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and other karyotypic abnormalities. These man-
ifestations,- in turn, could account for the in-
creased frequency of cancers in BS and WS
patients. Ribosomal RNA chain elongation may
be slowed in WS cells, which may render RNA
polymerase I more prone to pausing that could
trigger the formation of double strand breaks in
rDNA. Repair of such breaks by nonhomolo-
gous end-joining could result in the accumula-
tion of deletions within the genomic rDNA
array and contribute to premature aging in WS
patients.
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Posttranscriptional Gene
Silencing in Neurospora by a
RecQ DNA Helicase

Carlo Cogoni* and Giuseppe Macino

The phenomenon of posttranscriptional gene silencing (PTGS), which occurs
when a transgene is introduced into a cell, is poorly understood. Here, the gde-3
gene, which is required for the activation and maintenance of gene silencing in
the fungus Neurospora crassa, was isolated. Sequence analysis revealed that the
gde-3 gene belongs to the RecQ DNA helicase family. The QDE3 protein may
function in the DNA-DNA interaction between introduced transgenes or with
an endogenous gene required for gene-silencing activation. In animals, genes
that are homologous to RecQ protein, such as the human genes for Bloom's
syndrome and Werner's syndrome, may also function in PTGS.

Posttranscriptional gene silencing as a conse-
quence of transgene introduction is a broadly
diffused phenomenon in plants and fungi (/, 2).
Introduction of double-stranded RNA (dsRNA)
induces a similar phenomenon in animals (3).
The wide occurrence of gene silencing among
different organisms indicates that these phe-
nomena may have evolved from an ancestral
mechanism involved in genome protection
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from invading DNA (4) and viruses (5). Sev-
eral models have been proposed to explain
PTGS on the basis of the nétion that the intro-
duced transgenes result in the production of
aberrant RNAs (aRNAs) (2) that are recognized
as a template by host RNA-dependent RNA
polymerase (RdRP). The RARP enzyme may
synthesize antisense RNA that can bind to
mRNA and form dsRNAs that are targets for
sequence-specific RNA degradation (6). These
models have received experimental support.
The gde-1 gene, which encodes a cellular com-
ponent of PTGS in the fungus Neurospora
crassa, is homologous to RARP (7). Moreover,
the accumulation of small antisense RNA mol-
ecules correlates with the occurrence of gene
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silencing in plants (8). It is unclear why PTGS
is activated in some transgenic lines, whereas it
is not activated in other lines. Gene silencing
could be triggered by DNA pairing between
homologous transgenes or with homologous
resident genes (9). Such pairing, which could
interfere with normal transcription, producing
aRNA molecules, may occur only in some
transgenic lines.

In gene silencing, also called “quelling” in
N. crassa (10), three classes of quelling-defec-
tive mutants (gde-1, gde-2, and gde-3) have
been isolated (/7). To clone the gde-3 gene, we
used random insertional mutagenesis of an al-/
(albino-1) transgenic strain showing an albino
(white) phenotype as a consequence of post-
transcriptional silencing of the endogenous al-1
gene, which is involved in the biosynthesis of
carotenoids (/2). Mutation of gde genes releas-
es al-1 gene silencing, resulting in the recovery
of a wild-type (orange) phenotype that can be
easily selected by visual inspection. A strain
(627) showing the recovery of al-1 gene ex-
pression was isolated. By using a heterokaryon
complementation analysis, we found that strain
627 belongs to one of the three previously
identified gde complementation groups, gde-3.
To isolate the gde-3 gene, we obtained (by
plasmid rescue) genomic DNA from strain 627
flanking the insertion site (/3). Two genomic
cosmids were isolated by using the flanking
sequences as a probe and were found to com-
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plement the gde-3 mutants, resulting in restora-
tion of al-1 gene silencing that was visible as
the appearance of a white phenotype. Further-
more, a 9-kb Sph I fragment derived from the
cosmids complemented gde-3 mutants. This
DNA fragment was sequenced, revealing a long
open reading frame of ~6 kb that contains two
putative introns identified by splicing consen-
sus sequences and mapped by reverse tran-
scriptase—polymerase chain reaction (RT-PCR)
(I14). To demonstrate that the putative 6-kb
open reading frame is coincident with the gde-3
gene, we mapped the insertion site of the tag-
ging plasmid in the gde-3 mutant strain 627.
The tagging plasmid was inserted immediately
downstream from the second intron of the
qde-3 gene, within the 3'-terminal acceptor site.

