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Research Paper 

Anxa4 Genes are Expressed in Distinct Organ Systems in Xenopus laevis 
and tropicalis But are Functionally Conserved

ABStRACt
Anxa4 belongs to the multigenic annexin family of proteins which are characterized 

by their ability to interact with membranes in a calcium‑dependent manner. Defined as a 
marker for polarized epithelial cells, Anxa4 is believed to be involved in many cellular 
processes but its functions in vivo are still poorly understood. Previously, we cloned 
Xanx4 in Xenopus laevis (now referred to as anxa4a) and demonstrated its role during 
organogenesis of the pronephros, providing the first evidence of a specific function  
for this protein during the development of a vertebrate. Here, we describe the strict  
conservation of protein sequence and functional domains of anxa4 during vertebrate  
evolution. We also identify the paralog of anxa4a, anxa4b and show its specific temporal 
and spatial expression pattern is different from anxa4a. We show that anxa4 orthologs 
in X. laevis and tropicalis display expression domains in different organ systems. Whilst 
the anxa4a gene is mainly expressed in the kidney, Xt anxa4 is expressed in the liver. 
Finally, we demonstrate Xt anxa4 and anxa4a can display conserved function during 
kidney organogenesis, despite the fact that Xt anxa4 transcripts are not expressed in this 
domain. This study highlights the divergence of expression of homologous genes during 
Xenopus evolution and raises the potential problems of using X. tropicalis promoters in 
X. laevis.

intRoduCtion
Annexin proteins are members of an evolutionarily conserved, multigenic family, 

identified in eukaryotes ranging from protists and fungi, to plants and higher vertebrates. 
The family consists of more than 160 members.1-4 Each annexin has a specific expres-
sion pattern and sub-cellular localization.5 Annexin proteins consist of two domains;  
the divergent NH2-terminal “head,” thought to specify the individual annexin properties 
in vivo, and the conserved 34kDa COOH-terminal protein core, which possesses the 
calcium and membrane binding sites. The annexin protein core structure, consisting of  
the common tetrad of internal repeats, has been strictly conserved for over 1200 million 
years, implying a basic functional role for this domain.6 Characteristic protein specific 
differences in the four imperfect repeats have also remained evolutionarily conserved, 
enabling each annexin to bind to cell membranes containing a mixture of specific lipids 
and carbohydrates with high affinity.7,8 Annexins provide novel, calcium-dependent 
cellular mechanisms to reversibly alter membrane characteristics such as fluidity and 
permeability, the ability of membranes to aggregate and fuse, the regulation of ion 
conductance activity and the organisation of the extracellular matrix.9,10

Annexin 4 (anxa4), first identified in human placental homogenates,11 has been  
identified in a number of vertebrates,4,12,13 but its precise function is yet to be determined. 
The anxa4 protein is expressed in a wide range of tissues, associated with polarized 
epithelial cells and is proposed to be involved in the regulation of chloride ions across 
the epithelial membrane.2,14,15 Temporal and spatial expression studies in X. laevis show 
that anxa4a (previously referred to as Xanxa4) is expressed on the luminal surface of  
the pronephric tubules.3 The anxa4 gene expression in mouse and in zebrafish is also  
localized to the kidney in addition to the floor plate whilst, in humans it is expressed 
within the tubulus epithelial cells.4,16,17 These patterns of expression are consistent with 
a role in chloride conductance.

Cloning of the X. laevis annexin 4 (anxa4a) gene has led to the first direct functional 
analysis of this gene during development. Depletion of anxa4a protein, using morpholino 
antisense oligonucleotides, led to altered kidney organogenesis typified by a shortened, 
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enlarged tubule. This defect could be rescued by the co-injection of 
anxa4a mRNA.3 This suggests that anxa4a plays a role in normal 
pronephrogenesis although its precise role is unclear.

In this paper we investigate the functional and evolutionarily 
conservation of this developmentally important anxa4a gene by 
protein homologies, temporal and spatial expression patterns and 
functional approaches. We first identify the common similarities 
possessed by the anxa4 protein by phylogenetic analysis and demon-
strate the strict conservation of functional protein domains. We then 
identify an additional anxa4 transcript in Xenopus laevis which we 
call anxa4b. This transcript has a temporal and spatial expression 
pattern which is different from anxa4a. We then show that X. tropi‑
calis anxa4 (Xt anxa4) is never expressed in the pronephric kidney 
but is highly expressed in the embryonic liver and so differs in its 
expression domain from either of the anxa4a or anxa4b transcripts. 
In addition we demonstrate that Xt anxa4 can functionally rescue 
the anxa4a MO phenotype which disrupts pronephric development 
indicating conservation of function, despite the lack of conservation 
of spatial distribution, in these closely related species. This work is 
the first demonstration of the divergence of patterns of orthologous 
gene expression between X. laevis and tropicalis.

MAtERiALS And MEthodS
Bioinformatics. Anxa4 sequences (see Table 1 for Accession 

numbers) were identified by BLAST performed on the NCBI 
website. To examine the pattern of evolution of the anxa4 gene across 
vertebrate species, the available nucleotide and protein sequences 
were aligned using the GeneBee algorithm and a phylogenetic tree 
produced using the PHYLIP program.18 Pairwise alignments were 
performed using the Needle program based on Needleman-Wunsch 
global alignment algorithm.19 Analysis on protein sequences were 
performed using the ScanProsite program.20

Embryo culture and microinjection. Embryos were obtained  
and cultured as described previously (ref. 21). All fine dissections 
of X. laevis embryos were performed in Barth X using watchmakers 
forceps and an eyebrow hair mounted in a hypodermic needle.

