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A Genome-Wide Screen Identifies 27 Genes
Involved in Transposon Silencing in C. elegans

been isolated in which Tc1 transposition is activated in
the germline of the Bristol N2 strain [2, 7]. Interestingly,
half of the mutator mutants are also defective in the
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Biomedical Genetics mut-7, a gene with homology to E. coli RNaseD [2],
mut-8 (Tops et al., submitted), mut-14, a DEAD boxUppsalalaan 8

3584 CT Utrecht helicase [8], and mut-15 (Ketting et al., personal commu-
nication). This partial overlap between the processes ofThe Netherlands
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We used the recently developed tool of genome-wide
RNAi screens [10–13] to gain more insight into the mech-

Summary anism of transposon silencing. To monitor transposition,
we used a strain with a visible twitching phenotype

Transposon jumps are a major cause of genome insta- caused by a Tc1 insertion in the muscle gene unc-22.
bility. In the C. elegans strain Bristol N2, transposons This strain was fed with bacteria that express dsRNA
are active in somatic cells, but they are silenced in the homologous to (part of) a C. elegans gene in order to
germline [1], presumably to protect the germline from knockdown that gene by RNAi. We inspected the prog-
mutations. Interestingly, the transposon-silencing eny for wild-type moving worms, i.e., worms in which
mechanism shares factors with the RNAi machinery the transposon had jumped out of unc-22, restoring its
[2]. To better understand the mechanism of transpo- function. Initially, we screened 14,387 of the currently
son silencing, we performed a genome-wide RNAi predicted 19,427 genes in C. elegans by using the RNAi
screen for genes that, when silenced, cause transposi- feeding library [13]. All positives were retested 5-fold.
tion of Tc1 in the C. elegans germline. We identified Table 1 shows the 27 genes that scored positive at least
27 such genes, among which are mut-16, a mutator three times in the latter experiment.
that was previously found but not identified at the The genes were identified by the criterion that their
molecular level, ppw-2, a member of the argonaute silencing induces reversion of a Tc1 allele of the muscle
family, and several factors that indicate a role for chro- gene unc-22. To verify that the reversion is indeed the
matin structure in the regulation of transposition. result of transposon excision, we performed a transpo-
Some of the newly identified genes are also required son insertion display [14] for three of the genes identi-
for cosuppression and therefore represent the shared fied. Figure 1 indeed shows that homozygous revertants
components of the two pathways. Since most of the obtained after RNAi knockdown of three genes (mut-
newly identified genes have clear homologs in other 16, F10G8.3, and asg-1) have lost the Tc1 element in
species, and since transposons are found from proto- unc-22. In addition, the release of transposon silencing
zoa to human, it seems likely that they also protect induces novel insertions. Finally, we tested mut-16 for
other genomes against transposon activity in the its ability to revert a Tc5 allele. In our previous analysis
germline. of mutator mutants, we found that loss of mut-7 function

results in loss of silencing of Tc1, but also of other
Results and Discussion transposons such as Tc3, Tc4, and Tc5 [2]. We find that

knocking down mut-16 by RNAi also results in transposi-
The C. elegans genome contains 32 copies of the Tc1 tion of Tc5. We therefore conclude that mut-16 is a
transposon [3, 4]. Strikingly, Tc1 elements are active in general mutator; it silences transposition of DNA
somatic cells, whereas they do not jump in the germline transposons of different types in the germline of C. ele-
[1]. The somatic activity suggests that the lack of activity gans. We assume, but have not tested, that this applies
in the germline is a regulatory effect rather than a lack to other genes listed in Table 1.
of mechanistic potential. The elements themselves are
indeed fully functional in cis [5, 6]. In addition to natural

Molecular Identification of mut-16mutator loci, EMS-induced mutants (“mutators”) have
We previously identified a set of 43 genetic mutants
defective in transposon silencing [2]. Here, we sampled
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and found that five mut-16 mutants, as well as an rde-6General Hospital and Department of Genetics, Harvard Medical
(ne322) mutant, which was previously found to be allelicSchool, Boston, Massachusetts 02114.

4 These authors contributed equally to this work. to mut-16 (F. Simmer and R.H.A.P., unpublished data; H.



Current Biology
1312

T
ab

le
1.

