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Abstract: Ectopic expression of multi-transgenic copies can result in reduced expression of the transgene and 
can induce silence of endogenous gene; this process is called as co-suppression. Using a transgene-mediated 
co-suppression technique, we demonstrated the biological function of DNA topoisomerase-1 (top-1) in C. elegans 
development. Introduction of full-length top-1 transgene sufficiently induced the co-suppression of endogenous top-
1 gene, causing embryonic lethality and abnormal germline development. We also found that the co-suppression 
of top-1 gene affected morphogenesis, lifespan and larval growth that were not observed in top-1(RNAi) animals. 
Strikingly, co-suppression effects were significantly reduced by the elimination of top-1 introns, suggesting that ef-
ficient co-suppression may require intron(s) in C. elegans. Sequence analysis revealed that the introns 1 and 2 of 
top-1 gene possess consensus binding sites for several transcription factors, including MAB-3, LIN-14, TTX-3/CEH-
10, CEH-1, and CEH-22. Among them, we examined a genetic link between ceh-22 and top-1. The ceh-22 is partially 
required for the specification of distal tip cells (DTC), which functions as a stem cell niche in the C. elegans gonad. 
Intriguingly, top-1(RNAi) significantly enhanced DTC loss in ceh-22 mutant gonads, indicating that top-1 may play an 
important role in CEH-22-mediated DTC fate specification. Therefore, our findings suggest that transgene-mediated 
co-suppression facilitates the silencing of the specific genes and the study of gene function in vivo.
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Introduction

DNA topoisomerase 1 (TOP-1) is an essential 
enzyme, which eases the torsional stress 
involved in DNA replication, transcription and 
chromosome condensation [1, 2]. TOP-1 pro-
tein is also critical for cell proliferation in multi-
cellular organisms [3-5]. TOP-1 is highly rele-
vant in cancer as a number of anti-cancer drugs 
selectively target DNA TOP-1 [6]. For example, 
TOP-1 is a specific molecular target for anti-
cancer drugs (e.g., Camptothecin), which are 
used in the treatment of many types of can-
cers, including ovarian and colorectal cancer 
[2, 7]. These drugs convert TOP-1 into cellular 
poisons by trapping the enzyme as it cleaves 
DNA [8]. Therefore, TOP-1 is considered to be 
an attractive target for chemotherapy in 
malignancies.

We previously identified two alternatively 
spliced products of C. elegans top-1 (top-1α and 
top-1β) [9]. These two isoforms display differen-
tial subcellular localization during development: 
top-1α is mostly present in centrosomes, neu-
ronal cells, excretory cells and centrosomes of 
germ cells, while top-1β with missing the sec-
ond exon is broadly localized to the nuclei of 
many cells at all developmental stages and is 
concentrated in nucleoli of embryo gut and 
oogenic cells [10]. A reporter analysis and 
immunohistochemistry showed that top-1 is 
strongly expressed in the C. elegans distal tip 
cells (DTCs) at the larval stages [10]. This is 
interesting because C. elegans DTC functions 
as a mesenchymal niche to promote germline 
stem cells self-renewal [11]. It also leads gonad-
al migration [12]. Notably, RNA interference 
(RNAi) targeted to top-1 has consistently shown 
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germline proliferation defects and abnormal 
gonadal migration [10].

We further demonstrate in this report that top-1 
is also required for morphogenesis, stem cell 
niche (DTC) fate specification as well as normal 
lifespan and growth control using a transgene-
mediated co-suppression. In plants and 
Drosophila, co-suppression can mediate tran-
scriptional gene silencing or post-transcription-
al gene silencing mechanism [13]. The tran-
scriptional gene silencing mechanism involves 
DNA-related processes such as methylation 
[14, 15] and binding of polycomb-group pro-
teins to co-suppressed genes [16, 17]. In C. 
elegans, RNAi and co-suppression are mediat-
ed at least in part by the same molecular 
machinery, possibly through RNA-guided degra-
dation of mRNAs [18]. Although RNAi and trans-
gene-mediated co-suppression share many key 
regulators, like dcr-1 and rde-2 genes [18], the 
transgene-mediated co-suppression has sev-
eral benefits over RNAi-mediated knockdown; 
First, the transgene-mediated co-suppression 
can be inherited for several generations. 
Second, a somatic selection marker can be 
used to identify stable co-suppressed trans-
genic lines. Third, stable co-suppressed trans-
genic lines can be used to identify suppressor 
or enhancer genes through RNAi screening or 
classical mutagenesis. Therefore, our results 
may benefit studies related to the development 
of new genetic biotechnology and help in under-
standing the biological function of genes of 
interest.

