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microRNAs: small molecules with
big roles – C. elegans to human
cancer
Masaomi Kato and Frank J. Slack1
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miRNAs (microRNAs) were first discovered as critical regulators of developmental timing events in Caenorhabditis
elegans. Subsequent studies have shown that miRNAs and cellular factors necessary for miRNA biogenesis are
conserved in many organisms, suggesting the importance of miRNAs during developmental processes. Indeed,
mutations in the miRNA-processing pathway induce pleiotropic defects in development, which accompany per-
turbation of correct expression of target genes. However, control of gene expression in development is not the only
function of miRNAs. Recent work has provided new insights into the role of miRNAs in various biological events,
including aging and cancer. C. elegans continues to be helpful in facilitating a further understanding of miRNA
function in human diseases.

Introduction
When and where genes are expressed are very import-
ant subjects in the study of development. The discov-
ery of a new mode of gene regulation during devel-
opment has revolutionized this field. Caenorhabditis
elegans lin-4 (linage-4) and let-7 (lethal-7), the
first miRNAs discovered, were identified on the
basis of their roles in developmental timing (Lee
et al., 1993; Reinhart et al., 2000). From these
humble beginnings, the study of miRNAs has blos-
somed into a greater understanding of the reg-
ulation of gene expression in all aspects of bio-
logy. miRNAs are ∼21–23-nucleotide non-protein-
coding RNA molecules that control gene expres-
sion at the post-transcriptional level (reviewed in
Nilsen, 2007). miRNAs are initially produced
from RNA polymerase II transcripts that form
a stem–loop structure and undergo processing
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by a protein complex containing the RNase III
enzyme Drosha and the double-stranded RNA-
binding protein Pasha in the nucleus. After initial
cleavage, pre-miRNAs are exported into the cyto-
plasm by exportin-5, followed by further processing
by RNase III endonuclease Dicer. Eventually, mature
miRNAs of approx. 22 nt are incorporated into miR-
ISC (miRNA-induced silencing complex). Here, they
act to negatively regulate gene expression through
mRNA degradation when they find perfect comple-
mentary sequences in target mRNAs, or through
translational inhibition when they find imperfect
complementary sequences in the 3′ UTR (untrans-
lated region) of target mRNAs.

Recent computational predictions and systematic
cloning of miRNAs have revealed that hundreds of
genes encoding miRNAs exist in the genome, and
they are envisaged to control a significant number of
genes (Carthew, 2006). Currently, 112 miRNA genes
have been identified in C. elegans, which have been
grouped into 63 families on the basis of the sequence
similarity at the 5′ end of the miRNA (Ruby et al.,
2006). Many of these miRNAs are conserved in other
organisms. Interestingly, in some cases, not only is
the miRNA sequence, but also its temporal regu-
lation, conserved across phylogeny: for example, the
let-7 RNA is detected at late larval stages in C. elegans
and Drosophila, at 48 h after fertilization in Danio rerio
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(zebrafish) and at embryonic day 10.5 in mouse, sug-
gesting the possibility that miRNAs, including let-7,
have common functions during development in dif-
ferent species (Pasquinelli et al., 2000; Schulman
et al., 2005; Ruby et al., 2006).

As exemplified by lin-4 and let-7, the primary func-
tion of miRNAs had been believed to be the control
of gene expression in development. Indeed, muta-
tions in alg-1 (argonaute-like gene-1), a gene neces-
sary for miRNA biogenesis, cause pleiotropic devel-
opmental abnormalities in C. elegans (Grishok et al.,
2001). However, the control of gene expression in
development makes up only a small part of the reach
of miRNAs. Accumulating evidence demonstrates
that miRNAs mediate diverse biological functions,
including metabolism and aging, and are also human
disease loci. This review focuses on the various roles
of miRNAs, especially those in C. elegans, and how
this knowledge has been used to understand biology
in more complex organisms. We can expect many
more contributions from C. elegans miRNA research
that will bring us closer to understanding common
biological events in animals, such as neuronal differ-
entiation and apoptosis, and also human disease.