27
G

en
es

In
vo

lv
ed

in
T

ra
ns

p
o

so
n

S
ile

nc
in

g

A
.

G
en

es
w

ith
a

M
ito

ch
o

nd
ri

al
F

un
ct

io
n

G
en

e
N

am
e

P
he

no
C

o
su

p
C

.b
.

S
.c

.
D

.m
.

A
.t

.
H

.s
.

S
ho

rt
F

un
ct

io
n

C
08

F
8.

2
N

o
nv

�
S

U
V

3
C

G
97

91
A

t5
g

39
84

0
S

U
P

V
3L

1
A

T
P

-d
ep

en
d

en
t

R
N

A
he

lic
as

e
F

35
G

12
.1

0
as

b
-1

N
o

nv
�

A
T

P
4

A
T

P
sy

n-
b

,
C

G
81

89
–

A
T

P
5F

1
A

T
P

sy
nt

ha
se

su
b

un
it

F
43

G
9.

1
N

o
nv

nd
�

ID
H

2
C

G
12

23
3

A
t3

g
09

80
5

ID
H

3A
N

A
D

�
-i

so
ci

tr
at

e
d

eh
yd

ro
g

en
as

e
F

54
H

12
.1

N
o

nv
nd

�
A

C
O

1
A

co
n,

C
G

92
44

A
t4

g
35

83
0

A
C

O
2

ac
o

ni
ta

te
hy

d
ra

ta
se

K
07

A
12

.3
as

g
-1

N
o

nv
�

A
T

P
20

l(2
)0

62
25

,
C

G
61

05
–

A
T

P
5L

A
T

P
sy

nt
ha

se
su

b
un

it
M

01
F

1.
3

N
o

nv
�

LI
P

5
La

s,
C

G
52

31
A

t5
g

08
41

5
LI

A
S

lip
o

ic
ac

id
sy

nt
ha

se
T

24
C

4.
1

W
t

�
M

A
S

1,
Q

C
R

2,
M

A
S

2
C

G
41

69
A

t1
g

51
98

0
U

Q
C

R
C

2
ub

iq
ui

no
l-

cy
t.

c
re

d
.

co
m

p
le

x
p

ro
t.

T
24

H
7.

1
N

o
nv

nd
�

P
H

B
2

l(2
)0

37
09

,
C

G
15

08
1

A
t4

g
28

51
0

R
E

A
p

ro
hi

b
iti

n
T

09
B

4.
9

N
o

nv
nd

�
T

IM
44

C
G

18
30

4
A

t2
g

20
51

0
T

IM
44

tr
an

sl
o

ca
se

Y
71

H
2A

M
.2

3
N

o
nv

�
T

U
F

1
E

fT
uM

,
C

G
60

50
A

t4
g

02
93

0,
A

t4
g

20
36

0
T

U
F

M
tr

an
sl

at
io

n
el

o
ng

at
io

n
fa

ct
o

r
T

u

B
.

G
en

es
In

vo
lv

ed
in

R
ib

o
so

m
e

B
io

g
en

es
is

an
d

T
ra

ns
la

tio
n

C
06

B
8.

8
rp

l-
38

N
o

nv
nd

�
R

P
L3

8
C

G
18

00
1

A
t2

g
43

46
0;

A
t2

g
43

46
0

R
P

L3
8

ri
b

o
so

m
al

p
ro

te
in

L3
8

F
17

C
11

.9
N

o
nv

nd
�

C
A

M
1

E
f1

g
,

C
G

11
90

1
A

t1
g

09
64

0
E

E
F

1G
tr

an
sl

at
io

n
el

o
ng

at
io

n
fa

ct
o

r
E

F
-1

g
am

m
a

F
37

C
12

.4
rp

l-
36

N
o

nv
nd

�
R

P
L3

6B
,

R
P

L3
6A

R
p

L3
6,

C
G

76
22

A
t2

g
37

60
0

R
P

L3
6

ri
b

o
so

m
al

p
ro

te
in

L3
6

F
55

F
8.

3
G

ro
nd

�
P

W
P

2,
U

T
P

1
C

G
12

32
5

A
t1

g
15

44
0

P
W

P
2H

p
re

-r
R

N
A

p
ro

ce
ss

in
g

H
06

I0
4.

