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ABSTRACT SWI/SNF-related complexes include proteins implicated in the regulation of gene

expression by chromatin remodelling. We have identified in planarians, invertebrates well-known

for their regenerative capability, the cDNA of a novel gene, DjXnp, which encodes a protein of 1,076

amino acids, containing seven helicase domains similar to those found in the SNF2-like family

members. Sequence comparison reveals a significant degree of similarity of DjXNP with mamma-

lian XNP/ATRX proteins. In situ hybridization experiments performed on intact and regenerating

planarians demonstrated that DjXnp transcripts were distributed in mesenchymal cells and were

especially abundant in nerve cells. During anterior regeneration, DjXnp was detected in the

blastemal area where the nervous system is newly forming. This expression pattern reveals

extensive similarities with that described for mammalian XNP/ATRX, suggesting that these

genes may have a conserved function at the cellular level.
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The SNF2-like protein family includes DNA helicase/ATPases
related to the SWI/SNF complexes involved in chromatin re-
modelling (Gorbalenya and Koonin, 1993; Eisen et al., 1995).
Within this family, XNP proteins are of special interest, since
they may regulate the activity of specific genes in different
chromosomal environments, as well as during neuronal devel-
opment (Picketts et al., 1996; Cardoso et al., 1998). The human
XNP/ATRX is expressed in the brain and other tissues. Muta-
tions of this gene cause the ATR-X syndrome, an X-linked
mental retardation disorder (Gibbons et al., 1995). The murine
homologue is involved in early stages of neuronal differentia-
tion during embryogenesis (Gecz et al., 1994; Stayton et al.,
1994). In addition to the helicase domains present in the C-
terminal region, the mammalian XNP/ATRX proteins have an N-
terminal region including three C2-C2 type zinc-finger motifs
and a putative coiled coil domain (McDowell et al., 1999;
Cardoso et al., 2000). This region, that corresponds to the
exons 1-9 in the human gene, is absent in Xnp-1, a gene
partially similar to XNP/ATRX, recently characterized in the
nematode C. elegans (Villard et al., 1999).

In a search for regulatory genes promoting differentiation of
neoblasts - the totipotent stem cells of planarians (see Baguñà,

1998; Newmark and Sánchez-Alvarado, 2002) - by chromatin
remodelling, we previously isolated in Dugesia japonica a
cDNA fragment, DjXnp, showing similarity to human and mouse
XNP/ATRX (Rossi et al., 2001). The full-length sequence of
DjXnp was established here by 5'/3' rapid amplification of cDNA
ends (RACE). DjXnp is 3,734 bp long and has an open reading
frame of 3,228 bp that encodes a protein of 1,076 amino acids,
including seven putative helicase domains (Fig. 1A). The
helicase domains of DjXNP share between 37% and 48%
sequence identity with those found in known XNP-related
proteins (Fig. 1B). A schematic alignment of these proteins is
presented in Fig. 1C. Similarly to that found in C. elegans XNP-
1 (Villard et al., 1999) and Drosophila d-XNP, the whole DjXNP
shows similarity only with the mammalian XNP/ATRX C-termi-
nal region including the DNA helicase motifs (Appendix I). In
these invertebrates, XNP proteins lack the N-terminal region,
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found in human and mouse XNP/ATRX. Although we cannot
rule out a priori a phenomenon of convergent evolution, these
findings suggest the possibility that the XNP-related genes
derive from a common ancestral DNA helicase. The XNP/
ATRX-specific N-terminal part might have in turn originated
from one or more exon-shuffling events during mammalian or,
possibly, vertebrate evolution (Villard et al., 1997; Villard et al.,
1999).

Fig. 1. Complete amino acid sequence of DjXNP, as deduced from nucleotide sequence analysis

of DjXnp cDNA. (Accession number AJ490823). (A) The DjXNP sequence is shown. The seven
putative helicase domains I, Ia, II, III, IV, V, VI are boxed. (B) Pairwise comparisons of the DjXNP
sequence region including the helicase domains with those of vertebrate and invertebrate XNP-related
proteins: C. elegans XNP-1 (AF134186), Drosophila d-XNP (AF217802), human XNP/ATRX (U75653).
The GAP program of the GCG software package was used. The degree of amino acid sequence identity
and similarity (in brackets) is expressed as a percentage. (C) Schematic diagram of DjXNP compared
with the XNP-related proteins indicated in B. Structural motifs are indicated. Numbers on the right refer
to the amino acid residues of each protein.

