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ABSTRACT

Polo-like kinases are important regulators of cell cycle progression and mitosis. They constitute a family of con-

served serine/threonine kinases which are highly related in their catalytic domains and contain polo boxes involved in

protein-protein interactions and subcellular localization. In mammals, five Plks (Plk 1-5) encompass diverse roles in

centrosome dynamics, spindle formation, intra S-phase and G2/M checkpoints and DNA damage response. Plk1 is

a key positive regulator of mitosis and is overexpressed in various types of cancers. Plk4 is a divergent member of

the Plk family, with essential functions in centriole duplication. Homozygous disruption of Plk1 or Plk4 in mice is

lethal in embryos. Two Plk members SmPlk1 and SmSak, homologous to Plk1 and Plk4 respectively, are present in

the parasitic platyhelminth Schistosoma mansoni. Structural and functional analyses of SmPlk1 have demonstrated its

conserved function in the regulation of cell cycle G2/M transition in Xenopus oocytes. The anti-cancer drug BI 2536

(the most potent and selective Plk1 inhibitor) inhibits specifically the catalytic activity of SmPlk1 and induced profound

alterations in schistosome gonads, indicating a role of SmPlk1 in parasite gametogenesis and its potential as a novel

chemotherapeutic target against schistosomiasis. Functions of SmSak in cell cycle regulation and schistosome gonad

development are currently investigated.
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SCHISTOSOME BIOLOGY AND PROTEIN KINASES

Schistosomiasis is a water-borne disease and one of the

most important parasitic diseases worldwide, with more

than 200 million people infected. Transmission of schis-

tosomes is endemic in over 70 tropical and subtropical

countries. Control of schistosomiasis relies in priority on

mass treatment of human populations with Praziquantel

(PZQ), a drug which has been proven for decades to be

efficient to reduce morbidity and mortality due to schisto-

somiasis. However, its widespread use and its inefficacy

on juvenile parasites raise fears that schistosomes will

develop resistance to PZQ, and there is an urgent need to
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find alternative drugs and novel concepts to fight schis-

tosomes (Doenhoff et al. 2008).

Mating and sexual maturation of adult male and fe-

male worms of S. mansoni in the human host lead to

the production of numerous eggs which are responsible

for transmission, but also for the pathology of schistoso-

miasis. Eggs are eliminated in faeces, and they assure

parasite transmission through the infection of fresh water

molluscs as intermediate hosts. Aside, a large proportion

of eggs become trapped into human tissues, and granulo-

mas formed around these eggs have serious pathogenic

consequences (Ross et al. 2002). In this context, any

strategy that aims to reduce worm fecundity and schisto-

some reproduction represents a valuable concept to com-

bat schistosomiasis.

An Acad Bras Cienc (2011) 83 (2)



“main” — 2011/5/12 — 14:48 — page 628 — #2

628 COLETTE DISSOUS, CHRISTOPH G. GREVELDING and THAVY LONG

A unique feature of schistosome biology is that

sexual maturation of the female is strictly dependent on

the male. Worm pairing induces the development of fe-

male reproductive organs, ovary and vitellarium. This

sexual maturation has been shown to be dependent on

sustained mitotic activities and cell differentiation, and

of signalling processes implying conserved molecules

and networks. The structural and functional characteri-

zation of diverse receptor and cytosolic tyrosine kinases

expressed in parasite gonads has largely demonstrated

the central role played by tyrosine kinase signalling in

cell differentiation and maturation of parasite ovaries (for

review Beckmann et al. 2010a, Dissous and Grevelding

2011). Recently, Long et al. (2010) have studied the im-

portance of cell cycle kinases such as Plks in schistosome

development and parasite reproduction.