Microinjections were performed into a V2 blastomere of 8-cell 
stage X. laevis embryos. b-galactosidase (LacZ) (2 ng) (A. Philpott, 
Cambridge) was co-injected as lineage tracer. X-Gal staining was 
carried out as described in Bourguignon et al.22 The embryos were 
staged according to Nieuwkoop and Faber.23

Morpholinos. The anxa4a morpholino 2 (MO2) (5'-tccgagt-
gctgccatgatgtccacc-3') was designed and supplied by GeneTools, 
LLC. This MO is designed against more 5'upstream sequences than  
MO1 described in Seville et al.3 (Fig. 6A). The MO (5 ng/nl) was 
injected (20 ng) alone or in combination with mRNA (5 ng). The 
random control MO (cMO) designed by GeneTools was used as a 
control.

Expression clones, mRNA synthesis. Xt anxa4 full length  
cDNA clone was obtained from the X. tropicalis full length 
cDNA library.24 X. laevis anxa4a‑MUT (anxa4a‑MUT) cDNA was  
generated by PCR from the anxa4a cDNA and cloned into pCS2+. 
Two third-base modifications were introduced and the 5'UTR was 
removed in order that the anxa4a MO2 did not recognize and  
bind to this new mRNA. Each mRNA was transcribed using a 
mMessage mMachine kit (Sp6 RNA polymerase, Ambion) from  
NotI linearized template.

In vitro translation of in vitro trancribed mRNA. mRNA  
(0.5 mg) was translated in vitro in the Rabbit Reticulocyte Lysate 
System (Promega) according to manufacturer’s protocol in presence 

of 10 mCi of [35S] Methionine alone or with 10 mg of MO.  
Translation products (5 ml) were separated by SDS-PAGE and 
analyzed by autoradiography (Kodak) after an overnight exposure.

RT‑PCR. Total RNA extraction and cDNA synthesis from 
whole X. laevis embryos or from isolated kidneys and livers were 
performed as previously described (ref. 25). PCR’s were carried out 
using specific primers for anxa4a (couple 5U/5D, Supplementary  
Table 1) and anxa4b (U-5'GCACTTATGACTCCGTACAC-3';  
D-5'GACATTGCTGCTCTGATCTC-3') in cycles of 94°C for  
1 min, x for 1 min and 72°C for 1 min, where n and x are  
respectively: 26–27 and 60°C for anxa4a; 26–29 and 59°C for  
anxa4b. Direct sequencing of these PCR products confirmed the  
specificity of each reaction. Each PCR contained -RNA, -RT and  
-cDNA negative controls and a linearity range to show the PCR was 
in the linear range. The quantity of input cDNA was determined by 
equalization of the ODC signal.26

In situ hybridization. Wholemount in situ hybridization was 
performed by standard methodology.27

X. laevis and tropicalis embryos were fixed in MEMFA (0.5 M 
MOPS pH 7.4, 100 mM EGTA, 1 mM MgSO4, and 4% formal-
dehyde) and hybridized with antisense and sense RNA probes.  
The antisense anxa4a probe was generated as described previously 
(ref. 3). The full length of the clone BC073582 (anxa4b) was 
subcloned into the plasmid pBSKS and antisense and sense probes 
were transcribed with T3 and T7 RNA polymerase from the template 
linearized with BamHI and KpnI respectively. The Xt anxa4 anti- 
sense and sense probes were transcribed with T3 and Sp6 RNA 
polymerase from the full length clone CR762357 previously linear-
ized with EcoRI and NotI respectively.

Probes were synthesized and labelled using a DIG label-
ling kit (Roche) and the hybridization visualized using sheep 
anti-DIG-alkaline phosphatase antibody (Roche) and 4-nitroblue  
tetrazolium chloride/5-bromo-4-chloro-3-indolylphosphate substrate 
(NBT/BCIP; Roche). Embryos were bleached following standard 
protocols.

Immunohistochemistry. Whole mount immunohistochemistry  
was performed on injected embryos fixed in MEMFA as described 
previously (ref. 3). Embryos were immunostained with pronephric 
tubule-specific monoclonal antibody 3G8.28 The secondary antibody 
was alkaline phosphatase-conjugated goat anti-mouse IgG (Sigma) 
and the color reaction was performed by using NBT/BCIP (Roche).

Nuclear staining was carried out as previously described (ref. 3). 
Cell counts were performed on digital images recorded using a 
Nikon Optiphot/ Diginet camera system or a Leica SP2 confocal 
microscope.

Table 1 Accession numbers of the anxa4 sequences used  
 in this study

 Species cdnA Protein
 X. laevis anxa4a AY039235 AAK83461 
 X. laevis anxa4b BC073582 AAH73582 
 X. tropicalis CR762357 CAJ83505 
 H. sapiens NM_001153 NP_001144 
 M. musculus U72941 NP_038499 
 R. rattus  NP_077069 
 B. taurus  BAA11243 
 S. scrofa  P08132 
 C. familiaris  P50994 
 D. rerio AY178798 AAO20272 
 O. latipes   CAA72122

Anxa4 Genes in Xenopus
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Acrylamide embedding and cryostat sectioning. 
X. laevis embryos were embedded and sectioned at 
18 mm thickness as described previously (ref. 3).

RESuLtS
The identification of a new X. laevis anxa4 

transcript, anxa4b. We have previously reported  
the cloning and functional analysis of the anxa4a 
gene in pronephric development in X. laevis.3  
Blast analysis on the NCBI website identified a 
new cDNA for anxa4 in X. laevis (NCBI Accession 
no BC073582). This clone is 1160 bp long, 
contains an open reading frame of 966 nucleotides 
encoding for a protein of 321 amino acids. This 
new cDNA is 88.5% identical to our original 
sequence, anxa4a. The predicted translated 
protein is 92.8% identical to anxa4a (Table 2A), 
with 23 different amino acids between these two 
proteins located along the length of the coding 
region (Fig. 1).

