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Abstract

Background

Paxillin family proteins regulate intracellular signaling downstream of extracellular matrix

adhesion. Tissue expression patterns and cellular functions of Paxillin proteins during

embryo development remain poorly understood. Additionally, the evolution of this gene

family has not been thoroughly investigated.

Results

This report characterizes the evolution and expression of a novel Paxillin gene, called Paxil-

lin-b, in Teleosts. Alignments indicate that Teleost Paxillin-a and Paxillin-b proteins are

highly homologous to each other and to human Paxillin. Phylogenetic and synteny analyses

suggest that these genes originated from the duplication of an ancestral Paxillin gene that

was in a common ancestor of Teleosts and Tetrapods. Analysis of the spatiotemporal

expression profiles of Paxillin-a and Paxillin-b using zebrafish revealed both overlapping

and distinct domains for Paxillin-a and Paxillin-b during embryo development. Localization

of zebrafish Paxillin orthologs expressed in mammalian cells demonstrated that both pro-

teins localize to focal adhesions, similar to mammalian Paxillin. This suggests these pro-

teins regulate adhesion-dependent processes in their endogenous tissues.

Conclusion

Paxillin-a and Paxillin-b were generated by duplication in Teleosts. These genes likely play

similar roles as Paxillin genes in other organisms. This work provides a framework for func-

tional investigation of Paxillin family members during development using the zebrafish as

an in vivo model system.

Introduction

Cellular adhesion to the surrounding extracellularmatrix (ECM) regulates many processes
during tissue morphogenesis and animal development. Integrin adhesion to the ECM results in
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the assembly of intracellular complexes that regulate downstream signaling cascades and cyto-
skeletal rearrangements [1]. One class of proteins found in Integrin-adhesion complexes is the
Paxillin family [2]. The human Paxillin family has three members, Paxillin, TGFβ1I1 (also
known as Hic-5), and Leupaxin, which have a similar protein domain structure (Fig 1). Mem-
bers of this family possess four C-terminal LIM domains, which are required for their localiza-
tion to Integrin-adhesion complexes [3–5]. Additionally, amino-terminal features such as LD
motifs and tyrosine phosphorylation sites are conserved between all family members [6].
Despite their similar structures, these proteins have been demonstrated to have both unique
and complementary functions depending on cell type and context [7, 8].

Roles for Paxillin proteins during embryonic development have been identified using ani-
mal models, but their spatiotemporal expression patterns and mechanistic functions during
development are just starting to be elucidated. Gain and loss-of-function experiments in D.
melanogaster [9, 10] and C. elegans [11] embryos have identified roles for Paxillin orthologs in
cytoskeletal organization required for morphogenesis and function of epithelia and muscles. In
X. laevis embryos, Paxillin localizes to sites of muscle attachment [12, 13] and gain-of-function
experiments suggest that an ortholog of TGFβ1I1 inhibits Wnt signaling [14]. In the early
mouse embryo, Paxillin is primarily expressed in extraembryonic and mesoderm-derived tis-
sues, as well as in migrating neural crest cells [15]. However, Paxillin knockout mice die at
embryonic day 9.5 due to cardiovascular defects [15], which has limited developmental studies.
TGFβ1I1 is mainly expressed in contractile cell types such as vascular smoothmuscle and
myoepithelial cells [16], but TGFβ1I1 knockout mice do not show developmental defects [17].
In the zebrafish (D. rerio) embryo, Paxillin proteins have been reported to localize at develop-
ing somite boundaries and verticalmyosepta of the trunk [18]. These findings indicate Paxillin
family members have both common and unique functions during embryonic development, but
how this diversity emerged over evolutionary time remains unclear.

Fig 1. Human Paxillin family members. A schematic of the domain organization and length (in amino

acids; aa) of the three Paxillin family proteins in humans. LD motifs (red), LIM domains (green) and N-

terminal tyrosine (Y) phosphorylation sites are represented.

doi:10.1371/journal.pone.0165266.g001
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Three Paxillin family genes have been identified in mammals, while only one has been iden-
tified each in fungi, protozoans, and invertebrates [11, 19–21]. To investigate the evolutionary
divergence of the Paxillin family, we identified orthologous genes in a wide array of taxa.
Through this search we found a fourth Paxillin family member gene in Teleost fish, herein
referred to as Paxillin-b (pxnb). Phylogenetic analysis using multiple protein alignment and
interspecies synteny relationships suggested that Teleost Paxillin-a (pxna) and pxnb arose from
a duplication of the ancestral Paxillin gene after Teleost divergence from other vertebrates.
Using the zebrafish as a model Teleost, spatial and temporal expression of the duplicated Paxil-
lin genes was determined during embryonic development. It was found that these genes have
both overlapping and distinct expression patterns in the embryo. Interestingly, subcellular dis-
tributions of each protein were similar when exogenously expressed in culturedmammalian
cells, suggesting conserved functions between these proteins and mammalian Paxillin. These
results establish zebrafish as a usefulmodel for investigating the functional roles of Paxillin
family member genes during vertebrate development.

