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Hydatidosis, caused by the larval stage of the platyhelminth parasite Echinococcus granulosus, affects human and animal health. Hydatid
fertile cysts are formed in intermediate hosts (human and herbivores) producing protoscoleces, the infective form to canines, at their
germinal layers. Infertile cysts are also formed, but they are unable to produce protoscoleces. The molecular mechanisms involved in
hydatid cysts fertility/infertility are unknown. Nevertheless, previous work from our laboratory has suggested that apoptosis is involved in
hydatid cyst infertility and death. On the other hand, fertile hydatid cysts can resist oxidative damage due to reactive oxygen and nitrogen
species. On these foundations, we have postulated that when oxidative damage of DNA in the germinal layers exceeds the capability of
DNA repair mechanisms, apoptosis is triggered and hydatid cysts infertility occurs. We describe a much higher percentage of nuclei with
oxidative DNA damage in dead protoscoleces and in the germinal layer of infertile cysts than in fertile cysts, suggesting that DNA repair
mechanisms are active in fertile cysts. rad9, a conserved gene, plays a key role in cell cycle checkpoint modulation and DNA repair. We
found that RAD9 of E. granulosus (EgRAD9) is expressed at the mRNA and protein levels. As it was found in other eukaryotes, EgRAD9 is
hyperphosphorylated in response to DNA damage. Our results suggest that molecules involved in DNA repair in the germinal layer of
fertile hydatid cysts and in protoscoleces, such as EgRAD9, may allow preserving the fertility of hydatid cysts in the presence of ROS and
RNS.
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Hydatidosis is a cosmopolitan zoonosis caused by the larval
(metacestode) stage of the tapeworm Echinococcus granulosus
and represents a major public health and economic burden in
many countries (Eckert and Deplazes, 2004; Budke, 2006).

The metacestode develops in internal organs (mainly liver
and lungs) of humans and other intermediate hosts as unilocular
fluid-filled bladders (McManus et al., 2003). The hydatid cyst is
composed of three layers: an inner cellular germinal layer (GL)
that is supported externally by a tough elastic non-cellular
laminated layer (LL), which in turn is surrounded by a host-
produced adventitial layer (Bortoletti and Ferretti, 1978;
Martinez et al., 2005). Protoscoleces (PSc), the developmental
forms of the parasite, infective to definitive host (canines),
emerge from the GL of fertile hydatid cysts. Infertile hydatid
cysts do not produce PSc (Bortoletti and Ferretti, 1978;
Kamenetzky et al., 2000).

In E. granulosus infections, Th1 cell activation, characterized
by an increase in interleukin (IL)-2, interferon-gamma (IFN-g),
and tumoral necrosis factor (TNF)-a is related to protective
immunity to the host. On the other hand, Th2 cell activation,
involving elevated IL-4, IL-5 and IL-10 is related to susceptibility
to the disease (Shepherd et al., 1991; Rigano et al., 1995; Rigano
et al., 2007). The mechanism by which a Th1-type response
determines the protection of the host remains unclear.
Nevertheless, it can be hypothesized that Th1 cytokines would
promote cell recruitment, mostly macrophages, around the
hydatid cyst, and their activation induce the production of free
radicals, such as superoxide anion by NADPH oxidase and nitric
oxide by inducible nitric oxide synthase (iNOS) (Dzik, 2006).
These free radicals have well documented antiparasitic activity



in Leishmania (Hirji et al., 1998) and Schistosoma (James and
Glaven, 1989). Thus, in humans, elevated levels of nitric oxide
and IFN-g have been observed in sera from patients with
E. granulosus infections (Touil-Boukoffa et al., 1998). Moreover,
exposure of hydatid cysts to an experimental source of nitric
oxide (S-nitroso-N-acetylpenicillamine) or to IFN-g activated
macrophages resulted in significant cyst damage, suggesting an
antihydatid activity by ROS and RNS (Steers et al., 2001).
Nevertheless, this effect was observed only after 3 days of
incubation, suggesting the presence of molecular protection
against these reactive species.