The putative QDE3 protein deduced from
the gde-3 nucleotide sequence contains 1955
amino acids. The encoded QDE3 polypeptide
has a calculated molecular weight of 216,612
daltons. Using the predicted QDE3 peptide in a
BLASTP search of amino acid sequence data-
bases (15), we identified homologies with sev-
eral peptides belonging to the family of RecQ
DNA helicases. Homology is restricted to a
350—amino acid domain located in the center
region of the polypeptide (residues 875 through
1228). This domain is coincident with the seven
helicase domains that are strongly conserved
among the RecQ helicases in organisms rang-
ing from Escherichia coli to humans (Fig. 1).

The gde-3 helicase domain shows the highest
similarity with the Sgs/ protein of Saccharomy-
ces cerevisiae (54% identity) and the Rghl
protein of Schizosaccharomyces pombe (55%
identity). Among RecQ proteins, however,
QDE3 appears to belong to a subfamily of
proteins that are considerably larger than the E.
coli prototype (Fig. 1A). Related proteins be-
longing to this subfamily include three human
genes [BML (Bloom’s syndrome gene) (/6),
WRN (Werner’s syndrome gene) (/7), and
RecQ4 (18)] and yeast genes Sgs! (19) from S.
cerevisiae and Rqhl (20) from Sch. pombe.
Other regions of the QDE3 protein, like the
proteins of the human and yeast subfamilies,
are rich in charged and polar amino acids, and
the NH,-terminal region contains acidic do-
mains (Fig. 1A).

The yeast Sgslp and the murine WRN in-
teract with DNA topoisomerases (19, 21). To
test for an interaction between QDE3 and topo-
isomerases in Neurospora, we assayed the seh-
sitivity of several gde-3 mutants to the type II
topoisomerase inhibitor, etoposide, and to the
type I topoisomerase inhibitor, camptothecin
(22). Etoposide, used at high concentration (10-
fold higher than that generally used), did not
show an inhibitory effect on either mutant or
wild-type strains, indicating that Neurospora
cells have low sensitivity to this drug. In camp-
tothecin sensitivity assays, three gde-3 mutant
strains [627 and two ultraviolet (UV) irradia-
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Fig. 2. Sensitivity of gde-3 No

mutants to type | topo- camptothecin 0.1 pg/ml_

isomerase inhibitor, camp- 6 1 T camptothecin 0.5 e/l

tothecin. Three gde-3 mu- = %I ’ pgl/jm .

tants (strain 627, M17,and 5 4 LT [ T camptothecin

M18), a wild-type strain T

(WT), an al-7 silenced 4+

strain (6XW), a gde-1 mu- 4

tant strain (M20), and a T

qde-2 mutant strain (M10) 21

were assayed for sensitivi-

ty to camptothecin. Strains 14

were grown in liquid cul-

tures in the presence of =

different concentrations of 5 Q 5 g E § E 5 & E § E § g 3 Q E E E § E

camptothecin as indicated. €S0l = €oold good =

For each mutant . strain qde-3 3 qde-3
mutants mutants mutants

tested, the mass (in grams)
of dried mycelia after 48
hours of growth is shown. Error bars indicate SD.

tion—induced mutants, M17 and M18] showed
a dramatic increase of sensitivity to the inhibitor
(Fig. 2). By contrast, the control strain (6XW),
which has the same genetic background as the
qde-3 mutants, and the gde-1 (M20) and gde-2
(M10) mutant strains did not show increased
sensitivity to camptothecin. Thus, the reason for
increased sensitivity of gde-3 strains to the type
I topoisomerase inhibitor camptothecin is prob-
ably a consequence of mutations within the
qde-3 gene.