Results and Discussion

Identification of a novel Paxillin gene in Teleost fish

A screen for orthologs of mammalian Paxillin in zebrafish was carried out using BLASTP
search with full-length human Paxillin protein sequence as a query. Interestingly, searches
against the zebrafish genome release version 9 [22], herein referred to as Zv9, identified a Leu-
paxin-like gene with significant homology within LIM domains and two other genes with sig-
nificant similarity to the full-length query sequence. The first gene, Paxillin-a (pxna; Ensembl
ID: ENSDART00000126598), is located on zebrafish chromosome 5 and is the zebrafish Paxil-
lin that has been previously described [18, 23]. The second gene, Paxillin-b (pxnb, Ensembl ID:
ENSDARG00000060766), was annotated as a predicted transcript encoded on chromosome 8.
Zebrafish Pxna and the novel predicted Pxnb protein sequences share considerable homology
with each other and with the human Paxillin protein (Fig 2A). Each has five N-terminal LD
motifs and four C-terminal LIM domains, which are common characteristics of vertebrate Pax-
illin orthologs [24]. Additionally, each zebrafish protein has conserved tyrosine residues that
correspond to Y31 and Y118 in human Paxillin (Fig 2A), which are kinase substrates in mam-
malian cells [25]. Interestingly the proline-rich region of human Paxillin, another site for pro-
tein-protein interactions [26], was more closely conserved in zebrafish Pxnb as compared to
Pxna (Fig 2A). The predicted exon 1 of pxnb encodes a 47 amino acid sequenceN-terminal to
the first LDmotif, which is not conserved in pxna or human Paxillin (Fig 2A and 2B). Also
exclusive to the pxnb gene in Zv9 are three exons (E7-9) coding for a novel 625 amino acid
insert region between the LD4 and LD5 motifs (Fig 2A and 2B). Herein, the isoform with this
insert region will be called pxnb-ins. RT-PCR experiments using primer pairs specific for pxna,
pxnb or pxnb-ins detected each transcript at multiple stages of zebrafish development (Fig 2C).

Evolution of the Paxillin gene family

Identification of a leupaxin (lpxn) gene and two pxn genes, but no tgfb1i1gene, in the zebrafish
was surprising given that Mammals have one copy of each Paxillin family member. To explore
the divergence of the Paxillin family in a broader context, we identified Paxillin family genes
(Table 1) from a wide array of taxa using zebrafish Pxnb as a protein BLAST query in selected
species genomic databases. Multiple protein sequence alignments and generation of a phyloge-
netic tree revealed interesting insights into the evolution of the Paxillin family. Similar to the
case in zebrafish, all Teleost fish assessed had two pxn genes (Fig 3). This observation is consis-
tent with a whole-genome duplication event in the common ancestor of all Teleost fish [27].
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Fig 2. Alignments and expression of zebrafish Paxillin family members. (A) Schematics of zebrafish Paxillin-a (Pxna) and Paxillin-b

(Pxnb) protein isoforms aligned with human Paxillin. The percentage of amino acids that are identical to human Paxillin is indicated for LD

motifs (red), LIM domains (green), and the proline-rich region (blue). The Pxnb-ins isoform is predicted to contain a unique 625 amino acid

insert region (brown) between LD4 and LD5. (B) Exon organization of zebrafish pxna, pxnb and pxnb-ins transcripts aligned with human

PXN. Exons coding for LD motifs and LIM domains are red or green respectively. Alternatively spliced exons coding for the insert region of

pxn-ins are colored in brown. Arrows depict primer sets used for RT-PCR and solid lines indicate positions of RNA in situ hybridization

probes. (C) RT-PCR analysis of multiple stages of zebrafish development (hours post-fertilization; hpf) using primers to amplify pxna, pxnb

or specifically pxnb-ins transcripts. NT = negative control.

doi:10.1371/journal.pone.0165266.g002
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However, other Teleost fish were found to have only single lpxn and tgfb1i1genes. These find-
ings suggest that duplicated pxn genes have been retained in Teleosts, whereas duplicated lpxn
and tgfb1i1 genes were eliminated prior to Teleost species radiation and the tgfb1i1 gene was
lost entirely in the zebrafish lineage. Surprisingly though, we found that the N-terminal LD
motifs of zebrafish Lpxn were highly conservedwith those found in Tgfb1i1 of other species.
Thus, we speculate that in zebrafish, lpxn substitutes for the role of tgfb1i1.