THE POLO-LIKE KINASE FAMILY

Polo-like kinases (Plks) constitute a family of serine/

threonine kinases (Ser/Thr) with crucial and conserved

cellular functions in all eukaryotes. They are important

regulators of the cell cycle progression during M-phase,

primarily involved in the assembly and dynamics of the

mitotic spindle apparatus and in the regulation of the

activation of cyclin-dependent protein kinases (Cdks)

(Glover et al. 1998, Nigg 1998). Mutations causing

mitotic and meiotic defects were at the origin of the

discovery of the first polo gene in Drosophila melano-

gaster, a gene further found to encode in all organisms

a highly conserved kinase (Sunkel and Glover 1988).

Budding yeast (Saccharomyces cerevisiae) and fission

yeast (Schizosaccharomyces pombe) each have a single

Plk (Cdc5 and Plo1, respectively) that regulates all the

steps of cell division: mitotic entry, mitotic exit and cy-

tokinesis (Kitada et al. 1993, Ohkura et al. 1995). How-

ever, multicellular organisms generally possess several

Plks, which can have different functions (Archambault

and Glover 2009). Plks have a common structure com-

posed of a conserved amino-terminal Ser/Thr kinase do-

main and a carboxy-terminal Polo-box domain (PBD)

that coordinates their interaction with target proteins

and their subcellular localization. In vertebrates, there

are four well-known Plks (Plk1-4). Plk1-2-3 have simi-

lar structures, and each of their PBDs contain two con-

served polo boxes that can dimerise intramolecularly

and form a pocket for binding to phosphoserine and

phosphothreonine motifs (inside the Ser-pSer/pThr-Pro-

X sequence). Polo box dimerization and binding to the

phospho-motif induce conformational changes and ki-

nase activation by the release of a catalytic domain ac-

cessible to the substrate (Elia et al. 2003 a, b) (Fig. 1).

Plk1 is the best characterized member of the Plk

family, and is homologous to the Drosophila kinase

Polo. Primarily expressed during late G2 and M phases,

Plk1 is a key regulator of mitosis, meiosis and cytokine-

sis (Archambault and Glover 2009, Lowery et al. 2005),

and its dramatic over-expression in proliferating cells

including many cancers has already promoted human

Plk1 to a validated target for anti-cancer therapy (Steeg-

maier et al. 2007, Schöffski 2009). Whereas the func-

tions of Plk1 in cell division are well established, the

roles of Plk2 and Plk3 are less well understood. Plk2

(serum-inducible kinase, Snk) and Plk3 (FGF-inducible

kinase, Fnk or Prk) are early-response genes activated

in quiescent cells following serum stimulation, and they

are involved in checkpoint-mediated cell cycle arrest.

Plk2 participates in S-phase arrest and is a direct tar-

get for transcriptional regulation by p53 (Matthew et al.

2007). Plk3 is considered to be a tumor suppressor and

is activated in response to DNA damage. It contributes

to cell cycle arrest and apoptosis, probably by several

mechanisms, including a p53-dependent pathway (Xie

et al. 2001).

Plk4 (also named Sak for Snk/Plk-akin kinase) is

a divergent and unique member of the Plk family that

shares little homology with Plk1, Plk2 and Plk3. It con-

tains only one of the two bipartite polo-box motifs, sug-

gesting that its regulation and substrate repertoire are

different from those of other Plks (Lowery et al. 2005).

Plk4 has a predominant function in centriole duplica-

tion, but the recent discovery that Plk4 is implied in cy-

tokinetic exit broadens the role of this kinase in centro-

some maturation and mitotic progression (Bettencourt-

Dias et al. 2005). Its turn-over must be strictly con-

trolled, and this is achieved by an autoregulatory mech-

anism implying its autophosphorylation in PEST se-

quence for degradation by the proteasome (Silibourne

and Bornens 2010).