3
G

ro
�

S
P

B
1

C
G

89
39

A
t4

g
25

73
0

F
T

S
J3

rR
N

A
m

et
hy

ltr
an

sf
er

as
e

K
07

C
5.

4
N

o
nv

nd
�

S
IK

1
�

N
O

P
56

N
o

p
56

,
C

G
13

84
9

A
t1

g
56

11
0

N
O

L5
A

sn
o

R
N

P
p

ro
te

in
W

01
B

11
.3

N
o

nv
nd

�
N

O
P

58
�

N
O

P
5

no
p

5,
C

G
10

20
6

A
t5

g
27

12
0

N
O

P
5/

N
O

P
58

sn
o

R
N

P
p

ro
te

in
Z

K
85

8.
7

W
t

nd
�

G
C

D
10

C
G

95
96

A
t2

g
45

73
0

C
G

I-
09

tr
an

sl
at

io
n

in
iti

at
io

n
fa

ct
o

r
eI

F
3

R
N

A
b

in
d

in
g

su
b

un
it

C
.

G
ro

up
o

f
D

iv
er

se
G

en
es

B
03

79
.3

m
ut

-1
6

W
t

cd
e

p
ar

t.
se

q
a

–
–

–
–

un
kn

o
w

n
C

28
A

5.
1b

W
t

cd
e

�
–

–
–

–
un

kn
o

w
n

C
28

A
5.

2b
W

t
cd

e
�

–
–

–
–

un
kn

o
w

n
D

20
96

.8
N

o
nv

�
N

A
P

1
N

ap
1,

C
G

53
30

A
t4

g
26

11
0;

A
t5

g
56

95
0

N
A

P
1L

1
nu

cl
eo

so
m

e
as

se
m

b
ly

p
ro

te
in

F
10

G
8.

3
N

o
nv

�
G

LE
2

C
G

98
62

A
t1

g
80

67
0

R
A

E
1

nu
cl

ea
r

p
o

re
co

m
p

le
x

Y
54

E
5A

.4
np

p
-4

W
t

�
N

U
P

10
0,

N
U

P
11

6
C

G
88

31
,

C
G

10
19

8
A

t1
g

59
66

0
N

U
P

98
nu

cl
ea

r
p

o
re

co
m

p
le

x
Y

10
6G

6H
.2

p
ab

-1
W

t
nd

�
P

A
B

1
p

A
b

p
,

C
G

51
19

A
t1

g
49

76
0

P
A

B
P

C
1

p
o

ly
(A

)
b

in
d

in
g

p
ro

te
in

Y
11

0A
7A

.1
8

p
p

w
-2

W
t

cd
e

�
–

A
G

O
1,

C
G

66
71

A
t2

g
27

88
0

E
IF

2C
1

A
rg

o
na

ut
e-

lik
e

Y
77

E
11

A
.7

G
ro

�
–

–
–

–
un

kn
o

w
n

T
he

27
g

en
es

th
at

ar
e

fo
un

d
to

b
e

in
vo

lv
ed

in
tr

an
sp

o
so

n
si

le
nc

in
g

ar
e

d
iv

id
ed

in
to

th
re

e
ca

te
g

o
ri

es
.(

A
)T

en
g

en
es

en
co

d
in

g
m

ito
ch

o
nd

ri
al

p
ro

te
in

s,
(B

)e
ig

ht
g

en
es

en
co

d
in

g
p

ro
te

in
s

in
vo

lv
ed

in
ri

b
o

so
m

e
b

io
g

en
es

is
an

d
p

ro
te

in
tr

an
sl

at
io

n,
an

d
(C

)
ni

ne
re

m
ai

ni
ng

g
en

es
.

A
ll

g
en

es
ar

e
sh

o
w

n
w

ith
th

ei
r

na
m

e;
p

he
no

ty
p

e
(P

he
no

)
as

d
es

cr
ib

ed
b

y
K

am
at

h
et

al
.

[1
3]

;
in

vo
lv

em
en

t
in

co
su

p
p

re
ss

io
n

(C
o

su
p

);
p

re
d

ic
te

d
ho

m
o

lo
g

s
in

C
ae

no
rh

ab
d

iti
s

b
ri

g
g

sa
e

(C
.b

.),
S

ac
ch

ar
o

m
yc

es
ce

re
vi

si
ae

(S
.c

.),
D

ro
so

p
hi

la
m

el
an

o
g

as
te

r
(D

.m
.),

A
ra

b
id

o
p

si
s

th
al

ia
na

(A
.t

.),
an

d
H

o
m

o
sa

p
ie

ns
(H

.s
.);

an
d

a
sh

o
rt

d
es

cr
ip

tio
n

o
f

th
ei

r
(p

ut
at

iv
e)

fu
nc

tio
n.