Identification of Paxillin family genes in more ancient fish further delineated the evolution-
ary history of these proteins. The Holosteian fish, represented by the spotted gar, did not
undergo the same whole-genome duplication as Teleost fish. Accordingly, only one pxn gene
and one lpxn gene were identified in this lineage. Surprisingly, no tgfb1i1 gene was identified in
the spotted gar genome, similar to the case in zebrafish. One of each Paxillin family member
was identified in the coelacanth, a Sarcopterygian fish. Interestingly, both the coelacanth and
spotted gar single pxn genes possess additional amino acids between their LD4 and LD5 motifs,
partially homologous to the same region of the pxnb-ins isoform (Fig 4) found in zebrafish and
other Teleosts. This observation suggests that an ancestral pxn gene contained this region and
that it was lost in the Tetrapod lineage. Further support of this evolutionarymodel came from
identification of a pxn gene in a representative cartilaginous fish, the elephant shark. Although
only a partial genome assembly exists for this species, a single pxn gene was identified through
our BLAST search. This pxn gene also had regions homologous to the amino acid insert region
of the pxnb-ins isoform (Fig 4). Interestingly, however, the pxn genes of invertebrate and uro-
chordate species examined did not have any homology to the amino acid insert region of pxnb-

Table 1. Paxillin Family Members Identified.

Scientific Name Common Name Taxon Genome Assembly Paxillin TGFB1I1 Leupaxin

Saccharomyces cerevisiae Budding Yeast Fungi R64-1-1 1 0 0

Caenorhabditis elegans Roundworm Invertebrate WBcel235 1 0 0

Drosophila melanogaster Fruitfly Invertebrate BDGP6 1 0 0

Ciona intestinalis Sea Squirt Urochordate KH (GCA_000224145.1) 1 0 0

Petromyzon marinus Sea Lamprey Agnatha Pmarinus_7.0 1 1 0

Danio rerio Zebrafish Teleostei GRCz10 2 0 1

Oryzias latipes Medaka Teleostei MEDAKA1 2 1 1

Oreochromis niloticus Nile Tilapia Teleostei Orenil1.0 2 1 1

Poecilia formosa Amazon Molly Teleostei PoeFor_5.1.2 2 1 1

Takifugu rubiripes Fugu Teleostei FUGU4 2 1 1

Astyanax mexicanus Mexican Cave Tetra Teleostei AstMex102 2 1 1

Xiphophorus maculatus Platyfish Teleostei Xipmac4.4.2 2 1 1

Tetraodon nigroviridis Tetraodon Teleostei TETRAODON 8.0 2 1 1

Lepisosteus oculatus Spotted Gar Holostei LepOcu1 1 0 1

Callorhinchus milii Elephant Shark Holocephali AAVX02000000 1 1 0

Latimeria chalumnae Coelacanth Sarcopterygii LatCha1 1 1 1

Xenopus tropicalis Western clawed frog Amphibian JGI_4.2 1 1 0

Anolis carolinensis Anole lizard Reptile AnoCar2.0 1 1 1

Ficedula albicollis Flycatcher Avian FicAlb_1.4 1 0 1

Gallus gallus Chicken Avian Galgal4 1 0 1

Homo sapiens Human Mammal GRCh38.p3 1 1 1

Mus musculus Mouse Mammal GRCm38.p4 1 1 1

Table listing Paxillin protein family members identified through Ensembl database search.

doi:10.1371/journal.pone.0165266.t001
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ins. These observations suggest that the extended region of amino acids between the LD4 and
LD5 motifs of pxn arose shortly after the emergence of craniate animals and was subsequently
lost during Tetrapod divergence from Sarcopterygian fish and in pxna genes of Teleost fish.
Altogether, this phylogenetic analysis of pxn gene evolution revealed that the ancestral verte-
brate pxn gene was likely most similar to zebrafish pxnb, including the pxnb-ins isoform, and
that Tetrapod pxn genes and Teleost pxna genes emergedmore recently.

Fig 3. Phylogeny of Paxillin family genes. A maximum-likelihood phylogenetic tree of Paxillin gene family evolution. Nodes are labeled

with percent support from 1000 bootstrap replicates. TGFβ1I1 and Leupaxin branches are labeled in red and green respectively. The

presence of pxna and pxnb genes is restricted to Teleosts.

doi:10.1371/journal.pone.0165266.g003
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Fig 4. Conservation of pxnb-ins in non-Teleost fish. (A) Schematic diagram depicting exons 7–9 of zebrafish pxnb-ins compared with

homologous regions in other species. Red bars represent regions of conservation between species. (B) Protein alignment of zebrafish

Pxnb-ins and regions in other species colored based on conservation.

doi:10.1371/journal.pone.0165266.g004
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TGFβ1I1 and Leupaxin genes were found to derive from a common ancestor, but had sepa-
rate branches that were mostly consistent with species-level phylogenetic relationships. How-
ever, Ciona Paxillin was found to cluster with Leupaxin genes of other species. Relationships
among Teleost Leupaxin and TGFβ1I1 orthologs are more consistent with the evolution of spe-
cies in this lineage.