Even though most cellular macromolecules may be targeted
by free radicals species, primary alterations due to oxidative
stress usually derive from DNA damage (Riley, 1994; Wang
et al., 1998). The outcome of DNA damage is diverse and
generally adverse. Acute effects arise from disturbed DNA
metabolism, triggering cell-cycle arrest or cell death
(Hoeijmakers, 2001). In order to maintain genomic stability,
eukaryotic cells utilize a network of checkpoint and DNA repair
proteins upon DNA damage (Zhou and Elledge, 2000). Studies
in yeast and human have shown that the evolutionarily
conserved protein RAD9 plays key roles both in checkpoint
activation and in DNA repair (Parrilla-Castellar et al., 2004;
Lieberman, 2006). In response to genotoxic damage, RAD9 can
form a heterotrimer with RAD1 and HUS1 (9-1-1 complex)
which resembles a proliferating cell nuclear antigen (PCNA)-
like sliding clamp (Thelen et al., 1999; Venclovas and Thelen,
2000). As a part of this protein complex, RAD9 acts as a DNA
damage sensor and is loaded around DNA (Volkmer and
Karnitz, 1999; Roos-Mattjus et al., 2002). The DNA-bound 9-1-
1 complex then facilitates ATR-mediated phosphorylation and
activation of Chk1 (Roos-Mattjus et al., 2003), a protein kinase
that regulates S-phase progression (Kaneko et al., 1999) and
G2/M arrest (Liu et al., 2000). In addition to its role in
checkpoint activation, RAD9 may participate directly in DNA
repair since the protein (along with RAD1 and HUS1) presents
the ability to bind the DNA glycosylase MYH (Chang and Lu,
2005). Also RAD9 stimulates the activation of the apurinic/
apyrimidinic endonuclease 1 and DNA polymerase beta, in long
patch base excision repair (Gembka et al., 2007). Recently, it
was found that Schizosaccharomyces pombe overexpressing the
rad9 gene showed higher survival in minimal media containing
sodium nitroprusside as a source of nitric oxide (Kang et al.,
2007).

The present work was designed to determine the
participation of oxidative DNA damage in triggering the
infertility of hydatid cysts and the death of PSc. In agreement
with this proposal, we found a much higher percentage of nuclei
with DNA damage in the germinal layer of infertile cysts and in
death protoscoleces, when compared to fertile cysts. In
addition, we characterized the rad9 gene of E. granulosus
(Egrad9) as well as its expression at the mRNA and protein
levels (genebank accession EU276122). Finally, we found that
RAD9 is hyperphosphorylated in response to ROS aggression.

Materials and Methods
Hydatid cysts and protoscoleces

Fresh, fertile and infertile E. granulosus hydatid cysts were obtained
from bovine (Bos taurus) livers or lungs at abattoirs in Santiago,
Chile and processed as previously described (Galindo et al., 2003;
Martinez et al., 2005). Macroscopically, a cyst is fertile when it
presents free Psc in the hydatid fluid, whitish color of the germinal
and laminar layers and a thick laminar layer (Bortoletti and Ferretti,
1978). Fertility was confirmed by presence of protoscoleces in the
hydatid fluid (Galindo et al., 2003). Germinal layer from fertile
(FGL) and infertile (IGL) cysts as well as PSc, were obtained as
indicated (Paredes et al., 2007). Psc were decanted by gravity from
the hydatid fluid, and treated as described (Galindo et al., 2002).
DNA damage determination and localization in hydatid
cyst germinal layers and in protoscoleces

Immunodetection of 8-oxo-dG adducts was performed as
previously described (Machella et al., 2005) with some
modifications. Pieces of GLs from fertile and infertile hydatid cysts
and pepsinated PSc, were fixed in 4% paraformaldehyde for 24 h at
48C. After dehydration, samples were embedded in Paraplast1 and
5 mm sections were placed on xylanized slides. Sections were
incubated at 378C for 1 h with 100 mg/ml RNase in Tris buffer
(10 mM Trizma base, 1 mM EDTA, 0.4 M NaCl, at pH 7.5) and
washed twice in PBS. Proteins were removed from DNA by
digestion with proteinase K (10 mg/ml in Tris buffer at pH 7.5)
at room temperature for 10 min. To increase the antibody
accessibility to the antigen, a denaturation step with 2 N HCl for
10 min was applied, followed by neutralization with Tris buffer for
5 min. Slides were blocked overnight with Cas-Block (Zymed, San
Francisco, CA) and incubated with monoclonal mouse antibodies
anti 8-oxo-dG (Chemicon International, Temecula, CA) 1:50 v/v,
followed by polyclonal fluoride conjugated anti mouse IgG
(Molecular Probes Inc., Eugene, OR) 1:300 v/v. Afterwards, slides
were mounted in Vectashield1 and visualized in a Nikon Eclipse
E400 epifluorescence microscope. The percentage of nuclei
presenting DNA damage was obtained by scoring 8-oxo-dG
positive reaction in 500 nuclei. The statistical significance of
differences between FGLs and IGLs were calculated by the
Student’s t-test. As a control for the technique, PSc were treated
with 1 or 10 mM H2O2 for 1 h at 378C, before the determination of
8-oxo-dG.

