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Disruption of dog-1 in Caenorhabditis elegans triggers
deletions upstream of guanine-rich DNA
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Genetic integrity is crucial to normal cell function, and muta-
tions in genes required for DNA replication and repair underlie
various forms of genetic instability and disease, including can-
cerl. One structural feature of intact genomes is runs of
homopolymeric dC/dG. Here we describe an unusual mutator
phenotype in Caenorhabditis elegans characterized by dele-
tions that start around the 3' end of polyguanine tracts and ter-
minate at variable positions 5' from such tracts. We observed
deletions throughout genomic DNA in about half of polygua-
nine tracts examined, especially those containing 22 or more
consecutive guanine nucleotides. The mutator phenotype

results from disruption of the predicted gene F33H2.1, which
encodes a protein with characteristics of a DEAH helicase and
which we have named dog-7 (for deletions of guanine-rich
DNA). Nematodes mutated in dog-71 showed germline as well
as somatic deletions in genes containing polyguanine tracts,
such as vab-1. We propose that DOG-1 is required to resolve
the secondary structures of guanine-rich DNA that occasionally
form during lagging-strand DNA synthesis.
Guanine-rich single-stranded DNA in vitro forms stable sec-
ondary structures such as triplex structures and G quartets, in
which four guanine bases adopt Hoogsteen base-pairing®>. The
G quartets are characterized by a variable stack
of guanine quartet planes with strands in either

a
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dog-1 [ 18110 & & il e s | Despite much speculation about their possible
? ? biological roles, G quartets have not been
K10 ¢ ¢ observed in vivo, and little is known about mol-
9 ecules that might interact with them in vivo.
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-I ! T ﬂ 5 e ’I in vivo in C. elegans. Mutation of dog-1 or dis-
gk10 [ ruption of its expression by RNA-mediated
interference (RNAi) results in a mutator pheno-
type characterized by deletions throughout
b genomic DNA that were initiated at tracts of
k10 N2 consecutive dC/dG bases.
F25 The gene dog-1 encodes a predicted protein of
F26 brood si . : . . .
it food size 983 amino acids, DOG-1 (Fig. 1a), containing
F28 S 1-50 ° seven protein motifs characteristic of the DExH-
F29 ® . 5 .
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Egi S Fig. 1 Mutation of dog-7 results in a mutator phenotype.
F35 '3 a, Intron-exon organization of dog-1 (F33H2.1) and its
F36 . gk10-null allele. The gene contains 14 exons encoding 7
F37 L4 conserved motifs of DNA/RNA helicases®, encompassing a
F38 ® conserved DEXDc2 domain of the DEAH/DEAD-like heli-
F39 ¢ case superfamily and a HELICc2 carboxy-terminal domain
Ej(l) :: of the helicase superfamily. The deletion in gk70 removes
Faz ° exons 2-8 and introduces a premature stop codon in exon
F43 PS 9. b, Variable brood size and mutator phenotype in gk70
F44 . nematodes. Generations F25-F54 of gk70 nematodes
Fa5 [ were followed by transferring single animals. Brood size
F46 b4 is indicated by size of circle. Horizontal lines indicate
Fa7 (lon/cir) (im) analysis of siblings in a particular generation; ‘x’ indicates
F48 extinction of the line. Heritable mutations are shown in
Egg (le) boxes; the corresponding phenotypes were: mlt, molt
51 x E defect; vab, variable abnormal; dpy, dumpy; lon/clr,
F52 X long/clear; him, high incidence of males; let, lethal.
F53 Notably, the brood size is markedly variable and the fre-
F54 X X quency of heritable mutations is high relative to control

