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Genetic Requirements for
Inheritance of RNAi in
C. elegans

Alla Grishok, Hiroaki Tabara, Craig C. Mello*

In Caenorhabditis elegans, the introduction of double-stranded RNA triggers se-
quence-specific genetic interference (RNAI) that is transmitted to offspring. The
inheritance properties associated with this phenomenon were examined. Trans-
mission of the interference effect occurred through a dominant extragenic agent.
The wild-type activities of the RNAi pathway genes rde-1 and rde-4 were required
for the formation of this interfering agent but were not needed for interference
thereafter. In contrast, the rde-2 and mut-7 genes were required downstream for
interference. These findings provide evidence for germ line transmission of an
extragenic sequence-specific silencing factor and implicate rde-7 and rde-4 in the

formation of the inherited agent.

Gene-silencing mechanisms function in regulat-
ing gene expression and cellular differentiation
in a wide variety of organisms and are respon-
sible for such diverse phenomena as chromo-
somal dosage compensation, genetic imprinting
in mammals, virus resistance in plants, and
transposon silencing in Drosophila (1-4). A
variety of mechanisms underlie these diverse
silencing phenomena, including apparent tran-
scriptional blocks (1, 2) and posttranscriptional
interference (3, 5). RNA signals have been im-
plicated in the initiation of gene silencing in
both natural (1, 5) and experimental contexts
(6). Recently, double-stranded RNA (dsRNA)
has been shown to induce sequence-specific
genetic interference in several organisms (7-
10). This interference phenomenon has been
named RNA interference, or RNAI. The current
body of evidence favors a model in which RNAI
blocks a posttranscriptional step in gene expres-
sion (6, 11) and suggests possible similarities
with posttranscriptional gene silencing (PTGS)
phenomena previously described in plants (12)
and Neurospora (13). In C. elegans, potent and
long-lasting effects associated with RNAI have
led to speculation that amplification of the in-
terfering agent or modification of chromosomal
targets might function in RNA interference (6,
14). To gain insight into the nature of RNAI, we
examined the inheritance properties associated
with this phenomenon.

Transmission of RNAI from the injected her-
maphrodite to the first generation (F,) progeny
has been observed for several genes (6, 11, 15).
In most cases complete recovery of wild-type
gene activity occurs in the second (F,) genera-
tion after injection (6, 11). However, in interfer-
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ence experiments targeting genes expressed in
the maternal germ line, we observed interfer-
ence in the F, generation and to a lesser extent in
later generations (Fig. 1) (16). In genetic cross-
es, the interference effect was transferred with
the sperm or oocyte as a dominant factor, result-
ing in genetic interference in the F, and F,
generations up to 10 days after the injection of
dsRNA (Fig. 1). The persistence of genetic in-
terference raised the possibility that an active
genetic process was required for the initiation
and transmission of interference.

In other organisms, the inheritance of epige-
netic effects can involve reversible alterations of
the gene or of the associated chromatin. In some
cases these effects can exhibit genetic domi-
nance (17). We therefore examined whether the
interference effect induced by RNAI exhibited
linkage to the target gene. We constructed a
strain such that the F, males that carry the RNAI
effect also bear a chromosomal deletion that
removes the target gene (Fig. 1B). We then
investigated whether the sperm that inherit the
deletion, and hence have no copies of the target
locus, could carry the interference effect into the
F, generation. The wild-type sperm and the
deficiency-bearing sperm were able to transfer
interference to the F, hermaphrodite progeny
(Fig. 1B). Thus, the target locus was not needed
for inheritance of the interference effect. Al-
though males were sensitive to RNAI and could
inherit and transmit RNAI acquired from their
mothers (Fig. 1), direct injections into males did
not cause transmission of RNAI to F, for several
genes tested (18—22). Thus, the initial transmis-
sion of RNAI to F, progeny may involve a
mechanism active only in hermaphrodites (23),
whereas subsequent transmission to the F, prog-
eny appears to involve a distinct mechanism that
is active in both hermaphrodites and males.

A previous study identified two sets of C.
elegans genes required for RNAi (15). One
phenotypic class comprised of the rde-1 and
rde-4 mutants that are deficient in RNAI but

have no other phenotypes, and a second class,
which includes rde-2, rde-3, mut-2, and mut-7,
was deficient in RNAI and exhibited transposon
mobilization, reduced fertility, and a high inci-
dence of chromosome loss. Our studies have
shown that all mutants in both phenotypic class-
es are strongly deficient in RNA interference in
both the F, and later generations (15, 24). How-
ever, these experiments did not address whether
the activities of these genes might be sufficient
in the injected animals to initiate heritable RNAI
or are required directly in the F, or F, animals
themselves for interference, or both.