Sequencing and molecular characterization of Egrad9

E. granulosus EST clones homologous to human Rad9 (hRad9)
protein were searched using the TBLASTX program (http://
www.ncbi.nlm.nih.gov/blast) in the E. granulosus freely available
database (http://www.nematodes.org/neglectedgenomes/lopho/
lophdb.php) (Fernández and Maizels, personal communication).
The Egrad9 clones were kindly provided by Dr. Cecilia
Fernandez. The identity of these clones was confirmed by DNA
sequencing. The alignments were performed using Clustal W and
T-Coffee programs. Modeling of EgRAD9 tertiary structure was
obtained from the derived primary amino acid sequence using the
Phyre (Protein homology/analog recognition gene) program
version 0.2 (http://www.sbg.bio.ic.ac.uk/�phyre/).

Egrad9 mRNA expression in prostoscoleces and in
germinal layers from fertile and infertile hydatid cysts

Total RNA was extracted from freshly isolated PSc, FGL, and IGL
with Trizol reagent (Gibco BLR, Grand Island, NY) and isolated
following the manufacturer’s instructions. The RNA obtained was
treated with RQ1 RNase-Free DNase (Promega, Madison, WI),
and the corresponding cDNAs were obtained, using the
Thermoscript RT-PCR System (Invitrogen, Carlsbad, CA). For
identification of Egrad9 mRNA expression, specific E. granulosus
oligonucleotides were designed (forward 50-AAGGTTTTTACCA-
GGGCTATTTC-30 and reverse 50-GACCAGTTTCTAGGCGC-
ATT-30, with an expected size of 277 bp). For the identification of a
common housekeeping b-actin gene from E. granulosus (Genebank
accession No. 3831419, da Silva et al., 1993) and B. taurus
(Genebank accession No. 27819613, Davey et al., 1995) we
designed oligonucleotides with 100% identity, using the Clustal W
1.83 program (50-GACATGGAGAAGATCTGGC-30 and
50-GCCATTTCGTTCTCAAAGTC-30). The expected length of
this fragment is 443 bp in both species. The RT-PCR reactions were
carried out in a 12.5 ml volume, containing 1 ml of cDNA, 3 mM
of MgCl2, 0.2 mM of each dNTP, 1.5 units of Taq polymerase
(Invitrogen) and 16 pmol of each primer. The program used
comprised 5 min of denaturation at 958C, 38 cycles of 1 min at
958C, 1 min at 598C, and 1 min at 728C, followed by a final
extension reaction of 7 min at 728C.



Egrad9 mRNA localization in prostoscoleces

A DNA sequence spanning nt 92–368 (277 bp) of Egrad9 cDNA
was cloned in the pGEM-T-easy vector (Promega) and an antisense
digoxigenin-labeled riboprobe was generated. Histological
processing and probe hybridization were performed as previously
described (Gutfeld et al., 2006).

Preparation and purification EgRAD9
and EgEF1 polyclonal antibodies

The Egrad9 cDNA region encoding the C-terminal fragment of
EgRAD9 (amino acids 262–420), was amplified from total cDNA by
PCR using Platinum Taq High Fidelity polymerase (Invitrogen) and
the primers forward (50-ACGGGATCCTTACCGTACTTCCC-
AACG-30) with a Bam HI restriction fragment, and reverse (50-
GGCAAAGTGGGTCAAGTTCTCGAGTCA-30), with a Xho I
restriction fragment (enzyme that produces compatible end with
Sal I). As a housekeeping protein, the Egef1 cDNA region encoding
the N-terminal fragment of EgEF1 (amino acids 16–126) was
amplified from total cDNA as above, using the primers forward (50-
CACGGATCCCCAAATTATCACGAGATGGAG-30) with a Bam
HI restriction fragment and reverse (50-CAATGTCGACGTCAT-
CACCGCCTTCAGC-30), with a Sal I restriction fragment. Both
restriction digestion created cohesive ends for oriented ligation
into the plasmid expression vector pQE-80L (Qiagen Inc., Valencia,
CA). The resulting fusion proteins carried N-terminal His-Tag
sequence. Recombinant plasmids were transformed into
competent Escherichia coli BL21 (DE3) pLys S. Synthesis of
recombinant EgRAD9-His and EgEF1-His proteins were induced
with 1 mM IPTG (isopropylthio-b-galactoside) overnight at 378C.
The identity of these proteins was confirmed by Maldi-ToF. The
fusion proteins were purified under denaturant conditions, using
Ni-NTA (Invitrogen) resin and following the manufacturer’s
recommendations. These proteins were used to prepare rabbit
antiserum. The titer was checked 1 week after each injection by
ELISA. Finally, the specific polyclonal antibodies were purified as
previously described (Rucklidge et al., 1996).
Fig. 1. Oxidative DNA damage in protoscoleces exposed to different con
immunolocalization.PScnon-treated(A)ortreatedwith1mMH2O2 (B)or
monoclonal antibody (Chemicon) (A–C). The immune complexes were de
(A–D). Hoechst was used for nuclear staining. Parts (B,C) show positive 8-
yellow corresponds to colocalization of both colors. Bar: 10 mm. [Color fi
interscience.wiley.com.]
Identification of EgRAD9 and EgRAD9
phosphorylated forms by Western blot