Materials and methods

C. elegans culture and strains

All strains were derived from Bristol strain N2 
and maintained at 20°C or 25°C as described 
[19]. The ceh-22(q632) mutant [20] was used 
for this work. The integrated transgene qIs56 
[lag-2::GFP] was used as a DTC marker.

Embryo isolation

To isolate the embryos, avid worms at mixed 
stages were lysed in 10 volumes of a 1% NaOCl 
and 0.5 M NaOH solution, and embryos were 
precipitated from the lysate by a centrifugation 
at 140 × g for 1 min. The precipitated embryos 
were washed three times with an M9 buffer (3 
g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M 

MgSO4, H2O to 1 liter) and placed on nematode 
growth medium (NGM) or RNAi plates.

Construction of top-1FL and top-1(ΔInt1&2) 
plasmid DNAs

In order to construct a top-1FL plasmid DNA, an 
about 8 kb-long top-1 full length (FL) DNA frag-
ment was amplified by polymerase chain reac-
tion (PCR) on C. elegans genomic DNA using 
gene-specific primers (nt 17546~17565, 
GGTACGAATGGAGAATACTG and nt 25576~ 
25557 in the sequence of M01E5 genomic cos-
mid clone, CCTCTCACACTTATGAAATC). The 
amplified DNA fragment containing the top-1 
genomic DNA from the -3.0 kb upstream of the 
trans-splicing site to the +0.8 kb downstream 
of termination codon sequence was cloned into 
Topo TA cloning vector (Invitrogen) using a stan-
dard cloning procedure. For top-1(ΔInt1&2) 
plasmid DNAs, top-1FL plasmid DNA was 
digested with SacI (78 bp downstream 
sequence from the trans-splicing site) and PstI 
(in the exon 3) restriction enzymes and then 
replaced with a cDNA fragment containing the 
exons 1, 2 and 3 (Figure 1A). The resulting 
plasmid DNAs were microinjected into wild-type 
worms with pRF4 (rol-6) [21] or csb-1::GFP [22] 
as transformation-positive markers. Injected 
worms were grown at a lower temperature 
(18°C) due to embryonic lethality at 25°C, and 
an integrated transgenic line was generated by 
UV-irradiation (240 nm, 300 J/m2) [23]. Phe- 
notype of transgenic worms were observed 
under fluorescence microscope with a differen-
tial interference contrast (DIC) optics.

Measurement of embryonic lethality and germ-
line phenotypes

In order to measure embryonic lethality, embry-
os were collected from wild-type or top-1FL 
transgenic worms and embryonic hatching rate 
was scored 24 h later at 20°C or 25°C. To 
determine the co-suppression phenotype of 
top-1FL gene in the C. elegans germline, L1 syn-
chronized top-1FL transgenic worms were 
placed on NGM plates containing OP50 bacte-
ria. 3 days later, the germline phenotypes were 
observed by staining dissected gonads with 
DAPI.

Antibody staining

Embryo staining was performed as described 
[24]. After freeze-cracking, embryos on a poly 
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(lysine)-coated glass slide were serially 
immersed in methanol, acetone, and then 
methanol at -20°C for 5 min each. After leaving 
it in methanol at an ambient temperature for 5 

RNAi was performed essentially as described 
[26]. In brief, synchronized L1s were placed on 
RNAi plates (NGM/Amp/IPTG) seeded with ceh-
22 double stranded RNA (dsRNA)-expressing or 

Figure 1. Co-suppression effect of top-1 gene. A: Structure of the top-1FL and top-
1(ΔInt1&2) transgenes. The top-1FL transgene includes promoter, exons (yellow), 
introns, and 3’ flanking region. The top-1(ΔInt1&2) transgene is removed two introns 
juxtaposing the second exon. Box, exon; connected line, intron. B: Phenotype analy-
sis. The co-suppression of top-1 gene copies the phenotype of top-1(RNAi) with a 
high efficiency. C: Prediction of transcription factor binding sites in intron 1 and 2 
using ConTra v2 program.