Developmental timing: temporal
patterning by miRNAs
Temporal patterning, as well as spatial patterning,
of cell fates are key events in establishing the fun-
damental body plan. The C. elegans heterochronic
pathway regulates the temporal aspect of develop-
ment. Heterochronic genes are required for the nor-
mal transition from one developmental stage to an-
other. Loss-of-function mutations in heterochronic
genes result in precocious or retarded execution of
developmental programmes; this has been observed
most easily in hypodermal seam cells, which undergo
cell division patterns that are synchronized with the
four larval molts and terminally differentiate during
the final molt. Genetic screening for mutants defect-
ive in developmental timing transitions led to the
discovery of the first known miRNAs, lin-4 and let-7
(Lee et al., 1993; Reinhart et al., 2000).

The lin-4 miRNA controls the proper progression
from the first larval (L1) to the second larval (L2) stage
by directly repressing the activity of its target lin-14
(Lee et al., 1993; Wightman et al., 1993; Feinbaum
and Ambros, 1999; Olsen and Ambros, 1999). lin-4

loss-of-function mutants repeat the L1-specific cell
division in seam cells and fail to terminally differen-
tiate (Figure 1A). Similarly, lin-14 gain-of-function
mutants, which lack lin-4-binding sites in the lin-14
3′ UTR, also have the identical retarded phenotype.
Conversely, lin-14 loss-of-function mutations result
in a precocious phenotype, where the seam cell divi-
sion skips the L1 stage, indicating that lin-14 activity
is required to specify L1-specific cell division patterns
(Figure 1A).

The second known miRNA, let-7, functions later in
larval development; it is most abundantly expressed
at the fourth larval (L4) stage to initiate the larval-
to-adult transition (Reinhart et al., 2000). The let-7
miRNA down-regulates hbl-1 (hunch-back-like-1)
(Abrahante et al., 2003; Lin et al., 2003) and lin-41
(Slack et al., 2000; Vella et al., 2004), resulting in the
expression of the transcription factor LIN-29 (Fig-
ure 1B). LIN-29 accumulation in the hypodermis
directs the L4-to-adult transition, which is marked
by lateral seam cell fusions, the secretion of cuticu-
lar structures called alae and the cessation of molting
(Rougvie and Ambros, 1995). let-7 loss-of-function
mutants show a retarded phenotype, where the seam
cells fail to terminally differentiate and, instead, re-
peat the L4 stage programmes once more (Figure 1A).
Similar to let-7, lin-29 mutants display a retarded
phenotype.

Six more miRNAs have been identified in C. eleg-
ans on the basis of the sequence similarity to the 5′
end of the let-7 miRNA. These miRNAs are called
miR-48, miR-84, miR-241, miR-793, miR-794
and miR-795 (Lim et al., 2003; Ruby et al., 2006).
Although little is known about the latter three
miRNAs, the remaining set of miRNAs shows a
temporal expression pattern that is partially over-
lapping with that of let-7 (Esquela-Kerscher et al.,
2005). In agreement with this observation, a mutant
allele of mir-48, which contains a point mutation
in its possible promoter region, causes a weak pre-
cocious hypodermal phenotype due to the early ex-
pression of mir-48 (Li et al., 2005), suggesting that
these let-7 family members also play a role in devel-
opmental timing. Another study demonstrated that
these miRNAs function redundantly in the hetero-
chronic pathway (Abbott et al., 2005). mir-48, mir-
84 and mir-241 are abundantly expressed at the L3
stage, and the triple mutants develop extra seam cells,
because of the inappropriate repetition of L2-specifc
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Figure 1 Regulation of developmental timing by miRNAs
(A) The pattern of seam cell divisions in wild-type and heterochronic mutants. Horizontal bars indicate the time when cell

division occurs in each larval stage. Larval stages (L) are showed on the left-hand side and in squares on the vertical axis. H

signifies cells that have fused to the hypodermis. The three horizontal bars at the bottom of cell lineages represent the cessation

of larval-specific cell division, followed by alae formation. (B) A genetic pathway of heterochronic genes, including miRNAs.