Pairwise alignment between this new protein 
sequence and other available annexins in X. laevis 
demonstrated that this new protein is more  
related to anxa4a than to any other annexin. The 
percentage of identity between this protein and 
other annexin family members is ≤53% (Table 2B). 
Moreover, this protein contains the four character-
istic conserved annexin motifs but also the putative 
sites for posttranslational modifications in its N 
terminus region, as found in anxa4a protein. Based 
on this sequence analysis, we called this new gene 
anxa4b and conclude anxa4b and anxa4a are dupli-
cated genes, since X. laevis is a pseudo-tetraploid 
species.

Bioinformatic analysis of Xenopus anxa4 
proteins reveals they are highly conserved within 
Xenopus species (>90% identity) but also during 
vertebrate evolution (Fig. 1 and Table 2A). The 
anxa4b protein shows the highest degree of 
conservation with mammalian anxa4 whereas 
anxa4a is more related to the fish anxa4 protein  
and more importantly to X. tropicalis anxa4. The 
anxa4a protein is 93.5% identical to Xt anxa4 
whereas anxa4b is only 92.2% identical to Xt 
anxa4.

The anxa4b protein has the characteristic 
four calcium-binding annexin fold repeats, spaced 
by inter-fold domains. These folds are located in 
identical places with respect to each other in all 
sequences analyzed and are typically 53 amino 
acids in length (Fig. 1). All of the four annexin 
folds retain a high level of similarity (≥79.2%) with 
reference to anxa4a sequence (Fig. 2A). However, 
the percentage of identity is less, especially for 
annexin fold 1 with only 62.3% of identity between 
zebrafish and anxa4a sequences. Amino acid 
substitutions occur between species, however, the 
replacing amino acid possesses the same character-
istic as the substituted amino acid in the majority of 
cases e.g., basic, acid, neutral and polar, or neutral 
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Figure 1. Multiple alignment of anxa4 proteins. The sequence of the three Xenopus anxa4 
(anxa4a, anxa4b and Xt anxa4) proteins were aligned against other vertebrate anxa4 proteins 
using the CLUSTALW software. The annexin fold domains are marked with reference to anxa4a 
sequence. Identical residues are indicated by (.). Letters highlighted in light grey are conserved 
between all seven anxa4 proteins. The numbering above the amino acid position refers to anx‑
a4a sequence. Gaps are indicated by dashes. Bold residues highlighted in dark grey indicate 
the 23 unconserved amino acids between anxa4a and anxa4b proteins.
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and hydrophobic enabling overall properties of the annexin folds to 
remain conserved (Fig. 1). In contrast, the inter-fold regions gener-
ally show a lower level of conservation with respect to amino acid 
identity. The inter-fold 3 shows the greatest degree of conservation, 
from 72.7% of identity. The most conserved region is located in  
the C-terminus which binds to membranes (100% similarity and 

≥80% identity) whereas the N-terminus is more variable with  
only 50% of identity between human and Xenopus sequences.

Phylogenetic analysis was carried out on all the available anxa4 
protein sequence for multiple vertebrate species (Fig. 2B). This 
analysis shows a clear separation in sequence divergence between 
the classes of mammals, amphibian and fish. The amphibian and 
mammalian anxa4 proteins formed closely related, distinct groups, 
whilst anxa4 in fish appeared to be more divergent.

Anxa4b displays a different expression pattern from anxa4a. 
The temporal expression of two anxa4 genes was 
analyzed and compared by RT-PCR (Fig. 3). As the 
primers used in our first study amplify both Xenopus 
anxa4 genes,3 new specific gene primers were designed. 
The specificity of the primers was analyzed by 
sequencing the RT-PCR products which confirmed 
each primer pair only amplified its intended target 
sequence. The anxa4a gene was expressed maternally  
and its expression level overall remained constant during 
the development of X. laevis. However, no maternal 
expression was seen for anxa4b. Zygotic expression was 
first detected during gastrulation at stage 10.5 but 
remained at a low level until stage 19. Expression was 
upregulated at stage 19 and again at stage 25 and  
maintained at high level throughout tailbud and  
tadpole stages.

We then analyzed the spatial expression of anxa4b by whole- 
mount in situ hybridization in comparison to anxa4a (Fig. 4A). No 
specific 5' or 3' UTR probe could be made due to the short length 
of these regions in the available EST’s. Therefore, the full length 
anxa4b cDNA was used as a template in each case, as previously used 
for anxa4a.3

Figure 2. Phylogeny of vertebrate anx4 proteins. (A) Identity and similarity 
comparisons between structural domains of the anxa4 proteins. Percentage 
identities are in regular type and similarities are in italics. Annexin fold 
domains are represented by shaded boxes and the N‑ and C‑terminal and 
inter‑fold domains are represented by horizontal lines, using anx4a as the 
reference sequence. (B) Molecular phylogenetic tree of Xenopus orthologs 
and vertebrate anxa4 proteins. The unrooted tree was produced for all the 
available anxa4 proteins (see Table 1 for Accession numbers) using the 
PHYLIP program on the Genebee Internet Site.

