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Short RNA regulatory molecules, microRNAs, and short interfering
RNAs participate in a range of developmental gene networks by
base-pairing with their target sequences. Consistent with these
findings, genes required for the biogenesis and function of short
interfering RNAs and microRNAs, dicer (dcr-1 in Caenorhabditis
elegans) and argonaute homologs, are essential for development
in diverse organisms, including C. elegans. We demonstrate that
genes required for the function of short RNAs synergize with the
retinoblastoma tumor suppressor homolog lin-35 in negative reg-
ulation of the nuclear divisions in the intestine of C. elegans. The
level of cyclin E (cye-1) expression is critical for nuclear divisions in
the intestine and is elevated in double mutants in lin-35 and RNA
interference pathway genes. We propose that RNA interference-
related pathways cooperate with retinoblastoma in transcriptional
repression of endogenous genes, an example being cyclin E.

cyclin E

RNA interference (RNAi) was originally discovered in Cae-
norhabditis elegans as a mechanism of posttranscriptional

gene silencing induced by exogenous dsRNA (1). It is now known
that RNAi-related mechanisms play roles in inhibition of target
mRNA translation (2), mRNA degradation (3), or repression of
transcription (4). Processing of dsRNA in the first step of RNAi
and processing of all C. elegans microRNA (miRNA) precursors
requires dcr-1 (5–7). Dcr-1 is accompanied by different Argo-
naute proteins, Rde-1 and Alg-1�2, in the RNAi and miRNA
pathways, respectively (6, 8). Surprisingly, both RNAi and
miRNA pathway genes affect RNAi-induced transcriptional
gene silencing (RNAi-TGS) in the soma of C. elegans (9).

A majority of human cancers have a mutation inactivating the
retinoblastoma (Rb) pathway (10, 11). Three Rb-related genes
are expressed in vertebrate cells, but only one member of this
family exists in C. elegans (12). In both types of organisms
Rb-related activities are thought to control cell proliferation and
development primarily by suppressing transcription at promoters
near their binding sites. The specificity of Rb proteins is medi-
ated by their association with the E2F family of DNA-binding
proteins, which heterodimerize with the DP protein (13). Pro-
teins associated with the Rb protein can inhibit transcription by
modifications of chromatin. Specifically, Rb complexes are
associated with histone deacetylases and chromatin remodeling
proteins (13, 14). Further, in differentiating cells, some Rb-
containing complexes are associated with histone methyltrans-
ferase Suv39h, which catalyzes H3 lysine 9 (H3-K9) methylation,
promoting heterochromatin formation (15, 16).

RNAi-mediated gene silencing can also function through repres-
sive chromatin modifications in some organisms (4, 17). In fission
yeast, short interfering RNAs pair in a complex of proteins with
nascent transcripts to direct modifications of chromatin (18). Sim-
ilar processes are thought to be active in plants (17). In C. elegans,
RNAi-induced transcriptional transgene silencing has been ob-
served in both the soma (9) and germ line (19). In both cases
silencing depended on the hpl-2 gene that encodes a homolog of the
heterochromatin protein 1 (20) that binds methylated H3-K9 (21).

The extent of transcriptional control through the activities of short
RNAs in vertebrate cells is uncertain. Mutations in genes important
for RNAi have been reported to activate transcription (22, 23).
However, in most cases this effect is probably caused by misregu-
lation of the miRNA pathway where chromatin modifications and
transcriptional activation are indirectly affected by posttranscrip-
tional control of other genes. This type of activity is consistent with
recent studies indicating that genes encoding miRNAs can function
in both oncogenic (24, 25) and tumor-suppressive roles (26).

In this study, we demonstrate that nuclear divisions in the
intestine of C. elegans are controlled synergistically by the Rb and
RNAi pathways. It appears that this regulation is mediated
through control of transcription of the cyclin E gene, probably
by chromatin modifications. We believe that this type of inter-
play between the RNAi and Rb regulation in gene expression
might be general.