nematodes (Bristol N2, right).
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gkl10 is a deletion of 2 kb, resulting in the absence of exons 2—8 of
dog-1 and in premature stop codon in exon 9 (Fig. 1a). Hence,
gkl0 is a null mutation. Mutant offspring had brood sizes vari-
ably lower than the expected brood number of approximately
300 from a wildtype parent. We frequently recovered sponta-
neous mutants with characteristic phenotypes (Fig. 1b). Three
such mutants, isolated independently, displayed a ‘notched-
head’ phenotype® that was mapped by complementation to the
vab-1 locus’ on chromosome III. All three mutations were dele-
tions of exon 5 that were initiated in the same stretch of 20 con-
tinuous cytidines just outside exon 5 of vab-1 (Fig. 2a—c). We
observed no obvious location for the second breakpoint. We con-
cluded that gk10 nematodes have a defect in maintenance of the
stability of a polycytidine tract upstream of exon 5 of vab-1.
Using the polymerase chain reaction (PCR), we screened indi-
vidual nematodes with no obvious Vab phenotype for deletions
involving exon 5 of vab-1. In approximately 10% of the nema-
todes, we observed a band at a lower molecular weight in addi-
tion to the expected ‘wildtype’ band of 500 bp (data not shown).
We determined the sequences of these bands and confirmed that
they represented de novo deletions (Fig. 2a—c). Similar to the
three germline deletions, all of these somatic-cell deletions had
one breakpoint located just before or within the 5' end of the
polycytidine tract upstream of exon 5.

Subsequently, we examined other tracts of G/C-rich DNA in
gk10 nematodes for deletions. We detected deletions involving
the sequence C,AC,4(CT),C,, located in an intergenic region in
F55F3 on the X chromosome, in gklI0 nematodes (Fig. 2d—f).
Such deletions were not detected on an extrachromosomal cos-

mid array in ‘gkI0 rescued), a transgenic strain carrying gk10 but
also containing a copy of wildtype dog-1 (Fig. 3a). The size distri-
bution of deletion products in gk10 nematodes peaked at around
100-200 nucleotides, but we also detected longer deletion frag-
ments (up to 1.7 kb; Fig. 3b and data not shown). These dele-
tions were always initiated at the G/C tract and extended
unidirectionally for various distances. Suppressing the expres-
sion of dog-1 in wildtype nematodes by RNAI also resulted in
deletions (Fig. 3¢,d). These observations support the notion that
the phenotype of gkl0 results from inactivation of dog-1. The
effect of RNAIi seemed to differ among individual nematodes
(Fig. 3d), and was not evident in parents but was striking in the
F1 progeny (Fig. 3¢,d). Variable inhibition of dog-1 expression by
RNAI could explain these results.

To assess whether genomic instability in gk10 nematodes was
restricted to polyguanine tracts, we analyzed three A/T tracts,
one AT/TA tract, two CT/GA tracts, two CA/GT tracts, four
CTG/CAG repeats and three CCG/CGG repeats by PCR. We
found no deletions in any of these sequences, suggesting that
deletions are restricted to polyguanine tracts. To further study
the instability of G/C tracts, we selected G/C tracts of different
lengths at different locations in the C. elegans genome and
screened by PCR for possible deletions. We observed deletions in
approximately half of the tracts examined. We detected no dele-
tions in any of the 5 G/C-tracts with 18 or fewer guanine
nucleotides (Table 1), indicating that a threshold length is proba-
bly required for deletions to occur.

Analysis of individual gk10 nematodes also supported a cor-
relation between the length of the polyguanine tract and the

a b Cc 100 200 300 400
agt at tt ct aacgaaaccccccceccccccceccceecat cagect aacat go del
(C)20 exon 5 vab-1
agtatttctaac 130 g —————
agt at tt ct aacgaaacc 97 g —
agt at tt ct aacgaaacc 334 g
aagtatttctaacgaaa 392
agt at tt ct aacgaaaccccca 384
agtat tt ct aacgaaaccce 382
agt at tt ct aacgaaaccccc 245
agt at tt ct aacgaaaccce 201
agt at tt ct aacgaaaaaa 183
agt at t t ct aacgaaaccc 172
agtatttctaacgaaa 128 ———

d e
gcaaaccccacccccccccccccccccccccccccct ctcccctcatttcac del
gcaa 377
gcaaacccca 377
gcaaaccccaccccc 364
gcaaaccccaccc 344
gcaaacccct act gaaccat gaat aaat na 339
gcaaacccc 334
gcaaa 249
gCaaaccccacaagaaac 134
gcaaaccccaccccccc 132
gcaaacccc 109
gcaaaccccacc 80

