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Cell division rates and apoptosis sculpt the growing organs, and its regulation implements
the developmental programmes that define organ size and shape. The balance between
oncogenes and tumour suppressors modulate the cell cycle and the apoptotic machinery
to achieve this goal, promoting and restricting proliferation or, in certain conditions, induc-
ing the apoptotic programme. Analysis of human cancer cells with mutation in AXIN gene
has uncovered the potential function of AXUD1 as a tumour suppressor. It has been
described that Human AXUD1 is a nuclear protein. We find that a DAxud1-GFP fusion pro-
tein is localised to the nucleus during interphase, where it accumulates associated to the
nuclear envelope, but becomes distributed in a diffused pattern in the nucleus of mitotic
cells. We have analysed the function of the Drosophila AXUD1 homologue, and find that
DAxudl behaves as a tumour suppressor that regulates the proliferation rhythm of imagi-
nal cells. Knocking down the activity of DAxudl enhances the proliferation of these cells,
causing in addition a reduction in cell size. Conversely, the increase in DAxudl expression
impedes cell cycle progression at mitosis through disturbance of Cdk1 activity, and induces
the apoptosis of these cells in a JNK-dependent manner.

© 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Secombe et al., 1998; Duronio et al., 1998). Other proteins such
as the E2F/Dp heterodimer, Myc, Ras and several other signal-

Proliferation and apoptosis are the principal contributors
to the establishment of organs and organisms’ size and shape
(reviewed in Leevers and McNeill, 2005). Both processes are
genetically controlled, being proliferation rhythms and events
of morphogenetic apoptosis a key component of animal
development. Besides the basic cyclin-based machinery, an
increasing number of signalling pathways and regulatory pro-
teins, like proto-oncogenes and tumour suppressors, have
been described to modify the cell cycle, often operating at
the G1/S or G2/M transitions (Lee and Orr-Weaver, 2003). In
Drosophila, the Cdk2/Cyclin E complex is one important ele-
ment controlling the G1/S transition (Knoblich et al., 1994;
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ling pathways modify the levels of Cyclin E, consequently
changing the rate of the G1/S transition (Royzman et al.,
1997; Prober and Edgar, 2000; Wu et al., 2003; Bhat and Apsel,
2004; Oskarsson et al., 2006). The Cdk1/Cyclin B complex ulti-
mately modulates the G2/M transition. Cdk1 is regulated by
an elaborated arrangement of phosphorylation and dephos-
phorylation events, and in turn, controls the activity of
Cdk1/Cyclin B complexes. The Cdc25/String phosphatase is
one of the best-characterised activators of Cdk1 activity, and
Tribbles, Weel and Mytl kinases regulate protein levels and
its phosphatase activity (Mata et al., 2000; Price et al., 2000;
Price et al., 2002). In addition to G1/S and G2/M restrains, a
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third control point exists in the M/G1 transition. Spindle
checkpoint proteins, anaphase promoting complex and
Cdk1 are some of the elements that limit the rate of mitosis
progression and subsequent re-enter into G1 phase (Weig-
mann et al., 1997; Margottin-Goguet et al., 2003; Vidwans
et al., 2003; Stumpff et al.,, 2005; Muller et al., 2006; Buffin
et al.,, 2007; Sumara et al., 2004; Leismann and Lehner, 2003;
Huang and Raff, 1999). Tumour suppressors participate at
the control points by imposing rate-limiting inputs, and
mutations in these proteins in pathological conditions or in
experimental situations where their levels are augmented,
promote unrestrained proliferation or lead to cell death (Pel-
lock et al., 2007; Hamaratoglu et al., 2006; Wu et al., 2003; Ae
et al., 2002; Ollmann et al., 2000; Huang et al., 1999).

The uncontrolled activation of canonical Wnt pathway has
been described in a variety of cancers and tumour cell lines
and thus elements that reduce Wnt signalling have been de-
scribed to have tumour suppressor activity. Axin is one of
the negative components of this pathway and mutations on
it have been associated with cancer cells (reviewed by Huang
and He, 2008). Recently, analysing the transcription profile of
human cancer cells with mutations in the AXIN gene, Ishig-
uro et al. described a transcript that is under-represented in
cancer cells compared with normal cells (Ishiguro et al,
2001). AXIN expression was able to induce its transcription
in a LEF/TCF independent mode, and as a result, they named
this putative tumour suppressor gene AXUD1 (Axin Upregu-
lated 1). Later, Gingras et al. analysed the in vivo function of
the three mouse paralogs (CSRNP-1, -2 and -3) by generating
the corresponding knockout animals, but they could not find
evidence of a role for these genes as tumour suppressors
(Gingras et al., 2007). There is a single orthologue of the
AXUD1/CSRNP family in Drosophila that maintains the struc-
tural features described for AXUD1 and CSRNPs proteins,
which we named DAxudl. We investigated the function of
DAxudl using the genetic and molecular advantages of the
fly model, aiming to analyse its potential activity as a tumour
suppressor. Our results indicate that DAxud1 is a nuclear pro-
tein that antagonises proliferation during mitosis in a Cdk1-
dependent manner. DAxud1 reduction confers cells with a
proliferation advantage that leads in the adult wing to higher
cell densities accompanied by a reduction in cell size. Con-
versely, over-expression of DAxudl blocks mitosis and pro-
motes apoptosis through the activation of the JNK pathway.

2. Material and methods
2.1. Drosophila melanogaster strains and phenotypic
analysis

The P-GS insertion c-676 was isolated in a mutagenesis
screen designed to identify genes affecting vein differentia-
tion, and it is localised in the 5" UTR of CG4272 (Molnar
et al,, 2006). We used the following Drosophila UAS lines:
UAS-puc2A, UAS-p35, UAS-Dronc®N, UAS-Cdk1-myc, UAS-Stg,
UAS-Cdk2-myc, UAS-E2F/Dp, UAS-Dicer and UAS-CD8::GFP. We
also used the following Gal4 lines: ey-Gal4, sal*-Gal4 (sal-
Gal4; C. Cruz and JFdC, unpublished), GMR-Gal4, 638-Gal4
and UAS-GFP, hh-Gal4/TM6b and the reporter lines dad-lacZ

and brk-lacZ. The sal-Gal4, UAS-DAxudl stock was made by
meiotic recombination. JNK pathway activation was assayed
using the puc® enhancer trap line (Martin-Blanco et al.,
1998). All stocks not described in the text can be found in Fly-
base (http://www.flybase.org). All phenotypes were analysed
at 25°C unless otherwise stated, and wings were mounted
for microscopic examination in lactic acid-ethanol (1:1). Pic-
tures were taken in an Axiophot microscope with a Spot dig-
ital camera and processed using Adobe Photoshop. Areas
were quantified with the Photoshop histogram tool.