Conserved synteny of Paxillin genes

Analysis of chromosomal synteny between pxn genes across multiple taxa supported the
hypothesis that the zebrafish pxnb gene is more similar to the vertebrate ancestral pxn gene
prior to the Teleost-specific genome duplication than the pxna gene. Zebrafish pxnb is located
on chromosome 8 along with the genes ctu1, gcn1l1, rab35b and cit1 (Fig 5A). A similar geno-
mic arrangement is observed in both the non-Teleost spotted gar and coelacanth, which retain
an ancestral chromosomal landscape. Synteny between zebrafish pxnb and Tetrapod pxn genes
was also observed,with all Tetrapod Paxillin genes being neighbored by both gcn1l1 and rab35
orthologs. Interestingly however, other Teleost pxnb genes were only adjacent to ctu1, while
cit1 orthologs in these fish were found on the same chromosome as their pxna orthologs. A
similar syntenic relationship was found when myl2b was investigated. While in zebrafish myl2b
was found on the same chromosome as pxnb, other Teleost myl2 orthologs were found adjacent
to pxna. These arrangements also support the hypothesis that Teleost pxna and pxnb genes
arose from the duplication of an ancestral chromosome harboring pxn.

Synteny between the zebrafish pxna gene and other species was also investigated (Fig 5B).
In zebrafish, pxna is found on chromosome 5 along with the genes msi1 and crybb3. Orthologs
of these genes were found on the same chromosome as pxna genes in all Teleosts investigated.
In addition, coelacanth and Tetrapod pxn genes were also found on the same chromosome as
their msi1 orthologs. This limited syntenic relationship suggests that although the two pxn
genes in Teleosts arose from a duplication event, further genomic rearrangements caused sig-
nificant divergence from the ancestral pxn-containing chromosome around Teleost pxna. Fur-
thermore, crybb3 orthologs were found adjacent to both pxna and pxnb in all Teleosts except
the zebrafish, suggesting that further significant rearrangements occurred after the Teleost-spe-
cific genome duplication on zebrafish chromosome 5.

Conservation of chromosomal synteny between pxna and pxnb reinforced the phylogenetic
evidence that these genes are the product of a duplication event. Although the only paralogous
genes other than pxna and pxnb retained locally on both zebrafish chromosomes 5 and 8 are
lmx1ba and lhx2b, evidence of pxn chromosome duplication in Teleosts is stronger when other
species are considered. The paralogous genes crybb2 and crybb3 are located adjacent to both
pxna and pxnb in Nile tilapia, Tetraodon, Amazon molly, and platyfish. Additionally, myl2
genes found neighboring zebrafish pxnb were also found neighboring pxna in other Teleosts.
In Tetrapods, the single Paxillin gene was adjacent to genes orthologous to those found near
both Teleost pxna and pxnb. Together, these findings suggest that a Paxillin-containing chro-
mosome in an ancestral vertebrate was duplicated in the Teleost lineage to give rise to a new
Paxillin ortholog.

Spatial and temporal expression of Paxillin-a and Paxillin-b

The spatial expression patterns of pxna and pxnb transcripts were investigated in the zebrafish
embryo via whole-mount RNA in situ hybridizations. We generated a pxna-specific probe, a
pan-pxnb probe that detects all annotated pxnb isoforms and a pxnb-ins-specific probe (see Fig
2B). Each of these probes was used separately to characterize expression profiles of paxillin
genes during zebrafish embryogenesis. This analysis indicated both pxna and pxnb transcripts

Paxillin Gene Expression and Evolution
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Fig 5. Synteny of Paxillin orthologs. (A) Local genomic arrangement around zebrafish pxnb in comparison with other Paxillin

genes. (B) Local genomic arrangement around zebrafish pxna in comparison with with other Paxillin genes.

doi:10.1371/journal.pone.0165266.g005
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are maternally deposited (Fig 6A and 6F) and ubiquitously distributed during gastrulation
stages, which is consistent with pxn in situ hybridizations reported previously [18]. However,
we observedunique tissue-restricted expression of different pxn transcripts during somitogen-
esis stages. pxna expression was enriched in developing somites and posterior notochord at 14
hpf (Fig 6B, 6C, 6G and 6H). Additionally, expression of pxna was observed in Kupffer’s vesicle
(Fig 6B), a ciliated epithelial organ that orients the left-right body axis [28–30] During these
stages of development, an ECM rich in Fibronectin and Laminin is generated around the noto-
chord, somites, and Kupffer’s vesicle [31–33]. Previous antibody labeling has suggested that
zebrafish Paxillin proteins may be crucial for adhesion and morphogenesis of these tissues at
this stage [18]. At 18 hpf, during late somitogenesis, pxna transcripts remained enriched in the
posterior notochord (Fig 6D). In contrast, pan-pxnb (Fig 6G–6I) or pxnb-ins-specific probes
revealed unrestricted tissue expression of pxnb transcripts at 14 hpf and 18 hpf. At 31 hpf,
pxna transcripts were enriched in the pronephric duct and developing myotomes (Fig 6E). At
the same stage, pxnb transcripts were also enriched in the developing myotome (Fig 6J). How-
ever, unlike the broad pxna distribution in myoblasts between the verticalmyoseptal regions
(Fig 6E’), pxnb transcripts were localized at the verticalmyosepta between somites (Fig 6J’). A
similar myoseptal localization has been reported for other Integrin-adhesion complex mRNAs
in the zebrafish embryo [34–36]. In addition, Dystroglycan complex proteins, also involved in
cell-ECM adhesion, show transcript enrichment at the verticalmyosepta similar to pxnb [37].
Intriguingly, local accumulation and translation of myosin mRNA has been demonstrated at
sites of myoblast adhesion in culture in response to contractile forces [38]. Thus, pxnb mRNA
distribution in the zebrafish myotome to verticalmyosepta may be the result of muscle con-
traction and increased tension at this adhesion site. The functional relevance of polarized
mRNA distribution in zebrafish embryonicmuscle has not been investigated, although local
translation at Integrin adhesion complexes has been suggested to be required for maintaining
front-rear polarity and rapid downstream signaling in migrating cells [39, 40].