Samples from FGL, IGL, PSc and control primary culture bovine
lung cells were lysed in 1% SDS, 10 mM Tris, 5 mg/ml Aprotinin, 1
mM EDTA, 5 mM PMSF, 1 mM TPCK. Western blots of total proteins
(Bradford, 1976), separated in 10% SDS–polyacrylamide gels, were
reacted with a rabbit polyclonal antibody anti recombinant
fragment EgRAD9 or EgEF1, followed by secondary antibodies,
conjugated to horseradish peroxidase (Jackson No. 111-035-144).
To identify EgRAD9 phosphorylated forms, aliquots were treated
with 20 U of calf intestinal alkaline phosphatase (CIP) (Promega)
30 min at 308C, electrophoresed through 10% SDS–
polyacrylamide gels, and immunoblotted with polyclonal antibody
anti EgRAD9, essentially as above.

Results
Oxidative DNA damage in protoscoleces exposed to
different concentrations of hydrogen peroxide

Detection of 8-oxo-dG, a typical DNA modification generated
by ROS and RNS (Fraga et al., 1990), was performed in
histological sections of FGL, IGL, and PSc, using a monoclonal
anti-8-oxo-dG antibody. Results for control PSc, non-treated
with H2O2 and PSc treated with 1 mM or 10 mM H2O2 for 1 h at
378C, are shown in Figure 1A–C, respectively. A gradual
increase in the number of positive nuclei for 8-oxo-dG (in
green), indicative of oxidative DNA damage resulting from
treatment with increased levels of hydrogen peroxide, was
observed. Fluorescence was not detected in histological
sections of PSc treated with 10 mM H2O2 and incubated only
with the secondary antibody (Fig. 1D), indicative of the
specificity of the reaction. These results show that ROS
generates oxidative damage in the DNA of E. granulosus PSc.

Figure 2 shows representative Hoechst, 8-oxo-dG and 8-
oxo-dG/Hoechst merged images of the germinal layer from
hydatid cysts and PSc. Generally, no positive 8-oxo-dG reaction
was observed in nuclei from fertile cysts. However, in a few
centrations of hydrogen peroxide in vitro, as determined by 8-oxo-dG
10mMH2O2 (C,D)were incubatedwithanti-8-oxo-dGmouseprimary

tected using a secondary anti-mouse antibody conjugated to Alexa 488
oxo-dG nuclei (green). Merge 8-oxo-dG/Hoechst in pseudo color red;
gure can be viewed in the online issue, which is available at www.



Fig. 2. OxidativeDNAdamageinfertileandinfertilehydatidcystsandinPScinvivo,asdeterminedby8-oxo-dGimmunolocalization.Histological
sectionsof thegerminal layer fromfertilecysts(A), infertilecysts (B)andPSc(C).Nuclearstainingand8-oxo-dGdetectionwereas indicatedunder
Figure 1. Positive 8-oxo-dG nuclei merged with red Hoechst in pseudo color (yellow) corresponds to colocalization of both dyes. Bars: 10mm. GL,
germinal layer;LL, laminatedlayer;thickarrow,viableprotoscolex;thinarrow,degeneratedprotoscolex.PercentageofnucleiwithoxidativeDNA
damage: FGL: 14.77 W 2.97%, n U 3 and IGL: 64.45 W 7.15%, n U 2. FGL, fertile germinal layer; IGL, infertile germinal layer. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
areas of the germinal layer, mainly those not related with PSc
formation, it is possible to find some nuclei showing DNA
damage (data not shown). Contrarily, the germinal layer of
infertile cysts presents nuclei clearly showing DNA damage
(Fig. 2B), though it is still possible to find some nuclei without
DNA damage (Fig. 2B, arrow). PSc presenting loss of tegument
continuity (Fig. 2C, thin arrow) show higher levels of oxidative
DNA damage than PSc with intact tegument (Fig. 2C, thick
arrows). Importantly, DNA damage showed in Figure 2
corresponds to in vivo occurrences in the germinal layer and in
PSc of hydatid cysts, as these have not been treated with
peroxide or other oxidative agent. The percentage of nuclei
showing oxidative DNA damage in the germinal layer of infertile
hydatid cysts was significantly higher (64.45� 7.15%) than the
one observed in the germinal layer of fertile cysts
(14.77� 2.97%).