Recently, a novel Plk5 kinase has been identified in

vertebrates. Mouse Plk5 has been shown to be inducible
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Fig. 1 – The polo-like kinase family. Schematic representation of the five identified polo-like kinases in human cells. hPlk1, hPlk2 and hPlk3

have similar structures, each composed of a Plk-conserved and specific Ser/Thr kinase domain in their N-terminal part and a polo-box domain

formed by two conserved polo-boxes (PB1 and PB2) in their C-terminal part. hPlk4 is a divergent Plk (also named Sak) containing a less-conserved

kinase domain and a polo-box domain composed of a cryptic polo-box and a single polo-box. hPlk5 has a structure similar to Plk1, 2 and 3 but the

sequence of human Plk5 contains a stop codon that produces a truncated protein lacking the N-terminal half part of the kinase domain (Archambault

and Glover 2009, Andrysik et al. 2010). In the genome of S. mansoni (Berriman et al. 2009), only two genes encoding respectively SmPlk1 and

SmSak have been found (Long et al. 2010).

by stress as well as DNA damage, and it is localized

in the nucleolus. Interestingly, the Plk5 gene in humans

(as well as in great apes) contains a stop codon that dis-

rupts the kinase domain and produces a truncated protein

that still retains some Plk5 functions. The expression of

human Plk5 is inducible in response to stress and the

protein controls G2/M checkpoint in response to DNA

damage (Andrysik et al. 2010).

THE S. mansoni POLO-LIKE KINASES

The first Plk sequence identified in S. mansoni (Gen-

Bank No. AAV49163, sequence submitted by Vermeire

et al.) was shown to encode a protein SmPlk1 homol-

ogous to the kinase Polo and Plk1 proteins (Long et

al. 2010). SmPlk1 exhibited 43% of identity with Polo

from D. melanogaster, the founding member of the Plk

family, 49% with the human Plk1 or with Plx1 from

Xenopus, and 34% with Plc from Caenorhabditis ele-

gans. Protein sequence analysis confirmed that SmPlk1

shared the common structure of Polo members com-

posed of a highly conserved N-terminal kinase domain

and a C-terminal polo-box domain (PBD) including two

polo-boxes (Fig. 2). SmPlk1 exhibited 30%, 31% and

16% identity with human Plk2, Plk3 and Plk4 respec-

tively. The kinase domain of SmPlk1 was shown to

contain the typical subdomains of protein kinases. The

consensus sequence H-R-D-L-K-x-x-N in subdomain

VI and the typical motif G-T-P-N-Y-I-A-P-E in sub-

domain VIII were strong indicators for Ser/Thr kinase

activity. SmPlk1 also contained within its activation

loop the conserved threonine residue (T182) described

as the major phosphorylation site in mitotic Plks and

essential for Plk activation (Jang et al. 2002). The subdo-

main I of SmPlk1 contained as a part of the ATP binding

site the GxGGFAxC motif specific for Plk proteins, in
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Fig. 2 – Schematic representation of the two S. mansoni polo-like kinases. SmPlk1 is similar to other Plk1 proteins composed of a conserved

N-terminal kinase domain containing in its activation T-loop the conserved Threonine residue (T182) whose phosphorylation is required for

activation, and in its C-terminal part a polo-box domain composed of two conserved polo-boxes (PB1 and PB2) containing the three amino-acids

(W388, H512 and K514) involved in the binding to specific phosphosubstrates. SmSak is a second Plk of S.mansoni and similar to the divergent

member of the Plk family, Plk4 also named Sak. Its kinase domain contains the phosphorylable T175 residue in the activation T-loop, and its

C-terminal part is characteristic of Plk4/Sak proteins formed by a single polo-box and a cryptic polo-box. Numbers indicate the position of amino

acids in the protein sequences.

place of the canonical GxGxxGxV sequence found in

all other protein kinases (Lane and Nigg 1997, Hanks

and Quinn 1991). The C-terminal region of SmPlk1

formed by two conserved polo-boxes (PB1 and PB2)

is connected to the kinase domain by a short, non-con-

served linker and forms the complete PBD known to

regulate subcellular localization of Plk1 during mitosis

(Elia et al. 2003a). The three residues present in the

PBD of human Plk1 and shown to be essential for spe-

cific binding to phosphosubstrates (Elia et al. 2003b) are

perfectly conserved in SmPlk1 (residues W388, H512

and K514) (Fig. 2).