min, the specimen was 
submerged in 90% me- 
thanol/H2O, 70% meth-
anol/PBS, and then in 
50% methanol/PBS for 
1 min each. After a pre-
incubation in 1XPBS/ 
0.5% BSA solution for 1 
h, the embryos were 
incubated at room tem-
perature for 1 h with 
MH27 mouse monoclo-
nal antibodies (antibody 
against Jam-1, Develop- 
mental Studies Hybri- 
doma Bank). After wa- 
shing with 1XPBS/0.5% 
BSA solution three ti- 
mes, the embryos were 
treated with a second-
ary antibody (Molecular 
Probe, Alexa 488, 
1:300 dilutions). After 
staining with DAPI, the 
embryos were observed 
under a fluorescence 
microscope.

Prediction of transcrip-
tion factor binding sites 
within top-1 introns

Transcription factor bi- 
nding sites in the introns 
of top-1 gene were 
searched using a Con- 
Tra v2 program (http://
bioit.dmbr.ugent.be/co- 
ntrav2/contradoc.php) 
as described [25]. Con- 
Tra v2 can analyze pro-
moter regions, 5’UTRs 
(untranslated regions), 
3’UTRs, introns or any 
other genomic region of 
interest.

RNA interference 
(RNAi)
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empty vector control bacteria, and were incu-
bated at 25°C.

Lifespan measurement

Adult wild-type and top-1FL worms were allowed 
to lay eggs overnight on separate plates. The 
adult worms were then removed from the plates 
to measure the lifespan of their progeny. About 
one hundred worms were picked at L2 or L3 lar-
val stage and were transferred to new plates at 
the density of about 25 worms per plate. Dead 
worms were counted daily after the transfer of 
live worms to a new plate. The average lifespan 
and its deviation were calculated using Mic- 
rosoft Excel program and the measurement 
was repeated three times.

Results and discussion

Transgene array induces top-1 loss-of-function 
phenotype

To determine the co-suppression phenotype of 
top-1, we generated a transgenic line carrying 
the multicopies of a full-length (FL) top-1 trans-
gene (about 8 kb-long), called top-1FL (Figure 
1A) and an injection marker, pRF4 plasmid 
DNA (rol-6) [21] or csb-1::GFP DNA [22]. 
Extrachromosomal array was integrated into 
the C. elegans genome using UV irradiation to 
establish non-mosaic transgenic strains with 

high transmission rate [27]. Interestingly, the 
integrated top-1(FL) transgenic worms exibited 
temperature sensitive phenotypes: 58% of 
transgenic worms (n=496) carrying the multico-
pies of top-1FL transgene died at embryo or 
early larval stage at permissive temperature 
(20°C) (not shown). At restrictive temperature 
(25°C), most transgenic animals showed 
embryonic lethality or larval arrest (Figure 1B), 
phenocopying top-1(RNAi) [10] or loss-of-func-
tion top-1 mutant (not shown). Notably, the co-
suppression of top-1 gene also affected the 
germline development, including germ cell pro-
liferation, gonadal migration, germ cell survival 
in the adult at 20°C (Figure S1). The overall 
phenotypes of top-1 co-suppression showed 
much stronger than that of top-1(RNAi) [10] 
(Figures 1B and S1). These results suggest that 
top-1FL transgene arrays efficiently induce the 
co-suppression of top-1 gene.

The effect of top-1 introns on co-suppression

Transgene-mediated co-suppression depends 
on the presence of a functional promoter [18]; 
constructs lacking a promoter cannot induce 
co-suppression [18]. In this report, we tested 
whether transgene-mediated co-suppression is 
also required for functional introns because 
introns and their removal by the spliceosome 
can influence gene expression and enhance 
mRNA metabolism [28]. To do so, we generated 