Materials and Methods
C. elegans Strains. Worms were maintained on nematode growth
medium plates seeded with OP50 bacteria. The following strains
were used: LGI, unc-13(e1091) lin-35(n745), cye-1(eh10)�dpy-
14(e188); LGII, lin-4(e912); LGIII, rde-4(ne299), lin-12(n137);
LGV, rde-1(ne300), JR672; LGX, alg-1(gk214), elt-2::gfp�LacZ;
not-integrated transgenic strains KM32, KM34, and KM25.

RNAi by Feeding. Feeding C. elegans HT115(DE3) bacteria con-
taining L4440 plasmid with portions of genes of interest cloned
between T7 promoters was done as described (9). Primers used
for gene fragment PCR amplifications were as follows: alg-1,
forward, atgtccggcgggccgcaatatttgcc, reverse, tcaaatagaaactaaatta-
aatgcc; lin-35, forward, ggttcggaatcggcgtgg, reverse, gattttgaggaac-
tataggtc; and dcr-1, forward, ggtaagagctgatttacaatg, reverse,
gaatctttaatcggtctacga.

Adult worms of elt-2::gfp or cye-1::gfp (KM32) reporter strains
were placed on bacteria expressing dsRNA, and their L4 or adult
progeny were used for counting intestinal nuclei or evaluating
intensity of GFP expression.

DAPI Staining. Adult worms were dissected and fixed with para-
formaldehyde on the poly-L-lysine-covered slides, DAPI was
applied with mounting media (Vector Laboratories).

Microscopy. Worms expressing GFP were put on 2% agarose
pads, and DAPI-stained worms were fixed on poly-L-lysine slides
and viewed with Zeiss Axoplan 2 microscope at �10 or �40 lens
magnification by using the appropriate filter. OPENLAB 3.1.7
software (Improvision, Lexington, KY) was used for capturing
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images, and the same exposure time was used for capturing
images to be compared in the same experiment.

Chromatin Immunoprecitipation (ChIP). For preparation of protein
lysates �300–500 �l of packed L3-L4 staged animals was used
for each immunoprecipitation. Formaldehyde fixing, lysate
preparation, and sonication was done according to ref. 27. ChIP
was performed with anti-dimethyl-histone H3(Lys-79) anti-
serum (07-366, Upstate Biotechnology, Lake Placid, NY) ac-
cording to the manufacturer’s protocol.

RT-PCR and Real-Time PCR. Tri Reagent (Molecular Research
Center, Cincinnati) was used for total RNA preparation. RNA
was DNase-treated with DNA-free reagent (Ambion, Austin,
TX). C. elegans RNA (0.5–1 �g) was used in 20 �l of RT reaction
with random hexamer primers (Ambion) or gene-specific prim-
ers. RT reaction (2 �l 1:10 diluted) was added into 25 �l of
real-time PCR. The TaqMan system (Applied Biosystems) was
used for cDNA amplification, and SYBR green dye (Qiagen,
Valencia, CA) was used for the amplification of DNA in ChIP
assays. Reactions were run in triplicate on an Applied Biosys-
tems Prism 7000 Real-Time PCR machine. Relative fold changes
were calculated by using the 2���Ct method. TaqMan probe and
primer sets were designed by using PRIMER EXPRESS software
(Applied Biosystems), and probes for mature mRNAs were
designed to span exon–exon junction. The sequences used
were as follow: for cye-1 mRNA, forward primer, cgggacggctgctc-
tatttata, reverse, gatgagcaaaatcgatgcactta, probe, ctaaatacgag-
gaaatttatccac; and for ama-1 mRNA, forward primer, gatgatc-
cgatgaatgatggaaag, reverse, cggtatgatggttgatagcgacc, probe,
aggtcgcaggtggatg. Primers used for the detection of the antisense
RNA at cye-1 locus were as follows: primer 1, tgtctgacatctccggag;
primer 2, tagattcaaatcgcgcgctc; primer 3, agtcgttatcttcctatttatttg;
and primer 4, acacgttcagccgtcctt. Primers 3 and 4 were used for
cye-1 ChIP PCR amplification, and control act-3 primers were
gcagaaggaaatcaccgctcttg and gcgatgatcttgatcttcatgg.