N
o

nv
,

no
nv

ia
b

le
;

G
ro

,
g

ro
w

th
d

ef
ec

tiv
e;

W
t,

w
ild

-t
yp

e;
cd

e,
co

su
p

p
re

ss
io

n
d

ef
ic

ie
nt

;
nd

,
no

t
d

et
er

m
in

ed
b

ec
au

se
o

f
st

er
ili

ty
o

r
a

g
ro

w
th

d
ef

ec
tiv

e
p

he
no

ty
p

e.
a
T

he
C

.
b

ri
g

g
sa

e
se

q
ue

nc
e

o
f

th
e

m
ut

-1
6

g
en

e
co

nt
ai

ns
un

se
q

ue
nc

ed
g

ap
s.

b
C

28
A

5.
1

an
d

C
28

A
5.

2
ar

e
to

o
si

m
ila

r
to

ta
rg

et
sp

ec
ifi

ca
lly

;
cr

o
ss

-i
nt

er
fe

re
nc

e
ca

nn
o

t
b

e
ex

cl
ud

ed
.



Transposon Silencing in C. elegans
1313

Figure 1. Tc1 Excision and Reintegration
after Knocking Down Mutator Genes

NL960 (unc-22 [st136::Tc1]) worms were
grown on E. coli expressing dsRNA homolo-
gous to either B0379.3 (mut-16), F10G8.3, or
K07A12.3 (asg-1). Revertants were analyzed
by a transposon insertion display [14]. The
bands represent Tc1 elements present in the
genome. The unc-22::Tc1 element present in
the starting strain NL960 is indicated; the Tc1
element at this position is lost in all homozy-
gous revertants, but not in a heterozygous
revertant (indicated by an asterisk). The
arrows indicate reintegration of Tc1 elements
at new locations. For B0379.3, new insertions
were visible in other display experiments
(data not shown).

Tabara and C. Mello, personal communication), contain quires that genes essential for RNAi can themselves
be inactivated via RNAi. However, the success of thismutations that cause an early stop in B0379.3 (Figure

2). These mutations affect both transposon silencing approach probably depends on the precise timing and
relative stability of mRNA and protein levels. Indeed,and RNAi. The identification of mut-16 shows that in

this screen, we can identify genes that are involved in several previous reports describe the successful knock-
down of genes involved in RNAi by RNAi [15–18]. Assaysthe RNAi mechanism. It might be expected that RNAi

could not inactivate this class of genes, since this re- to detect RNAi defects for the other 26 identified genes
failed (data not shown), and we are currently searching
for genetic nulls to further address this question.

Four Novel Mutator Genes Are also Involved
in Cosuppression
The transposon silencing and RNAi pathways not only
share components with each other, but they also share
key components with the pathway controlling trans-
gene-induced cosuppression [19–21]. Transgene-induced
cosuppression is the silencing of a transgene and a
homologous (endogenous) gene. We tested the entire
set of genes for a role in transgene-induced cosuppres-
sion in the germline. We created a strain in which germ-
line expression of GFP is cosuppressed by a second
transgene that contains a truncated GFP gene (Figure
3B). We then targeted the genes found in the screen by
RNAi. Knocking down ppw-2 (Figure 3C), mut-16 (Figure
3D), C28A5.1, and C28A5.2 (data not shown) by RNAi
results in reexpression of GFP in the nuclei of the germ-
line, i.e., knocking down these genes results in a cosup-Figure 2. Gene Structure and Genetic Mutants of mut-16
pression-deficient phenotype, indicated with “cde” in

We sampled our collection of 43 genetic mutants defective in
Table 1. It should be noted that, as always in RNAitransposon silencing [2] by DNA sequence analysis, and in five mut-
experiments, negative results are not necessarily mean-16 mutants, as well as an rde-6 (ne322) mutant (which was previously

found to be allelic to mut-16), we found a mutation in B0379.3, a ingful, and one may not conclude that the other genes
gene that we identified in our screen. mut-16 (B0379.3) encodes a are not required for cosuppression.
protein that has proline-rich and glutamine/asparagine-rich regions.
The gene structure is based on EST data from Y. Kohara (WormBase,