2.2.  Generation of UAS-DAxudl, UAS-DAxud1-GFP and
UAS-DAxud1-iRNA constructs

UAS-DAxudl was constructed cloning the complete
RE38563 insert into the pUAS-T vector using Kpnl and Notl
restriction enzymes. The DAxud1-GFP fusion protein was gen-
erated cloning the PCR fragment amplified with the forward
and reverse primers: 5- GGGGAATTCCGCAAATTGCA
AAAAGGATAA-3' and 5'- GGGCCGCGGGGAGGACTCGCTTGTC
GCTGG-3’ using the GH09817 clone as template. This fragment
was cloned into the pEGFP-N1 vector (Clontech) digested with
the EcoRI and Sacll restriction enzymes (underlined in the
primers) and later subcloned in the pUAS-T vector using the
EcoRI and Notl sites. The DAxud1 fragment (473 bp) employed
to produce the UAS-DAxudl-iRNA construct was amplified
from the RE38563 clone using the primers: forward 5'-CAT
GTTGCAGGGGTCCAGCG-3' and reverse 5-GTGTCCGCCGG
GCCGTGAGC-3'. The PCR product was cloned into the pST Blue
vector (Novagene) and sequenced. Next, it was subcloned
using the Sacl and BamHI sites in the pHIBS vector (Nagel
et al,, 2002). The Notl Pstl fragment from pST Blue DAxudl
and the Pstl Xhol fragment from pHIBS DAxud1 were direction-
ally cloned in pBK SK using the NotI and Xhol sites to obtain
the 473 bp DNA hairpin construct. Finally, the DAxud1-iRNA
construct was introduced in the pUAS-T vector using the Kpnl
and NotlI sites. A standard germ cell transformation protocol
was followed to obtain at least three transgenic lines for each
construct (Spradling and Rubin, 1982).

2.3.  Inmunofluorescence and in situ hybridization

Mouse monoclonals anti-Arm (1/100), anti-Osa (1/50), anti-
Elav (1/20), anti-Dlg (1/100), anti-DIg (1/200), anti-FasIII (1/100),
anti-Wg (1/100) and anti-BrdU (1/100) (Hybridoma bank), rat
anti-Sal (dilution 1/200; Barrio et al., 1999), anti-DIl (1/250; Va-
chon et al., 1992 and rabbit anti-PH3 (dilution 1/500, Upstate),
anti-Myc (1/100, Santa Cruz), anti-8Gal (dilution 1/200, Cap-
pel) and anti-activated Caspase 3 (1/100, Cell Signalling) were
employed. We also used rabbit anti-Nup214, a gift of Christos
Samakovlis (1/200). Secondary antibodies were from Jackson
Immunological Laboratories (used at 1/200 dilution) and nu-
clei were stained with Topro 3A (Invitrogen). Third instar
imaginal discs were dissected, fixed and stained as described
in de Celis (1997). Confocal images were captured using a
Zeiss LSM 510 Meta microscope. In situ hybridization in imag-
inal discs and embryos was carried out as described in de Cel-
is (1997) with minor modifications. Sense and anti-sense
digoxigenin-labelled RNA probes were prepared with T3 and
T7 RNA polymerase using the RE38563 clone as template.
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2.4.  RT-PCR analysis

Actin, Cdc2 and DAxud1 transcriptional profiles were ana-
lysed in third instar wing discs of control, DAxud1 increased
expression (638-Gal4/UAS-DAxudl) and DAxudl loss-of-func-
tion (638-Gal4/UAS-iDAxud1) conditions. Twenty wing discs of
each genotype were dissected, total RNA extracted using Trizol
reagent (Invitrogene) and cDNA synthesised using the Super-
script II kit (Invitrogene) following manufacturer instructions.
PCR analysis was performed using the following protocol:
denaturation = 95 °C 5 min.; 25-30 cycles=95°C 45s., 55°C
1 min. and 72 °C 40 s.; final elongation = 72 °C 10 min. The fol-
lowing primers were used: Actin forward, 5'-GGCCGGACTCGT
CGTACTCCTGC-3’ and reverse, 5'-GAGCAGGAGATGGC CACCG
CTGC-3’; Cdc2 forward, 5'-CGGGCCAA ATTGTGGCAATG A-3’
and reverse, 5'-AAAGGATCGGCCAA GTCCAAAG-3'; DAxudl
forward, 5-GCGAATTCCGATGCTATAG ATCTGGTCCC-3' and
reverse, 5'-GCTCTAGAAGGAAGTACGCG GATGTTGA-3'.

2.5. TUNEL and BrdU assays

BrdU incorporation was examined incubating wing and
eye discs in 0.05mM BrdU in PBS for 20-30 min at 25 or
29 °C. Tissues were fixed in modified Carnoy’s solution (3:1
ethanol: lactic acid) for 2 min, washed in PBS four times for
10 min each and subsequently the DNA was hydrolysed with
2 M HCI for 20 min. After four washes in PBS-0.1% Tween the
discs were incubated with anti-BrdU antibody (1/100). TUNEL
was carry out with the in vivo cell death detection kit (Roche)
according to manufacturer instructions modifying the perme-
abilizing step by incubating in 0.3% Triton X100-0.1% sodium
citrate solution for 30 min at 65 °C. Later washes and second-
ary antibody incubation was done following standard immu-
nofluorescence protocols.

2.6. MARCM and Flip-out clonal analysis

MARCM clones: Flies of y w hsFLP1.22; UAS-GFP FRT42D/
CyO; UAS-iDAxudl and y w hsFLP1.22 TubGal4/FM7; TubGal80
FRT42D/CyO genotypes were crossed, and the offspring sub-
jected to heat shock treatments at 36+12, 60+12 or
84 + 12 h after egg laying (AEL) for 1 h. Third instar wandering
larvae were dissected, fixed and visualised in the confocal
microscope. Clon (GFP positive) and twin areas were mea-
sured in isolated twin spots using the Photoshop histogram
tool.

3. Results

The CG4272 gene is located in the left arm of chromosome
2 at cytological position 22E1. CG4272 produces 2 transcripts
of 4126 (CG4272-RA) and 3782 (CG4272-RB) nucleotides encod-
ing a single polypeptide of 852 amino acids (Gelbart et al.,
1997). Protein blast using the blastp algorithm identifies a
number of related sequences in both vertebrate and inverte-
brate organisms. The vertebrate homologues belong to the
Axin-upregulated family (Axud), also named TGFp-induced
apoptotic proteins (TAIP). Conservation of Drosophila CG4272
and related invertebrate members range between 38% iden-

tity (Aedes aegypti) to 60% identity (Anopheles ganbiae). Identity
between CG4272 sequence and its vertebrate counterparts is
between 43% (Danio rerio) to 45% identity (Homo sapiens
AXUD1). To analyse the conservation of the Drosophila
CG4272 protein we performed a phylogenetic analysis with
sequences recovered using the BLAST-PSI programme. The
criterion to select the putative orthologues was the highest le-
vel of similarity between the human AXUD1 protein and one
predicted coding sequences in each genome. Thus, vertebrate
paralogues were excluded to simplify the phylogenetic tree
(Fig. 1A). Protein sequence comparison using CLUSTALW and
consensus tree analysis using the PAUP* programme in the
neighbour joining algorithm configuration, shows that AXUD
proteins in vertebrates are highly conserved (91-98% identity
among mammalian orthologues), and that the main con-
served domain with Drosophila and vertebrates is a central
acidic domain of 88 amino acids (Fig. 1B). This domain is pre-
dicted to be a presumptive phospho-acceptor site for acido-
philic serine/threonine kinases (ExPASy Tools — NetPhos 2.0
server; http://www.cbs.dtu.dk/services/NetPhos/, Blom et al.,
1999).