The fact that the gde-3 gene encodes a
putative DNA helicase suggests a role for this
gene in the activation step of gene silencing.
A model for gde-3 function shows that the
QDE3 DNA helicase could unwind double-
stranded DNA, which may be required for
DNA-DNA interactions between transgenic
repeats. In addition, the DNA-pairing model
proposes that DNA interaction between trans-
genes may induce changes in methylation or
chromatin structure (or both), producing an
“altered state” that could result in aRNA
production (9). It has been proposed that
DNA helicase or topoisomerase complexes
may be involved in chromatin remodeling
(23). The fact that QDE3 probably interacts
with topoisomerases in vivo may suggest that
QDE3 may have also a role in chromatin
changes required for aberrant transcription.
Alternatively, it has been proposed (3) that
aRNAs could be dsRNAs produced from
transgenic inverted repeats (IRs). The ability
of RecQ helicases to process cruciform DNA
structures (24) may indicate that QDE3 could
be involved in resolving transgenic IR cruci-
forms to allow transcription of dsRNAs.

Eukaryotic RecQ DNA helicases have been
generally implicated in DNA repair and in reg-
ulating recombination (6, 17, 20). Our find-
ings suggest that a specific RecQ helicase could
be involved in a function other than DNA re-
combination and repair. In fact, in Neurospora,
QDES3 seems to be specialized in gene silenc-
ing, because we found that the mutation in the
qde-3 gene is sufficient to impair quelling, al-

though at least another recQ homologous gene
is present in Neurospora (25). Moreover, gde-3
mutant strains and a wild-type strain showed
the same ability to repair DNA damage induced
by several mutagens (26).

The fact that RecQ-like protein is in-
volved in gene silencing in Neurospora has
begun to help us to understand the PTGS
phenomenon. It also presents the obvious
opportunity to test whether homologous recQ
genes may be implicated in gene silencing in
other organisms, especially in plants. This
new function of a RecQ protein may also
contribute to a deeper understanding of the
biology of the recQ gene family and its func-
tion in higher eukaryotes, including humans.

References and Notes

1. A. Depicker and M. Van Montagu, Curr. Opin. Cell
Biol. 9, 373 (1997).

2. C. Cogoni and G. Macino, Trends Plant Sci. 2, 438
(1997).

3. M. K. Montgomery and A, Fire, Trends Genet. 14, 255
(1998).

4. M. A. Matzke and A. ). Matzke, Cell. Mol. Life Sci. 54,
94 (1998).

5. K. D. Kasschau and ). C. Carrington, Cell 95, 461
(1998).

6. J. A. Lindbo, L. Silva-Rosales, W. M. Proebsting, W. G.
Dougherty, Plant Cell 5, 1749 (1993); M. Wasseneg-
ger and T. Pélissier, Plant Mol. Biol. 37, 349 (1998).

7. C. Cogoni and G. Macino, Nature 399, 166 (1999).

8. A. ). Hamilton and D. C. Baulcombe, Science 286, 950
(1999).

9. O. Voinnet, P. Vain, S. Angell, D. C. Baulcombe, Cell
95, 177 (1998); M. Stam, J. N. M. Mol, J. M. Kooter,
Ann. Bot. 79, 3 (1997).

10. C. Cogoni et al., EMBO J. 15, 3153 (1996).

11. C. Cogoni and G. Macino, Proc. Natl. Acad. Sci. U.S.A.
94, 10233 (1997).

12. The N. crassa al-1 silenced strain 6XW, used in inser-
tional mutagenesis, and gde mutant strains were de-
scribed previously (77). The general growth medium
was composed of Vogel's minimal medium with 2%
sucrose in agar plates; heterokaryon analysis and main-
tenance of stock cultures were performed as described
(77). Plasmid pMXY2 containing the Neurospora select-
able marker benomyl was used for insertional mutagen-
esis. Insertional transformants were selected on mini-
mal medium containing benomyl (1 mg/ml). Release or
restoration of al-7 gene silencing after transformation
or heterokaryon formation was evaluated by visual
inspection of conidia color: wild-type conidia were or-

15.