The expression of DjXnp was also investigated by in situ
hybridization on paraffin sections of planarians after 3 days of
cephalic regeneration. Accumulation of DjXnp transcripts was
detected in blastemal cells located close to the amputated
nerve cords (Fig. 4 A,B). The analysis of synaptotagmin mRNA
expression strongly supports the possibility that the DjXnp-
positive cells represent blastema cells differentiating, or just
differentiated, into brain nerve cells (Fig. 4C). On the whole, the

The expression pattern of DjXnp was
analyzed by in situ hybridization in in-
tact and regenerating planarians. In
addition to a diffuse transcription ob-
served throughout the body mesen-
chyme, where dif ferent iat ion of
neoblasts ensures renewal of all cell
types (see Baguñà, 1998; Newmark
and Sánchez-Alvarado, 2002), DjXnp
was highly expressed throughout the
cephalic ganglia or ‘brain’. This ex-
pression also extended to the proximal
part of the brain lateral branches. Con-
versely, no preferential Xnp mRNA ac-
cumulation was observed in the two
ventral nerve cords (VNC), which
traverse the animal longitudinally (Fig.
2 A,B). In planarians the brain and VNC
define morphologically the central ner-
vous system (CNS), organized in dis-
tinct molecular domains (see Cebrià et
al., 2002 and references therein).

To investigate in detail the distribu-
tion of DjXnp-positive cells in the cepha-
lic ganglia, we performed in situ hybrid-
ization directly on paraffin sections.
DjXnp was expressed in a large num-
ber of nerve cells located along the
periphery of the spongy regions of the
cephalic ganglia (Fig. 2 C-E). The com-
parison with the expression pattern of
the pan-neural marker synaptotagmin
(Cebrià et al., 2002) is shown in Fig.
2F.

During regeneration, the pattern of
DjXnp expression in the amputated
body fragments continued to be similar
to that found in intact animals. DjXnp
mRNA was never detected in the blast-
ema of planarians regenerating a tail
(Fig. 3 A-F). In planarians undergoing
cephalic regeneration, Xnp expression
was never observed in the blastema at
1 day after cutting (Fig. 3 G,L). In pla-
narians regenerating a head, DjXnp
mRNA accumulation was first seen in
two bilaterally symmetrical blastemal
regions at 3 days after cutting (Fig. 3
H,M). Later on, DjXnp  appeared mainly
localized in the area where the cepha-
lic ganglia were forming (Fig. 3 I,N).
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spatial and temporal expression patterns of DjXnp strongly
suggest that this gene may be involved in differentiation and/or
maintenance of nerve cells in planarians. Interestingly, XNP/
ATRX is also associated to brain development in mammals
(Gecz et al., 1994; Stayton et al., 1994). These data support the
possibility that Xnp-related genes may share a similar role in
the cells of distantly related organisms, and suggest that an
ancient biochemical mechanism involving XNP-like proteins
could have been conserved over the course of animal evolu-
tion.

Experimental Procedures

 Planarians (Platyhelminthes, Tricladida) belonging to the asexual
Dugesia japonica clonal strain GI (Orii et al., 1993), were maintained and

used as previously described (Salvetti et al., 1998). The SMART RACE
cDNA amplification kit (Clontech) was used to complete the DjXnp
sequence. The 3' region (3' DjXnp) was isolated using the sequence-
specific sense primer: 5’AATAAATTATTGGAATATCATACGATGG3’. The
sequence-specific antisense primer 5’CCTTTTGTGTACCAAGAAG3’ was
used to amplify the 5' end (5’DjXnp). The PCR products were TA-cloned
using pGEM-T easy vector (Promega). All clones were sequenced by
automated fluorescent cycle sequencing (ABI). The DIG-RNA labeling
kit (Roche) was used to produce 5’DjXnp and synaptotagmin (DjSyt)
digoxigenin (DIG)-labeled antisense and sense riboprobes. In situ
hybridization procedures were perfomed as described by Agata et al.
(1998) and Kobayashi et al. (1998).
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Fig. 2 (Left). DjXnp expression pattern in intact D. japonica, as detected by in situ hybridization. (A) Diagram of the planarian body. The CNS is
schematically represented, anterior is to the left. The plane of the sections depicted in C-F is indicated. cg, cephalic ganglia; e, eyes; lb, lateral branches;
ph, pharynx; vnc, ventral nerve cords. (B) Ventral view of a planarian visualized by whole-mount in situ hybridization. DjXnp transcripts accumulated in
the cephalic ganglia and in the proximal part of the lateral branches. (C-F) In situ hybridization on transverse sections. (C) DjXnp-expressing cells are
distributed in the peripheral region of the cephalic ganglia. (D) Camera lucida drawing of the section depicted in (C), illustrating the various morphological
structures. cg, cephalic ganglion; g, gut. (E) High magnification showing DjXnp mRNA accumulation in nerve cells. (F) Expression of the nerve cell marker
DjSyt (Tazaki et al., 1999; Cebrià et al., 2002). Scale bars, 500 µm in B and 50 µm in C-F.