Fig 6. Spatial expression of Paxillin orthologs during early zebrafish development. (A-E) RNA in situ hybridizations using a pxna

antisense probe detected maternal transcripts at 1.25 hpf (A) and enriched expression in posterior notochord (nc), Kupffer’s vesicle (kv),

and somites (s) at 14 and 18 hpf (B-D). At 31 hpf (E), pxna expression was detected in pronephric ducts (pd) and myotomes (m). E’

depicts zoomed-in boxed regions of E. (F-J) A pan-pxnb antisense probe detected maternal mRNA (F) and unrestricted expression at 14

and 18 hpf (G-I). pxnb expression was detected in myotomes and vertical myosepta (vm) at 31 hpf (J). J’ depicts zoomed-in boxed

regions of J.

doi:10.1371/journal.pone.0165266.g006
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At 48 hpf, the complementary mRNA distribution of pxna and pxnb within the myotomes
is maintained (Fig 7A, 7E, 7I and 7M) and expression of both pxn genes becomes enriched in
other tissues. pxna and pxnb were detected in specific regions of the developing pectoral fin
bud (Fig 7C, 7G and 7K). Other genes involved in ECM adhesion such as zebrafish Vinculin-
b, α5-Integrin, and αV-Integrin are also expressed in this tissue at this stage [41–43]. These

Fig 7. Expression profiles for Paxillin orthologs in the zebrafish embryo two days post-fertilization. (A-D) At 48 hpf, a

pxna antisense probe detected specific expression in myotomes (m) (A) and the pectoral fin (pf) bud (C; dorsal view), when

compared to background staining in the head revealed by control pxna (B), pxnb (F) and pxnb-ins (J) sense probes. A’ and C’

depict zoomed-in boxed regions in A and C. No pxna expression was observed in the heart (D; ventral view). (E-H) A pan-pxnb

probe detected expression in vertical myosepta (vm) (E), pectoral fin bud (G) and heart (h) (H). E’ and G’ depict zoomed-in

boxed regions of E and G. (I-L) A pxnb-ins-specific antisense probe detected expression in vertical myosepta (I) and pectoral

fin bud (K), but no expression in the heart (L). I’ and K’ depict zoomed-in boxed region of I and K.

doi:10.1371/journal.pone.0165266.g007
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Integrin-adhesion complex proteins are likely required for adhesion to the ECM in this tissue
[44], but may also be involved in growth factor signaling which regulates limb outgrowth [45–
47]. Differential distribution of pxna and pxnb transcripts in the fin bud is suggestive of sub-
functionalization for these genes in the development of this structure.While the transcript for
pxnb and pxnb-ins are enriched in the fin bud mesenchyme[42], pxna transcript is more
enriched in the apical ectodermal ridge [43, 48] cells involved in growth factor signaling to
underlying fin bud mesenchymal cells [44]. The pan-pxnb probe detected expression in the
embryonic heart at this stage (Fig 7D and 7H), but neither the pxnb-ins isoform nor pxna
mRNA were detected in the heart (Fig 7L). These expression patterns suggest that each zebra-
fish Paxillin paralog and their splice isoforms play redundant and/or complementary roles in
some developing tissues, and have gained uniquely regulated expression mechanisms for
other tissues. Characterization of pxna and pxnb mRNA tissue distribution in embryos of
other Teleost species will help elucidate conserved elements involved in spatial Paxillin gene
expression.