The lin-4 miRNA also targets lin-28, which functions in early larval development together with lin-14. lin-46 acts downstream

of lin-28. The function of mir-48, mir-84 and mir-241 for the control of hbl-1 activity has not been confirmed in later larval

development.

seam cell divisions during the L3 stage (Figure 1A).
These results indicate that three let-7 family members
act in the L2-to-L3 transition, raising the possibil-
ity that the heterochronic gene lin-28 is a possible
target of mir-48, mir-84 and mir-241, because the
lin-28 and let-7 family miRNAs have opposite activ-
ities. Expression of lin-28 is down-regulated during
the L2-to-L3 stage in wild-type, and L2-specifc seam
cell divisions are skipped in lin-28 mutants. (Moss
et al., 1997) (Figure 1A). However, temporal down-
regulation of LIN-28 is not affected in a mir-48, mir-

84 and mir-241 triple-mutant background, suggest-
ing that lin-28 is not a direct target of these miRNAs.
Other candidate targets of these let-7 family
miRNAs are hbl-1 and lin-41, because the expres-
sion of both genes is down-regulated through let-
7 complementary sites in their 3′ UTRs, promot-
ing the larval-to-adult transition. A hbl-1 mutation
suppresses the reiteration of L2-specific cell fates in
a mir-48, mir-84 and mir-241 triple-mutant back-
ground. However, a lin-41 mutation has little effect.
These observations indicate that mir-48, mir-84 and
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mir-241 control the L2-to-L3 transition by repressing
hbl-1, but not lin-41 or lin-28 (Figure 1B).

Temporal control of programmed cell death is ne-
cessary to ensure that specific cells die at the correct
time in normal development. Developmental timing
defects can also manifest themselves in the timing
of non-apoptotic cell death (Abraham et al., 2007).
The male-specific linker cell, one of the cells destined
to die during development in C. elegans, is produced
during the L2 stage in the central region of worm.
As the cell migrates, it leads the extension of the
male gonad behind it and eventually dies within 2 h
after the L4-to-adult transition in wild-type animals
(Sulston et al., 1980). However, the death of the linker
cell is blocked in lin-29 and let-7 mutants, suggesting
that let-7 is also involved in non-apoptotic cell death
events through its role in the developmental timing
pathway (Abraham et al., 2007).

Left–right asymmetry in sensory neurons:
spatial patterning by miRNAs
Although lin-4, let-7 and their family members reg-
ulate temporal patterning in cell-fate determination
during development, two novel miRNAs, lsy-6 and
miR-273, were shown to regulate spatial pattern-
ing in a pair of taste receptor sensory neurons in
C. elegans. Bilaterally symmetrical structures are a
common feature in the nervous system; however, left–
right asymmetrical expression of genes often correl-
ates with the functional lateralization of some neur-
ons (Bargmann and Horvitz, 1991; Hobert et al.,
2002). One such example is a pair of head neurons, the
ASEs, where the guanylate-cyclase-receptor genes are
asymmetrically expressed (Yu et al., 1997). In adult
C. elegans, gcy-6 (guanylate cyclase-6) and gcy-7 are
only expressed in the left ASE (ASEL), whereas gcy-5
is specifically expressed in the right ASE (ASER).
A genetic screen for mutants that disrupted ASEL-
specific gcy-7 expression revealed the novel miRNA,
lsy-6 (laterally symmetric-6) (Johnston and Hobert,
2003). lsy-6 mutants have a two-ASER phenotype.
ASEL fails to show the normal expression of gcy-7,
but, instead, displays ectopic expression of ASER-
specific gcy-5 (Figure 2B), although ASE neuro-
nal specification itself is unaffected.

Expression of the lsy-6 miRNA is normally ob-
served in ASEL, but not in ASER, in adult worms.
When lsy-6 is ectopically expressed in both ASE cells

in a lsy-6 loss-of-function mutant background, gcy-7
expression is restored and ectopic expression of gcy-5
is repressed in the ASEL. Moreover, ASER-specific
gcy-5 expression disappears and gcy-7 expression is
ectopically activated in ASER, causing a two-ASEL
phenotype (Johnston and Hobert, 2003) (Figure 2B).