In situ hibridization analysis shows that DAxud1 is mater-
nally contributed, and its transcripts localise homogenously
in the early embryo and during the blastoderm stage
(Fig. 1D and E). Later on, the expression is restricted to the ce-
phalic furrow and mesodermal tissue along the anterior-pos-
terior axis, as well as to the anterior and posterior gut
precursors (Fig. 1F). Afterwards, DAxudl expression decreases
from tissues that have completed morphogenetic move-
ments, and continues mostly in posterior and anterior gut
precursors as well as in muscle precursors (not shown). The
expression of DAxud1 is generalised in the wing blade of the
wing disc (Fig. 1G) and in the proliferative domains of the
eye disc anterior to the morphogenetic furrow (Fig. 1H and
I). Note that no expression is detected in differentiating
ommatidia (asterisk in Fig. 1H), and a clear reduction is ob-
served posterior to the morphogenetic furrow, where the sec-
ond mitotic wave occurs (arrowhead in Fig. 1I).

Human and mouse AXUD proteins localise in the cell
nucleus (Ishiguro et al., 2001; Gingras et al., 2007). In fact,
mice AXUD/TAIP paralogues cluster within a family of pro-
teins with transcription factors characteristics (Gingras
et al., 2007). Computational prediction (Proteome Analyst -
Subcell Specialization Server 2.5 (http://pasub.cs.ualber-
ta.ca:8080/pa/Subcellular) suggests that Drosophila Axudl is
also a nuclear protein (99.9%). To study DAxudl sub-cellular
localisation, we generated a DAxud1-GFP fusion protein and
express it in the wing imaginal disc (Fig. 2). DAxud1-GFP is
localised in the cell nucleus in imaginal cells (Fig. 2A, B).
Interestingly, the level of DAxud1-GFP is consistently lower
in mitotic cells, those appearing in the apical side of the
epithelium, than in cells in other phases of the cell cycle
(Fig. 2A, B and F). Staining of sal-Gal4/UAS-DAxud1-GFP discs
with the nucleic acid marker Topro shows that in
interphase cells DAxud1-GFP protein accumulation is higher
in a region not labelled with Topro that might correspond to
the inner nuclear envelope, and that DAxudl1-GFP is ex-
cluded from the nucleolus (Fig. 2C-C"”). The accumulation
of DAxudl-GFP in the inner nuclear membrane is also
observed in salivary gland cells, where DAxud1-GFP
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Fig. 1 - Expression and structure of CG4272 (DAxud1). (A) Bootstrap 50% majority-rule phylogram of AXUD1 proteins (1000
repetitions) generated with the PAUP* programme and neighbour joining algorithm. Sequence accession numbers: C. elegans
C41D11.3; C. intestinalis ENSCINP00000008939; D. rerio ENSDARP00000056081; D. melanogaster CG4272-PA; G. gallus
ENSGALP00000009690; H .sapiens ENSP00000273153; M. musculus ENSMUSP00000081831; P. troglodytes
ENSPTRP00000025467; T. rubripes NEWSINFRUP00000150708; X. tropicalis ENSXETP00000009211. (B) Comparison of the 88 aa
central acidic domain of AXUD and DAxud1. (C) Diagram of the Drosophila Axud1 locus, showing the predicted transcription
start site and transcripts originated from it. Below is a scheme of UAS-DAxud1 (UAS-DAxud1), UAS-DAxud1-GFP fusion (UAS-
DAxud1-GFP) and UAS-DAxud1 RNAi (UAS-iDAxud1) constructs, illustrating the coding regions (red) and DNA fragment
employed in the RNA interference construct. To the right, a RT-PCR showing the variations in DAxud1 imaginal wing disc
levels produced by the induction of the UAS-DAxud1 and UAS-iDAxud1 in the wing pouch in larvae of genotypes 638-Gal4,
638-Gal4/UAS-DAxud1 and 638-Gal4/UAS-iDAxud1. (D-H) Embryonic and imaginal DAxud1 expression. (D-F) DAxud1 RNA
in situ hybridization at different stages during embryonic development, anterior to the left and dorsal up. (D) Stage 2 embryo,
showing that DAxud1 is maternally contributed and its RNA located throughout the embryo. (E) At blastoderm stage, the
DAxud1 mRNA is still ubiquitously distributed. (F) Expression of DAxud1 in the cephalic furrow (left arrowhead), anterior and
posterior gut precursors (right arrowhead) and in the germ band, during germ band elongation. (G-I) DAxud1 in situ
hybridization in third instar wing and eye imaginal discs. DAxud1 is expressed ubiquitously, yet with variable levels, in the
wing imaginal disc (G). Expression is detected in the proliferating region of the eye disc (H) and no transcripts are present in
the postmitotic differentiating neurons posterior to morphogenetic furrow (asterisk in H). Note the reduction in DAxud1
levels in the region where the second mitotic wave occurs (arrowhead in I).
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sal>DAxud1-GFP

Fig. 2 - Sub-cellular localisation of DAxud1-GFP in the wing disc. (A-A”) Expression of DAxud1-GFP (green) in sal-Gal4/UAS-
DAxud1-GFP wing discs stained with the apical marker Disc large (red). The focal plane is medio-lateral in A and apical in A’.
A” shown a Z-projection of the same disc. Cells in mitosis, localised in the apical side of the epithelium, show a diffuse
appearance of DAxud1-GFP, whereas non-dividing cells have higher levels of DAxud1-GFP and preferential accumulation of
the protein close to the nuclear envelope (see also H). (B-B”) Expression of DAxud1-GFP (green) in sal-Gal4/UAS-DAxud1-GFP
wing discs stained with an antibody against the nuclear protein Osa (red). B and B’ show the dorsal compartment of the wing
blade, and B’ is the green channel. B” corresponds to Z-projection of the same disc. (C-G””) Expression of DAxud1-GFP (green)
in sal-Gal4/UAS-DAxud1-GFP wing discs stained with the cell membrane marker FaslII (red) and the nuclear marker Topro
(blue). C and C” are two different focal planes (C medio-lateral and C” apical) of the same disc and G”” is the corresponding Z-
section showing only the blue (Topro) and green (DAxud1-GFP) channels. C’ and G’ are the blue and green channels
corresponding to C and C”, respectively. (D, D’) Expression of DAxud1-GFP (green) in sal-Gal4/UAS-DAxud1-GFP wing discs
stained with the mitotic marker PH3 (red). (E) Expression of PH3 (red) in a sal-Gal4 disc. Note the higher than normal
accumulation of cells in mitosis in the domain of ectopic expression of DAxud1-GFP (compare the central region of D’ and E).
(F, F’) Higher magnification (3x) of the dorsal side of a sal-Gal4/UAS-DAxud1-GFP wing disc stained with anti-PH3 (red). F’
shown the green channel (DAxud1-GFP). (G) High magnification of a salivary gland of a sal-Gal4/UAS-DAxud1-GFP larva
stained with anti-Nup214, a marker of the nuclear envelope. Note that the expression of Nup214 (red) envelops a ring of co-
expression of Nup214 and DAxud1-GFP (yellow appearance).

co-localises in part with the nuclear envelope protein
Nup214 (Fig. 2G).