To address the expression of Paxillin proteins during development, Western blotting was
performed on a temporal series of zebrafish embryo lysates (Fig 8A) using an existing antibody,
Paxillin-349, which detects Paxillin as well as TGFβ1I1 in mammalian cells [16]. At 2 hpf,
before zygotic transcription is initiated [49], a protein of roughly 60 kDa was detected. Compu-
tational predictions indicate that Pxna (58 kDa) and Pxnb (Zv9 = 63 kDa) proteins are

Fig 8. Temporal expression of Paxillin orthologs during zebrafish development. (A) Western blot analysis of wild-type zebrafish

embryo lysates at the indicated hours post-fertilization (hpf) using Paxillin-349 antibody to detect Paxillin proteins and Actin antibody as a

loading control. Bands corresponding to Pxna and Pxnb are indicated, and bands that potentially correspond to Leupaxin and Pxn-delta are

pointed out. B) Western blot of lysates from late-stage wild type embryos. A band with the predicted molecular weight of Paxillin-b-ins is

detected using the Paxillin-349 antibody. C) Paxillin-349 antibody Western blotting using lysates from Paxillin-null MEFs transfected with

GFP-Pxna or GFP-Pxnb fusion proteins. GFP antibody was used to confirm intact fusion protein expression.

doi:10.1371/journal.pone.0165266.g008
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consistent with this size. The ~60 kDa band is detected throughout development, while a sec-
ond band of slightly less than 50 kDa is detected after gastrulation stages. The expression of
this band is coincident with notochord and somite formation [50], and persists with increasing
expression throughout the stages examined. Notably, the ~60 kDa band detected by this anti-
body has decreased expression relative to the ~50 kDa band from 31 hpf to 72 hpf. Although
the 50 kDa band is a similar molecular weight to mammalian TGFβ1I1, no TGFβ1I1 gene was
annotated in the zebrafish genome. However, the zebrafish Leupaxin-like protein and mamma-
lian TGFβ1I1 share strong amino-acid homology within LDmotifs, and is predicted to be 44
kDa which is consistent with the size of the protein detected. A third band of ~40 kDa is
detected at 48 hpf that persists through 72 hpf. Intriguingly, a short Paxillin protein isoform,
called Paxillin delta [51], is generated from an internal ribosome entry sequence on the full-
length Paxillin transcript. Expression of this isoform has been noted to be upregulated in mam-
malian epithelial cell types. Multiple nucleotide alignment shows that this internal ribosome
entry sequence is conserved in many vertebrate species, including zebrafish [51]. However, it
remains to be determined if the lowest molecular weight band detected from the embryonic
lysate is this isoform, since cleavage of full-length Paxillin by Calpain has also been reported to
generate a peptide with a similar size to Paxillin delta [52]. Although the pxnb-ins transcript
was detected at all stages of embryonic development by RT-PCR (Fig 2C), a protein band of
the predictedmolecular weight (130 kDa) of this isoform was not detected during early
embryogenesis. Interestingly, however, a band of this size was detected at relatively low levels
in lysates from later staged embryos (Fig 8B) suggesting that this isoform’s expression may be
regulated post-transcriptionally.

To determine whether the Paxillin-349 antibody detected zebrafish Pxna, Pxnb, or both, we
generated GFP fusion proteins. Lysates frommammalian cells overexpressing either GFP-Pxna
or GFP-Pxnb were used to further characterize the specificity of the Paxillin-349 antibody. In
this context, both fusion proteins were detected (Fig 8C), indicating the antibody can recognize
both Pxna and Pxnb. These results validate the cross-reactivity of Paxillin-349 antibody with
zebrafish Paxillin proteins and highlight the need to develop specific antibodies to further char-
acterize the expression profiles of zebrafish Pxna and Pxnb proteins.

Conservation of zebrafish Paxillin protein localization in Mammalian

cells

In order to examine potentially evolutionarily conserved functions of zebrafish Paxillin family
members, N-terminal GFP-fusion proteins were expressed mammalian cells. Endogenous
Paxillin protein localizes to focal adhesions at the tips of actin stress fibers [12]. Expression of
either zebrafish GFP-Pxna or GFP-Pxnb in Paxillin-null mouse embryonic fibroblasts (MEFs)
[15] plated on Fibronectin also localized to focal adhesions (Fig 9). This subcellular distribu-
tion shows that both zebrafish Paxillin orthologs are receptive to mammalian adhesion signal-
ing, and may act as regulators downstream of Integrin adhesion in their native environments.
This result is consistent with the high amino acid conservation between LIM domains,
required for focal adhesion localization [3], of these proteins. Since zebrafish Paxillin proteins
can localize to Integrin adhesion sites in mammalian cells, and localize to myotendinous junc-
tions endogenously, we predict these genes play analogous roles in Integrin adhesion at these
structures.

Identifying and characterizing the expression of zebrafish pxnb is an essential first step to
using zebrafish as a model system to elucidate functional roles for Paxillin family members
during vertebrate development. In-depth analysis of the molecular evolution of this gene
revealed that the ancestral vertebrate Paxillin gene likely produced splice isoforms similar to
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both Pxna and Pxnb, but Pxnb was lost in lineages other than Teleosts. Interestingly, these
genes have overlapping and unique expression profiles in zebrafish embryos. Future studies are
now possible to determine whether these Paxillin proteins serve compensatory, complemen-
tary, or antagonistic roles during embryogenesis.