The activities of rde-1, rde-2, rde-4, and
mut-7 may be sufficient in the injected hermaph-
rodite for interference in the F, and F, genera-
tions. We designed crosses such that wild-type
activities of these genes would be present in the
injected animal but absent in the F, or F, gen-
erations (Figs. 2 and 3). To examine inheritance
in the F, generation, we injected mothers het-
erozygous for each mutant, allowed them to
produce self-progeny, and examined whether
the homozygous mutant progeny exhibited ge-
netic interference (Fig. 2A). The rde-1 and rde-4
mutant F, progeny exhibited robust interference,
comparable to that exhibited by the wild type,
whereas the rde-2 and mut-7 F, progeny did not
(Fig. 2A). In control experiments, injection of
dsRNA directly into the rde-1 and rde-4 mutant
progeny of uninjected heterozygous mothers did
not result in interference (Fig. 2B). Thus, injec-
tion of dsRNA into heterozygous hermaphro-
dites results in an inherited interference effect
that triggers gene silencing in otherwise RNAI-
resistant rde-1 and rde-4 mutant F, progeny,
whereas rde-2 and mut-7 mutant F, progeny
remain resistant.

To examine the genetic requirements for
RNAI genes in the F, generation, we generated
F, male progeny that carry the interference ef-
fect as well as one mutant copy of each respec-
tive locus, rde-1, rde-2, and mut-7 (Fig. 3A).
We then backcrossed each of these males with
uninjected hermaphrodites homozygous for
each corresponding mutation (Fig. 3A). The
resulting cross progeny included 50% heterozy-
gotes and 50% homozygotes that were distin-
guished by the presence of the linked marker
mutations. The heterozygous siblings served as
controls and in each case exhibited interference
at a frequency similar to that seen in wild-type
animals (Fig. 3A). The rde-2 and mut-7 ho-
mozygous F, progeny did not exhibit interfer-
ence, indicating that the activities of these two
genes are required for interference in the F,
generation. In contrast, homozygous rde-1 F,
animals exhibited wild-type levels of F, inter-
ference (Fig. 3A). Control rde-1 homozygotes
generated through identical crosses were resis-
tant to pos-1::RNAi when challenged de novo
with dsRNA in the F, generation (25). Thus,
rde-1 activity in the preceding generations was
sufficient to allow interference to occur in rde-1
mutant F, animals, whereas the wild-type activ-
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ities of rde-2 and mut-7 were required directly in
the F, animals for interference.

In the preceding experiments, the expression
of rde-1 (+) and rde-4 (+) in the injected
animal was sufficient for interference in later
generations. In contrast, the wild-type activities
of the rde-2 and mut-7 genes were required for
interference in all generations assayed. Thus,
rde-2 and mut-7 might be required downstream
only or might also function along with rde-1 and
rde-4. To examine whether rde-2 and mut-7
activities function along with or downstream of
rde-1, we designed genetic crosses in which the
activities of these genes were present sequential-
ly (Fig. 3B). For example, we injected pos-1
dsRNA into rde-1 (+); rde-2 (=) animals and

A or mom-2 dsRNA
or sgg-1 dsRNA

.)enmm}

carrler
oocytes embryoy oocytes

PO carner unaffected

F1 carriers
of RNAi

REPORTS

then crossed these to generate rde-1 (-); rde-2
(+) F, progeny. rde-1 (+) activity in the inject-
ed animals was sufficient for F, interference
even when the injected animals were homozy-
gous for rde-2 or mut-7 mutations (Fig. 3B);
however, it was not sufficient when the injected
animals were homozygous for the rde-4 muta-
tion (Fig. 3B). Thus, rde-1 can act independent-
ly of rde-2 and mut-7 in the injected animal, but
rde-1 and rde-4 must function together. These
findings indicate that rde-1 and rde-4 function
in the formation of the inherited interfering
agent, whereas rde-2 and mut-7 function at a
later step.