Screening of the Sanger S. mansoni genome data-

base (Welcome Trust Sanger Institute web site) (Berri-

man et al. 2009) with the SmPlk1 cDNA sequence in-

dicated that SmPlk1 was present in single copy in the

parasite genome. In silico analyses showed that the Sm-

Plk1 gene was composed of seven exons of variable size

ranging from 98 to 417 bp extending over more than

5818 bp, the exact size of intron 5 being undetermined.

Further data mining of the complete nuclear gen-

ome of S. mansoni (Berriman et al. 2009) also indicated

the existence of another gene encoding a Plk similar

to Plk4/Sak proteins. The gene SmSak is composed of

ten exons of variable sizes and extends over a total of

13000 bp. The SmSak cDNA sequence (GenBank No.

GU 084154) was shown to encode a protein kinase ho-

mologous to Plk4 members and to be different from Sm-

Plk1 with only 17% identity along the total sequence.

With respect to its kinase domain, SmSak was more

identical to Plk4 members than to SmPlk1, indicating

that SmSak was a second schistosome Plk belonging

to the group 4 of the Plk family. The analysis of the

C-terminal domain of SmSak confirmed that the Sm-

Sak PBD contained a single polo box and the cryptic

polo box (cry-pb) characteristic of Sak proteins (see

Fig. 1), which was found upstream from the single polo

box (Fig. 2).

No other Plk gene has been found in the genome

of the schistosome, indicating that this helminth para-

site would express only two Plks sufficient to govern

and orchestrate the different steps of cell cycle progres-

sion and mitosis, whereas the helminth C. elegans pos-

sesses three Plks (Plc1, Plc2, Plc3) (Chase et al. 2000)
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as well as a structurally divergent zyg-1 kinase with Sak-

like functions in centriole duplication (O’Connell et

al. 2001).

CONSERVED MITOTIC FUNCTIONS OF SmPlk1

Plk1 proteins are primarily expressed during late G2

and M phases and regulate much of the machinery in-

volved in mitosis in all animal species (Archambault

and Glover 2009, Lowery et al. 2005). At the G2/M

transition, Plk1 activates the dual-specificity phospha-

tase Cdc25C that dephosphorylates the maturation pro-

moting factor (MPF or Cdc2-cyclin B1 complex) pro-

moting its activity and its translocation in the nucleus.

In Xenopus laevis oocytes, evidence has been obtained

that injection of mRNA encoding an active form of Plx1

was sufficient to initiate meiosis resumption in resting

oocytes and to induce Germinal Vesical BreakDown

(GVBD), a biological process easily seen by eye by the

appearance of a white spot at the center of the animal

pole of the oocyte (Qian et al. 1999). The Xenopus

oocyte, a model previously shown to be suitable for

the expression and the activity of diverse schistosome

kinases (Vicogne et al. 2004, Yan et al. 2007, Beck-

mann et al. 2010b), has been used to analyse the role

of SmPlk1 in mitosis (Long et al. 2010). The potential

of SmPlk1 to trigger resumption of meiosis in Xenopus

oocytes was shown by the injection of mRNA encod-

ing a constitutively active mutant of SmPlk1, in which

the conserved threonine residue (T182) whose phospho-

rylation is essential for Plk activation had been changed

to aspartate in order to mimick its phosphorylation. Sm-

Plk1T182D was able to phosphorylate Cdc25 and to

induce, in Plx1-depleted oocytes, levels of GVBD sim-

ilar to those obtained with normal oocytes using pro-

gesterone, the natural hormonal stimulus. Further data

also showed that a dead kinase version of SmPlk1 (Sm-

Plk1DK) completely inhibited GVBD induced by pro-

gesterone in normal oocytes, indicating that it could

block as a negative dominant mutant the endogenous

Plx1 activity during mitotic signalling. Very likely this

inhibition was due to the conserved polo-box motifs

present in the inactive kinase SmPlk1DK that assure

its adequate subcellular localization, and as a conse-

quence its competition with Plx1 for specific partners.