The left–right asymmetrical features in the ASE
neuron are established by the proper transcriptional
activation and/or inactivation of a regulatory cascade.
Previous studies have shown that the Nkx6-type
homeobox gene cog-1 (connection of gonad defective-
1) acts to repress the ASEL cell fate in ASER, partially
through the repression of the lim-6 homeobox gene,
which suppresses the ASER cell fate (Chang et al.,
2003) (Figure 2A). On the contrary, the OTX-type
homeobox gene ceh-36 (C. elegans homeobox-36)
acts to promote the left cell fate in ASEL (Chang
et al., 2003). The expression of these factors was
examined in lsy-6 mutants in order to determine
the extent of the lsy-6 miRNA regulatory network.
Consistent with the change of cell fate, ASEL to
ASER in lsy-6 mutants, ASEL-specific expression of
lim-6 is lost following the ectopic activation of cog-1.
In addition, lsy-6 represses the expression of cog-1 in
the ASEL, and this regulation is dependent on the
presence of lsy-6 complementary sites in the 3′
UTR of cog-1. These results demonstrated that the
lsy-6 miRNA functions in determining left–right
asymmetry in the sensory neuron through the
negative regulation of the downstream target cog-1
(Johnston and Hobert, 2003) (Figure 2A).

Another miRNA acting in asymmetric neuronal
differentiation was identified through genetic ana-
lysis with die-1 (dorsal intercalation and elongation
defect-1) (Chang et al., 2004). die-1 mutants also have
a two-ASER phenotype as observed in lsy-6 mutants;
both ASE cells have ASER-specific expression of gcy-
5 and lose ASEL-specific expression of gcy-7. die-1
is expressed more strongly in the ASEL (Figures 2A
and 2B). Loss of die-1 function causes a lack of ASEL-
specific lim-6 and lsy-6 expression and de-repression
of cog-1 expression in the ASEL. On the contrary,
ectopic die-1 expression in the ASER causes ectopic
expression of lsy-6, followed by the repression of cog-1.
These observations can be interpreted as the presence
of a regulatory pathway in which die-1 up-regulates
the lys-6 miRNA in order to repress the expression
of cog-1 in the ASEL. In support of this, the expres-
sion of die-1 in the ASER is not able to repress cog-1
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Figure 2 Asymmetrical neuronal differentiation by miRNAs
(A) Reciprocal gene expression profiles in left and right ASE neurons are accomplished by spatially controlled miRNA expression.

cog-1, a homeodomain transcription factor, acts with transcriptional co-repressor unc-37 to repress the ASEL cell fate in

the ASER. ceh-36, a homeodomain transcription factor, and lin-49, a co-activator, act together to promote the left-cell fate in the

ASEL. che-1 (chemotaxis defect-1) is thought to positively regulate transcription in both the ASEL and the ASER, although it

remains unknown where che-1 acts in the regulatory cascade. (B) Changes of gene expression pattern are shown in simplified

genetic cascade when lsy-6 is mutated or ectopically expressed in both ASE cells. Black and grey indicate genes which are

up-regulated and down-regulated respectively in each cascade. die-1 mutants and the ectopic expression of mir-273 in both ASE

cells also result in two-ASER phenotype through the up-regulation of gcy-5 following the repression of lsy-6 and de-repression

of cog-1.

expression in a lys-6 mutant background (Chang
et al., 2004).

Furthermore, a reporter assay where a gfp (green
fluorescent protein) reporter gene is fused to the die-1
3′ UTR exhibits significant down-regulation of GFP
expression in the ASER, raising the possibility that
the die-1 3′ UTR contains elements that are subject to
miRNA-regulated left/right-biased expression. Fur-

ther sequence comparison with the related nematode
C. briggsae and computational prediction led to the
identification of a possible miRNA, miR-273, which
regulates the biased expression of die-1. mir-273 activ-
ity is biased towards the ASER (Figure 2A). The ec-
topic expression of mir-273 in both ASE cells from a
bilateral promoter shows, not only down-regulation
of die-1 expression in the ASEL, but also the

www.biolcell.org | Volume 100 (2) | Pages 71–81 75



M. Kato and F.J. Slack

two-ASER phenotype of die-1 mutants. This suggests
that ASER-biased expression of mir-273 suppresses
die-1 activity, followed by the down-regulation of
the lsy-6 miRNA and expression of its target cog-1,
resulting in the ASER cell-fate specification. Thus
reciprocal expression of the miRNA, lsy-6, is con-
trolled through another spatially regulated miRNA,
miR-273, ensuring the laterality of the ASE sensory
neurons (Figure 2A).