Figure 3. Comparison of anxa4a and anxa4b temporal expression patterns in X. laevis 
embryos. RT‑PCR was performed with total RNA extracted from X. laevis oocytes and 
embryos at different stages. Anxa4a is maternal and expressed in whole embryos at 
the same level throughout development until stage 45, the last stage tested. Anxa4b is 
expressed weakly during gastrulation. Its expression is upregulated, at both neurula and 
tailbud stages.
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Table 2  anx4a and anx4b percentage identity

A Relatedness between anxa4b and vertebrate  
 anxa4 proteins 
 anxa4a anxa4b
 X. laevis (anxa4a) 100 92.8  
 X. tropicalis 93.5  92.2  
 H. sapiens 71.7  72.4  
 M. musculus 71.3 72  
 R. norvegicus 72 73.2  
 B. taurus 74.1 74.5  
 S. scrofa 73.2 73.5  
 C. familiaris 72 71.7  
 O. latipes 67.3 64.8  
 D. rerio 66.7  64.2 

B Relatedness between anxa4b and X. laevis anxa   
 family proteins
 anxa4b
 anxa1 46.9  
 anxa2 46.5  
 anxa4a 92.8 
 anxa5 51.9  
 anxa6 (1/2) 52.9 
 anxa7 32.4  
 anxa9 34.2  
 anxa13 45.3

These tables indicate percentage of identity determined by EMBOSS paired alignment using the  
Needleman-Wunsch global alignment algorithm (ref. 19).
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At stage 28, both genes are expressed weakly in the otic vesicle 
and cement gland (Fig. 4A, a and b). The anxa4a gene expression 
can be observed in the kidney anlagen at this stage (Fig. 4A, b) 
and remains expressed in the kidney and more specifically in the 
pronephric tubules until stage 41 (Fig. 5A, b) as shown previously 
(ref. 3). The expression in the cement gland and otic vesicle is not 
detectable from late tailbud stages. However, at stage 41, expres-
sion in the gall bladder and in the ventral lateral line can be seen  
(Fig. 5A, b). The latter stage expression patterns were not 
previously reported.3 The anxa4b gene is also expressed in the 
pronephric tubules at tadpole stages but only transiently (Fig. 4A, g). 
At stage 41, anxa4b is no longer expressed in the kidney (Fig. 5A, a). 
However, in contrast to anax4a, anxa4b is strongly expressed in the  
liver, from stage 33 throughout stage 41, the last stage tested  

(Fig. 4A, d and g; Fig. 5A, a). At stage 41, staining in the anterior 
part of the liver and in the gall bladder can be observed (Fig. 5A, a). 
No staining was observed with the sense probe at any stages tested 
(data not shown).

RT-PCR analysis was performed on kidney and liver dissections 
to confirm that the in situ hybridization analysis was specific to each 
transcript. Pronephric tissues were dissected at different key stages 
during the development of the kidney (Fig. 5B).29 The anxa4a tran-
script is expressed throughout the development of the pronephros, 
from stage 12.5 (specification of the pronephric tubules) to stage 39 
(functional kidney) whereas anxa4b expression in the pronephros  
can be weakly detected from stage 28 and increases during prone-
phric differentiation until stage 39, the last stage tested in this 
experiment.30 At stage 41, anxa4a is expressed slightly more in the 

Figure 4. Comparison of in situ expression patterns of the three orthologs in X. laevis and tropicalis embryos. (A) anxa4 probes from each the Xenopus 
orthologs identify distinct in situ expression domains on X. laevis embryos. anxa4a and anxa4b can be detected from stage 28 in the cement gland (cg) 
and weakly in the otic vesicles (ov) (a and b). Expression of anxa4a in the pronephric anlagen (pn) can be first observed at stage 28 (b) and from stage 
33 in the developing tubules (pt) (e and h). anxa4b is also in the pronephric tubules (d and g) but in a transitory manner, being lost from this region in later 
stage embryos (data not shown). anxa4b is expressed strongly in the developing liver (l) from stage 33 (d and g). A combination of the two expression pat‑
terns is detected with Xt anxa4 probe, which shows similar homology to both X. laevis genes. Strong staining in the pronephric tubules (pt) can be observed 
from stage 33 (f) and in the liver (l) at stage 39 (i). (B) Anxa4 probes from each of the Xenopus orthologs show identical in situ expression patterns on  
X. tropicalis embryos. Xt anxa4 is first detected in the cement gland (cg) and otic vesicle (ov) at stage 28 (a) and remains expressed in these two organs 
throughout their development (d and g). From stage 32, expression can be seen in the liver (l) (d). Xt anxa4 remains strongly expressed in this organ at 
later stages (g). The same expression pattern is detected with both anxa4a (c, f and i) and anxa4b (b, e and h) probes, although as expected the signal is 
weaker since probes are being used cross‑species, confirming the homology of these genes.
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kidney than in the liver, whereas anxa4b is preferentially expressed 
in the liver (Fig. 5C). By stage 44, the specific spatial expression of 
these two paralogs clearly illustrates anxa4a as a kidney marker and 
anxa4b a liver marker.

X. tropicalis anxa4 (Xt anxa4) is expressed in the embryonic 
liver and never in the pronephros. It has been suggested that the 
spatial expression pattern of homologous genes is usually conserved 
between X. laevis and tropicalis.31 We have identified a difference  
in expression patterns between the two anxa4 genes in X. laevis,  
and therefore investigated the expression pattern of Xt anxa4 by in 
situ hybridization (Fig. 4B).

At tailbud stages, Xt anxa4 expression can be detected in the 
otic vesicle and cement gland (Fig. 4B, a). At tadpole stages, Xt 
anxa4 becomes strongly expressed in the liver (Figs. 4B, d and g) 
and in contrast to X. laevis, no staining can be seen in the kidney at 
any stages studied. At stage 41, there is no detectable expression in 
the liver, however the gall bladder is highly and specifically stained  
(Fig. 5A, c). No staining with the sense probe was observed at any 
stages tested (data not shown).