Fig. 3 (Right). DjXnp expression pattern in regenerating D. japonica, as detected by whole mount in situ hybridization. (A,D,G,L, 1 day post-
amputation; B,E,H,M, 3 days post-amputation; C,F,I,N, 6 days post-amputation. (A,B,C) A planarian fragment regenerating a tail. (D,E,F) Magnified views
of the regenerating areas indicated by an asterisk in A, B and C respectively. (G,H,I) A planarian fragment regenerating a head. (L,M,N)Magnified view
of the regenerating areas indicated by an asterisk in G, H and I respectively. Scale bars, 500 µm in A-C and G-I, 200 µm in D-F and L-N.

A

B

C D

E F

A B C

D E F

G H I

L M N



296         L. Rossi et al.

was supported by a “Cofinanziamento Programmi di Ricerca di Inter-
esse Nazionale, Italy ” grant to R.B.

References

AGATA, K., SOEJIMA, Y., KATO, K., KOBAYASHI, C., UMESONO, Y. and
WATANABE, K. (1998). Structure of the planarian central nervous system
(CNS) revealed by neuronal cell markers. Zool. Sci. 15: 433-440.

BAGUÑÀ, J. (1998). Planarians. In P. Ferretti and J. Gèraudie (eds.), Cellular
and Molecular Basis of Regeneration: From Invertebrates to Humans, pp.
135-165. John Wiley & Sons Ltd., Chichester.

CARDOSO, C., TIMSIT, S., VILLARD, L., KHRESTCHATISKY, M., FONTES, M.
and COLLEAUX, L. (1998). Specific interaction between the XNP/ATR-X
gene product and the SET domain of the human EZH2 protein. Hum. Molec.
Genet. 7: 679-684.

CARDOSO, C., LUTZ, Y., MIGNON, C., COMPE, E., DEPETRIS, D., MATTEI,
M.G., FONTÈS, M. and COLLEAUX, L. (2000). ATR-X mutations cause
impaired nuclear location and altered DNA binding properties of the XNP/
ATR-X protein. J. Med. Genet. 37: 746-751.

CEBRIÁ, F., KUDOME, T., NAKAZAWA, M., MINETA, K., IKEO, K., GOJOBORI,
T. and AGATA, K. (2002). The expression of neural-specific genes reveals
the structural and molecular complexity of the planarian central nervous
system. Mech. Dev. 116: 199-204.

EISEN, J.A., SWEDER, K.S. and HANAWALT, P.C. (1995). Evolution of the
SNF2 family of proteins: subfamilies with distinct sequences and functions.
Nucleic Acids Res. 23: 2715-2723.

GECZ, J., POLLARD, H., CONSALEZ, G., VILLARD, L., STAYTON, C.,
MILLASSEAU, P., KHRESTCHATISKY, M. and FONTÈS, M. (1994). Cloning
and expression of the murine homologue of a putative human X-linked
nuclear protein gene closely linked to PGK1 in Xq13.3. Hum. Mol. Genet. 3:
39-44.

GIBBONS, R.J., PICKETTS, D.J., VILLARD, L. and HIGGS, D.R. (1995). Muta-
tions in a putative global transcriptional regulator cause X-linked mental
retardation with α-thalassemia (ATR-X syndrome). Cell 80: 837-845.

Fig. 4. Comparison between the expression patterns of DjXnp and

DjSyt in D. japonica planarians regenerating a head, as detected by in

situ hybridization on longitudinal sections, 3 days after cut. (A)

Schematic drawings of an intact planarian and a planarian regenerating a
head. The CNS is schematically represented, anterior is to the left. The
cutting site is indicated by a broken line. The blastema is delimited by two
asterisks. (B) DjXnp-expressing cells accumulated in a blastema region
close to an amputated nerve cord (outlined with a broken line). (C) DjSyt
transcripts were observed in the blastema region where the cephalic
ganglia are newly forming and in the cells of an old nerve cord (outlined with
a broken line). Scale bars, 50 µm.