Lifespan: metabolic modulation by
miRNAs
Temporal and spatial cell-fate determinations are fun-
damental aspects of development that are accom-
plished by the proper execution of programmed ge-
netic cascades. At the completion of the larval devel-
opmental stages, another temporal event, aging, is
initiated. A major cause of aging is thought to res-
ult from the passive accumulation of damage to cells
over time. Although the precise mechanisms regulat-
ing lifespan are still not well understood, one model
suggests that temporal activation of a timer gene may
initiate the aging programme early in the adult stage
(McCarroll et al., 2004). This idea is reminiscent
of temporal up-regulation of heterochronic genes in
developmental timing, and, indeed, components
in the miRNA-containing heterochronic pathway
were shown to be involved in lifespan regulation
in C. elegans.

Mutations in the lin-4 miRNA and its target lin-14
not only perturb developmental timing during larval
development, but also affect the normal aging pro-
cess (Boehm and Slack, 2005). Reducing the activity
of lin-4 shortens lifespan, whereas overexpression of
lin-4 extends lifespan (Figure 3). Moreover, disrup-
tion of lin-14 activity, a target of lin-4, produces the
opposite effect on lifespan. lin-14 loss-of-function
mutants have a longer lifespan, whereas gain-of-
function mutants, which lack the lin-4-binding site
in the lin-14 3′ UTR, have a shorter lifespan. There-
fore, lin-4 normally acts to promote a long lifespan and
lin-14 normally acts to promote a short lifespan.
Additionally, loss of lin-14 activity suppresses the
short-lived phenotype of lin-4 mutants. These results
suggest that a major role of lin-4 in lifespan regula-
tion is to repress the expression of its target lin-14
(Figure 3). The lifespan changes that result from the
disruption of lin-4/lin-14 activity are not solely due to
their roles in the regulation of developmental timing

Figure 3 Lifespan control by miRNA
lin-4 miRNA and lin-14 act in parallel to or upstream of DAF-2,

and modulate lifespan by directly or indirectly repressing

DAF-16 activity.

in larval stages, because, essentially, the same lifespan
defects are found in worms whose lin-14 activity is
changed only after larval development (Boehm and
Slack, 2005).

The molecular machinery first identified in the reg-
ulation of C. elegans lifespan is the insulin/IGF-1
(insulin-like growth factor-1) signalling pathway
(Kenyon et al., 1993), and insulin signalling path-
ways are conserved in other organisms (Kenyon,
2005). The IGF-1 pathway controls lifespan through
mechanisms that are dependent on the downstream
FOXO (forkhead box O) transcription factor DAF-16
(abnormal dauer formation-16) and HSF-1 (heat-
shock factor-1) in C. elegans (Kimura et al., 1997;
Lin et al., 1997; Ogg et al., 1997; Hsu et al., 2003).
Inhibiting daf-16 or hsf-1 activity shortens lifespan,
whereas elevating their activities extends lifespan.
DAF-16 is antagonized by signalling from DAF-2,
the insulin/IGF-1 signalling receptor. Reduction in
daf-2 activity causes a more than 2-fold increase in
lifespan, and its longevity is abolished by reduced
activity of daf-16.