To analyse the role of AXUD proteins during develop-
ment and address its proposed function as tumour suppres-
sor, we studied the consequences of reducing or increasing
DAxudl expression in imaginal tissues combining the UAS-
DAxudl and UAS-iDAxudl with different Gal4 lines. The
specificity and capability of these constructs to increase
DAxudl mRNA (UAS-DAxudl) and to evoke a RNA interfer-
ence response, and thereby down regulate DAxudl function
(UAS-iDAxud1), was confirmed by RT-PCR (Fig. 1C). Addition-
ally, we confirmed the specificity of iDAxud1 by its ability to
revert the phenotype produced by DAxudl over-expression
(see Fig. 5).

3.1.  DAxudl modulates cell size and proliferation rate in
Drosophila imaginal tissues

Lowering DAxudl mRNA levels, by inducing the expression
of iDAxud1 in the posterior compartment of the wing disc (hh-
Gal4/UAS-iDAxudl) generates flies with smaller than normal
posterior compartments (Fig. 3B), without noticeable effects
on wing patterning or cell differentiation. Region-specific size
reductions can be elicited in combinations of UAS-iDAxudl
with other Gal4 drivers, such as ap-Gal4, sal-Gal4 or ptc-Gal4,
in the corresponding domains of Gal4 expression (data not
shown). To quantify the relative reduction in posterior com-
partment size and correct for individual variations in wing
size, we determined the reduction in posterior compartment
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Fig. 3 - Organ and cell size adult phenotypes produced by decreasing DAxud1 levels. (A) Control wing showing the regions
used to quantify the effects of lowering DAxud1 expression. The posterior compartment is shadowed in red and the L1-L2
intervein (sector A) is shadowed in green. (B) Wing phenotype generated by expression of DAxud1 RNA interference in the
posterior compartment (hh>DAXUD1i = hh-Gal4/UAS-iDAxud1). Note the reduction in the size of the posterior compartment.
(C) Quantification of relative posterior compartment size reduction. Comparison of posterior compartment and sector A ratios
of wild type and hh-Gal4/UAS-DAxud1i wings reveals a significant size reduction produced by diminishing DAxud1 levels
(p<0.001). This reduction is enhanced by co-expression with Dicer and is not affected by preventing apoptosis with a
dominant negative form of Dronc (Dronc®, p>0.1). The number over each bar indicates the percentage of standardised
posterior compartment reduction in experimental and control wings (hh-Gal4/UAS-iDAxud1 relative posterior compartment
size / WT at 25 °C or 29 °C relative posterior compartment size value). (D) Wild type wing (upper image) and an enlargement of
sector E (lower image) showing the region (red square) from where wing hairs were counted. (E) Quantification of cell number
in the area indicated as a red square in sector E (L5 to posterior wing margin). The number of cells, determined by counting
single trichome produced by each cell, shows a substantial raise in cell number and therefore in cell density (at 25 °C hh-Gal4/
+ = 53 + 2.37; hh-Gal4/UAS-iDAxud1 = 62.76 + 3.35; At 29 °C hh-Gal4/+ = 59.63 = 4.22; hh-Gal4/UAS-iDAxud1 = 73.56 + 3.90 in
sector E and 59.33 = 1.58 in sector A; UAS-dicer/+; hh-Gal4/+ = 63.42 + 5.55; UAS-dicer; hh-Gal4/UAS-iDAxud1 = 78 = 5.4). (F) Chart
comparing the corresponding percentages of standardised reduction in standardised posterior compartment size and cell
size. The reductions follow a linear relation matching each other in all analysed genotypes.
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size as the ratio between the area of the posterior compart-
ment (red area in Fig. 3A and B) and the area of sector A (green
area in Fig. 3A and B). A significant reduction of relative pos-
terior compartment area is observed in wings with lower lev-
els of DAxudl (p<0.001, Fig. 3C). The reduction in size is
higher at 29 °C than 25 °C when comparing mutant (hh-Gal4/
UAS-iDAxud1) and wild type posterior compartments, and this
effect is stronger with the co-expression of the RNAse III Dicer
(p < 0.001). In addition, no significant variation in the relative
posterior compartment size reduction is detected when apop-
tosis is prevented in the posterior compartment by the
co-expression of iDAxudl and a dominant negative form of
the Caspase 9 Dronc (Igaki et al., 2002; Fig. 3C p-value>0.1 be-
tween hh-Gal4/UAS-iDAxudl and hh-Gal4UAS-iDAxud1/UAS-
Dronc®Y); suggesting that the reduction of posterior compart-
ment size is not produced by the apoptosis of cells expressing
iDAxudl. We were unable to detect activated Caspase 3 or
Acridine orange stain in hh-Gal4/UAS-iDAxudl wing discs
and pupal wings (data not shown), confirming that cell death
is not responsible for the reduction in size observed in the
corresponding wings. The percentage of standardised reduc-
tion for posterior compartment sizes of hh-Gal4/UAS-iDAxud1
and wild type wings (hh-Gal4/UAS-iDAxud1 relative posterior
compartment size/ WT relative posterior compartment size)
are indicated in the chart (Fig. 3C).

Having excluded cell death, the reduction in wing size
caused by lowering DAxudl levels could be generated by a
combination of several mechanisms, including a decrease in
cell size and/or cell proliferation. The analysis of cell numbers
in adult wings was carried out by counting the hairs included
in a particular wing region (red square in Fig. 3D), and shows a
net increase in cell density in hh-Gal4/UAS-iDAxudl
posterior compartments compared to wild type posterior
compartments or to sector A of hh-Gal4/UAS-iDAxudl wings
(Fig. 3E). The standardised cell density value in hh-Gal4/UAS-
iDAxudl is 1.24 +0.11, which indicates that cells with de-

creased levels of DAxud1 are in average 24% smaller than wild
type cells (p < 0.0001). This reduction increases to 31% in UAS-
dicer/+; hh-Gal4/UAS-iDAxudl wings (hh > DICER + DAXU-
D1i=1.31 £ 0.13). In this manner, the reduction in cell size ac-
counts for the smaller posterior compartment size observed
in hh-Gal4/UAS-iDAxudl wings, because the percentage of
standardised reduction of posterior compartment sizes and
percentages of standardised reduction in cell size match each
other in all genotypes analysed (Fig. 3F).