23.
. R. K. Chakraverty and I. D. Hickson, Bioessays 21, 286

25.
26.

27.

28.

ange, whereas white to yellow conidia were indicative
of al-7 gene silencing.

. Cloning of the DNA region flanking the integrated

plasmid was achieved with a plasmid rescue approach.
Chromosomal DNA (100 ng) extracted from strain 627
was digested with Bgl Il restriction enzyme, and the
derived restriction fragments were ligated in a reaction
volume of 0.2 ml in order to favor intramolecular liga-
tion events. The DNA was ethanol precipitated and used
to transform E. coli. Chromosomal DNA flanking the
integration site was isolated with the enzymes Bgl Il or
Sal I, and the resulting restriction fragment was used as
a probe on a N. crassa genomic cosmid library. Two
positively hybridizing cosmids (6E8 and 54D7), contain-
ing 30-kb inserts, were introduced by transformation
into insertional mutant gde-3 strain 627 and into an UV
irradiation-induced gde-3 mutant strain. The subclon-
ing of restriction fragments from genomic library clones
was performed in pBluescript SK plasmid (Stratagene).

. To map the intron positions, we used total RNA as the

template in RT reactions containing, as primers, an
oligonucleotide 5'-ATGGTTGACTTGATCCAG-3' to
map the first intron or an oligonucleotide 5'-TGGAACT-
TCGTTTCTTGG-3' for the second intron. The two
cDNA reactions were subsequently amplified by PCR
with the oligonucleotide pair 5'-GACTACAGCCG-
GCAACTG-3' and 5’-GATGTGAGGAAGGCTCTC-3' or
the oligonucleotide pair CGAGCACGGTGGCGTGTG-3'
and 5'-CAGGGTGGAAAGT TCTTG-3', respectively. The
resulting PCR fragments were inserted in TA cloning
vector (Invitrogen) and sequenced.

The nucleotide sequence of the gde-3 gene was
determined with Taq FS DNA polymerase and fluo-
rescent dideoxy terminators in a cycle-sequencing
method, and the resulting DNA fragments were elec-
trophoresed and analyzed with an automated Applied
Biosystems 373A DNA sequencer. The nucleotide and
derived amino acid sequences were analyzed with
MacMolly Tetra programs. Protein comparisons were
carried out by BLASTP, and the ClustalW program
[J. D. Thompson, D. G. Higgins, T. ). Gibson, Nucleic
Acids Res. 22, 4673 (1994)] was used for alignments.
The gde-3 gene sequence has been deposited with
GenBank (accession number AF205407).

. N. A. Ellis et al., Cell 83, 655 (1995).

. C.-E. Yu et al., Science 272, 258 (1996).

. S. Kitao et al., Genomics 54, 443 (1998).

. S. Gangloff, J. P. McDonald, C. Bendixen, L. Arthur, R.

Rothstein, Mol. Cell. Biol. 14, 8391 (1994).

. E. Stewart, C. R, Chapman, F. Al-Khodairy, M. A. Carr,

T. Enoch, EMBO J. 16, 2682 (1997).

. M. Lebel and P. Leder, Proc. Natl. Acad. Sci. U.S.A. 95,

13097 (1998).

. Topoisomerase inhibitors were added in different

concentrations to 100-ml minimal medium liquid
cultures. Mycelia were harvested after 48 hours of
growth at 30°C in shaking incubators. Sensitivity to
the inhibitors was evaluated as the effect of growth
inhibition on dried mycelia weight.

M. Duguet, J. Cell Sci. 110, 1345 (1997).

(1999).