These results clearly suggest that oxidative damage of DNA
is part of an infertility-inducing mechanism in E. granulosus
hydatid cysts and in the death of PSc.

Identification and characterization of Egrad9 gene

An expressed sequence tag (EST), bearing significant homology
to human Rad9 (hRad9) gene, was detected from the cDNA
database of E. granulosus using the TBLASTX program. We
isolated and sequenced the entire nucleotide Egrad9 cDNA
(1,365 pb, Genebank accession No. EU276122). A 61 bp 50

untranslated region, a 1,272 bp open reading frame and a 32 pb
30 untranslated region are present. The deduced amino acid
sequence (Genebank accession No. ABX71160) codes for 423
amino acid residues with a predicted molecular mass and
isoelectric point of 46 kDa and 5.24, respectively (Fig. 3A). A
domain (amino acids 1–331) typical of the RAD9 family is
present in our deduced EgRAD9 sequence. Using the Phyre
(Protein Homology/Analog Recognition Gene) program
version 0.2, we generated a model for EgRAD9 tertiary
structure (based on human PCNA crystallographic structure)
with high similarity to DDC1 (RAD9) structures from
Saccharomyces cerevisiae (Fig. 3B) (Venclovas and Thelen, 2000).

Figure 3C shows the alignment of the deduced amino acid
sequence EgRAD9 with other eukaryotic RAD9 sequences.
EgRAD9 shared 25% of amino acid identity with Rad9 from
Homo sapiens (Genbank accession No. NP_004575), 22% from
B. taurus (Genbank accession No. AAX08663), 19% from
S. pombe (Genbank accession No. CAA54491), 18% from
Drosophila melanogaster (Genbank accession No. AAL28664)
and 15% to HPR9 (RAD9) from Caenorhabditis elegans
(Genbank accession No. NP_499342). Interestingly,
phylogenetic analysis showed that the EgRAD9 protein is closer
to vertebrates than nematodes, yeast and Drosophila (Fig. 3C).
This result is not unexpected considering the present location
of platyhelminthes in the evolutionary tree (Adoutte et al.,
2000).

mRNA expression of Egrad9 in the germinal
layer of hydatid cysts and protoscoleces

The mRNA expression of Egrad9 in the germinal layer of fertile
and infertile cysts as well as in PSc was assessed by RT-PCR
analysis (Fig. 4A). We detected Egrad9 transcripts in PSc (lane
2), FGL (lane 3) and in IGL (lane 4). Egrad9 was not detected in
bovine hepatic tissue cDNA (lane 5). As a control of cDNA
synthesis we used common E. granulosus and B. taurus
housekeeping b-actin gene oligonucleotides. We detected the
b-actin genes in all the samples (Fig. 4B).

Egrad9 mRNA localization in prostoscoleces

As observed in Figure 4C, the Egrad9 antisense digoxigenin-
labeled riboprobe generated from nucleotides 92 to 368 (277
bp) is distributed throughout the entire PSc structures, mainly
in zones with a greater nuclear density.

EgRAD9 identification by Western blot

Using polyclonal antibodies anti-EgRAD9, the EgRAD9 protein
was identified by Western blot, as a �49 kDa protein in 1
mM H2O2 treated and non-treated PSc (Fig. 5A, lanes 1 and 2) as
well as in FGL homogenates (Fig. 5A, lane 4). However, EgRAD9
was recognized as a �52 kDa in 10 mM H2O2 treated PSc
homogenates (Fig. 5A, lane 3). Densitometric analysis of the
bands corresponding to EgRAD9 was normalized to the
housekeeping EgEF1 protein. Levels of expression of EgRAD9
were similar in the different samples analyzed. The EgRAD9



Fig. 3. E.granulosusrad9(Egrad9)gene.A:Egrad9cDNAsequence.Theinitial(ATG)andstop(TGA)codonsareunderlined.Codingsequencesare
shown in dark gray bold letters; 3( and 5( UTR regions sequences in light gray. B: EgRAD9 predicted translation product. Rad9 family domain is
shown between arrows (residues 1–331). C: Model of EgRAD9 tertiary structure obtained from the predicted translation product using Phyre,
Protein homology/analog recognition gene, program version 0.2. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]