To confirm that cell proliferation does not contribute to the
phenotype of wings expressing iDAxudl, we monitored phos-
pho-histone 3 (PH3) and the incorporation of BrdU in cells
with reduced expression of DAxud1. Unexpectedly, the frac-
tion of cells in the S phase of the cell cycle (BrdU positive) is
higher than normal when DAxudl levels are reduced
(Fig. 4A, upper panel). Nevertheless, the amount of mitotic
cells (PH3 positive) is not significantly modified in iDAxudl
discs (Fig. 4A lower panel). Because the final number of cells
is normal and cell death is not induced, it is likely that mutant
cells spend more time than normal cells in phase S, in which
case G1 and/or G2 should be shorter. Small effects on cell pro-
liferation rhythms can be greatly amplified when cells of dif-
ferent genotypes are confronted in genetic mosaics (Morata
and Ripoll, 1975; Moreno et al.,, 2002; Moreno and Basler,
2004). To compare the proliferation of cells with different
DAxudl levels in mosaics, we performed a MARCM clonal
analysis (Lee and Luo, 1999). Wing discs of y w hsFLP1.22/y w
hsFLP1.22 TubGal4; UAS-GFP FRT42D/TubGal80 FRT42D; UAS-
iDAxud1/+ genotype without heat sock treatment show gener-
alised low levels of GFP expression, probably due to leaking in
Gal80 repression (data not shown). This allows, after mitotic
recombination, the visualisation of three cell populations:
background cells (low GFP), homozygous TubGal80 FRT42D
(twins, no expressing GFP) and homozygous UAS-GFP FRT42D
cells expressing UAS-iDAxud1 (clones, expressing higher lev-
els of GFP). In the wild type situation, FLP-induced mitotic

w
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>DAXUDIi

Twin area

C DAXUDIi

Twin area

Clone area

Clone area

Fig. 4 - DAxud1 regulates the proliferation profile of imaginal cells. (A) Expression of BrdU (red, upper panels) and PH3 (red,
lower panels) in hh-Gal4 UAS-GFP / UAS-iDAxud1 (hh>DAXUD1i) wing discs. Note the increase in BrdU incorporation in the
posterior compartment without changes in the number of PH3-expressing cells. Calculation of PH3 anterior/posterior
compartment ratio within the wing pouch indicates that no significant variation occurs in the number of mitotic cell in
DAxud1 knockdown posterior compartments (control A/P ratio = 1.02 + 0.10; experimental A/P ratio = 1.03 + 0.07; p-value =
0.68). (B) Chart of control clone and twin areas of clones induced in y w hsFLP1.22/ y w hsFLP1.22 TubGal4; UAS-GFP FRT42D/
TubGal80 FRT42D wing discs at 48-72 h. AEL (Control). Note the nearly equal areas determined for each twin. (C) Chart of clone
(lower DAxud1) and twin experimental areas induced in y w hsFLP1.22/ y w hsFLP1.22 TubGal4; UAS-GFP FRT42D/ TubGal80
FRT42D; UAS-iDAxud1/+ (DAXUD1i). Clone area roughly doubles twin spot area at any clone size, showing the growth
advantage acquired as a consequence of decreasing DAxud1 function. Examples of control and experimental discs with clone-

twin pairs are showed in the insets in B and G, respectively.
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recombination induced in y w hsFLP1.22/ y w hsFLP1.22 Tub-
Gal4; UAS-GFP FRT42D/TubGal80 FRT42D cells results in sister
twin clones of similar size (Fig. 4B). In this manner, plotting
the area occupied by sister twin clones generated at different
developmental times fits a straight line (r=0.9999) with a
slope equal to 1 (Fig. 4B). In contrast, cells expressing iDAxud1
generate clones larger than their respective twins. The clone-
twin plot also generates a straight line (r = 0.9999), but clone
area almost doubles twin area at each developmental time
(Fig. 4C). These results indicate that cells with decreased lev-
els of DAxud1 posses a proliferative advantage compared with
surrounding cells expressing higher levels of DAxudl. This
advantage is only revealed upon a confrontation of cells
belonging to the same compartment and expressing different
levels of DAxud1, and suggests a role of the protein to restrict
cell proliferation in normal conditions.

3.2.  High
apoptosis

levels of DAxudl induce JNK-dependent

The human AXUD1 protein has been proposed to function
as a tumour suppressor due to the reduction in its expression
observed in cancers associated with mutations in the AXIN
gene (Ishiguro et al,, 2001). Common to tumour suppressors

is their ability to restrict proliferation, and in several cases
the increase in their activities lead to cell death. Our loss-
of-function analysis has shown that DAxud1 is required to
regulate proliferation rates and cell growth, thus defining fi-
nal organ size. To further characterise DAxudl activity we
performed gain-of-function experiments. We used a P-GS
insertion located 460 bp upstream of the DAxud1 transcription
start site (Fig. 1c-676). The c-676 line is able to induce the
expression of DAxudl when combined with wing and eye-spe-
cific Gal4 drivers (Fig. 5D and data not shown). Very similar
phenotypes were obtained using the c-676 line or a UAS-DAXx-
ud1 construct in combination with a variety of Gal4 lines (data
not shown). These phenotypes include a non-allometric
reduction of wing size in sal-Gal4/UAS-DAxud1 flies, which
show a collapse of the L2/L3 intervein (Fig. 5B). Similarly, the
eye is reduced in size in ey-Gal4/UAS-DAxudl individuals
(Fig. 5C). These phenotypes were suppressed in combinations
between the c-676 line and the UAS-iDAxud1 (Fig. 5] and data
not shown). Considering our loss-of-function analysis and
the proposed tumour suppressor activity of AXUD1, the tissue
size reduction phenotypes could be the result of decreased
cell proliferation and/or induction of cell death. Activated
Caspase 3 and TUNEL staining show a robust apoptotic re-
sponse in DAxudl over-expressing cells (Fig. 5E and F). The