Figure 2. TOP-1 is required for CEH-22-mediated DTC specification. A: Schematic of wild-type DTC specification. 
Wnt/β-catenin asymmetry pathway, including POP-1/TCF and SYS-1/β-catenin controls the transcription of ceh-22/
Nkx2.5 to specify DTC fate. The DTC maintains germline stem cell (GSC) self-renewal. B: The expression of lag-
2::GFP transgene in DTCs. Wild-type animals have two DTCs, but some ceh-22(q632) mutants fail to generate DTCs. 
Arrowheads indicate DTCs (lag-2::GFP, DTC marker). Asterisk indicates vulva. C: A table quantifying the percentage 
of DTC loss.
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a transgenic line carrying a top-1 transgene 
missing both intron 1 and 2, called top-
1(ΔInt1&2) (Figure 1A). The majortity of embry-
os obtained from top-1FL transgenic worms at 
25°C died at the early embryonic stage. 
However, embryos from top-1(ΔInt1&2) trans-
genic lines died at a relatively later stage of 
embryogenesis (31%) or were arrested at early 
larval stages (24% in L1 and 18% in L2/L3) 
(Figure 1B). This result suggests that trans-
gene-mediated co-suppression may be influ-
enced by the elimination of introns. It is impor-
tant to know how introns affect the efficiency of 
the transgene-mediated co-suppression. One 
of the possible ideas is that introns may regu-
late the expressional level of transgenes in C. 
elegans. The mechanisms of intron-mediated 
enhancement of gene expression have been 
explored in several model systems [29]. For 
example, the gene expression in C. elegans is 
specifically regulated by first or second intron, 
which have conserved sequences for transcrip-

tion factor interaction and are bound by more 
transcription factors when compared to other 
introns [30]. We therefore searched for poten-
tial transcription factor binding sites in the 
intron 1 and 2 of top-1 gene using ConTra v2 
program [25]. Interestingly, the program pre-
dicted eight consensus binding sites for four 
transcription factors in the intron 1, and four 
consensus binding sites for three transcription 
factors in the intron 2 (Figures 1C and S2). 
Therefore, we speculate that intron may influ-
ence the effects of co-suppression probably by 
regulating the expression levels of a specific 
gene in C. elegans.

In general, the silencing of specific genes can 
be induced by the introduction of multi-copies 
of homologous transgenes (called by co-sup-
pression) [31-34] or by the delivery of double 
stranded RNA to target the specific gene (called 
by RNAi) [35, 36]. Although gene silencing by 
co-suppression is technically more difficult 

Figure 3. Phenotypes in embryos produced by wild-type and top-1FL. (A) Maternal effects on embryonic hatching 
produced by top-1FL co-suppression. Top-1FL worms were allowed to lay embryos, which were collected every day, 
and their hatching rate was measured 15 h later. Each experiment was carried out for 10 worms and repeated three 
times. (B) Comma-staged wild-type embryo (C) Comma-staged top-1FL embryo that has abnormal enclosure, elon-
gation and morphogenesis. The lateral focal planes of comma-staged wild-type (D) and top-1FL (E) embryos stained 
with MH27 monoclonal antibody. (F) L1 staged wild-type. (G) L1 staged top-1FL with an abnormal morphology.
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than that by RNAi, it provides notable experi-
mental advantages over RNAi, including a 
reproducible and inheritable outcome, a germ-
line specific functional analysis, and a source 
for genetic screening. Germline silencing of a 
specific gene can indeed result in a maternal 
effect lethal phenotype in the early embryos, 
causing decreased or absent transmitting 
lines. In this case, transgenic lines can be 
obtained by the injection of transgene into mut-
7(pk204) mutant, which have a defective co-
suppression response, and then be crossed 
out to yield the co-suppression effect [37]. In 
this report, we demonstrated that the presence 
or absence of intron could influence the co-sup-
pression effects. Therefore, this genetic manip-
ulation of intron may provide an additional 
experimental advantage for understanding the 
mechanism of co-suppression and the biologi-
cal function of essential gene in vivo.

The effect of top-1 on CEH-22-mediated DTC 
specification

In C. elegans, the distal tip cell (DTC) acts as a 
mesenchymal niche that maintains germline 

