT and an Investigator of the Howard
Hughes Medical Institute. This work was supported by a grant from the
Ellison Medical Foundation and by the Howard Hughes Medical Institute.

Received: November 19, 2009
Revised: December 17, 2009
Accepted: December 21, 2009
Published online: January 21, 2010

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Miska, E.A., Alvarez-Saavedra, E., Abbott, A.L., Lau, N.C., Hellman, A.B.,
McGonagle, S.M., Bartel, D.P., Ambros, V.R., and Horvitz, H.R. (2007).
Most Caenorhabditis elegans microRNAs are individually not essential
for development or viability. PLoS Genet. 3, e215.

. Bartel, D.P. (2009). MicroRNAs: Target recognition and regulatory

functions. Cell 136, 215-233.

. Friedman, R.C., Farh, K.K., Burge, C.B., and Bartel, D.P. (2009). Most

mammalian mRNAs are conserved targets of microRNAs. Genome
Res. 19, 92-105.

. Ruby, J.G., Jan, C., Player, C., Axtell, M.J., Lee, W., Nusbaum, C., Ge, H.,

and Bartel, D.P. (2006). Large-scale sequencing reveals 21U-RNAs and
additional microRNAs and endogenous siRNAs in C. elegans. Cell 127,
1193-1207.

. Reinhart, B.J., Slack, F.J., Basson, M., Pasquinelli, A.E., Bettinger, J.C.,

Rougvie, A.E., Horvitz, H.R., and Ruvkun, G. (2000). The 21-nucleotide
let-7 RNA regulates developmental timing in Caenorhabditis elegans.
Nature 403, 901-906.

. Grimson, A., Farh, K.K., Johnston, W.K., Garrett-Engele, P., Lim, L.P.,

and Bartel, D.P. (2007). MicroRNA targeting specificity in mammals:
Determinants beyond seed pairing. Mol. Cell 27, 91-105.

. Didiano, D., and Hobert, O. (2008). Molecular architecture of a miRNA-

regulated 3’ UTR. RNA 74, 1297-1317.

. Brennecke, J., Stark, A., Russell, R.B., and Cohen, S.M. (2005). Princi-

ples of microRNA-target recognition. PLoS Biol. 3, e85.

. Doench, J.G., and Sharp, P.A. (2004). Specificity of microRNA target

selection in translational repression. Genes Dev. 18, 504-511.
Martinez, N.J., Ow, M.C., Reece-Hoyes, J.S., Barrasa, M.l., Ambros,
V.R., and Walhout, A.J. (2008). Genome-scale spatiotemporal analysis
of Caenorhabditis elegans microRNA promoter activity. Genome Res.
18, 2005-2015.

Wienholds, E., Kloosterman, W.P., Miska, E., Alvarez-Saavedra, E.,
Berezikov, E., de Bruijn, E., Horvitz, H.R., Kauppinen, S., and Plasterk,
R.H. (2005). MicroRNA expression in zebrafish embryonic development.
Science 309, 310-311.

Ason, B., Darnell, D.K., Wittbrodt, B., Berezikov, E., Kloosterman, W.P.,
Wittbrodt, J., Antin, P.B., and Plasterk, R.H. (2006). Differences in
vertebrate microRNA expression. Proc. Natl. Acad. Sci. USA 103,
14385-14389.

Abbott, A.L., Alvarez-Saavedra, E., Miska, E.A., Lau, N.C., Bartel, D.P.,
Horvitz, H.R., and Ambros, V. (2005). The let-7 MicroRNA family
members mir-48, mir-84, and mir-241 function together to regulate
developmental timing in Caenorhabditis elegans. Dev. Cell 9, 403-414.
Liu, N., Bezprozvannaya, S., Williams, A.H., Qi, X., Richardson, J.A.,
Bassel-Duby, R., and Olson, E.N. (2008). microRNA-133a regulates
cardiomyocyte proliferation and suppresses smooth muscle gene
expression in the heart. Genes Dev. 22, 3242-3254.

Lau, N.C., Lim, L.P., Weinstein, E.G., and Bartel, D.P. (2001). An abun-
dant class of tiny RNAs with probable regulatory roles in Caenorhabditis
elegans. Science 294, 858-862.

Sulston, J.E., Schierenberg, E., White, J.G., and Thomson, J.N. (1983).
The embryonic cell lineage of the nematode Caenorhabditis elegans.
Dev. Biol. 100, 64-119.

Williams, B.D., and Waterston, R.H. (1994). Genes critical for muscle
development and function in Caenorhabditis elegans identified through
lethal mutations. J. Cell Biol. 124, 475-490.