C4AC2(CT)2Ca

Fig. 2 Recurrent deletions in the gk70 strain invariably start at tracts of C/G. a—c, Germline and somatic deletions in vab-1. Top, nucleotides flanking a stretch of 20 Cs
just outside exon 5 of vab-1 (ref. 7) in which deletions were found to be initiated (red box in ¢). a, The deletion position relative to the tract of cytidines. b, Sizes of the
deleted (del) fragments (g, germline deletions). ¢, Breakpoints relative to exon 5 of vab-1. d-f, Deletions involving tracts of C/G in noncoding DNA. Nucleotides flank-
ing the intergenic sequence C4AC,4(CT),C, (red box in f) present on the cosmid F55F3, and breakpoints relative to this sequence are shown in d and f. The sizes of
sequenced deletions are shown in e. Inserted sequences are underlined in a and d. For these experiments, we used genomic DNA from single gk70 nematodes.
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Fig. 3 Disruption of DOG-1 expression leads to frequent deletions involving the polyguanine tract in F55F3. a, Expression of wildtype dog-7 rescues the mutator
phenotype of gk70 nematodes. We lysed the indicated number of nematodes (gk70 or transgenic gk10 carrying full-length dog-1, indicated as gk70 rescued) in
a single lysis reaction. We divided each lysate in two and carried out two independent PCRs to amplify the F55F3 fragment. b, Size distribution of deletions in
F55F3 genomic DNA in gk70. We observed deletions of 100-200 nt most frequently. c,d, Inhibition of dog-1 expression using RNAi. We observed no deletions in
the DNA from parents fed with E. coli expressing dog-7 dsRNA (c) and a variable number of deletions in their F1 progeny (d). The single apparent deletion in (c)
was DNA of E. coli origin. Failure to extract DNA from single nematodes is a plausible explanation for the empty lane in F1-2. F1-1 are the progeny of parent 1

and F1-2 are the progeny of parent 2 (lanes 1 and 2, respectively, in c).

frequency of deletions. On average, we amplified fewer than
one deletion fragment by PCR in tracts of fewer than 22 gua-
nine nucleotides, whereas we typically observed several dele-
tion fragments in vulnerable polyguanine tracts of 22 or more
guanine nucleotides. An exception was G/C,s5in the locus R144,
where we detected single deletion bands in the DNA of roughly
half the mutant nematodes. For each G/C tract in which dele-
tions were observed, we randomly sampled and sequenced
deletion bands. In all but two cases, all deletions we sequenced
(>40) were initiated around the 3' end of the polyguanine tracts
and extended upstream for various lengths. The two unusual
deletions were initiated 100 bp downstream of the polyguanine
tract but, like the other deletions, extended several hundred
base pairs upstream.

Telomeres in C. elegans consist of up to several kilobases of
TTAGGC repeats®. Tracts of this sequence are also present else-
where in the genome. Although telomere length in gkl10 nema-
todes was compatible with telomere instability (see Web Fig. A
online), several internal tracts of 10-14 TTAGGC repeats did not
show deletions (data not shown). These results indicate that
internal TTAGGC repeats are not as vulnerable to deletions as are
consecutive tracts of guanine nucleotides, perhaps because
TTAGGC tracts form secondary structures less readily in vivo.