When the short-lived daf-16 and hsf-1 mutants
are put into a lin-14 background [RNAi (RNA
interference)-based knockdown], lin-14 loss-of-
function mutants no longer display an extended
lifespan, indicating that daf-16 and hsf-1 are required
for the longevity caused by the lin-14 mutation. Fur-
thermore, the short-lived lin-4 mutant phenotype
is significantly suppressed by the daf-2 RNAi-
mediated longevity and displays a lifespan similar
to the wild-type, suggesting that daf-2 is necessary
for the short lifespan of lin-4 mutants. Long-lived
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daf-2 mutants, when combined with long-lived
lin-14 mutants, show the similar long lifespan of
daf-2 mutants. Taken together, these data support
the idea that the lin-4 miRNA and its target
lin-14 regulate lifespan through the insulin/IGF-1
signalling pathway, probably by repressing daf-16
activity directly or indirectly (Boehm and Slack,
2005) (Figure 3).

lin-4 is the first example of a miRNA associated
with aging. This raises the possibility that other
miRNAs may also function as key regulators of aging.
Recently, a genome-wide transcriptional profile of
miRNAs was performed using adult C. elegans. This
profile found that approximately one third of the
miRNAs in C. elegans exhibit changes in expression
levels during adulthood. lin-4 and let-7 are included
among these miRNAs (Ibanez-Ventoso et al., 2006).

Several additional uncharacterized miRNAs were
shown to exhibit significant changes in relative
abundance during adult life. For example, miR-1,
a homologue of a Drosophila miRNA necessary for
muscle development (Sokol and Ambros, 2005), ex-
hibits a decline in expression during adulthood, sug-
gesting that age-related muscle decline might be in-
fluenced by miRNA-dependent pathways. To help
our further understanding of the role of miRNAs in
aging, aging-associated genes were examined as pos-
sible targets of age-regulated miRNAs (Hamilton
et al., 2005; Hansen et al., 2005). The insulin sig-
nalling pathway is a primary modulator of lifespan
in Drosophila, mouse and C. elegans (Kenyon, 2005),
and C. elegans has more than 30 insulin-related genes.
Fourteen of them are predicted to be potential tar-
gets of age-related miRNAs. Moreover, daf-16, the
major effector in insulin signalling pathway, is iden-
tified as a possible target for age-regulated miRNAs
(Ibanez-Ventoso et al., 2006).

In addition to the insulin signalling pathway, cal-
oric restriction also modulates lifespan in C. ele-
gans (Lakowski and Hekimi, 1998). Recently, it
was shown that a FOXA transcription factor, PHA-
4 (pharynx development defect-4), is necessary for
caloric-restriction-mediated longevity in C. elegans
(Panowski et al., 2007). FOXA family members in
mammals are known to act later in life to regu-
late glucagon production and glucose homoeostasis,
particularly in response to fasting (Kaestner et al.,
1999; Shen et al., 2001). Interestingly, pha-4 is one of
the validated targets of the let-7 miRNA (Grosshans

et al., 2005). Also, DAF-12, a nuclear hormone re-
ceptor acting downstream of DAF-16 to modulate
lifespan and dauer formation, is also regulated by let-
7 (Grosshans et al., 2005). These data imply that let-7
miRNA might help control lifespan, supporting its
down-regulation in aging C. elegans (Ibanez-Ventoso
et al., 2006).

From vulval development to human
cancer: cell proliferation control by
miRNAs
In C. elegans, the temporal up-regulation of let-7 activ-
ity in the seam cell results in appropriate terminal
differentiation. In contrast, reduced activity of let-7
causes the failure of seam cells to exit the cell cycle and
they continue to divide (Figure 1A). Inappropriate
cell proliferation and differentiation are reminiscent
of human cancer, and this opens up the possibility of
miRNAs functioning as tumour suppressor genes or
oncogenes.

The development of the vulva in the C. elegans
hermaphrodite provides a tractable model system in
which to understand cell proliferation and differen-
tiation. Ras and Notch signalling pathways play key
roles in vulval development through the proper con-
trol of cell division and cell fate (Sundaram, 2005).
Several miRNAs, including let-7 family members, act
in the signalling cascade to regulate vulval morpho-
genesis (Esquela-Kerscher et al., 2005; Johnson et al.,
2005; Yoo and Greenwald, 2005). Among these
miRNAs, miR-84 and miR-61 target let-60 and
vav-1 respectively, both of which are known ortho-
logues of human oncogenes.