Kimble, J., Edgar, L., and Hirsh, D. (1984). Specification of male develop-
ment in Caenorhabditis elegans: The fem genes. Dev. Biol. 105,
234-239.

Barton, M.K., Schedl, T.B., and Kimble, J. (1987). Gain-of-function muta-
tions of fem-3, a sex-determination gene in Caenorhabditis elegans.
Genetics 115, 107-119.

Kato, M., de Lencastre, A., Pincus, Z., and Slack, F.J. (2009). Dynamic
expression of small non-coding RNAs, including novel microRNAs
and piRNAs/21U-RNAs, during Caenorhabditis elegans development.
Genome Biol. 710, R54.

Lim, L.P., Lau, N.C., Weinstein, E.G., Abdelhakim, A., Yekta, S.,
Rhoades, M.W., Burge, C.B., and Bartel, D.P. (2003). The microRNAs
of Caenorhabditis elegans. Genes Dev. 17, 991-1008.

Sokol, N.S., Xu, P., Jan, Y.N., and Ambros, V. (2008). Drosophila let-7
microRNA is required for remodeling of the neuromusculature during
metamorphosis. Genes Dev. 22, 1591-1596.


http://www.ncbi.nlm.nih.gov/geo/
http://dx.doi.org/doi:10.1016/j.cub.2009.12.051

Functional Analysis of C. elegans miRNA Families

373

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Friedlander, M.R., Chen, W., Adamidi, C., Maaskola, J., Einspanier, R.,
Knespel, S., and Rajewsky, N. (2008). Discovering microRNAs from
deep sequencing data using miRDeep. Nat. Biotechnol. 26, 407-415.
Brennecke, J., Hipfner, D.R., Stark, A., Russell, R.B., and Cohen, S.M.
(2003). bantam encodes a developmentally regulated microRNA that
controls cell proliferation and regulates the proapoptotic gene hid in
Drosophila. Cell 113, 25-36.

Griffiths-Jones, S. (2004). The microRNA Registry. Nucleic Acids Res.
32(Database issue), D109-D111.

Savage-Dunn, C. (2005). TGF-beta signaling. In WormBook, The
C. elegans Research Community, doi/10.1895/wormbook.1.22.1, http://
www.workbook.org.

Cassada, R.C., and Russell, R.L. (1975). The dauerlarva, a post-embry-
onic developmental variant of the nematode Caenorhabditis elegans.
Dev. Biol. 46, 326-342.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics
77,71-94.

Chiu, J., March, P.E., Lee, R., and Tillett, D. (2004). Site-directed,
Ligase-Independent Mutagenesis (SLIM): A single-tube methodology
approaching 100% efficiency in 4 h. Nucleic Acids Res. 32, e174.
Mello, C.C., Kramer, J.M., Stinchcomb, D., and Ambros, V. (1991). Effi-
cient gene transfer in C.elegans: Extrachromosomal maintenance and
integration of transforming sequences. EMBO J. 10, 3959-3970.
Yochem, J., Gu, T., and Han, M. (1998). A new marker for mosaic
analysis in Caenorhabditis elegans indicates a fusion between hyp6
and hyp7, two major components of the hypodermis. Genetics 749,
1323-1334.

Reinke, V., Smith, H.E., Nance, J., Wang, J., Van Doren, C., Begley, R.,
Jones, S.J., Davis, E.B., Scherer, S., Ward, S., and Kim, S.K. (2000). A
global profile of germline gene expression in C. elegans. Mol. Cell 6,
605-616.

Miska, E.A., Alvarez-Saavedra, E., Townsend, M., Yoshii, A., Sestan, N.,
Rakic, P., Constantine-Paton, M., and Horvitz, H.R. (2004). Microarray
analysis of microRNA expression in the developing mammalian brain.
Genome Biol. 5, R68.

Trent, C., Tsuing, N., and Horvitz, H.R. (1983). Egg-laying defective
mutants of the nematode Caenorhabditis elegans. Genetics 104,
619-647.



	Many Families of C. elegans MicroRNAs Are Not Essential for Development or Viability
	Results and Discussion
	Experimental Procedures
	Nomenclature
	Strains and Genetics
	Rescue Experiments
	Microarray Analysis
	Phenotypic Analyses
	Locomotion
	Egg Retention
	Isolation of Dauer Larvae
	Growth Rate
	Time-Lapse Microscopy
	Stage of Freshly Laid Embryos
	Rate of Egg Laying


	Accession Numbers
	Supplemental Information
	Acknowledgments
	References