Results and Discussion
Down-regulation of alg-1�2 by RNAi results in a range of
developmental abnormalities (6). The most severe phenotype in
worms lacking both alg-1 and alg-2, or, both maternal and zygotic
complements of dcr-1, is embryonic lethality (6). However,
careful examination of the phenotypes in dcr-1 and alg-1�2
hypomorphic mutants generated by RNAi revealed possible
roles of these genes in regulation of cell division.

Postembryonic divisions in several intestinal cells of C. elegans
include nuclear divisions that are not followed by cytokinesis. In
addition, DNA endoreplication occurs at the end of each larval
molt, leading to 32C (C or chromatin value is a multiple of the
normal haploid genome) ploidy of gut cells in the adult animals
(28). Expression of the elt-2::gfp reporter (29) in the intestinal
nuclei provides a convenient system for studying regulation of
nuclear divisions (30–32). C. elegans larvae are born with 20
intestinal nuclei, and the number reaches 30–34 in the adult
animals, resulting from 10–14 postembryonic nuclear divisions
during the L1 molt (28). Mutants of cyclin D, cyd-1, do not
increase the number of intestinal nuclei, whereas double mutants
for lin-35 (Rb homolog) and cki-1 (p21 and p27 homolog) show
excessive divisions, resulting in the numbers of the nuclei reach-
ing 70–80 per animal (30).

We examined the number of intestinal nuclei in alg-1�2(RNAi)
animals where RNAi was introduced by feeding (33). alg-1�
2(RNAi) resulted in an increase in the number of postembryonic
nuclear divisions from 10 in WT to 20 in the mutant (Fig. 1 B and
D). This increase was greatly potentiated when worms mutant for
lin-35(n745) were subject to alg-1�2 RNAi with the numbers of
intestinal nuclei reaching 70, resulting from 50 nuclear divisions
(Fig. 1 C and D). We next tested whether dcr-1(RNAi) would
have a similar effect. Because dcr-1 is required for RNAi, only
weak down-regulation of its activity can be achieved by dcr-
1(RNAi). However, global maturation of miRNAs is inhibited in
dcr-1(RNAi) worms (6). When worms were subjected to dcr-
1(RNAi) by feeding we did not observe any obvious abnormal-

Fig. 1. dcr-1 and alg-1�2 negatively regulate nuclear divisions in the intestine. (A) The elt-2::gfp reporter strain shows 30 intestinal nuclei. (B) The number of
intestinal nuclei increases in alg-1�2(RNAi) animals because of extra divisions of some nuclei (bracket). (C) The number of intestinal nuclei increases dramatically
in lin-35(n745);alg-1�2(RNAi) animals. For A–C �10 lens magnification was used. (D) Quantification of postembryonic nuclear divisions in the intestine (number
of nuclei in adult worms after subtraction of 20 nuclei present in L1) in different genetic backgrounds. For all figures, intestinal nuclei were counted in 15–30
progeny of several worms subjected to RNAi by feeding, and data for each genotype are presented as a mean number � SD. RNAi feeding experiments were
repeated at least three times.
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ities, including increase in the intestinal nuclear divisions (Fig.
1D). However, lin-35(n745) worms treated with dcr-1(RNAi)
showed a large increase in the number of intestinal nuclei, similar
to that of lin-35(n745);alg-1�2(RNAi) double mutants (Fig. 1D).
We also observed extra nuclei in dcr-1;lin-35 and alg-1�2;lin-35
worms when these were scored with other intestinal reporters or
nontransgenic worms stained with DAPI (Fig. 2A and data not
shown). Thus, the observed increase is not specific for the
transgenic strain used.