In summary, these results have demonstrated the con-

served function and activity of SmPlk1, which is able

both to recognize the same partners as Plx1 in the oocyte

and to undergo a conserved mechanism of activation re-

quiring its phosphorylation of the residue T182 (Long

et al. 2010). Recent data confirmed that such Plx1-like

properties were addressed exclusively to SmPlk1 and not

to SmSak, the second Plk found in S. mansoni (Long,

unpublished). Work is currently in progress to define the

specific role of SmSak in cell cycle progression and its

possible implication in centrosome duplication and in

other functions characteristic of Sak proteins (Betten-

court-Dias et al. 2005).

SmPlk1 CONTROLS GAMETOGENESIS IN SCHISTOSOMES

Schistosome Plks have been shown to be expressed

with different intensities throughout the life cycle of S.

mansoni with an abundance of SmPlk1 transcripts in

sporocysts and in adult females, two parasite stages con-

taining germinal cells with an elevated mitotic index.

In situ hybridization experiments confirmed the pres-

ence of significant amounts of SmPlk1 transcripts in the

female vitellarium and ovary, but also in male testes.

These data already indicated the importance of the Sm-

Plk1 kinase in the reproductive organs of schistosomes

and suggested that targeting its activity could affect

gametogenesis and reproduction in schistosomes (Long

et al. 2010).

Given the importance of Plks in cancer, diverse

Plk inhibitors (namely ATP-site-directed molecules)

now exist which are currently being evaluated in pre-

clinical and clinical studies for their potential as treat-

ments in oncology. Among these molecules, the di-

hydropteridinone BI 2536 is actually the most potent

and advanced Plk-1 molecule in clinical development

(Steegmaier et al. 2007, Schöffski 2009). Long et al.

(2010) have shown that this drug had a remarkable ef-

fect on the parasite kinase SmPlk1, inhibiting totally

the phosphorylating activity of the recombinant protein

at nanomolar doses (20nM). At the opposite, no inhibi-

tory effect of BI 2536 was observed on the kinase activ-

ity of recombinant SmSak, indicating that SmPlk1 and

SmSak are two distinct kinases with potentially different

substrates, partners and functions. This result also con-

firmed the high selectivity of the inhibitor BI 2536 for

Plk1 proteins (Steegmaier et al. 2007).
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Fig. 3 – In vitro effect of BI 2536 on the morphology of schistosomes. Paired adult worms were cultured in vitro without or with BI 2536

(100 nM) for 7 days, then examined by confocal laser scanning microscopy (Long et al. 2010). In untreated male parasites, testes (te) are full of

spermatocytes, and the sperm vesicle (SV) is full of sperm. In untreated female worms, we can observe immature (io) and mature (mo) oocytes

contained in the ovary as well as the ootype (ot). In male worms, BI 2536 induces a diminution of the production of spermatocytes in testes, and in

the sperm vesicle no more sperm is detected. In treated-females, BI 2536 affects the production of oocytes. Immature oocytes are less numerous

and exhibit important morphological changes. These results indicate that the drug affects gametogenesis both in male and female parasites.

In adult schistosomes cultured in vitro, BI 2536

was shown to induce dramatic alterations in testes and

ovaries with significant effects on oogenesis and sper-

matogenesis, leading to a reduction of immature ga-

metes such as oogonia and spermatogonia, and a diminu-

tion of fully-differentiated sperm (Fig. 3). These results

confirmed the key role in schistosomes of SmPlk1 in

cell cycle (and particularly in mitosis/meiosis), its im-

portance in parasite reproductive activities, and thus its

potential as a novel chemotherapeutical target for the

control of schistosomiasis.

CONCLUSIONS

Schistosomes still represent a serious public health con-

cern for human and animals causing major economical
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problems in endemic areas (Muhumuza et al. 2009, King

2010). Moreover, mass chemotherapy using only one

drug Praziquantel has raised the fear that schistosomes

become resistant to the drug and urges on researchers to

discover alternative drugs.