Experimental Procedures

Zebrafish

The project describedwas reviewed and approved by SUNY Upstate Medical University's
IACUC (#363). The University has an AnimalWelfare Assurance on file with the Office of
Laboratory AnimalWelfare. The Assurance Number is A3514-01. The wild-type TAB strain of
zebrafish (Danio rerio) was housed according to standard protocols [53]. Embryonic stage of
offspring collected from natural matings was determined as describedpreviously [50].

Gene identification

The full-length human (Homo sapiens) Paxillin protein sequence (Ensembl ID:
ENST00000424649) was used for a BLASTP search to identify Paxillin family members in the
zebrafish genome (Ensembl Genome assembly Zv9). The full-length zebrafish Paxillin-b pro-
tein sequence (Ensembl ID: ENSDART00000085993) was then used for a BLASTP search to
identify other Paxillin family member orthologs in the remaining genomes used for this study
in Ensembl and NCBI databases (Table 1).

Fig 9. Subcellular localization of zebrafish Pxna and Pxnb proteins in mammalian cells. Paxillin-null mouse embryonic fibroblasts

transfected with GFP-Pxna (A-C) or GFP-Pxnb (D-F). Both GFP-Pxna (A) and GFP-Pxnb (D) fusion proteins localize to focal adhesions

similar to mammalian Paxillin proteins. Phalloidin was used to counter-stain f-Actin (B,E). Merged channels are shown in (C,F). Scale

bar = 5μm.

doi:10.1371/journal.pone.0165266.g009
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Phylogenetic analysis

Full-length Paxillin family protein sequences from selected species were aligned using T-Coffee
[54]. The appropriate amino-acid substitution model to infer phylogeny was determined using
Maximum Likelihood implemented in MEGA6 [55]. The resulting alignment was used to gen-
erate a Maximum Likelihood tree using the JTT+G+I substitution model and 1000 bootstrap
iterations. Syntenic relationships between Paxillin family member genes across species were
visualized using default settings with Genomicus v81.01 [56].

RT-PCR

Total RNA from pooled zebrafish embryos of the same stage was extracted using QiaZOL (Qia-
gen) and precipitated using isopropanol. Extracted RNA (500ng/each stage) was used for
cDNA synthesis with the iScript cDNA synthesis kit (BioRad). PCR was then performed using
EconoTaq (Lucigen).

Primers used: pxna E7 forward: 5’-AGGAAATCGGCTCCAGAAAT-3’, pxna E10 reverse:
5’-GCCAGAAGGTGACGCTATTT-3’; pxnb E2 forward: 5’-CCAGTGGAGGTCAGCTGTTT-
3’, pxnb E6 reverse: 5’-TCCTCAAGTTCTCGTGTGGC-3’, pxnb-ins E7 forward: 5’-
CAGAGCTCTCTCACCTCC-3’, pxnb-ins E10 reverse: 5’-CACACTCCTTTGGCAACC-3’.

Western blotting

Pooled zebrafish embryos of the same stage were manually dechorionated with forceps and
deyolked as previously described [57]. Samples were then homogenized in 2x SDS-PAGE sam-
ple buffer using 2μL of buffer per embryo and boiled.Western blotting was performed using
mouse anti-Paxillin (clone 349, BD Trans), mouse anti-Actin (Millipore), or mouse anti-GFP
(Santa Cruz) primary antibodies at 1:1000 dilution, anti-mouse HRP secondary antibody
(BioRad) was used at 1:10,000 dilution.

In Situ hybridization

cDNA probes were generated by RT-PCR using primers:
pxna E2 forward:5’-GAGTCCACAACCTCCCACAT-3’,pxna E6 reverse: 5’-ACCGTCCC

GCTCAAAGAAAT-3’;
pxnb E2 forward:5’-CCAGTGGAGGTCAGCTGTTT-3’,pxnb E6 reverse: 5’-TCCTCAA

GTTCTCGTGTGGC-3’;
pxnb E7 forward:5’-CAGAGCTCTCTCACCTCC-3’, pxnb E10 reverse: 5’-CACACTCC

TTTGGCAACC-3’
pxnb-ins E7 forward: 5’-CAGAGCTCTCTCACCTCC-3’, pxnb-ins E10 reverse: 5’-

CACACTCCTTTGGCAACC-3’
PCR products were cloned into the dual-promoter pCRII TOPO vector (Invitrogen). In

vitro DIG-labeled sense and antisense RNA probe synthesis was performed using linearized
plasmids and SP6 and T7 RNA polymerase in vitro transcription reagents (Roche).Whole zeb-
rafish embryos were fixed in 4% paraformaldehyde/1X sucrose solution at 4°C overnight. In
situ hybridization was performed as previously described [58] and detected using NBT/BCIP
(Roche) as a chromogenic substrate.