An alg-1(gk214) deletion mutant has recently become avail-
able from the Gene Knockout Consortium (www.celegansko-
consortium.omrf.org). We examined intestinal divisions in this
mutant by using the elt-2::gfp transgene and found an increase
similar to alg-1�2(RNAi) (Fig. 2B). In the double alg-1(gk214)
and lin-35(n745) mutant worms, the number of the intestinal
nuclei was further increased (Fig. 2B). We found that Lin-35 is
maternally required for the negative regulation of cell divisions
in the intestines of the progeny, whereas Alg-1 is required
zygotically (Fig. 2B).

Because both Dcr-1 and Alg-1�2 are essential for miRNA
processing, these results indicate that miRNAs might play a role
in the regulation of intestinal nuclear divisions. Further, loss-
of-function mutations in the lin-4 miRNA gene have been shown
to affect nuclear divisions in the intestine by up-regulation of
Lin-14 (34). Thus, loss of lin-4 miRNA could account for some
of the alg-1�2 phenotype. However, the number of intestinal
divisions in alg-1�2(RNAi) worms considerably exceeds that
observed in lin-4(e912) null mutant (Fig. 6, which is published as
supporting information on the PNAS web site). Further, because
alg-1�2(RNAi) does not result in complete inactivation of the
alg-1 and alg-2 genes and consequently lin-4 production is not

completely silenced, it is unlikely that the observed phenotype of
alg-1�2 is caused solely by the loss of lin-4 miRNA. It is possible
that the loss of other miRNAs whose synthesis depends on
Alg-1�2 could contribute in an indirect fashion to the increase
in intestinal nuclear divisions. Some of those miRNAs might
synergyze with lin-4 in regulation of Lin-14.

It is also possible that other RNAi-related processes contrib-
ute to the increase in nuclear divisions in alg-1�2(RNAi) worms.
For example, endogenous ALG-1�2 RNA-induced silencing
complexes might contain not only miRNAs, but also endogenous
short interfering RNAs (35), and such complexes might be
directly involved in the initiation of silencing at the level of
transcription. This activity could account for the role of alg-1�2
in regulation of nuclear divisions in the intestine and in the
RNAi-TGS process of transgene silencing described recently (9).

The proposed effect of alg-1�2 on nuclear divisions through a
RNAi-TGS pathway suggests that classical RNAi pathway genes
might have a role in regulation of cell division. Null mutants in
the RNAi pathway genes, rde-1(ne300) and rde-4(ne299), do not
have any obvious developmental phenotypes (36), and they do
not affect nuclear divisions in the intestine as single mutants
(Fig. 2D). However, we observed a synergistic effect leading to
an increased number of nuclei when either rde-1(ne300) or
rde-4(ne299) was combined with lin-35(n745) (Fig. 2D). One
possible explanation for these genetic interactions is that both
the Rb and RNAi pathways are regulating common targets at a
transcriptional level.

Genetic interaction between the RNAi pathway and Rb in C.
elegans is not limited to the control of intestinal nuclear divisions.
alg-1(gk214);lin-35(n745) double mutant worms are very sick,
and the strain is barely viable, with brood size of 1–10 per animal.

Fig. 2. miRNA and RNAi pathway genes synergize with lin-35(Rb). (A) Dissected intestines of WT (Upper) and alg-1(gk214);lin-35(n745) double mutant (Lower)
adult worms were stained with DAPI. The bracket in Lower highlights the increased number of nuclei. A �10 lens magnification was used, and exposure times
were identical. (B and D) Quantification of postembryonic intestinal nuclear divisions in different genetic backgrounds with elt-2::gfp transgenic strains; alg-1(Z)
and lin-35(Z) indicate that only the zygotic complement of the gene product was missing, whereas the maternal contribution was still present. (C) A differential
interference contrast microscopy image of the midsection of the representative rde-4(ne299);lin-35(n745) mutant worm at �40 lens magnification. Ventral is
top; double vulva protrusions are shown by arrows, and abnormal gonad migration with two U-turns is indicated by the white line. Note the accumulation of
the late-stage embryos (*) caused by egg-laying defects.
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Most of the eggs die inside the mothers. Those worms surviving
to adulthood are smaller in size, have egg-laying defects, and
have defects in the germ line. rde-4(ne299);lin-35(n745) and
rde-1(ne300);lin-35(n745) double mutant strains resemble alg-
1(gk214);lin-35(n745), but are more viable. We also observe
gonad migration defects (Fig. 2C) and bi-vulva animals at a low
frequency (6%) in the rde-4(ne299);lin-35(n745) strain.