stem cells [38]. The C. elegans DTC fate is 
specified by Wnt/β-catenin signaling [39] 
(Figure 2A). One of the downstream targets of 
this signaling is ceh-22 (a homeodomain tran-
scription factor), which is required for DTC fate 
specification. Wild-type hermaphrodites nor-
mally have two DTCs, but 79% of ceh-22 
mutants often cause DTC loss (Figure 2B and 
2C). Since top-1 is expressed in the C. elegans 
DTCs [10] and top-1 intron 2 possesses a con-
sensus binding site for the CEH-22 transcrip-
tion factor (Figures 1C and S2), we examined 
whether top-1 is genetically linked to ceh-22 in 
the DTC fate specification. The depletion of 
top-1 by RNAi did not affect DTC specification 
(Figure 2C) in wild-type hermaphrodites, but it 
significantly enhanced DTC loss and a conse-
quent loss of germline stem cells in ceh-
22(q632) mutants (Figure 2C). This result sug-
gests that top-1 may be linked genetically with 
ceh-22 in the DTC specification. How does top-1 
control DTC fate specification in ceh-22 
mutant? One of the possible mechanisms is 
that top-1 may control proper cell division tim-
ing of somatic gonadal precursor (SGP), which 
divides to generate one daughter with DTC 
potential and one daughter with non-DTC 
potential [11]. Similarly, C. elegans CYD-1/
Cyclin D regulating G1/S phase transition, 
specifies DTC fate by regulating the cell divion 
timing of SGP [40]. Therefore, we speculate 
that a delayed cell division of SGP in top-1(RNAi) 
may contribute to DTC loss in ceh-22 mutants.

The effect of top-1FL on embryonic survival 
and morphology

To analyze the co-suppression phenotype of 
top-1 gene during embryogenesis, we observed 
embryos obtained from integrated top-1FL 
transgenic worms under DIC microscope. Most 
top-1FL embryos were arrested (or died) at dif-
ferent stages of embryonic development 
(Figure 1B), confirming the critical role of top-1 
in embryogenesis [10]. We recently reported 
that top-1(RNAi) showed chromosomal bridges, 
DNA fragmentation, and cell division defects in 
early embryos [10]. The top-1FL embryos also 
exhibited multiple nuclei per cells at the early 
embryonic stages (not shown). Next, to deter-
mine the maternal effects of top-1 co-suppres-
sion on embryogenesis, we measured daily 
hatching rates of embryos obtained from wild-
type and top-1FL transgenic worms at 20°C. 
Most embryos from wild-type adults survived 

Figure 4. Shortened lifespan and slow growth of top-
1FL worms. (A) Average lifespan of wild-type and top-
1FL worms. Over 100 worms were tested in a single 
set of experiment, and each experiment was repeat-
ed three times. Growth rate of wild-type (B) top-1FL 
(C) worms. The growth rate was represented by the 
relative body length of top-1FL worms when wild-type 
worms grew up to the adult stage (3 days from L1). 
Growth rate of top-1FL worms corresponded to 59% 
of the wild type growth rate.
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(Figure 3A). However, the hatching rate of 
embryos from adult top-1FL worms was gradu-
ally decreased in an age-dependent manner 
(Figure 3A). This suggests that the maternal 
effect of top-1FL co-suppression on embryo-
genesis may be associated with adult age. 

C. elegans top-1 is predominantly expressed in 
the nuclei of most embryonic cells. Interestingly, 
top-1α isoform appears to localize in excretory 
cells of embryonic and larval stages [10]. The 
role of the excretory cell is to regulate osmotic/
ionic regulation and waste elimination, which is 
analogous to the renal system of mammals [41-
43]. In C. elegans, ceh-6 (one of three POU 
homeobox gene) is the ortholog of vertebrate 
Brn, Brn2, SCIP/Oct6 and Brn4 and fly Cf1a/
drifter/ventral veinless [44]. Importantly, ceh-
6(mg60) mutants showed excretory canal 
defects, resulting in embryonic lethality with 
grossly malformed morphology [44]. Therefore, 
we examined whether the co-suppression of 
top-1 gene affects embryonic morphogenesis. 
Notably, both top-1FL and top-1(ΔInt1&2) ani-
mals exhibited morphological defects (Figure 
3C and 3E). To further examine the morphology 
defects, we used the MH27 monoclonal anti-
body, which recognizes adherens junction sur-
rounding hypodermal cells in the pharynx and 
intestine [45]. In wild-type comma stage embry-
os, cells on each side line-up from one end to 
the other (Figure 3D). By contrast, comma-
staged top-1FL embryos exhibited abnormal 
MH27 staining (Figure 3E). It was also noted 
that the hatched L1 top-1FL worms had severe 
morphological defects (Compare Figure 3F and 
3G). Therefore, our results suggest that top-1 
may be involved in a normal cell division during 