In the initial step of vulval development, six VPCs
(vulva precursor cells), P3.p to P8.p, are specified in
the 11 Pn.p cells, which are located in the ventral
epidermis. These cells each adopt a vulval cell fate,
primary (1◦), secondary (2◦) and tertiary (3◦), which
form a precise spatial pattern, 3◦–3◦–2◦–1◦–2◦–3◦.
EGF (epidermal growth factor) signalling from the
gonadal anchor cell, followed by the activation of
the Ras–MAPK (mitogen-activated protein kinase)
signalling cascade, specifies the 1◦ cell fate in P6.p
cells, whereas the lateral signal from the 1◦ cell activ-
ates Notch/LIN-12 in P5.p and P7.p cells, promot-
ing the 2◦ fate and inhibiting the 1◦ fate (Figure 4).
The crosstalk between cells via the Ras and Notch
signalling pathways ensures the precise patterning
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Figure 4 An overview of Ras and Notch signalling network in vulval development
EGF–Ras/LET-60 activation specifies P6.p to adopt 1◦ VPC fate that results in the production of a lateral signal shown by

the curved arrows, which activates Notch/LIN-12 in P5.p and P7.p cells. Ras/LET-60 has an antagonistic interaction with

Notch/LIN-12 in these VPCs. LIN-12 signal may positively control mir-61 expression in a feedback loop in P5.p and P7.p cells.

during vulval morphogenesis (for further details re-
garding vulval development, see Sternberg, 2005).

The observation that miRNAs are expressed in
the developing vulva (Esquela-Kerscher et al., 2005;
Johnson et al., 2005) and of lateral signalling de-
fects in the alg-1 mutants led to the implication that
miRNAs function in vulval cell differentiation.
Bioinformatics and transcriptional reporter assays re-
vealed that the mir-61 miRNA is specifically ex-
pressed in P5.p and P7.p cells and is a transcriptional
target of LIN-12 signalling (Figure 4). The ectopic
expression of mir-61 in P6.p cells, the presumptive
1◦ fate, induces the 2◦ cell fate instead of 1◦ cell fate,
suggesting that mir-61 promotes the adoption of the
2◦ fate (Yoo and Greenwald, 2005).

vav-1, a homologue of the Vav oncogene family in
vertebrates (Tybulewicz, 2005), contains sequences in
its 3′ UTR that are complementary to miR-61. On
the basis of reporter assays, vav-1 was determined to
be an authentic target for miR-61. The reporter con-
struct, comprising the upstream sequence of vav-1
fused to gfp and the unc-54 3′ UTR, is found to be ex-
pressed in the VPCs, but when the unc-54 3′ UTR is
replaced with the vav-1 3′ UTR, reporter expression
is lost in P5.p and P7.p cells. This loss is dependent
on the presence of miR-61 complementary sites in the
vav-1 3′ UTR. These observations suggest that mir-61
promotes the 2◦ fate through the suppression of vav-1
activity (Figure 4). Although a link between miRNAs
and Vav has not been demonstrated in mammalian

cells, this work suggests that miRNAs may influence
cancer through the regulation of Notch signalling
(Yoo and Greenwald, 2005). Additional examples
showing the relationship between miRNAs and hu-
man cancer came from work in our laboratory using
C. elegans.

let-60, the Ras homologue in C. elegans, is re-
quired for normal vulval induction. From a com-
putational prediction of let-7 targets and a genetic
screen for suppressors of the let-7-induced bursting
vulva phenotype, let-60 was found to be a target
of miR-84, a let-7 family miRNA (Johnson et al.,
2005). mir-84 expression starts during the early to
mid-L3 stage in the anchor cell and in all vulval
precursor cells (P3.p to P8.p) except for P6.p cells.
In contrast with the weak expression of mir-84 in
P6.p cells, let-60 is strongly expressed in P6.p cells
(Figure 4). Gain-of-function mutations of let-60 ac-
tivate multiple VPCs to adopt 1◦ cell fates, leading to
a multivulval phenotype. Over-expression of mir-84
partially suppresses this multivulval phenotype, in a
let-60 3′-UTR-dependent manner. Interestingly, an-
other let-7 family miRNA, mir-48, is also expressed
in non-P6.p VPCs (Esquela-Kerscher et al., 2005),
suggesting that miR-84 controls vulval cell-fate de-
termination through the suppression of let-60, prob-
ably together with miR-48 or other miRNAs.