We wanted to examine which step in the cell cycle is regulated by
lin-35 and RNAi pathway genes. Lin-35, the C. elegans Rb protein
homolog, is an important negative regulator of the G1 3 S
transition and one of the major targets of the Cyd-1�Cdk-4 complex
(30). In mammals and flies, cyclin E is one of the major targets
transcriptionally activated by E2F and negatively regulated by the
Rb protein (37, 38). Cyclin E is essential for development in flies
and mammals (39, 40). It plays a central role in the cell cycle
regulation of endoreplicating tissues. In these tissues, oscillation of
cyclin E is required for cycles of DNA replication: increases in cyclin
E levels cause entry into S phase, and decreases are required for the
reloading of prereplication complexes (41). Therefore, either cyclin
E loss-of-function mutations or overexpression disrupt endocycles
in Drosophila (41). Mice with knockout mutations in both cyclin E
genes display defects in endoreplicating cells in the placenta and in
megakaryocytes (40).

Because endoreplication occurs in the intestinal cells of C.
elegans, we tested for a possible role of cye-1 (cyclin E) in
regulation of postembryonic nuclear divisions in the intestine.
The maternal contribution of cyclin E is essential for C. elegans
development (42, 43). cye-1(RNAi) has been reported to cause
embryonic arrest and early larval arrest (42, 43), whereas cye-1
homozygous mutants (progeny of heterozygous mothers) grow
up to become sterile adults (42). Fay and Han (42) observed that
cye-1 mutants display defects in some postembryonic divisions
and also are defective in DNA endoreplication in the intestinal
cells. Because postembryonic nuclear divisions in the intestine

have not been analyzed in cye-1 mutants, we examined this
process in cye-1(eh10) homozygous and heterozygous animals in
a transgenic elt-2::gfp background. Interestingly, postembryonic
intestinal nuclear divisions are very rare in cye-1(eh10) mutants,
with most adult worms containing only the 20 nuclei present at
hatching (Fig. 3A). This defect is apparently not rescued by
maternal contributions of cyclin E, and this finding contrasts
with the modest dependence on zygotic cyclin E expression of
other lineages examined by Fay and Han (42). A gain-of-function
mutation in Cdc25.1, a phosphatase that activates cyclinE�Cdk2
kinase, has been shown to cause ectopic nuclear divisions
exclusively in the intestinal cell lineage (32). Thus, it is likely that
cyclin E levels are rate-limiting for nuclei divisions in the
intestine. Consistent with this possibility, we were not able to
detect large increases in the number of cell divisions in response
to alg-1(RNAi);lin-35(RNAi) or dcr-1(RNAi);lin-35(RNAi) in
other lineages under conditions where we readily detected
dramatic increases in the number of intestinal nuclei (Supporting
Results, which are published as supporting information on the
PNAS web site).

We tested whether the effect of alg-1�2 in promoting nuclear
divisions in the intestine depended on cyclin E. Indeed, the
cye-1(eh10) mutation completely suppressed the alg-1�2(RNAi)
phenotype in the intestine (Fig. 3A), and worms heterozygous for
the cye-1 mutation did not respond to alg-1�2(RNAi) to the same
extent with increases in nuclei number as WT worms. These
results are consistent with cyclin E being limiting for nuclear
divisions in the intestine and with the possible regulation (direct
or indirect) of cyclin E by short RNAs.