Fig. 4. Egrad9 mRNA expression in hydatid cysts germinal layers and in protoscoleces. RT-PCR amplification of Egrad9M (A) and
b-actinMM (B) using total mRNA isolated from germinal layers of fertile and infertile hydatid cysts as well as PSc. Lane 1: negative control without
DNA. Lanes2, 3,4and5cDNAfromPSc,bovineFGL, bovine IGLandbovinehepatic tissue, respectively.M:DNALadder 100pb.C:PSchybridized
with digoxigenin-labeled anti-sense RNA probe directed against Egrad9 or with anti-sense RNA probe directed against ApoE gene from zebra
fish as a negative control. The reaction was developed using an alkaline phosphatase-conjugated anti-digoxigenin antibody. For nuclear
staining Hoechst was used. Bar: 10 mm. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
slower migrating band found in 10 mM H2O2 treated PSc could
be a hyperphosphorylated form of the protein in response to
DNA damage, as mentioned for hRad9 (St Onge et al., 1999;
Volkmer and Karnitz, 1999; Yoshida et al., 2003). Analysis of
EgRAD9 from IGL, though gave positive results, was not
incorporated in the figure considering that this parasite
structure is very thin and could carry bovine contamination.

Determination of EgRAD9 phosphorylated forms

Total protein extracts from PSc non-treated and treated with
10 mM H2O2 were either incubated or not with calf intestinal
alkaline phosphatase (CIP). Samples were then subjected to
Western blot analysis using anti-EgRAD9 antibody (Fig. 5B). After
treatment with CIP only a�46 kDa band is observed; this is the
expected molecular weight for the non-phosphorylated form of
RAD9. Similarly, treatment of FGL extracts with CIP produced
the same decrease in the molecular mass of EgRAD9 (from�49
to �46 kDa, Fig. 5C). These results suggest that EgRAD9, as
hRad9 (St Onge et al., 2003; Yoshida et al., 2003), is expressed
constitutively as a �49 kDa phosphorylated form and is
hyperphosphorylated in response to DNA damage to a
�52 kDa form.

Discussion

Considering the structure of hydatid cysts, cells of the innate
immune system, which are lodged in the adventitial layer, are
unable to penetrate up to the germinal layer due to the physical
barrier imposed by the laminar layer. We propose that the
presence of the innate immune system cells at the adventitial
layer, mainly macrophages, could be associated to the release of
ROS and RNS (Werling et al., 2006), a mechanism through
which the Th1-type response could provoke infertility and
death of the hydatid cysts (Shepherd et al., 1991; Rigano et al.,
1995, 2007; Vuitton, 2003). Our proposal is supported by in
vitro observations that fully formed hydatid cysts are
susceptible to the products of activated macrophages and in
particular nitric oxide (Steers et al., 2001). Furthermore, in vivo
studies have indicated the presence of nitric oxide and lipid
peroxidation in the germinal layer and hydatid fluid of fertile and
infertile cysts and PSc (Amanvermez and Celik, 2002). Most
probably, the penetration of reactive species into the germinal
layer of cysts would be through a chain reaction of the free
radicals released by cells of the innate immune system lodged in
the adventitial layer and non-radical molecules present in the
laminar and germinal layers, generating a wave of reactive
species (Webster and Nunn, 1988; Harman, 1992). We cannot
discard an increase in the production of ROS and RNS by the
same anabolic activity directly in the germinal layer.

The most frequently observed alteration of oxidative
damage of DNA is the formation of 8-oxo-dG (Fraga et al.,
1990). Indeed, we detected a higher number of nuclei positive
to 8-oxo-dG in PSc treated with H2O2 in comparison with non-
treated PSc. Moreover, PSc that are still associated to the FGL
but in process of degeneration (those presenting a significant
disorganization of morphological structures such as tegument
and hooks), display higher levels of oxidative DNA damage
when compared to PSc still retaining intact morphological