Due to the fundamental difference of expression pattern seen 
between these two species, we decided to carry out in situ hybridiza-
tion on X. tropicalis embryos using the two X. laevis anxa4 probes  
and vice and versa. It has been shown that a number of X. laevis 
probes cross hybridize with X. tropicalis, so no modification in  
our in situ hybridization protocols was introduced.31 As shown in 
Figure 4B, both X. laevis anxa4 probes strongly stained the liver of  
X. tropicalis embryos at later stages (Fig. 4B, h and i). No staining, 
at any stage, was detected in the pronephros. These data suggest that  
Xt anxa4 is the true homolog of both X. laevis anxa4 genes. The 
reverse experiment was performed (Fig. 4A). The Xt anxa4 probe 
hybridized to both kidney and liver in X. laevis embryos. Pronephric 
tubules are heavily stained from stage 33 (Fig. 4A, f ), reflecting the 
expression pattern of anxa4a. The late stage expression in the liver is 
noticeable from stage 39 (Fig. 4A, i).

Xt anxa4 is functionally homologous to Anx4a. The knock- 
down of anxa4a affects pronephric tubule development in X. laevis.3 
Despite the different spatial expression pattern, we asked if Xt anxa4 
can perform a similar function to its homolog in X. laevis. Therefore, 
we assessed if Xt anxa4 could rescue the phenotype induced by anx4a 
depletion in X. laevis.

A second MO (MO2) had already been designed against more 
5'upstream sequences to the MO1 used in our previous published 
study (Fig. 6A).3 MO2 has already been shown to knock-down  
the expression of anxa4a and also to cause the same phenotype as 
MO1 on the pronephric tubules (Seville, 2001, Thesis Warwick 
University) (Fig. 6B, lanes 2 and 3). MO2 spans the ATG but 
contains fewer complimentary nucleotides in the coding region  

Figure 5. Comparison of anxa4a and anxa4b spatial expression. (A) 
Xenopus anxa4 genes are expressed in a common domain, the gall blad‑
der, in stage 41 embryos. In situ hybridization was carried out on X. laevis 
(a and b) and X. tropicalis (c) embryos. anxa4a (b) is expressed strongly in 
the pronephric tubules (pt) and also in the gall bladder (gb). anxa4b (a) is 
detected in the anterior part of the liver (l), in the gall bladder (gb) but not 
expressed in the pronephros (pt) (white arrow). Xt anxa4 (c‑ventral view) is 
only expressed in the gall bladder (gb). The cement gland (cg) is indicated to 
allow orientation of the embryos. (B) anxa4a and anxa4b expression is dif‑
ferent during pronephric development. RT‑PCR was performed with total RNA 
extracted from dissected kidneys from different stages of X. laevis embryos. 
anxa4a is expressed in the kidney throughout its formation whereas anxa4b 
is only expressed in this organ from stage 28. (C) anxa4a and anxa4b 
display different spatial expression at late tadpole stages. RT‑PCR was 
performed with total RNA extracted from dissected pronephric kidneys and 
livers from stages 41 and 44 X. laevis embryos (W.E.). At stage 41, anxa4a 
is slightly more expressed in the kidney than the liver and anxa4b is more 
highly expressed in the liver. At stage 44, this difference of expression is 
more highly pronounced.

Figure 6. The anxa4 MO2 knocks down anxa4a but not Xt anxa4 transla‑
tion. (A) Alignment of the 5’ sequences of X. laevis wild type and mutant 
anxa4 cDNA and its X. tropicalis homolog showing the complementarity of 
anxa4a MO1 and MO2 in relation to these cDNAs. The ATG is underlined 
and mismatch residues are indicated in bold. Four nucleotides (in grey) differ 
between Xt anxa4 cDNA and the MO2 sequence. Two mismatch nucleotides 
created in anx4a‑MUT cDNA are highlighted in light grey. Two nucle‑
otides (in dark grey) are different between anxa4b and MO2 sequences.  
(B) anxa4a MO2 does not interfere with Xt anxa4 translation; autora‑
diograph of an SDS‑PAGE analysis gel of in vitro translated 35S‑Methionine 
radio‑labelled anxa4 proteins. 0.5 mg of anxa4a mRNA was incubated 
alone (lane 1) or in combination with 10 mg of anxa4a MO1 (lane 2) or 
MO2 (lane 3). Both MO block the translation of anxa4a mRNA. 0.5 mg of 
anxa4a‑MUT mRNA was incubated either alone (lane 4) or in combination 
with 10 mg of anxa4a MO1 (lane 5) or MO2 (lane 6). Translation of the 
mutant mRNA is severely affected by MO1 but unaffected by MO2. 0.5 mg 
of Xt anxa4 mRNA was incubated alone (lane 7) or in combination with 
10 mg of anxa4a MO1 (lane 8) or MO2 (lane 9). MO2 does not block the 
translation of Xt anxa4 whereas the addition of MO1 affects its translation. 
These results demonstrate that Xt anxa4 can be used to rescue MO2.
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than MO1, a region highly conserved between X. laevis and  
tropicalis mRNAs. MO2 contains four mismatch nucleotides to Xt 
anxa4 mRNA as opposed as two in MO1 (Fig. 6A). As expected, 
MO2 does not block the translation of Xt anxa4 whereas MO1 can 
partially affect its translation (Fig. 6B, lanes 8 and 9). In order to  
rescue the MO2 phenotype, a X. laevis mutant anxa4a (anxa4a‑ 
MUT) mRNA was created by PCR (Seville, 2001, Thesis Warwick 
University). It lacks the 5'UTR and contains two third-base changes 
in the first 15 nucleotides of the coding region, no more than six 
nucleotides apart, preventing the binding of MO2 but not MO1 
(Fig. 6A and B, lanes 5 and 6).

cMO, MO1, MO2 were injected into the V2 blastomere of an 
8-cell stage embryo and cultured until stage 41. Tubule morphology 
was assessed by antibody staining with 3G8, a tubule-specific  
monoclonal antibody (Fig. 7A).28 As previously shown, no consistent 
phenotype is observed following the injection of cMO (Fig. 7A). 
The characteristic tubule phenotype described by Seville et al.,  
2002,3 was observed after injection of MO1 (Fig. 7A). Forty-one 
percent of the embryos (n = 20/49) display shortened and enlarged 
tubules on the injected side. The depletion of anxa4a by MO2 
induces the same phenotype, but at a lower frequency. Enlarged 
tubules can be observed on the injected side of 19.3% of the embryos 
(n = 6/31) (Fig. 7A, a). No phenotype can be observed on the  
uninjected side (29/31 embryos display normal tubules).