Fig. 5 - Over-expression of DAxud1 promotes apoptosis and activates the JNK pathway. (A) Wild type wing. (B) sal-Gal4, UAS-
DAxud1 (sal>5DAXUD1) wing. Over-expression of DAxud1 in the central region of the wing (L2 to L4, green domain in A)
produces a non-allometric reduction in size and the collapse of the L2-L3 intervein (arrowhead). (C) ey-Gal4/UAS-DAxud1
(ey>DAXUD1) eye showing a reduction in organ size. (D) In situ hybridization of DAxud1 in a wing disc of sal-Gal4/c-676
genotype, showing the strong expression of DAxud1 induced in the Gal4 expressing cells. (E) Expression of DAxud1 in the sal-
Gal4 domain (sal-Gal4, UAS-DAxud1) leads to a robust activation of Caspase3 (green) in third instar wing discs (arrowhead).
The expression of Spalt is shown in red. (F) Cells positive for TUNEL staining (red) are detected in sal-Gal4/UAS-DAxud1; UAS-
GFP/+ wing discs (arrowhead). The expression of GFP is in green. (G) Puckered expression (green) is induced in the central
region of sal-Gal4/UAS-DAxud1; puc-lacZ®%°/+ wing discs by DAxud1 over-expression (arrowhead). (H) Adult wing of sal-Gal4/
UAS-DAxud1; UAS-p35/+ genotype. Co-expression of DAxud1 and p35 partially reverts DAxud1 phenotype and produces
epithelial extrusion in the adult wing. (I) Adult wing of sal-Gal4/UAS-DAxud1; puc-lacZ®®°/+ genotype. The expression of
DAxud1 in a heterozigous puckered (puct®°) background significantly enhances the wing phenotype (compare to B). (J) Adult
wing of sal-Gal4/c-676; UAS-iDAxud1/+ genotype. The co-expression of DAxud1 (c-676) and DAxud1 RNA interference construct
(DAXUD1i= iDAxud1) suppresses the observed phenotype. Larvae were grown at 29 °C with the exception of those of D, which
were incubated at 25 °C.
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JNK pathway has been implicated in apoptotic responses in
cell competition assays and during normal morphogenetic
processes in Drosophila (Moreno et al., 2002; Lee et al, 2005;
Balakireva et al., 2006; Manjon et al., 2007). Using the puc®®®
enhancer trap line (Martin-Blanco et al., 1998) we were able
to detect puc induction in cells expressing high levels of DAx-
udl (Fig. 5G). To get insight about the contribution of cell
death to the adult phenotype produced by DAxudl over-
expression we blocked apoptosis co-expressing DAxud1 with
the anti-apoptotic protein p35, which blocks Caspase 3 activa-
tion (Fig. 5H). The adult wing phenotype produced by DAxud1
over-expression was only partially corrected in this genetic
combination, suggesting that additional processes, perhaps
proliferation rates, are compromised under these circum-
stances. To confirm whether cell death is the result of JNK
pathway activation we performed genetic interactions with
mutations in genes belonging to the JNK pathway. Partial
reversion of the wing phenotype generated by ectopic DAxud1
was detected in genetic combinations of with a null Hemipter-
ous allele in heterozygosity (Hep'’®; JNK-Kinase, JNKK) and
with a Basket hypomorph allele (BsK?’; Jun NH,-terminal
Kinase, JNK) (data not shown). Conversely, decreasing the lev-
els of puc (puct®/+), the phosphatase that negatively regulates
Bsk activity, causes a reduction in wing size stronger than
only increasing DAxud1 (Fig. 5I). The JNK pathway and apop-
tosis are also activated in cells with reduced Decapentaplegic
(Dpp) or Wingless (Wg) signalling, which are thereby elimi-
nated from the wing epithelium (Adachi-Yamada et al.,
1999; Moreno et al., 2002; Gibson and Perrimon, 2005). Analy-
sis of the expression of downstream targets of Dpp and Wg,
like phospho-Mad, Spalt or Distalless, shows that the apopto-
sis evoked by DAxudl1 is not due to impairing dpp or wg signal-
ling (Suppl. Fig. 1).

3.3. DAxudl regulates apoptosis versus cell
progression in a Cdk1-dependent process

cycle

Several tumour suppressors regulate proliferation by mod-
ulating the activity of essential cell cycle elements such as the
Cyclin E/Cdk2 complex, the E2F1 transcription factor and the
Cdc25/String phosphatase. Blockage of cell cycle can promote
apoptosis in a cell autonomous fashion or alternatively, as a
result of cell competition by the surrounding cells (Basu
et al., 1999; Prober and Edgar, 2000; Migeon et al., 1999; Pellock
et al.,, 2007). To define whether the adult phenotype and apop-
tosis induced by DAxud1 over-expression during larval stages
is the consequence of alterations in cell cycle control, we
monitored the expression of markers specific of different
phases of the cell cycle. Analysis of BrdU incorporation in
wing discs expressing high levels of DAxudl shows that the
number of cells is S phase is severely reduced (Fig. 6C, C’).
In contrast, the number of cells positive for the mitotic mar-
ker PH3 is increased (93.13 + 14.7 n = 16 Fig. 6E, E’ and F) com-
pared with wild type third instar larval wing discs (Fig. 6D and
D’ 48 + 6.75 n=10). The increase in mitotic cell numbers and
the BrdU incorporation blockage is not modified by the
expression of the anti-apoptotic protein p35 (82.34 + 12.64
n=12; Fig. 61 and H). Thus, the abnormally high number of
PH3-expressing cells seems to correspond to cells accumulat-
ing in mitosis, and not a consequence of compensatory

proliferation triggered by apoptosis. A fraction of cells stained
for PH3 is also positive for TUNEL (Fig. 6G), suggesting that
apoptosis is initiated in cells stopped in mitosis by high levels
of DAxud1. Ectopic expression of the DAxud1-GFP fusion pro-
tein also increases the number of cells in mitosis expressing
PH3 in sal-Gal4/UAS-DAxud1-GFR discs (Fig. 2D and E). Inter-
estingly, the accumulation of DAxud1-GFP is reduced in mito-
tic cells expressing PH3 (Fig. 2F).

Eye development offers a system where cells enter the cell
cycle co-ordinately during the second mitotic wave, whereas
cells posterior to this mitotic domain are post mitotic. The ec-
topic expression of DAxud1 in cells posterior to the morpho-
genetic furrow in the eye disc (GMR-Gal4/c-676) produces a
strong increase in PH3-expressing cells (Fig. 6K) compared
with wild type eye discs (Fig. 6]) without affecting BrdU incor-
poration (Fig. 6L). In addition, the accumulation of PH3 posi-
tive cells is associated with a robust induction of apoptosis
in these cells (Fig. 6M). Thus, it seems that cells expressing
higher than normal levels of DAxud1 enter apoptosis as a re-
sult of a mitotic blockage of the second mitotic division. The
differentiation of photoreceptors in GMR-Gal4/c-676 eye discs
is normal as monitored by the expression of Elav (Fig. 6K
and M).

To further define the effects on apoptosis and cell cycle
progression caused by higher than normal levels of DAxud1,
we performed a gain-of-function clonal analysis. DAxudl
over-expressing clones, induced at 36 + 12, 60 + 12 or 84 + 12
AEL, were not found in third instar larva wing imaginal discs
(data not shown), suggesting that DAxudl over-expression
imposes a proliferation disadvantage, possibly due to apopto-
sis induction, that eliminates these cells from proliferating
tissues.