Fig. 5. Identification of EgRAD9 and its phosphorylated forms in
hydatid cyst fertile germinal layer and in protoscoleces. A: Western-
blot detection of EgRAD9. Total proteins extracted from FGL and
PSc, treated and non-treated with hydrogen peroxide, were
subjected to Western blot analysis using anti-EgRAD9 or anti-EgEF1
antibodies. Lane 1: Non-treated PSc. Lanes 2 and 3: PSc treated with
1 mM H2O2 or 10 mM H2O2, respectively. Lane 4: Bovine FGL.
B: Phosphorylated forms of PSc EgRAD9 in response to hydrogen
peroxide DNA damage. Total protein extracts from PSc treated or
non-treated with 10 mM H2O2 were either incubated or not with CIP.
Samples were then subjected to Western blot analysis using anti-
EgRAD9 antibody. C: Phosphorylated forms of FGL EgRAD9 in vivo.
Total protein extracts from FGL were incubated or not with CIP.
Samples were then subjected to Western blot analysis using anti-
EgRAD9 antibody.
characteristics (Fig. 2C). Similarly, we established that the
percentage of nuclei with oxidative DNA damage in IGL is
significantly higher than in FGL. Several studies show that in
multicellular organisms, genotoxic products such as ROS and
RNS may trigger apoptosis when DNA damage exceeds the
possibilities of repair (Hoeijmakers, 2001). Accordingly,
Paredes et al. (2007) have shown that PSc in degenerative
processes display a high index of apoptotic nuclei and that IGL
shows a higher apoptotic index when compared to FGL. These
observations strongly suggest that oxidative DNA damage
exceeds DNA repair mechanisms, triggering death of PSc and
apoptosis in the germinal layer, leading to infertility of hydatid
cysts. On the other hand, fertile hydatid cysts are able to
generate changes in the pattern of cytokines in the host inducing
a Th2-type response (Lopez-Moreno, 2002; Vuitton, 2003),
probably diminishing the release of ROS and RNS by
macrophages, ensuring the survival of the parasite.

It has been shown that Echinococcus is able to survive in
aerobic environments, resisting the oxidative stress derived
from ROS and RNS generated during the normal oxidative
metabolism of the parasite (Conchedda et al., 2004) or as a
result of the immune response of the host towards the infection
(Callahan et al., 1988). Evidence showing that morphological
alterations in FGL of E. granulosus appears only after 3 days of
incubation with activated macrophages (Steers et al., 2001),
suggest that mechanisms of DNA repair do exist. However, the
molecules involved in cell-cycle arrest and/or repair of
oxidative DNA damage in E. granulosus are unknown. Research
in helminth organisms indicates the existence of base excision
repair (BER) mechanisms in Schistosoma mansoni (Furtado et al.,
2007), and the presence of HUS1, MRT2, and HPR9 proteins in
C elegans, the last two orthologous to Rad1 and Rad9 in humans,
respectively (Stergiou and Hengartner, 2004).

The rad9 gene was isolated for the first time in S. pombe by
Murray et al. (1991). Subsequently, explorations using Southern
blot assay, or more frequently computer analyses using
databases in cDNA libraries, revealed orthologous sequences
of rad9 of different species, such as H. sapiens (Lieberman et al.,
1996), D. melanogaster (Dean et al., 1998) and Gallus domesticus
(Kobayashi et al., 2004). The abilities of RAD9 to form the 9-1-1
heterotrimer (Volkmer and Karnitz, 1999), maintaining the
protein tertiary structure (Venclovas and Thelen, 2000) and
regulating cell progression, have been retained during the
evolution, from yeast to human. Thus, ectopic expression of the
human cognate, hRad9, in S. pombe rad9 mutant can not only
restore radioresistance but also complement the associated
cell cycle checkpoint defects (Lieberman et al., 1996). In our
hands, rad9 gene in E. granulosus showed similar amino acid
identity, tertiary structure and protein domains compared with
RAD9 from other eukaryotic organisms suggesting
evolutionary conservation of the functions. To our knowledge,
this is the first DNA repair protein to be reported in
E. granulosus.

A study using Northern blot analysis has established that
mRNA of Rad9 from Mus musculus was expressed in all the
tissues examined (Hang et al., 1998). Accordingly, we found that
Egrad9 messenger RNA is expressed in PSc, IGL, and FGL, and
established the nuclear location of these transcripts in all cells of
protoscoleces. It was demonstrated that cells with altered Rad9
expression are sensitive to DNA damage (Hang et al., 2000;
Hopkins et al., 2004; Dang et al., 2005) and defective in aspects
of cell cycle checkpoint control (Hirai and Wang, 2002; Hopkins
et al., 2004) all along the evolutionary tree. These results
suggest that the presence of EgRAD9 in FGL and in PSc of
E. granulosus is related to the survival of the parasite.