Protein kinases control the majority of biological

processes in normal as well as in cancer cells, and they

are actually favorite targets for cancer therapy with a

large battery of small-molecule kinase inhibitors al-

ready available for human pre-clinical or clinical uses.

Convincing studies have demonstrated the importance

of protein kinases in schistosome growth and develop-

ment (Dissous et al. 2006, 2007, Knobloch et al. 2007,

Beckmann et al. 2010a). The effect of anti-cancer drugs

on the reproductive activity of parasites as well as on

their survival in in vitro culture (shown recently for the

Abl-kinase inhibitor Imatinib by Beckmann and Gre-

velding 2010) reinforces the hypothesis that parasite

protein kinases could represent new targets for anti-

schistosomal strategies, but also that piggy-backing

cancer drugs for treatment of schistosomiasis is really

worth considering (Dissous and Grevelding 2011).

It is interesting to note that S. mansoni expresses

only two members of the Plk family, SmPlk1 and Sm-

Sak, and no Plk2 and Plk3 homologs, two isoforms yet

present in the helminth C. elegans. Experiments with

knock-out mice have shown that Plk1 and Plk4, but not

Plk2 and Plk3, were essential for embryonic growth and

viability. Plk1-/- mouse embryos did not develop be-

yond the eight cell stage and Plk4-/- embryos arrested

at embryonic day 7.5. Plk2 and Plk3 null mice were

viable, but with retarded growth, increased weight and

tumor development, probably linked to the function of

Plk2 and Plk3 as tumor suppressors in p53-dependent

stress-response signalling (Strebhardt 2010). The ab-

sence of Plk2 and Plk3 in schistosomes would suggest

that such functions are ensured by SmPlk1 or SmSak

or alternatively by other components and regulating

pathways that remain to be discovered. In the context

of the development of novel therapies against schisto-

somes, a better knowledge of the catalytic domains of

SmPlk1 and SmSak would also offer the possibility to

target specifically such essential cell-cycle kinases in

schistosomes and to design novel specific drugs for

these parasite kinases.
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RESUMO

Quinases do tipo Polo (“polo-like”) são importantes regula-

dores da progressão do ciclo celular e da mitose. Elas consti-

tuem uma família de serina/treonina quinases que são altamen-

te relacionadas entre si no seu domínio catalítico e contêm blo-

cos “polo” envolvidos com interações proteína-proteína e com

localização subcelular. Em mamíferos, cinco Plks (Plk 1-5) en-

globam diversos papéis na dinâmica do centrossomo, formação

do fuso, “checkpoints” dentro da fase S e da transição G2/M,

e na resposta aos danos do DNA. Plk1 é um regulador positivo

chave da mitose, e é superexpresso em vários tipos de câncer.

Plk4 é um membro divergente da família Plk, com funções

essenciais na duplicação do centríolo. Deleção homozigótica

de Plk1 ou Plk4 em camundongos é letal em embriões. Dois

membros da família Plk, SmPlk1 e SmSak, homólogos a Plk1

e Plk4, respectivamente, estão presentes no parasita platelmín-

tico Schistosoma mansoni. Análises estruturais e funcionais de

SmPlk1 demonstraram uma função conservada na regulação

da transição G2/M do ciclo celular em ovócitos de Xenopus.

A droga anticâncer BI2536 (o inibidor mais potente e seletivo

de Plk1) inibe específicamente a atividade catalítica de SmPlk1

e induz alterações profundas nas gonadas de esquistossomos,

indicando um papel de SmPlk1 na gametogênese do parasita

e seu potencial como um alvo terapêutico novo contra a es-

quistossomose. As funções de SmSak na regulação do ciclo

celular e no desenvolvimento das gônadas de esquistossomos

estão sendo investigadas no momento.

Palavras-chave: ciclo celular, quinases do tipo Polo, repro-

dução, Schistosoma mansoni.
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