To identify candidate targets of DAxud1 mediating its ef-
fects in cell cycle progression, we analysed the adult pheno-
type, and the number of mitotic cells and apoptosis in the
corresponding imaginal disc, of combinations between DAx-
udl and Cdk1 or String/Cdc25. Cdk1 is important for the G2/
M transition and functions as the catalytic subunit of the
Cdk1/CycB complex. Interestingly, the co-expression of DAx-
ud1 with Cdk1 almost completely reverts the adult phenotype
produced by ubiquitous expression of DAxudl in the wing
(Fig. 7B compare with Fig. 7A). As expected from this suppres-
sion, apoptosis and accumulation of PH3 positive cells is
nearly normal in wing discs co-expressing DAxudl and
Cdk1 (59 + 7.99 n = 12 Fig. 7C, C’; E, E’ and G, G’). Co-expression
of DAxud1 with String (Fig. 7D, D’; F, F’ and H, H’) or Cyclin B
(data not shown) does not prevent PH3 accumulation (Stg:
98 + 7.07 n = 14, CycB: 83 + 9.34 n = 12) and apoptosis. Further-
more, the heterozygosity of String (Stg*/+) or Cyclin B1 (CycB%/+)
does not modify the adult phenotype or the induction of
apoptosis caused by DAxudl (not shown). In addition,
changes in the activity of the Cdk1/CycB regulators Weel or
Mytl do not modify the DAxud1l over-expression phenotype
(data not shown). Therefore the effect of Cdk1 levels on DAx-
ud1 is not reproduced by String/Cdc25-mediated activation of
the Cdk1/CycB complex or through the modification of Cyclin
B levels. Finally, the over-expression of G1/S promoting fac-
tors such as E2F/Dp complex or Cdk2 slightly enhance the
effects of DAxudl over-expression (data not shown). These
later results suggest that DAxudl specifically reduces
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Fig. 6 — Increased expression of DAxud1 blocks the cell cycle during mitosis. (A) Wing phenotype produced by sal-Gal4
directed co-expression of DAxud1 and CD8-GFP. (B) Caspase 3 (red) is activated in the corresponding wing discs. Armadillo
expression is shown in blue. (G, C’) BrdU incorporation (red) is impaired (arrowhead in C’) in DAxud1-expressing cells (green).
(D, D’) Control wing disc (sal-Gal4/UAS-CD8::GFP) stained for phospho-histone 3 (PH3 in red). (E, E’) Augmented number of PH3
positive cells (red) in the sal expressing domain (green) in sal-Gal4 UAS-DAxud1/UAS-CD8::GFP wing discs. (F) Higher
magnification showing the increase in mitotic cells within the DAxud1 over-expression territory (arrowhead) in sal-Gal4 UAS-
DAxud1/UAS-CD8::GFP discs. (G) TUNEL staining (red) and PH3 (green) co-localise in a fraction of DAxud1-expressing cells
(arrowhead). (H, I) BrdU incorporation (H) and PH3 accumulation (I) are still affected in the DAxud1-expressing domain
(arrowhead) of sal-Gal4 UAS-DAxud1/UAS-p35 discs, even though cell death is prevented through p35 expression. (J) Control
eye disc stained for Elav (green) and PH3 (red). (K, L) Expression of DAxud1 posterior to morphogenetic furrow (GMR-Gal4/c-
676, arrowhead) influences PH3 staining at the second mitotic wave without affecting BrdU incorporation or differentiation
profiles in this territory. (M) Robust Caspase 3 activation is detected posterior to morphogenetic furrow (arrowhead),
exclusively where the second mitotic division takes place (arrowhead). Scale bar (A) = 700 pm; (B, J, K, L, M) = 50 pm; (C, C’, D,
D’, E, E’, H, I) = 100 pm; (F) = 10 pm; (G) 1,5 pm.

Cdk1-mediated activity during mitosis. The fact that Cdkl
hypomorphic alleles prevent mitosis completion without
affecting DNA replication (Weigmann et al., 1997), together
with the observation that co-expression of DAxudl and
Cdkl completely reverts DAxudl-over-expression outcomes
suggests that DAxud1 might repress cdc2 expression or reduce
Cdk1 activity. We were not able to detect changes in cdc2 RNA
expression levels using a RT-PCR approach in wing discs with

augmented expression of DAxud1 (data not shown), suggest-
ing that DAxud1 antagonises Cdk1 activity.

4, Discussion

Organ size depends on rates of cell proliferation, cell
growth and cell death. Unbalance of these processes could
lead to massive cell death or to hyperplasic growth, which un-
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Cdkl1

sal>DAXUDI, Stg

Fig. 7 - Effects of Cdk1 and String on the induction of apoptosis and cell cycle effects by DAxud1. (A, B) Abolition of DAxud1
ectopic expression phenotype by Cdk1 co-expression. Generalised over-expression of DAxud1 in the wing strongly impairs
wing development (A). Note the cancellation of DAxud1 phenotype when Cdk1 is co-expressed (B). (G, C’, E, E’ and G, G’). Wing
discs of the sal-Gal4 UAS-DAxud1/UAS-Cdk1-myc genotype. (G, C’, E, E’) The accumulation of PH3 and apoptosis (E, E’ and G, G’)
are cancelled by co-expression of DAxud1 and Cdk1 in sal-Gal4 UAS-DAxud1/UAS-Cdk1-myc discs compared to DAxud1
over-expression in sal-Gal4 UAS-DAxud1 discs (compare with Fig. 6E and F). (D, D’, F, F’ and H, H’) Wing discs of the sal-Gal4
UAS-DAxud1/UAS-Stg genotype. String co-expression does not modify the outcomes produced by DAxud1 over-expression in
sal-Gal4 UAS-DAxud1/UAS-Stg discs. Note the reduction in Caspase 3 stain in G’ compared with H’. (E-H’) Correspond to
magnifications of the wing pouch area indicated in yellow in panel C; the images have been rotated so that the side pointing
towards the centre of the disc (the sal-Gal4 expressing domain) is to the bottom of each panel. Co-expression of DAxud1 with
Cdk1 or String was performed at 29 °C to obtain the strongest DAxud1 responses. Scale bar (A, B) = 350 pm; (C, C’, D, D’) =
100 um; (E, B, F, F’, G, G, H, H’) = 15 ym.
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der certain conditions develops as tumours. A key aspect of Pan, 2007 and references therein). We have investigated the

growth control is the regulation of cell cycle progression, as function of Drosophila Axudl during development, focusing
modifications in cell cycle regulators have been demonstrated on its effects on cell division and apoptosis in imaginal discs.
to cause unrestricted growth and metastasic behaviour in Our phylogenetic analysis, together with the conserved pro-

Drosophila imaginal cells (Huang et al.,, 2005, reviewed by tein features described by Gingras et al. demonstrate that
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AXUD proteins (CSRNP in mice) have been conserved through
evolution. Protein sequence comparison shows that these nu-
clear proteins posses a stretch of Cysteine residues of variable
length common to all species analysed. Although a functional
analysis of this domain is still missing, the structural hall-
marks of AXUD proteins suggest they constitute a novel con-
served family of transcription factors.