We have already shown that the enlarged kidney phenotype 
observed as a result of anxa4a depletion is due to wider tubules 
consisting of a higher mean number of cells, rather than a distended 
tube of wild type diameter.3 Cryostat transverse sections were cut 
from MO2 treated embryos, counterstained with Hoechst and cell 
counts were performed as previously described (ref. 3, Fig. 7B).  
In order to count the cells, sections were analyzed by confocal  
microscopy. As shown in Figure 7B, pronephric tubules of anxa4a 
MO2 injected embryos are wider (Fig. 7B, a and d). The average 
number of cells contributing to the tubule was 54.75 (sd 19.26)  
on the injected side compared to 12 (sd 2.86) on the uninjected 
contralateral side (Fig. 7B, compare a and d with b and e).

Following confirmation that MO2 gives the same phenotype as  
that previously published for MO1, anxa4a‑MUT or Xt anxa4  
mRNAs was co-injected with MO2. We have previously shown that 
injection of anxa4a mRNA does not affect pronephric develop- 
ment.3 We now show that overexpression of Xt anxa4 also does 
not induce any apparent consistent overexpression phenotype with 
77.2% of the embryos (n = 34/44) displaying normal tubule 
morphology on their injected side (Fig. 7A, a–d). As expected, 
anxa4a‑MUT is able to rescue the anxa4a MO2 phenotype  
(Fig. 7A, a–b), 71% of the embryos (n = 27/38) display normal 
tubules compared to 38.7% of MO2 injected embryos. Enlarged 
tubules can still be observed in 5.3% of the embryos (n = 2/38). 
When the number of cells contributing to rescued pronephric 
tubules was counted, no difference can be seen between the injected 
and uninjected sides (Fig. 7B, compare g and i to h and j). The 
average number of cells forming the tubules is 10.6 (sd 2.07) on 
the injected side compared to 10.3 (sd 3.05) on the uninjected side. 
Interestingly, Xt anxa4 mRNA can almost totally rescue the MO2 
phenotype. 87.5% of the embryos showed a rescued phenotype  
on the injected side (n = 35/40) and only 2.5% of the embryos  
(n = 1/40) displayed enlarged tubules (Fig. 7A, a–c). Cell counts 
demonstrated that the rescue is complete since the average number 
of cells in the pronephric tubules was 14 on both, injected and  
uninjected, sides (sd 4.36 and 2.65 respectively) (Fig. 7B, a–c and f ). 
 From these data, we conclude that Xt anxa4 can rescue the pheno- 
type induced by depletion of anxa4a in X. laevis. This indicates that 
Xt anxa4 has a similar function to anxa4a despite the fact that in X. 
tropicalis, Xt anxa4 transcripts are localized in a completely different 
organ system, the liver, and not in the pronephric kidney tubules.

Figure 7. Anxa4 function is conserved between X. laevis and tropicalis.  
(A) Embryos were injected in the V2 blastomere of the 8‑cell stage with 20 ng 
of anxa4a MO2 alone (a) or with 5 ng of anxa4a‑MUT mRNA (b) or with Xt 
anxa4 mRNA (c), cultured until stage 41 and subjected to whole‑mount anti‑
body staining with the pronephric tubule specific antibody 3G8. Five nano‑
grams of Xt anxa4 mRNA (d), 20 ng of cMO (e), 20 ng of anxa4a MO1  
(f) were also injected as controls. LacZ (2 ng) was used as lineage tracer in 
all injections. Embryos injected with MO1 and MO2 show similar phenotype, 
with shortened, enlarged tubules whereas cMO injection does not affect 
the tubule morphology. Overexpression of Xt anxa4 induces no apparent 
phenotype; however, as anxa4a‑MUT mRNA, it is able to rescue the MO2 
phenotype. (B) Cryostat transverse sections of stage 41 Xenopus pronephroi 
stained with tubule‑specific antibody 3G8 and counterstained with Hoechst. 
The slides were inspected under white light (a–c, g–h) to identify 3G8 stained 
tubules and the LacZ stained injected side (inj) (a, c and g) and under UV 
illumination to identify Hoechst nuclei staining (d–f, i–j). Embryo injected  
with anxa4a MO2 displays enlarged pronephric tubule phenotype on  
the injected side (inj) (a and d) compared to the uninjected side (uninj)  
(b and e). Embryo co‑injected with anxa4a MO2 and anxa4a‑MUT mRNA 
shows rescue of the phenotype [compare g and h (injected side) to i and j 
(uninjected side)]. No differences between the injected and the uninjected 
sides can be observed in embryo co‑injected with anxa4a MO2 and Xt 
anxa4 mRNA (c and f).
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diSCuSSion
The anxa4 protein is highly conserved during vertebrate  

evolution. We have characterized a new transcript for anxa4 in 
Xenopus laevis called anxa4b. Based on the sequence analysis,  
it seems likely that anxa4a and anxa4b are duplicated from an 
ancestral gene, and seem to have evolved independently at an equal 
rate from that ancestral gene. Twenty three amino acids are different 
between anxa4a and anxa4b, eight of these changes make anxa4a 
sequence less related to Xt anxa4 and mammal anxa4 [for example 
Lys27 is conserved between anx4b and 4/5 of the other anx4 studied 
(Fig. 1)]. The same is true for Met 86 and Ala 171. However, four 
amino acids which are conserved between anxa4a and the other 
anxa4 studied are mutated in the anxa4b sequence (Ala → Glu in 
position 84, Ser → Ala in position 100, Met → Lys in position 263 
and Lys → Arg in position 310).