GORBALENYA, A.E. and KOONIN, E.V. (1993). Helicases: Amino acid se-
quence comparisons and structure-function relationship. Curr. Opin. Struct.
Biol. 3: 419-429.

KOBAYASHI, C., WATANABE, K. and AGATA, K., (1998). The process of
pharynx regeneration in planarians. Dev. Biol. 211: 27-38.

MCDOWELL, T.L., GIBBONS, R.J., SUTHERLAND. H., O’ROURKE, D.M.,
BICKMORE, W.A., POMBO, A., TURLEY, H., GATTER, K., PICKETTS, D.J.,
BUCKLE, V.J., CHAPMAN, L., RHODES, D. and HIGGS, D.R. (1999).
Localization of a putative transcriptional regulator (ATRX) at pericentromeric
heterochromatin and the short arms of acrocentric chromosomes. Proc. Natl.
Acad. Sci. USA 96: 13983-13988

NEWMARK, P.A. and SÁNCHEZ-ALVARADO, A. (2002). Not your father’s
planarian: a classic model enters the era of functional genomics. Nat. Rev.
Genet. 3: 210-219.

ORII, H., AGATA, K. and WATANABE, K., (1993). POU-domain genes in
planarian Dugesia japonica: the structure and expression. Biochem. Biophys.
Res. Commun. 192: 1395-1402.

PICKETTS, D.J., HIGGS, D.R., BACHOO, S., BLAKE, D.J., QUARRELL, O.W.J.
and GIBBONS, R.J. (1996). ATRX encodes a novel member of the SNF2
family of proteins: mutations point to a common mechanism underlying the
ATR-X syndrome. Hum. Mol. Genet. 5: 1899-1907.

ROSSI, L., BATISTONI, R., SALVETTI, A., DERI, P., BERNINI, F., ANDREOLI,
I., FALLENI, A. and GREMIGNI, V. (2001). Molecular aspects of cell prolifera-
tion and neurogenesis in planarians. Belg. J. Zool. 131: 5-9.

SALVETTI, A., BATISTONI, R., DERI, P., ROSSI, L. and SOMMERVILLE, J.
(1998). Expression of DjY1, a protein containing a cold shock domain and RG
repeat motifs, is targeted to sites of regeneration in planarians. Dev. Biol. 201:
217-229.

STAYTON, C.L., DABOVIC, B., GULISANO, M., GECZ, J., BROCCOLI, V.,
GIOVANAZZI, S., BOSSOLASCO, M., MONACO, L., RASTAN, S.,
BONCINELLI, E., BIANCHI, M.E. and CONSALEZ, G.G. (1994). Cloning and
characterization of a new human Xq13 gene, encoding a putative helicase.
Hum. Mol. Genet. 3: 1957-1964.

TAZAKI, A., GAUDIERI, S., IKEO, K., GOJOBORI, T., WATANABE, K. and
AGATA, K. (1999). Neural network in planarian revealed by an antibody
against planarian synaptotagmin homologue. Biochem. Biophys. Res. Comm.
260: 426-432.

VILLARD, L., LOSSI, A.M., CARDOSO, C., PROUD, V., CHIARONI, P.,
COLLEAUX, L., SCHWARTZ, C. and FONTES, M. (1997). Determination of
the genomic structure of the XNP/ATRX gene encoding a potential zinc finger
helicase. Genomics  43: 149-155.

VILLARD, L., FONTÈS, M. and EWBANK, J.J. (1999). Characterization of xnp-
1, a Caenorhabditis elegans gene similar to the human XNP/ATR-X gene.
Gene 236: 13-19.

Received: January 2003
Reviewed by Referees: February 2003

Modified by Authors and Accepted for Publication: March 2003

APPENDIX I (see opposite)

Comparison of the deduced amino acid sequence of DjXNP with those of
other XNP proteins. Amino acid sequences were aligned using CLUSTAL
W and visualised with BOXSHADE. The human XNP/ATRX sequence is
shown from the amino acid position 941. Black backgrounds indicate
identical residues and grey backgrounds indicate conserved residues.
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