We did not observe statistically significant differences in the
level of EgRAD9 expression when comparing FGL, IGL, and PSc
samples at the protein level. Interestingly, expression of
EgRAD9 protein (normalized to EgEF1) was similar in FGL and
in PSc treated and non-treated with H2O2. These results
coincide with those obtained in other eukaryotes, in which the
regulation of RAD9 activity is not related to an increase in the
level of expression, but rather in the hyperphosphorylation of
the protein when cells are treated with DNA damage agents (St
Onge et al., 1999; Volkmer and Karnitz, 1999; Yoshida et al.,
2003). Thus, Rad9 is found constitutively phosphorylated in
multiple residues in the carboxyl-terminal region of the protein
(St Onge et al., 1999, 2001) but it is subjected to additional
phosphorylation in response to DNA damage. This
hyperphosphorylation is fundamental to the cell cycle arrest
function of this protein, as it has been found to be involved in the
activation of Chk1 (Roos-Mattjus et al., 2003), as well as in the
stability and correct functioning of the 9-1-1 complex (St Onge
et al., 2003). Coincidentally, our results show a delay in the
electrophoretic mobility of EgRAD9 (from �49 kDa to
�52 kDa) in PSc treated with 10 mM H2O2 for 1 h, suggesting
hyperphosphorylation of this protein in response to DNA
damage. However, we did not visualize this delay in the
electrophoretic mobility of EgRAD9 in PSc treated with
1 mM H2O2 for 1 h. One possible explanation for this result
could be that treatments with 1 mM H2O2 produce oxidative
DNA damage only in a few PSc cells (see Fig. 1B), resulting in a
low proportion of hyperphosphorylated EgRAD9. Indeed,



experiments performed by Molina-Lopez et al. (2006) indicate
that the platyhelminth parasite Taenia crassiceps tolerates
concentrations of 2.5 mM H2O2 during 2.5 h of exposure,
preserving motility and parasite morphological traits intact.
However, concentrations of 4 mM H2O2 turned out to be lethal
to the parasite. Moreover, Yoshida et al. (2003) reported that
U-937 human cell treatment with the genotoxic agent 1-b-d-
arabinofuranosylcytosine (ara-C) in concentrations of 1 mM
during 2 h induces a slight delay in electrophoretic mobility of
hRad9. However, electrophoretic delay is greater after
employing concentrations of 10 mM ara-C during 2 h. Likewise,
Chen et al. (2001) indicate that only exposures with 30-Gy of g
rays in YZ5 cells (A-T cells stably transfected with ATM) are
capable of inducing hyperphosphorylation of hRad9. 10-Gy
exposures do not generate the same effect in the protein. These
results strongly suggest that the level of hyperphosphorylation
of EgRAD9 correlates with induction of the genotoxic agent in a
dose-dependent manner.

In spite of the substantial level of nitric oxide and
peroxidation of lipids found in the germinal layer and hydatid
fluid of fertile cysts (Amanvermez and Celik, 2002), we only
found a slight percentage of DNA damage in FGL nuclei.
Consequently, we expected to find hyperphosphorylation of
EgRAD9 in this structure of the hydatid cyst, involved in
repairing DNA damage produced by ROS and RNS. However,
we did not observe hyperphosphorylated EgRAD9 forms in
FGL. Together with the effects of dose-dependency of
hyperphosphorylation of EgRAD9 to DNA damaging agents
previously mentioned, another possible explanation relates to
the high levels of antioxidant enzymes in helminths, which in
many cases may be found in the host-parasite interphase
(Cookson et al., 1992; James, 1994). Some studies show that
effective protection of parasites in relation to ROS and RNS
produced by the host depends on the level of antioxidant
enzymes. Thus, reports in the nematode Nippostrongylus
brasiliensis demonstrates a correlation between the
overexpression of superoxide dismutase (SOD), catalase and
glutathione peroxidase (GSH-Px) enzymes and the survival and
persistence of parasite in the host. Moreover, an increase in the
production of ROS by peritoneal lymphocytes correlates with
host protection and the death of this parasite (Smith and Bryant,
1989). In E. granulosus it has been described the specific enzyme
activity of SOD (Lymbery and Thompson, 1988; Salinas and
Cardozo, 2000) and glutathione S-transferase (Morello et al.,
1982). The latter has been shown to present a protective role
against lipid peroxidation in Trichinella spiralis (Rojas et al., 1997).
Recently, thioredoxin peroxidase (TPx) activities were found in
E. granulosus, displaying an important antioxidant function
against H2O2 (Salinas et al., 1998; Li et al., 2004).

In summary, oxidative damage of DNA is part of an infertility-
inducing mechanism in hydatid cysts. EgRAD9 is expressed at
the mRNA and protein levels in E. granulosus. The protein is
phosphorylated to a similar extent as RAD9 in other
eukaryotes. Molecules involved in DNA repair in the germinal
layer of fertile hydatid cysts and in protoscoleces, such as
EgRAD9, may allow preserving the fertility of hydatid cysts in
the presence of ROS and RNS.
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