Transposon Silencing, Cosuppression, and RNAihttp://www.wormbase.org, WS104) and additional cDNA sequenc-
We here identified 27 genes involved in transposon si-ing. Note that two mut-16 mutants have the same mutation (pk700 �

pk701). lencing, and this is certainly an underestimation of the
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Figure 3. Reexpression of GFP after Targeting ppw-2 and mut-16 by RNAi

(A) Gonad arm of an AZ212 nematode in which GFP is expressed from a single-copy transgene in the nuclei of oocytes.
(B) Gonad arm of an NL3847 nematode in which gfp is cosuppressed by an array containing multiple copies of a truncated form of the gfp
gene.
(C) Gonad arm of an NL3847 nematode after targeting ppw-2; cosuppression is impaired, and GFP is reexpressed.
(D) Gonad arm of an NL3847 animal after RNAi against mut-16; cosuppression is impaired, and GFP is reexpressed.

complete set, since some genes may have such weak somal proteins might be important for stabilization and/
or guidance to the mRNA. A role for siRNAs in the silenc-effects that they are not detected in this assay and other

genes might not be silenced by RNAi to levels that result ing of Tc1 in the germline of C. elegans is supported by
the detection of siRNAs derived from Tc1 sequencesin the known null phenotype (we were not able to obtain

a mutator phenotype by RNAi for mut-7, mut-8, mut-14, ([26] and T. Sijen, in preparation). These siRNAs could
direct destruction of the transposase mRNA, therebyand mut-15 [data not shown]). Moreover, 18 of the 27

genes are required for fertility or viability: their silencing preventing transposition. If so, the ribosomal proteins,
ribosome biogenesis factors, and translation factorsclearly results in partial embryonic lethality and growth

defects (Nonv and Gro in Table 1). The revertants that that we find might play a role in stabilizing and guiding
the siRNAs involved in transposon silencing and RNAi orwere obtained after targeting these genes by RNAi are

obviously escapers from this lethal phenotype. Appar- specifically in transposon silencing. We cannot exclude,
however, that the function of this class of proteins inently, targeting these genes by RNAi results in expres-

sion levels that do not induce lethality but do establish transposon silencing reflects an indirect role.
Table 1C shows the remaining genes. This group in-transposition. This suggests that we might have missed

essential genes that have a more severe nonviable phe- cludes mut-16, a mutator that was previously found in
genetic screens, but not identified molecularly. MUT-16notype upon RNAi.

Based on sequence comparisons, we categorized the is involved in transposon silencing, RNAi, and cosup-
pression. The predicted protein has proline- and gluta-27 predicted proteins involved in transposon silencing

in three groups. Table 1A shows a diverse group of mine/asparagines-rich regions and has no apparent
orthologs in other systems, except C. briggsae. A trans-genes with a mitochondrial function. It is conceivable

that transposon silencing is one of the first things to gene containing mut-16 upstream sequences and the
mut-16 open reading frame, fused to gfp coding se-stop when there is shortage of energy, and therefore

(some of) these genes may not be genuine “mutators” quences, shows broad expression, both in the cyto-
plasm and in nuclei (data not shown). Interestingly, weinvolved in the mechanism of silencing. The identifica-

tion of these genes does show that the silencing of also identified ppw-2 as a mutator. PPW-2 is a protein
containing a piwi and a PAZ domain and is a homologtransposons requires a healthy energy metabolism.