What is the physiological function of such
inherited interfering agents? The rde-1 and

pos-1 dsRNA Fig. 1. Maternal establishment and
paternal transmission of RNAI. (A)
Schematic diagram showing a
wild-type hermaphrodite, PO, re-
ceiving an injection of dsRNA.
The needle is illustrated inserted
in the intestine (the normal tar-
get for RNAI injection). (In sub-
sequent figures, the injection of
dsRNA is indicated by a similar
schematic needle shown above

oo D m0G”  F1opomy o X w7 (UL TR e recpient
sgg-1(12/23) sgg-1(1/16) [ worm.) The three different spe-

l cies of dsRNA named above the

F2 e zfzfecte g $pos-1 5152/225) needle were delivered into worms
. .d: sgg-1 (},29) in independent experimen.ts. The

eogs 3 el hermaphrodite gonad with its

s symmetrical anterior and poste-

dead rior U-shaped arms is shown.

eggs Several fertilized eggs are shown

in the centrally located uterus

B pos-1 dsRNA (white ovals). Rectangular ma-
Va ture oocytes (carrier oocytes)

are shown queued up in the go-

PO -|C-$v m—fg X o @ nad arms nc1]ost proxl?mal to %he
/ uterus. The embryos present at

. the time of injection give rise to

F1 s % x '?‘l g%% unaffected F1Jprogen§. Oocytes
(Uninjected) in the proximal arms of the go-

pos%ngnc-u nad inherit the RNAI effect but

deficient sperm

N

Unc F2 animals

mDf3 *
F2 dpy-11unc-42
Self
F3 PS4

*e
Results:

6/9 mDf3 sperm gave rise to F2 with 3/27 (+) sperm gave rise to F2 with
100% (n>500) F3 pos-T embryos.

100% (n>1000) F3 pos-1 embryos.

dpy-1tunc-42
l Self

also carry a functional maternal
mRNA (F, carriers of RNAi). After
a clearance period, during which
carrier and unaffected F, progeny
are produced, the injected PO be-
gins to produce exclusively dead
F, embryos with the phenotype
corresponding to the inactiva-
tion of the gene targeted by the
injected RNA (79, 22, 29). Poten-
tial F, and F, carriers of the in-
terference effect were identified
within the brood of the injected

animal. In the case of hermaphrodites, carriers were defined as “affected” if the animals produced
at least 20% dead embryos with phenotypes corresponding to maternal loss of function for the
targeted locus. Male carriers were defined as animals whose cross progeny included at least one
affected F, hermaphrodite. The total number of carriers identified in each generation for each of
the three dsRNAs injected is given in parentheses as a fraction of the total number of animals
assayed. Black ovals, F, and F, dead embryos from the carriers. (B) Extragenic inheritance of RNAI.
Illustration of a genetlc scheme to generate F, males that carry both pos-7 (RNAi) and a
chromosomal deficiency for the pos-17 locus. F, progeny of the carrier male include two genotypes:
phenotypically wild-type animals that inherit the (+) chromosome, and phenotypically uncoordi-
nated (Unc) progeny that inherit the mDf3 chromosome. The fraction shown (in this and all
subsequent figures) represents the number of RNAi-affected F, hermaphrodites over the total
number of cross progeny scored for each genotype class.
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rde-4 mutations appear to be simple loss-of-
function mutations and do not exhibit overt
phenotypes, except for a nearly complete ab-
sence of interference in response to dsRNA
(15). However, rde-2, mut-7, and other RNAI
pathway genes have several additional pheno-
types, most notably a mobilization of the nor-
mally silent transposons in the germ line (15,
26). Because the rde-1 and rde-4 appear to
initiate RNAI in response to dsRNA but are not
required for transposon silencing, other stimuli
may act upstream of rde-2 and mut-7 to initiate
transposon silencing. The rde-1 gene is a mem-
ber of a highly conserved gene family with 22
homologs in C. elegans as well as numerous
homologs in plants, animals, and fungi (15). The
Drosophila gene sting encodes a rde-1 homolog
involved in a PTGS-like silencing mechanism
that acts on the transcripts of the repetitive X-
linked Stellate locus (27). Perhaps gene silenc-
ing mediated by sting and other rde-1 homologs
involves upstream stimuli distinct from dsRNA
(Fig. 4). These distinct upstream stimuli might
in turn lead to the formation of secondary ex-
tragenic agents similar to those induced by