We hypothesized that cye-1 transcription might be negatively
regulated by Lin-35 and RNAi pathways. As a prediction of this
model, expression of a cye-1::gfp reporter (43) was examined and
expression of cyd-1::gfp and cdk-4::gfp reporters was tested in
control experiments. These latter two reporters were not af-

Fig. 3. The level of cyclin E is critical for nuclear divisions in the intestine and is affected by lin-35 and RNAi pathways. (A) Quantification of postembryonic intestinal
divisions in WT, cye-1(eh10) heterozygous, and homozygous animals in the absence (Left) and presence (Right) of alg-1�2(RNAi). (B) Expression of cye-1::gfp (KM32)
reporter in the anterior intestine of adult WT type (Upper) or alg-1�2(RNAi);lin-35(RNAi) (Lower) animals. (C) Expression of cye-1::gfp reporter in the hypodermal seam
cells (arrowheads) of adult WT worms (Top) or worms treated with RNAi against the indicated genes. Exposure times in all images in B and C were identical.
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fected under the conditions described below (data not shown).
cye-1::gfp expression was significantly elevated in the lin-
35(RNAi);alg-1�2(RNAi) (15 of 15 animals scored) or lin-
35(RNAi);dcr-1(RNAi) (20 of 20) adult animals (Fig. 3 B and C)
compared with transgenic worms not treated with RNAi (16 of
16 animals had very low cye-1::gfp expression as shown in Fig. 3
B and C Upper). Most notably, the increased expression of cyclin
E reporter was observed in the intestine (Fig. 3B, compare Upper
and Lower) and in the hypodermal seam cells (Fig. 3C, compare
WT and mutants). We conclude that dcr-1 and lin-35 synergize
in repressing cye-1 transcription as cye-1::gfp derepression was
enhanced in double dcr-1(RNAi);lin-35(RNAi) animals com-
pared with dcr-1(RNAi) and lin-35(RNAi) single mutants (Fig.
3C). Enhanced expression of cye-1::gfp reporter in the seam cells
in response to dcr-1(RNAi);lin-35(RNAi) indicates that regula-
tion of cye-1 expression by RNAi and Rb is not limited to the
intestinal cells. Seam cells with high levels of cyclin E do not
undergo ectopic cell divisions consistent with the suggestion that
intestinal cells are more sensitized to cyclin E levels.

Interestingly, in Drosophila, both cyclin E mutations or overex-
pression of cyclin E cause defects in the endoreplication of ex-
tremely polyploid nuclei (�2,048 C) in salivary glands (41). These
defects are consistent with finding that oscillations of cyclin E levels
are required for endocycles (41). Whereas intestinal nuclei in
cye-1(eh10) mutants have dramatically reduced amounts of DNA,
as has been reported (42), we have not observed significant changes
in DNA content in intestinal nuclei of alg-1(gk214);lin-35(n745)
mutant worms where increases in the number of nuclei in the gut

are most significant (Fig. 2A). It is possible that C. elegans intestinal
cells respond to the increase in cyclin E levels by continuing mitotic
division before the endocycles.

To further confirm the effect of lin-35 and RNAi pathway
genes on cye-1 expression, we performed real-time RT-PCR
experiments to evaluate the expression level of endogenous cye-1
in various genetic backgrounds at the time of occurrence of
nuclear divisions in the intestine (larval stage L1). cye-1 mRNA
expression was elevated in lin-35(n745) mutants and further
enhanced in the double rde-4(ne299);lin-35(n745) mutants (Fig.
4A), which is consistent with our genetic data. We were not able
to test the alg-1(gk214);lin-35(n745) double mutant strain by
RT-PCR analysis because of its limited viability.