Based on our phylogenetic analysis, this study demonstrates 
the high degree of conservation of anxa4 during vertebrate  
evolution, especially after the divergence of X. laevis and X. tropicalis. 
As expected, the COOH -terminal protein core is the most  
conserved domain. All proteins show the four characteristic annexin 
folds and the characteristic ‘type 2’ motif [GxGt-(38 residues)-D/E] 
for binding calcium ion-mediated association with phospholipid 
membranes, suggesting a conservation of anxa4 function during 
evolution. However, the N-terminal domain of Xenopus anxa4 
proteins is variable with respect to other vertebrate species. This 
N-terminal domain has already been shown to be the least conserved 
domain between annexin family members in the same species and  
was thought to confer unique functions to a given family 
member.2 This domain contains PKC phosphorylation and also 
N-myristoylation sites, suggesting possible specific posttranslational 
modifications for a given species; phosphorylations have already  
been shown to affect annexin properties.2 Moreover multiple tran-
scripts due to alternative splicing in the 5'region have been described 
in mammalian species.16

In the course of these studies we have also shown that the genomic 
structure organisation of anxa4 genes has also been conserved during 
evolution (Supp. Fig. 1). The genomic structure of X. laevis anxa4 
was determined by amplification of the putative intronic sequences 
as described in Supplementary Information (Supp. Fig. 2A). Each 
intron was confirmed as anxa4 sequences by Southern-Blot (Supp. 
Fig. 2B) and by sequencing (Supp. Fig. 3). Due to the high degree 
of conservation between anxa4a and anxa4b sequences, it is likely 
that the intronic sequences of both of these two genes were amplified 
during this study. However, only one clear amplification product  
was obtained on the agarose gel and identified positively by  
hybridization for each intron, except for introns 7 and 9, suggesting 
that the anxa4a and anxa4b genomic structures are highly similar  
and could not be distinguished.

The anxa4 genes in Xenopus sp., human, mouse and zebrafish 
exhibit the same pattern of organisation with 12 introns flanked by 
13 exons, the first intron being located in the 5'UTR. The exon/
intron boundaries are strictly conserved, resulting in the conserva-
tion of size of the exonic sequences between the five species studied, 
except for exons 1 and 2.

All anxa4 genes possess exon splice patterns and alternating  
intron positions, which do not reflect the annexin-fold protein 
domains (Supp. Fig. 1). This has led effectively to the preclusion 
of exon shuffling, a feature shared by the annexin family and has 
resulted in conservation of the C-terminus presumably due to evolu-
tionarily pressure to conserve function.32

The three anxa4 orthologs in X. laevis and tropicalis display 
different expression patterns. Despite the conservation of amino 
acid sequence, anxa4a and anxa4b do not display the same temporal 
and spatial expression pattern during X. laevis development, as 
demonstrated by in situ hybridization and confirmed by RT-PCR. 
The maternal gene anxa4a has zygotic expression restricted mainly 
to the pronephric tubules. However, anxa4b is only zygotically 
expressed, transiently in the kidney at earlier stages of development, 
but later found predominantly in the liver. This expression pattern 
in the liver is not that unexpected, since anxa4 has been shown to  
be expressed in epithelial cells and adult rabbit liver.1,33 At later  
stages of the development in Xenopus, strong expression can be 
detected in the gall bladder, supporting the results of our previous 
adult organoblot.3 Our initial published PCR data was carried 
out using primers which we have since determined will identify 
both transcripts.3 Hence the published PCR showed the combined 
profiles of both anxa4a and anxa4b expression patterns.

Based on the analysis of the spatial expression profile of the 
two transcripts rather than sequence analysis, it seems more than 
likely that anxa4b is closer to the ancestral anxa4 gene. Indeed, its  
expression pattern during development is very similar to that 
described for anxa4 in zebrafish.4 The zebrafish anxa4 ortholog  
is expressed transiently in the pronephros at 20–24 hpf and after 
70–80 hpf, predominantly in the liver and gall bladder. We also 
demonstrated by RT-PCR that mouse anxa4 is expressed in the 
embryonic kidney and liver at stage 12.5 dpc (data not shown). 
However, surprisingly, Xt anxa4 is not expressed in the kidney at 
any stage, but only in the liver and gall bladder. Allotetraploidization 
of X. laevis has been estimated to have occurred about 30 million 
years ago (mya), or maybe more recently about 21 mya whereas the 
divergence between Silurana (including X. tropicalis) and Xenopus 
occurred approximately 53 million years ago.34-36 Therefore, the 
ancestral Xt anxa4 and X. laevis anxa4 genes could have evolved 
independently before the tetraploidization of X. laevis. One hypoth-
esis to explain the difference in expression pattern could be changes 
in the regulatory sequences of these genes. Xt anxa4 could have 
lost the kidney enhancer driving the expression of this gene in the 
pronephros during development. Later, anxa4a and anxa4b could 
have diverged and anxa4a could have lost its ability to be expressed 
in the liver, remaining expressed in the pronephros. Interestingly,  
the anxa4 ortholog in the killifish medaka is strongly expressed in  
the developing liver during somitogenesis but not in the kidney.37

More information about the embryonic expression of anxa4 
in other vertebrate species and promoter studies would be needed 
to explain definitively these changes in expression pattern during  
evolution. It is also possible that the difference in expression of 
anxa4a and anxa4b observed is due to differential stability of the two 
mRNAs, although we do not favour this interpretation.