and DNA damages, which contribute to genom-
ic instability during the early stages of tumori-
genesis [46]. Interestingly, DNA topoisomerase 
I (TopA) is associated with telomere complex 
with DNA polymerase I (PolA) in Streptomyces. 
Moreover, both TopA and PolA regulate telomer-
ic repeats by a highly efficient reverse tran-
scriptase activity [47, 48]. However, the role of 
top-1 controlling lifespan has not been ade-
quately investigated in multi-cellular organ-
isms. In order to determine whether top-1FL 
affects the lifespan, we measured the lifespan 
of both wild-type and top-1FL transgenic worms. 
As shown in Figure 4A, the average lifespan for 
top-1FL worms was 7 days at 20°C, which was 
51% of the wild-type lifespan. Moreover, top-
1FL transgenic worms showed a strikingly slow 
growth rate, which corresponded to 59% of the 
value of the wild-type (Figure 4B and 4C).

The human Topoisomerase 1 (Top 1) physically 
interacts with Werner protien (WRN) [49], which 
belongs to the RecQ family of DNA helicase. 
This is required for the maintenance of genomic 
stability and aging in human cells [49-51]. In 
addition, mammalian Top 1 is associated with 
several DNA metabolism proteins that have 
been implicated in aging [49, 52]. Our results 
also suggest that C. elegans top-1 may play a 
role in the maintenance of lifespan. Although 
further studies are necessary to understand 
mechanisms underlying aging, our findings pro-
vide valuable insight into the function of mam-
malian Top 1 in reguating senescence.

Conclusion

Our recent studies determined the differential 
subcellular localization of C. elegans top-1 iso-

Figure 5. The role of C. elegans top-1 in various developmental processes. The 
summary of top-1 functions that were characterized by RNAi and/or the trans-
gene-mediated co-suppression.

early embryogenesis and 
in proper morphogenesis 
during late embryogenesis 
and early larval stages.

Co-suppression of top-
1FL affects lifespan and 
growth

In eukaryotes, DNA topoi-
somerase I is critical for 
DNA replication, transcrip-
tion, and genomic stability 
[46]. Interference between 
replication and transcrip-
tion mainly causes sponte-
neous replication stress 
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forms using immunohistochemistry and GFP 
reporter analysis [10]. The top-1β isoform is 
expressed in the nucleus of most tissues and 
cells, but top-1α isoform has tissue specificity 
[10]. RNAi targeted to both top-1 isoforms dem-
onstrated that top-1 is essential for chromo-
some segregation in embryo [10] and sper-
matocyte [53] (Figure 5). It is also critical for 
germline proliferation and migration [10] 
(Figure 5). We here used a transgene-mediated 
co-suppression technique to investigate the 
further biological role of top-1 in vivo. We found 
that a full-length of top-1 transgene sufficiently 
induced co-suppression of endogenous top-1 
genes, resulting in embryonic lethality and 
defects in germline proliferation and migration. 
Notably, transgene-mediated co-suppression 
copied the phenotypes of top-1(RNAi) with a 
stronger effect (Figure 1A). We also found that 
top-1 may function in morphogenesis, stem cell 
niche (DTC) specification, normal lifespan, and 
growth control (Figure 5). Evidently, the roles of 
Topoisomerase II in development events, in- 
cluding neural [54], retinal [55], and embryonic 
development [56] have been reported in sev-
eral model systems to date, but the biological 
roles of top-1 in the specific developmental 
events are poorly understood. Therefore, our 
results may provide better understanding of 
the role of Topoisomerase I in other multicellu-
lar organisms, including humans.
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Figure S1. Germline defects in top-1FL transgenic worms. A: Comparison of germline defects between RNAi and co-
suppression of top-1 gene. B and C: DAPI staining of dissected gonads. B: Wild-type germline. C: top-1FL germline 
with a proliferation defect. *RNAi results are from Cha et al (2012) Gene Expression Pattern.
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Figure S2. Consensus binding sequences of transcription factors. ConTra v2, a tool to identify transcription factor 
binding sites identified consensus sequences for the transcription factors (see Figure 1C), including MAB-3, LIN-14, 
TTX-3/CEH-10, CEH-1 and CEH-22.