Because genetic deletions in gk10 nematodes seem to be initi-
ated at the 3' end of polyguanine tracts and to involve about half
of the polyguanine tracts examined, we propose that these dele-
tions result from failure to resolve secondary structures of gua-
nine-rich DNA that may arise sporadically during lagging-strand
DNA synthesis (Fig. 4). A mechanism dependent on length and ori-
entation and suggestive of in vivo lagging-strand secondary struc-
tures has been proposed to explain the instability of trinucleotide
repeats in Escherichia coli’'! and Saccharomyces cerevisiae'>'3. On
the basis of the specificity of the deletion phenotype involving
polyguanine tracts in gkI0, and of the highly conserved heli-
case motifs in DOG-1 (Fig. la), it seems plausible that DOG-1
is required to unwind secondary structures of guanine-rich
DNA. Alternatively, DOG-1 might be part of a response to
DNA damage triggered by DNA lesions involving guanine-
rich DNA, perhaps in a manner similar to MRT-2 (refs 14,15).
Destabilization of repetitive DNA can also result from muta-
tions in DNA mismatch-repair genes'®. The mismatch-repair
gene msh-2 of C. elegans is required for microsatellite stability
and maintenance of genome integrity!”. Nematodes bearing
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mutations in either msh-2 or dog-1 have reduced brood sizes
and a mutator phenotype, suggesting that these abnormalities
could be common features of deficiencies in DNA repair in
this organism.

Around half of large polyguanine tracts in genomic DNA in
gkl10 nematodes seemed to be vulnerable to deletion events
(Table 1). This observation is compatible with our model (Fig. 4),
which predicts that deletion events depend on the direction of
DNA replication. The frequency of actual deletions in vulnerable
polyguanine tracts varied, however, as we observed either a single
deletion event in up to half of the offspring or, more typically, mul-
tiple deletions in all offspring (Table 1). These observations may
point to changes in the direction of DNA replication during devel-
opment, as have been described in Schizosaccharomyces pombe'8.
Such switches, perhaps together with apoptosis of aberrant cells in

Table 1 ¢ Frequency and size dependence of deletions in
genomic DNA containing G/C tracts in dog-1 mutants

Estimated
deletion alleles

Tract Presence per adult
Cosmid Chr length of deletions  nematode
Y77E11A v Gyg no 0
Y75B7AL \ G5 no 0
Y39A3CR.6 1] GsTGy, no 0
Y41E3 v Cy7 no 0
Z2C123.3-a | Gg no 0
ZC123.3-b [ Cio yes 0.2
MO3A1.1 I Coo yes 0.1
MO1E10.2 ] Cyo no 0
C04C11 X [N no 0
Y15E3A X Cyo no 0
F42C5 v Cyq yes 0.4
R03G5 X Cyy no 0
FA6H6/C07A12 X Cy yes multiple
Y41D4A v Gy yes multiple
C18F3 \% G,AGys5 yes multiple
R144 I Cys yes 0.5
R11B5 X Cys yes multiple
F55F3 X Coe yes multiple
FA9E10 X Gyg no 0
F38A6 \ Cyo yes multiple
B0524.1 1] Csy no 0
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Fig. 4 Model of recurrent deletions in gk70 nematodes. The invariable occur-
rence of breakpoints at the 5' end of poly(dC) or the 3’ end of poly(dG) (Fig. 2)
is compatible with deletions resulting from the failure of lagging-strand DNA
synthesis. According to this model, the replication fork moves in from the right
toward the poly(dC/G) sequences (a—c). Single-stranded poly(dG) sequences
used as a template for lagging-strand DNA synthesis are postulated to give rise
occasionally to stable secondary structures such as G quartets?3 (c, arrow). We
propose that resolution of such secondary structures requires specialized DNA
replication or repair machinery involving DOG-1. Failure to resolve secondary
structures of guanine-rich DNA results in deletions by a mechanism that is
unknown but is likely to involve excision and recombination, trans-lesion syn-
thesis, or both.