A Injected PO F1
pos-1
dsRNA
g’ rde-1 unc-42 rde-1()  11/24
+ self X rde-1(+) 9/72
%3_" rde-2 unc-13 rde-2(-)  0/39
—_—
+ rde-2(+) 23778
_’o_’v mut-7 dpy-17 mut-7(-)  0/15
+ mut-7(+) 20/50
f rde-4unc-69 __ rde-4()  5A5
+ rde-4(+) 11/48
B PO Injected F1
-1
HeRNA
rde-1 unc-42 rde-1 unc-42
gv + rde-1 unc-42 0737
rde-4 unc-69 0/37

?’ rde-4 unc-69
+

Fig. 2. Genetic schemes to determine whether
the wild-type activities of rde-1, rde-2, mut-7,
and rde-4 are sufficient in the injected animal for
interference among the F, self progeny. (A) Het-
erozygous hermaphrodites from each genotype
class (30) were injected with pos-1 dsRNA. In
each case, two types of F, self-progeny (right),
distinguished by virtue of the linked marker mu-
tations, were scored for interference. (B) Ho-
mozygous F, progeny from heterozygous (unin-
jected) mothers were directly injected with pos-1
dsRNA. The fractions indicate the number of af-
fected animals out of the total number of animals
of each genotype scored.

* rde-4 unc-69
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pos-1 dsRNA
or sgg-1dsRNA

A dpy-11 unc-42
PO dpy-11 unc-42
F1 dpy-11 unc-42

d' rde-1

|

rde-1
X dv rde-1

X rde-1 unc-42
‘rde-1 unc-42

F2 affected
rde-1(-) rde-1 (+)
rde-1 unc-42 rde-1 unc-42
rde-1 dpy-11 unc-42
pos-1 RNAi 63/76 22/49
mom-2 RNAi - -
sgg-1 RNAI 2114 515
7 (= pos-1
P00 mut-7 (-} dsRNA
mut-7  rde-1unc-42 6' rde-1 unc-42
mut-7 + +
(- mut-7 rde-1 unc-42
F1 rde-1() + 3 rde-1 unc-42

22/43 atfected

Fig. 3. Genetic crosses designed to follow the requirements for rde-7,
rde-2, rde-4, and mut-7 in (A) F, and (B) F, interference. (A) The dsRNAs
injected are listed above the schematic needle. Recipient hermaphrodites
were marked with visible mutations closely linked to wild-type alleles of
each RNAIi pathway gene. F, carrier males heterozygous for each muta-
tion were crossed with the homozygous mutant hermaphrodites of the
genotype shown. Two types of cross progeny were analyzed for F,
interference. The results are tabulated with the injected dsRNA listed at
the left and the genotype inferred from the linked visible marker muta-
tions listed above each column. The fractions indicate the number of
affected animals out of the total number of animals of each genotype

Transposons,

Stimuli ds RNA repetitive genes
Threshold of Gene copy
sense RNA number

1
2.
Initiators rde-1, rde-4 X Y
4
5
6
Secondary 7
extragenic
agents
8
9

Effectors rde-2, mut-7 10

Fig. 4. Model for RNAi and other PTGS-like 11

silencing pathways in C. elegans. .

13,

dsRNA injection (Fig. 4). Molecules similar to

the small 25 nucleotide RNAs recently found in 15\ Tapara et al., cel 99, 123 (1999).

nstitute  1e.

silenced transgenic plants (28) may co
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pos-1 dsRNA
dpy-5 unc-13 rde-2
PO -Id- dpy-5 unc-13 X o" rde-2

/

dpy-5 unc-13 rde-2 unc-13
F1 6' rde-2 X rde-Z unc-13
F2 affected
rde-2(-) rde-2 (+)
rde-2 unc-13 rde-2 unc-13
rde-2 dpy-5 unc-13
0/35 17/31
2 pos-1
PO rde-2(-) HSRNA
rde-2 _ rde-1dpy-11 f' rde-1 dpy-11
g rde-2 ’ + X T
Fi rde-1(-) rde-2 , rde-1dpy-11

+  rde-1dpy-11
10/45 affected

the sequence component that confers specificity
on these hypothetical secondary interfering

agents (Fig. 4).
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Single-Molecule Study of
Transcriptional Pausing and
Arrest by E. coli RNA
Polymerase

R. John Davenport,'* Gijs J. L. Wuite,>* Robert Landick,>
Carlos Bustamante’-24t

Using an optical-trap/flow-control video microscopy technique, we followed
transcription by single molecules of Escherichia coli RNA polymerase in real
time over long template distances. These studies reveal that RNA polymerase
molecules possess different intrinsic transcription rates and different propen-
sities to pause and stop. The data also show that reversible pausing is a kinetic
intermediate between normal elongation and the arrested state. The confor-
mational metastability of RNA polymerase revealed by this single-molecule
study of transcription has direct implications for the mechanisms of gene
regulation in both bacteria and eukaryotes.