4.1. DAxud1 behaves as a JNK-dependent pro-apoptotic
factor

To address the function of DAxudl we opted for an in vivo
approach using both loss- and gain-of-function experiments.
Over-expression analysis in imaginal discs revealed that ex-
cess of DAxud1 impairs organ development, causing a reduc-
tion in organ size. Cell death analysis in these tissues
indicates that DAxud1 over-expression consistently activates
apoptosis, indicating that size reduction can be attributed in
part to a diminution in cell number. Several experimental sit-
uations that lead to apoptosis in imaginal discs, including
morphogenetic apoptosis, implicate the inappropriate activa-
tion of the JNK pathway (Adachi-Yamada et al., 1999; Moreno
et al., 2002; Ryoo et al., 2004; Lee et al., 2005). We found that
the adult wing phenotype caused by DAxudl over-expression
is accompanied with the activation of the JNK pathway in the
wing disc. Accordingly, this phenotype is partially reverted in
heteroallelic combinations with several components of the
JNK pathway or by expressing its negative regulator. Taken to-
gether, these results suggest that DAxud1 pro-apoptotic effect
is caused by the activation of the JNK pathway in imaginal
cells.

4.2. Apoptosis is induced by a blockage in Mitosis in a
Cdk1-dependent process

Since activation of the Dpp and Wg pathways are neces-
sary for normal wing disc development, the cell death elicited
by DAxud1 could be a consequence of an inhibitory effect on
these pathways (Gibson and Perrimon, 2005; Adachi-Yamada
and O’Connor, 2002). However, no effects were detected in
the expression of Dpp and Wg target genes, indicating that
DAxudl functions independently of Dpp and Wg activity.
Due to the proposed role as a tumour suppressor for AXUD1,
we studied the function of DAxud1 in cell cycle progression,
observing a blockage in proliferation accompanied by the
accumulation of cells in mitosis. The reduced levels of BrdU
incorporation and the concomitant increase in the number
of PH3 positive cells could arise from an extremely fast
progression through the cell cycle. Because we performed a
relatively short BrdU pulse (30 min) and the tissue was imme-
diately fixed afterwards, it is very unlikely that mitotic dilu-
tion of BrdU explains our observation. Since DAxudl also
promotes apoptosis, compensatory proliferation (Ryoo et al.,
2004) and cell competition (Morata and Ripoll, 1975) could
account for the higher amount of PH3 positive cells within
DAxudl-expressing domain. However, reduced BrdU incorpo-
ration and high number of PH3 positive cells are observed in
wing discs co-expressing DAxud1 and the apoptotic inhibitor
p35, strongly arguing against both alternatives. We suggest
that increasing DAxud1 retards or blocks some stage during

mitosis and consequently reduces proliferation. This block-
age leads to a JNK-dependent apoptosis, a possibility sup-
ported by the following observations: decreasing JNK
activity in heteroallelic combinations reduces the DAxudl
over-expression phenotype, a fraction of TUNEL positive cells
express PH3 and the pro-apoptotic effects of DAxud1 are sup-
pressed by Cdkl expression. In addition, the expression of
E2F/Dp or Cdk2, which accelerate the G1/S transition, cause
stronger cell death and higher accumulation of PH3 positive
cells (not shown). This is likely a consequence of more cells
reaching mitosis, and them becoming affected by the block-
ing activity of DAxud1. In our rescue experiments, expression
of Cdk1 is unlike to cause changes in Cyclin B or Cdc25/String
phosphatase, suggesting that a CycB/Cdk1-independent pro-
cess is the target of DAxud1 activity. Analysis of Cdk1 func-
tion in Drosophila imaginal cells, using the hypomorph
temperature-sensitive allele Cdc2%?* has shown that reduc-
tion in its activity leads to mitotic blockage (Weigmann
et al., 1997). However cdc25?* cells progress to DNA replica-
tion, endoreplicating their DNA and acquiring higher cell size
(Weigmann et al., 1997). In our results, DAxudl over-expres-
sion likewise impairs mitotic progression but no endoreplica-
tion is detected. A possible explanation is that DAxud1 over-
expression represses very effectively Cdk1 activity, reducing
Cdk1 function below the levels reached by the Cdc25* allele.
In this manner, these cells became blocked in mitosis without
progressing to endoreplicative cycles. This reasoning also
explains the inability of CycB to rescue DAxud1 over-expres-
sion and the exclusive role of Cdkl to revert the DAxudl
over-expression phenotype. Finally, the effects of DAxudl
over-expression are restricted to mitotically active tissues,
as no significant apoptosis or differentiation defects are de-
tected when DAxudl is expressed, for example, in cells pos-
terior to the second mitotic wave domain in the eye disc.

The observed restriction imposed by DAxud1 upon mitosis
progression implies that cells where the activity of this gene
is decreased should exhibit a proliferative advantage. This is
indeed what we observed in cells after knocking down DAx-
udl, which increases proliferation as detected by BrdU incor-
poration. These mutant cells also display a reduction in cell
size, which finally result in a smaller wing posterior compart-
ment size. The reduction in cell size could be a consequence
of reduced length of G1 and/or G2, or, alternatively, it might
imply a function of the protein in the signalling pathways
that regulate cell size. We have not addressed the mecha-
nisms by which DAxudl influences cell size.

It is remarkable that the reduction of DAxudl expression
confers cells a proliferation advantage, as observed in twin
analysis. Thereby, cells with decreased levels of DAxudl be-
have as cells with increased mitogenic potential. This behav-
iour, together with the consequences of increasing DAxudl
levels, lead to the hypothesis that DAxudl might antagonize
the effect of pro-proliferative signals in proliferating cells. In
this manner, DAxud1 might act as a sensor of pro-prolifera-
tive inputs within the cell that imposes a restriction of pro-
gression through mitosis. When over-expression of DAxudl
breaks this balance cells triggers JNK-dependent apoptosis.
Recently, Gingras et al. described the transcriptional activator
ability and individual knockouts for the orthologues of DAx-
ud1l in mice (CSRNP-1, -2 and -3) (Gingras et al., 2007). They
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did not detect any obvious effects on mouse development,
hematopoiesis or T cell functions. Interestingly, CSRNP-1
was cloned from IL-2 treated T-cells, a general pro-mito-
genic signal for these cells. The apparent discrepancy be-
tween the lack of phenotypes in knockout mice and the
requirement of Drosophila DAxud1 might rely on redundancy
among proliferation control mechanisms in mice. We did
not detect tumoural behaviour in cells with lower DAxudl
levels, as might be expected from the proposed function
of human AXUD as a tumour suppressor (Ishiguro et al.,
2001). The proliferation advantage of cells with lower levels
of DAxud1 in genetic mosaics is compatible with a facilitat-
ing role in tumour progression, although to generate hyper-
plasic proliferation other priming pro-tumourigenic events
must occur in the cell. The effects of DAxud1 in cell viabil-
ity; cell competition and cell cycle progression identified in
imaginal cells should open new avenues to understand the
function of this family of related proteins during develop-
ment and cancer progression.
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