Table 1B shows a group of genes that are involved of the C. elegans proteins RDE-1 [21], ALG-1 and -2 [17],
PPW-1 [27], and of several proteins in other systems,in protein translation, including ribosomal proteins, ribo-

some biogenesis factors present in the nucleolus, and together forming the argonaute family. The argonaute
family has been implicated in several gene-silencingtranslation factors. It has been shown previously that

ribosomal proteins cofractionate with small interfering processes (recently reviewed by Carmell et al. [28]).
Members have been identified in complex with DICERRNAs (siRNAs) in Drosophila [22] and micro RNAs

(miRNAs) in C. elegans (Ketting et al., personal commu- (the enzyme that generates siRNAs from dsRNA) and
also as components of RISC, which also containsnication). siRNAs are derived from the dsRNA that trig-

gers RNAi and are thought to confer sequence specific- siRNAs [23–25]. PPW-2 is the first member of the
argonaute family shown to play a role in transposonity to the RNA destruction complex RISC (RNAi-induced

silencing complex) in Drosophila [23], Neurospora [24], silencing and cosuppression in C. elegans. We also iden-
tified three nuclear proteins as mutators that could implyand human [25]. Their suggested association with ribo-
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9. Plasterk, R.H., and Ketting, R.F. (2000). The silence of the genes.a role for chromatin structure in the silencing of transpo-
Curr. Opin. Genet. Dev. 10, 562–567.sons. The nucleosome assembly factor D2096.8 could

10. Fraser, A.G., Kamath, R.S., Zipperlen, P., Martinez-Campos, M.,be directly involved in structuring chromatin. The role
Sohrmann, M., and Ahringer, J. (2000). Functional genomic anal-

of the nuclear pore complex proteins F10G8.3 and ysis of C. elegans chromosome I by systematic RNA interfer-
Y54E5A.4, however, could be more indirect since it has ence. Nature 408, 325–330.

11. Maeda, I., Kohara, Y., Yamamoto, M., and Sugimoto, A. (2001).been shown recently that in yeast, nuclear complexes
Large-scale analysis of gene function in Caenorhabditis elegansare linked to the boundaries of heterochromatin do-
by high-throughput RNAi. Curr. Biol. 11, 171–176.mains [29], linking the nuclear envelope with chromatin.

12. Gonczy, P., Echeverri, C., Oegema, K., Coulson, A., Jones, S.J.,All three could imply a role for chromatin structure in
Copley, R.R., Duperon, J., Oegema, J., Brehm, M., Cassin, E.,

the silencing of transposons. In plants [30, 31], Chlamy- et al. (2000). Functional genomic analysis of cell division in C.
domonas [32], and yeast [33], transcriptional gene elegans using RNAi of genes on chromosome III. Nature 408,

331–336.silencing plays an important role in silencing (retro-)
13. Kamath, R.S., Fraser, A.G., Dong, Y., Poulin, G., Durbin, R.,transposons. Moreover, in C. elegans, transgene silenc-

Gotta, M., Kanapin, A., Le Bot, N., Moreno, S., Sohrmann, M., eting requires polycomb group proteins [34] and an iso-
al. (2003). Systematic functional analysis of the Caenorhabditisform of histone H1 [35]. The identification of D2096.8 and
elegans genome using RNAi. Nature 421, 231–237.

the nuclear pore complex proteins as mutators suggests 14. Wicks, S.R., de Vries, C.J., van Luenen, H.G., and Plasterk, R.H.
that chromatin structure might also play a role in (2000). CHE-3, a cytosolic dynein heavy chain, is required for

sensory cilia structure and function in Caenorhabditis elegans.transposon silencing and possibly RNAi in C. elegans.
Dev. Biol. 221, 295–307.

15. Bernstein, E., Caudy, A.A., Hammond, S.M., and Hannon, G.J.Supplemental Data
(2001). Role for a bidentate ribonuclease in the initiation stepSupplemental Data including the Experimental Procedures are avail-
of RNA interference. Nature 409, 363–366.able at http://www.current-biology.com/cgi/content/full/13/15/

16. Dudley, N.R., Labbe, J.C., and Goldstein, B. (2002). Using RNA
1311/DC1/.

interference to identify genes required for RNA interference.
Proc. Natl. Acad. Sci. USA 99, 4191–4196.

Acknowledgments 17. Grishok, A., Pasquinelli, A.E., Conte, D., Li, N., Parrish, S., Ha,
I., Baillie, D.L., Fire, A., Ruvkun, G., and Mello, C.C. (2001).

We thank Femke Simmer, Hiroaki Tabara, and Craig Mello for sharing Genes and mechanisms related to RNA interference regulate
unpublished data, Kristy Okihara, Stephen Wicks, and other mem- expression of the small temporal RNAs that control C. elegans
bers of our lab for help with the experiments, and René Ketting, developmental timing. Cell 106, 23–34.
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