A. Pickford, C. Cogoni, G. Macino, unpublished data.
The sensitivity of gde-3 mutants to increasing doses
of methyl methansulfonate (MMS), hydroxyurea
(HU), mitomycin C (MC), and UV irradiation was
tested. MMS, HU, and MC were, added directly to
conidia suspensions as described [C. Ishii, K. Natamu-
ran, H. Inoue, Mol. Gen. Genet. 288, 33 (1991)], and
UV irradiation was carried out as described [H. Inoue,
T. M. Hong, F. J. deSerres, Mutat. Rés. 80, 27 (1981)].
Single-letter abbreviations for the @mino acid resi-
dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, Ile; K, Lys; L, Leu; M, Met; N, Asn;
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.

A special thanks to G. Azzalin for skillful technical
assistance. We also thank G. Coruzzi and A. Pickford
for revising the manuscript. Supported in part by
grants from the Istituto Pasteur Fondazione Cenci
Bolognetti, from the Ministero dell’ Universita e della
Ricerca Scientifica e Tecnologica, and from the Euro-
pean Union BIOTECH program.

29 July 1999; accepted 10 November 1999

17 DECEMBER 1999 VOL 286 SCIENCE www.sciencemag.org



http://www.jstor.org

LINKED CITATIONS
-Pagelof2-

You have printed the following article:

Posttranscriptional Gene Silencing in Neurospora by a RecQ DNA Helicase

Carlo Cogoni; Giuseppe Macino

Science, New Series, Vol. 286, No. 5448. (Dec. 17, 1999), pp. 2342-2344.

Stable URL:

http://links.stor.org/sici 2si ci=0036-8075%2819991217%293%3A 286%:3A 5448%3C2342%3A PGSINB%3E2.0.CO%3B2-H

This article references the following linked citations:

Refer ences and Notes

° A Species of Small Antisense RNA in Posttranscriptional Gene Silencing in Plants
Andrew J. Hamilton; David C. Baulcombe

Science, New Series, Vol. 286, No. 5441. (Oct. 29, 1999), pp. 950-952.

Stable URL:

http://linksjstor.org/sici ?sici=0036-8075%2819991029%293%3A 286%63A 5441%3C950%3A A SOSA R%3E2.0.CO%3B2-S

""Isolation of Quelling-Defective (qde) M utants Impaired in Posttranscriptional
Transgene-Induced Gene Silencing in Neur ospor a crassa

Carlo Cogoni; Giuseppe Macino

Proceedings of the National Academy of Sciences of the United States of America, Vol. 94, No. 19.
(Sep. 16, 1997), pp. 10233-10238.

Stable URL:

http:/links.jstor.org/sici 2sici=0027-8424%2819970916%2994%3A 19%63C10233%3A1 0Q%28M I %3E2.0.CO%3B2-E

""Positional Cloning of the Werner's Syndrome Gene

Chang-En Y u; Junko Oshima; Ying-Hui Fu; Ellen M. Wijsman; Fuki Hisama; Reid Alisch; Shellie
Matthews; Jun Nakura; Tetsuro Miki; Samir Ouais; George M. Martin; John Mulligan; Gerard D.
Schellenberg

Science, New Series, Vol. 272, No. 5259. (Apr. 12, 1996), pp. 258-262.

Stable URL:

http://links.jstor.org/si ci ?sici=0036-8075%2819960412%293%3A 272%3A 5259%3C258%3A PCOTW S%3E2.0.CO%3B2-J

NOTE: The reference numbering fromthe original has been maintained in this citation list.



http://www.jstor.org

LINKED CITATIONS
- Page2of 2 -

' A Deletion within the Murine Werner Syndrome Helicase I nduces Sensitivity to I nhibitors of
Topoisomerase and L oss of Cellular Proliferative Capacity

Michel Lebel; Philip Leder

Proceedings of the National Academy of Sciences of the United States of America, Vol. 95, No. 22.
(Oct. 27, 1998), pp. 13097-13102.

Stable URL:
http://links.jstor.org/sici?sici=0027-8424%2819981027%2995%3A 22%3C13097%3AADWTMW%3E2.0.CO%3B2-1

NOTE: The reference numbering fromthe original has been maintained in this citation list.