the germline, could allow the polyguanine tracts in F55F3 to be
maintained over several generations in gk10 nematodes despite a
high frequency of deletions in single nematodes (Fig. 3b). Alter-
natively, the apparent germline stability of this polyguanine
tract could be related to changes in factors that protect the
germline!, such as the expression of other genes involved in the
processing of secondary structures of guanine-rich DNA. Previ-
ous studies have shown that dog-1 is highly expressed in the
germline??, perhaps reflecting a role of DOG-1 and polyguanine
tracts in germline-specific processes such as recombination, as
was originally proposed?. Such a role is supported by the similar
chromosomal distribution of polyguanine tracts and regions of
high recombination frequencies?' in C. elegans. Polyguanine
tracts have also been implicated in recombination during the
development of human B cells?2.

Although many genes are involved in the maintenance of genetic
stability, none have previously been identified that are functional
homologs of dog-1. The genes involved in Bloom and Werner syn-
dromes encode RecQ helicases capable of unwinding aberrant
DNA structures, including G quartets>>2°. The DOG-1 protein is
not, however, a member of the RecQ family. Indeed, the human
gene with the highest sequence similarity to dog-1 is BRIPI, encod-
ing a protein that binds to BRCA1, participates in the DNA repair
function of the BRCA1 complex and is abnormal in some individu-
als with breast cancer?®. Thus, our work provides the first descrip-
tion of an activity required specifically for the maintenance of
guanine-rich DNA in vivo. Homologs of DOG-1 in other species
may have a similar role in maintaining genome stability through
interactions with guanine-rich tracts of DNA.

Methods

Nematode strains. We maintained strains of C. elegans as described®. We
obtained C. elegans strain VC13, bearing the gk10 allele of dog-1, from the
Reverse Genetics Core Facility at the University of British Columbia (Van-
couver, Canada). We constructed the transgenic strain KR3847 using gk10
males (KR3792) and a gkIO strain marked with dpy-5 (KR3838). Out-
crossed males were crossed to a transgenic strain carrying the cosmid
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ZK340 as an extrachromosomal array (BC5865), kindly provided by D.
Baillie, Simon Fraser University, Vancouver, Canada. The ZK340 cosmid
contains the wildtype dog-1 along with the dominant gene rol-6, which
confers a Roller phenotype. We subsequently examined resulting Roller
progeny for the presence of full-length dog-1 using PCR.

Analysis of deletion fragments. We obtained genomic DNA by lysis of
nematodes with proteinase K. Polyguanine tracts in the genome were iden-
tified using euGenes (http://iubio.bio.indiana.edu:8089/). We carried out
PCR using standard conditions. Primer sequences of vab-1 exon 5, F55F3
(Fig. 2) and the G/C tracts (Table 1) are available on request. After separat-
ing the PCR products on agarose gels, we stained them with SYBR Green
and then visualized them using a PhosphorImager. We randomly sampled
and sequenced bands that were smaller in size than the wildtype band.
Sequencing was done using Big Dye Terminator cycle sequencing V2.0 on a
377XL DNA Sequencer (Applied Biosystems) at the Nucleic Acids Protein
Services facility at the University of British Columbia.

RNAi. We carried out RNAi assays as described?’. We transferred single L4
larvae to NGM plates (with 50 pig ml~! ampicillin, 25 pg ml™! carbenicillin
and 1 mM isopropyl-p-D-thiogalactoside) seeded with E. coli expressing
F33H2.1 obtained from the C. elegans Chromosome 1 RNAi library?® (pro-
vided by J. Ahringer, United Kingdom Human Genome Mapping Project
Resource Center). After 2.5 d, we analyzed the parents for deletions and
transferred 8 L4 progeny from each parent to a fresh RNAIi plate. We ana-
lyzed the DNA of the progeny for deletions 2 d later.

Note: Supplementary information is available on the Nature
Genetics website.
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