Why are two anxa4 transcripts retained in X. laevis? The puta-
tive allotetrapoidization that occurred in X. laevis has created a full 
set of paralogs, each of the same evolutionarily age as the parent 
species.38 It has been estimated that half of the duplicated genes 
have been retained in X. laevis.34 Several mechanisms have been 
proposed to explain the retained expression of duplicated genes.36 
Neofunctionalization seems to be an unlikely reason for retention in 
this case since both X. laevis genes have evolved at apparently similar 
rates when compared to Xt anxa4. Recent studies have demonstrated 
that approximately 14% of the paralogous pairs show differential 
expression indicative of subfunctionalization.39 Therefore, we could 
speculate that anxa4a and anxa4b are retained in X. laevis due to 
temporal and spatial subfunctionalization in order to preserve the 
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total functions of the ancestral gene. Only anxa4a is expressed 
maternally and therefore would fulfill the specific functions of anxa4 
at these particular early stages. It has been suggested that maternal 
annexins may be involved in cortical granule exocytosis and we 
speculate anxa4a plays such a role.40

Different roles of anxa4 in polarized epithelia. Despite many 
years of research, the exact functional roles for anxa4 remain 
unknown. The anxa4 protein can bind to membrane phospholipids 
in a calcium dependent manner and therefore is involved in regu-
lating calcium ion transport activity,14,41 membrane aggregation,42 
calcium-activated cellular signal transduction events,43 membrane 
permeability44 and recently membrane protein mobility.45 It has 
also been shown to promote vesicle aggregation15 and be part of a 
protein complex involved in exocytosis.46 Recent studies have shown 
anxa4 to have anti-inflammatory properties47 and anxa4 expression 
is upregulated in renal cancer (reviewed in ref. 48).

The anxa4 protein has been described as a marker of polarized 
epithelium in adult vertebrates.2 During Xenopus development, 
anxa4a and anxa4b is also found in tissues rich in epithelial cells; 
kidney, gall bladder and liver. Interestingly, the onset of expres-
sion of anxa4 follows morphological changes of these organs.  
The anxa4a gene expression in the kidney is detected from stage 26,3 
which coincides with the time of lumen formation in the pronephric 
tubules and remains strongly expressed during maturation of the 
kidney.49 However, anxa4b is expressed in the pronephric tubules 
during its maturation phase. The anxa4b gene is detected in the liver 
around stage 33, the stage at which the bile canaliculi start to form, 
one of the most outstanding morphological changes which occurs in 
hepatocytes50 whilst anxa4a is only expressed in the gall bladder at 
stage 41, during maturation of the bile duct. Therefore, we speculate 
anxa4a and anxa4b could be involved relatively early during the 
organogenesis of the kidney and liver respectively but also could play 
a role during the late phase of maturation of polarized epithelium 
in the liver and kidney respectively, prior to their full functional  
development. Due to the expression pattern of Xt anxa4 in the liver, 
MO knock-down would not be expected to give a kidney phenotype 
in X. tropicalis, but potentially would affect liver formation. Analysis 
of the function of anxa4 during liver development would provide 
more evidence to support this hypothesis.

The function of anxa4 in the kidney is conserved. The majority 
of the studies involving anxa4 function have been performed in vitro. 
One knock-out model for anxa4 has been generated, confirming  
our previous demonstrations of the role of anxa4 in the kidney  
formation.3 The anxa4 deficient mouse shows morphological  
differences in the kidney.16 However, this knock-out is a restricted 
loss-of-function model, since the expression of two additional anxa4 
transcripts is unaffected by the knock-out strategy.

During this study, we validate the pronephric phenotype observed 
previously by the use of a second MO, confirming the potential 
role of anxa4 during kidney organogenesis.3 Based on the sequence 
analysis, both proteins, anxa4a and anxa4b should be knocked-down 
by MO1, since there is only one mismatch between MO1 and anxa4b 
sequences. However, anxa4b translation could be less effectively 
knocked-down by MO2 since we identified two nucleotide  
differences between the sequence of this second MO and anxa4b 
sequence. This explains the lower frequency of the enlarged tubule 
phenotype observed following MO2 injection. We demonstrate here, 
that despite a different expression domain, Xt anxa4 can rescue the 
phenotype induced by anxa4a MO2, highlighting the conservation 
of the function of this protein after the divergence between the  
siluranan species, X tropicalis, and other Xenopus species.

This unexpected result raises the main question of which gene 
fulfils anxa4 functions in the kidney in X. tropicalis. Despite being  
the annexin expressed highest in the kidney, anxa4 is not the 
only family member expressed in this organ (reviewed in ref. 51).  
anxa1, 2, 5 and 13b are also widely expressed in the kidney.  
The anxa1, 2 and 5 genes have been cloned in X. tropicalis (NCBI  
accession no CAJ81780; CAJ 83327, CAJ 83861 respectively) and 
despite the lack of expression pattern described for these genes, we  
could speculate that one is a candidate to be expressed in the  
pronephros.

Final conclusions. Pseudo-alleles in X. laevis have been suggested 
to be expressed in identical domains and therefore been considered 
redundant. Our work demonstrates anxa4 paralogous genes display 
different expression patterns in this species and we suggest this 
could be an example of subfunctionalisation in X. laevis. Moreover,  
many developmental genes have been shown to display identical 
expression domains in X. laevis and tropicalis, the kidney markers 
Pax2 and Pax8, being of particular relevance to this study.31  
A preliminary study covering a quarter of the Xenopus transcripts  
has demonstrated that these two Xenopus species have similar  
global gene expression patterns.52 To the best of our knowledge,  
this study is the first to describe two functionally identical orthologs 
with different expression domains in X. laevis and tropicalis,  
raising the possibility of divergence in regulatory sequences and the 
potential problems of using X. tropicalis promoters for the study  
of regulatory expression domains of X. laevis gene or simply for 
transgenesis.
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