let-60 is a C. elegans orthologue of the three human
ras genes, HRAS, KRAS and NRAS, which are often
commonly mutated in human cancer cells. Notably,
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all of the human ras genes have complementary sites
for human let-7 family miRNAs in their 3′ UTRs,
suggesting that ras is regulated by let-7 in a similar
manner to let-60 in C. elegans (Johnson et al., 2005).
Consistent with this prediction, when human let-7
is exogenously provided to, or when its function is
blocked in, cultured human cells, the level of Ras
protein is reduced or enhanced respectively. Further-
more, miRNA microarray analysis using tissues from
cancer patients shows that let-7 expression is reduced
in a number of tumours, as compared with the nor-
mal adjacent tissues. Conversely, the Ras protein is
reciprocally accumulated in these tumour tissues. In-
terestingly, all of the lung tumour tissues show lower
levels of let-7 expression. These observations suggest
that the human let-7 miRNA acts as a tumour sup-
pressor by repressing ras oncogene activity, especially
in the lungs. Indeed, studies have mapped let-7 fam-
ily members to human chromosomal sites that are
related to various types of cancers, including lung
cancer (Calin et al., 2004).

The importance of the p53 pathway in preventing
tumour formation has been implied from the pres-
ence of mutations in the mammalian p53 pathway in
almost all cancers (Hollstein et al., 1991). Multiple
physiological stresses, including radiation, can cause
the accumulation of p53 protein and activate a p53-
mediated downstream cascade to induce growth ar-
rest, promote apoptosis or facilitate DNA repair (Ko
and Prives, 1996; Hanahan and Weinberg, 2000).
One of the miRNA families in mouse, miR-34, acts
in a stress-response pathway in a p53-dependent man-
ner; DNA damage can induce the activation of miR-
34 in a wild-type background, but not in a p53-
null background (He et al., 2007). Further analysis
indicated that the activation of miR-34 represses
cell-cycle progression and suggests the possibility
that p53 may suppress cell-cycle-related genes via
induction of miR-34 activity. Consistent with this
idea, another study using neuroblastoma tumours
demonstrated that miR-34a, a member of the miR-34
family, directly targets E2F3, a potent transcriptional
inducer of cell-cycle progression (Welch et al., 2007).
This and two other recent works also demonstrated
that the induction of miR-34a significantly increases
caspase activity (Welch et al., 2007) and promotes ap-
optotic cell death (Chang et al., 2007; Raver-Shapira
et al., 2007). It is known that members of the E2F
family of transcription factors can trigger apoptosis

when they are inappropriately expressed (Iaquinta
et al., 2005). These findings suggest that miR-34
plays an important role in the p53-meditated on-
cogenic stress response network. Although the role
of C. elegans mir-34 still remains unknown, it might
function in a similar manner in C. elegans.

Conclusions
New roles for miRNA in C. elegans and mammals
are currently being discovered. For example, recent
studies provide further evidence that miRNAs have
additional roles in a neurodegenerative disorder, Par-
kinson’s disease, and in an immune response to micro-
bial infection in mammals (Kim et al., 2007; Taganov
et al., 2007; Thai et al., 2007). These findings imply
more diverse and more universal miRNA functions
than we have previously imagined. Furthermore, a
novel class of small RNAs, piRNA (Piwi-interacting
RNA) and its interacting protein, Piwi proteins, have
been found to be involved in transposon suppression
during gametogenesis in several organisms, includ-
ing mammals (Aravin et al., 2007; O’Donnell and
Boeke, 2007). This might have implications in steril-
ity and/or congenital abnormality in mammals. Since
many important pathways commonly found in mam-
mals, such as insulin signalling, Ras/Notch signalling
and p53 pathways, as well as many miRNAs, are con-
served in C. elegans, we believe C. elegans will help us
further understand how miRNAs function in human
disease and may illuminate new aspects of the small
regulatory RNA world.
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