Because Rb is a known negative regulator of cyclin E transcrip-
tion in other systems it is likely to directly affect cye-1 expression in
C. elegans as well. We have recently shown that both alg-1 and RNAi
pathway genes are involved in the RNAi-TGS of the transgenic
arrays (9), and it is possible that cye-1 is directly regulated by the
RNAi-TGS pathway. Human cyclin E2 locus has been included in
the list of genes with proven bidirectional transcription that may
generate dsRNA (44). We used RT-PCR to detect any transcripts
arising from the known 5� regulatory region (43) in the cye-1
promoter 600 bp upstream of the SL1 transsplice acceptor site. We
detected RNA from the upstream and downstream promoter

Fig. 4. Molecular analysis of the regulation of cye-1 expression suggests a
direct role for the RNAi pathway. (A) Real-time RT-PCR analysis of the expres-
sion levels of cye-1 mRNA in different mutant backgrounds. Levels of cye-1
mRNA were normalized to ama-1 mRNA levels. Results of three independent
experiments are shown as mean relative numbers � SD. (B) Quantification of
the results of ChIP experiments by real-time PCR with primers 3 and 4 and the
indicated antibodies. For each DNA sample PCR with actin-specific primers was
used for normalization of the signal. Relative ratios are presented where PCR
signal from control DNA samples from WT worms is taken as 1. Sequences for
primers used are in Materials and Methods.

Fig. 5. Antisense transcription at the cye-1 locus. (A and B) Schematic repre-
sentations of the 600-bp region upstream of the SL1 acceptor site in cye-1 gene
and locations of the primers used for RT and PCRs are shown at the top. Results
of the RT-PCRs detecting antisense transcription at the cye-1 locus are shown at
the bottom. The identity of the bands was confirmed by sequencing. Sequences
for primers used are in Materials and Methods. (C) Model proposing negative
regulation of cyclin E gene expression by parallel Rb and RNAi-TGS pathways.
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regions when the RT reaction was primed with random hexamers
(Fig. 5A). This transcript has a polarity antisense to cye-1 mRNA as
it could be detected only with antisense, and not sense, strand-
specific RT primers (Fig. 5B and data not shown). Thus, there could
be dsRNA formation between this antisense RNA and cye-1
pre-mRNA at the start site of cye-1 transcription.

Next, we used ChIP to test for possible changes in histone
modifications associated with active transcription at the cye-1
start site in different genetic backgrounds. We found that the
level of modification by histone H3-K79 dimethylation at the
cye-1 start site was enhanced in the lin-35 mutant background
and was further enhanced in the lin-35;rde-4 double mutants
(Fig. 4B). This chromatin modification is associated with actively
transcribed genes (45). Under the same conditions, we were not
able to detect an increase in histone H4 acetylation, another
modification commonly associated with active transcription.
Interestingly, up-regulation of the leukemogenic genes in some
types of leukemia was recently correlated with hypermethylation
of H3-K79 at the promoter regions of these genes (46).

Our results indicate that an increase in the cyclin E levels in
Rb and RNAi double mutant background causes ectopic nuclear
divisions in the intestine and suggest that both Rb and RNAi
pathways might be directly involved in the negative regulation of
cyclin E gene transcription by affecting chromatin modifications
(Fig. 5C), although additional indirect inputs into cyclin E
regulation and existence of other target genes affecting nuclear
divisions cannot be excluded. Specifically, miRNAs might be
involved in negative regulation of transcription factors activating
cye-1 expression and thus might be partially responsible for
observed alg-1�2(RNAi) phenotypes.

This work suggests that the RNAi pathway is tumor-
suppressive in C. elegans. Importantly, there are indications that
this role for the RNAi-related processes might be conserved in
mammals (47, 48). Recent work describing enhanced RNAi in
Rb pathway mutants in C. elegans (49) is consistent with our
findings. It suggests that the Rb pathway is responsible for the
repression of a set of germ line-expressed genes in the somatic
tissues of C. elegans. This repression could be at the level of
chromatin as shown here for cyclin E and could involve the
RNAi-TGS pathway.
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