Transcription elongation is a key step in the
regulation of gene expression in cells. During
elongation, RNA polymerase (RNAP) is
known to move discontinuously, spending pro-
portionally more time at some template posi-
tions, known as pause sites, than at others (1-3).
These pauses are important for regulation and
may precede other elongation events such as
termination and arrest (4). Regulatory mole-
cules in both bacteria and eukaryotes can switch
RNAP to a pause- and termination-resistant
form, but the chemical nature of this switch is
not understood at present. Most of these dy-
namics have been characterized on complexes
artificially halted by nucleotide starvation.
These experiments indicate that during elonga-
tion, the 3’ end of the RNA can be displaced
from the enzymes’ active site either inducing
pausing or extensive backtracking along the
template, leading to arrest (5-8). Evidence of
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the conversion among these different states has
not been obtained from molecules transcribing
without interruption. To characterize these tran-
scriptional dynamics and to establish the link
between backtracking, pausing, and arrest by
RNAP during continued elongation, we set out
to follow directly the translocation of individual
RNAP molecules along the DNA strand. This
approach reveals important dynamics that are
averaged out in bulk experiments. Although
single-molecule experiments have already re-
vealed several aspects of interactions between
E. coli RNAP and DNA (9-16), single-mole-
cule kinetics of transcriptional pausing have not
been reported.

We followed transcription by single mol-
ecules of RNAP (n,, = 87) in real time,
using an integrated optical-trap/flow-control
(OTFC) video microscope (Fig. 1) (17).
There are three main advantages to this mi-
croscope. First, translocation of RNAP and
pausing events can be directly observed in
real time over long template lengths [1.1 =+
0.7 kilobase pairs (kbp)], because laser radi-
ation damage is minimized. Second, by using
hydrodynamic flow forces far below the stall-
ing force, spatial and temporal resolutions are
obtained that are better than assays based on
Brownian motion (12, 15, 18). Third, pausing
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and other transcription events can be probed
not only as a function of solution conditions,
but also as a function of applied load force.

Figure 2 shows two examples of the short-
ening of the DNA tether between the two beads
because of transcription activity by individual
RNAP molecules (19, 20). Several features are
immediately apparent: The rate of tether short-
ening is variable, RNAP sometimes pauses
temporarily (Fig. 2, arrows), and the enzyme
eventually stops permanently (Fig. 2, asterisk).
The transcription rates are determined from the
slopes of these plots and can be related to the
position of the molecules on the template (Fig.
2, insets). The peak transcription rates appear in
this graph as local maxima, and the temporary
pauses as local minima (21).

The peak transcription rates displayed by
each polymerase molecule between pauses
were determined and averaged. This average
peak rate varied significantly from molecule
to molecule [2 to 11 bp/s for 0.2 mM nucle-
otide triphosphates (NTPs)]. To determine
whether this variation was caused by differ-
ent load forces applied to the various mole-
cules, the mean of the average peak transcrip-
tion rates for all molecules transcribing at a
given force was determined and plotted
against force (Fig. 3A). We found that the
mean of the average peak transcription rates
did not vary with force in the range of 0 to 15
pN, consistent with recent observations (14).
The mean of the average peak transcription
rate for all molecules (n = 38) over the
complete force range was 7.3 = 3 bp/s, and
the mean of the average rates (i.e., including
pauses) was 4.3 = 2 bp/s for 0.2 mM NTPs
and 14.5 = 4 bp/s and 8.0 = 3 bp/s, respec-
tively, for 1 mM NTPs. These rates are com-
parable to those observed under similar con-
ditions in solution (13 to 20 bp/s for 1 mM
NTPs) (12) and to rates reported for single-
molecule experiments on RNAP (5 to 15 bp/s
for 1 mM NTPs) (12-15). Moreover, no tran-
scriptional activity was observed beyond 15
pN, in agreement with reported stall force
measurements on RNAP under slow force
modulation conditions (13, 14).

The peak transcription rates for any given
RNAP molecule also varies markedly along the
template (2 to 27 bp/s). These variations, how-
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