GFP-construct immunofluorescence

Full-length zebrafish pxna was amplified from cDNA using primers: pxna ORF forward: 5’-
ATGGATGACCTTGACGCATTATTGGCGGATTTGGAGTCC-3’, pxna ORF rvr:5’-GCCA
CAAGGTGACGCTATTTGCTC-3’; partial zebrafish pxnb was generated using pxnb Zv9 E1
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forward:5’-ATGACTTACGTCTACTGTGTGTTCCTCCC-3’ and pxnb E6 reverse: 5’-
TCCTCAAGTTCTCGTGTGGC-3’ or pxnb E2 forward: 5’-CCAGTGGAGGTCAGCTGTTT-3’
and pxnb ORF reverse: 5’-GCACACGTCTAGCTGAAGAGCTTG-3’. These partial transcripts
were ligated together with an internal BssSI restriction enzyme site in pxnb exon 6. Primers
engineeredwith restriction enzyme sites at the 5’ and 3’ ends of each cDNA were designed for
generating GFP-fusion constructs in pCS2+ plasmids. Paxillin-null MEF cells cultured with
DMEMwere transfected with GFP-zebrafish Pxna or GFP-zebrafish Pxnb in pCS2+ plasmids
using TransIT-X2 (Mirus). Cells were then allowed to spread for 24 hours on Fibronectin-
coated coverslips. Cells were fixed and permeabilizedwith 4% paraformaldehyde/0.1% Tri-
tonX-100, quenched with 0.1M glycine, then blocked overnight at 4°C in 3% BSA/PBS. Rhoda-
mine Phalloidin was then incubated at 1:1000 dilution in PBS+0.05% Tween-20. Coverslips
were mounted on slides using Gelvatol and imaged using a Carl Zeiss compoundmicroscope.

Acknowledgments

The authors would like to thank members of the Turner and Amack labs, and Michael Zuber,
for insightful thoughts and discussions. Special thanks to Anushree Gulvady for assistance with
cell culture experiments and to Sharleen Buel for assistance with in situ hybridizations and ani-
mal care.

Author Contributions

Conceptualization:AEJ CET JDA.

Funding acquisition:CET JDA.

Investigation: AEJ.

Methodology:AEJ CET JDA.

Project administration:CET JDA.

Resources:CET JDA.

Supervision:CET JDA.

Visualization: AEJ.

Writing – original draft:AEJ.

Writing – review& editing:CET JDA.

References
1. Harburger DS, Calderwood DA. Integrin signalling at a glance. Journal of cell science. 2009; 122(Pt

2):159–63. Epub 2009/01/02. doi: 10.1242/jcs.018093 PMID: 19118207; PubMed Central PMCID:

PMC2714413.

2. Deakin NO, Turner CE. Paxillin comes of age. Journal of cell science. 2008; 121(Pt 15):2435–44.

Epub 2008/07/25. doi: 10.1242/jcs.018044 PMID: 18650496; PubMed Central PMCID: PMC2522309.

3. Brown MC, Perrotta JA, Turner CE. Identification of LIM3 as the principal determinant of paxillin focal

adhesion localization and characterization of a novel motif on paxillin directing vinculin and focal adhe-

sion kinase binding. The Journal of cell biology. 1996; 135(4):1109–23. Epub 1996/11/01. PMID:

8922390; PubMed Central PMCID: PMC2133378.

4. Chen PW, Kroog GS. Leupaxin is similar to paxillin in focal adhesion targeting and tyrosine phosphory-

lation but has distinct roles in cell adhesion and spreading. Cell adhesion & migration. 2010; 4(4):527–

40. Epub 2010/06/15. doi: 10.4161/cam.4.4.12399 PMID: 20543562; PubMed Central PMCID:

PMC3011259.

Paxillin Gene Expression and Evolution

PLOS ONE | DOI:10.1371/journal.pone.0165266 November 2, 2016 16 / 19

http://dx.doi.org/10.1242/jcs.018093
http://www.ncbi.nlm.nih.gov/pubmed/19118207
http://dx.doi.org/10.1242/jcs.018044
http://www.ncbi.nlm.nih.gov/pubmed/18650496
http://www.ncbi.nlm.nih.gov/pubmed/8922390
http://dx.doi.org/10.4161/cam.4.4.12399
http://www.ncbi.nlm.nih.gov/pubmed/20543562


5. Nishiya N, Iwabuchi Y, Shibanuma M, Cote JF, Tremblay ML, Nose K. Hic-5, a paxillin homologue,

binds to the protein-tyrosine phosphatase PEST (PTP-PEST) through its LIM 3 domain. The Journal of

biological chemistry. 1999; 274(14):9847–53. Epub 1999/03/27. PMID: 10092676.

6. Deakin NO, Pignatelli J, Turner CE. Diverse roles for the paxillin family of proteins in cancer. Genes &

cancer. 2012; 3(5–6):362–70. Epub 2012/12/12. doi: 10.1177/1947601912458582 PMID: 23226574;

PubMed Central PMCID: PMC3513785.

7. Nishiya N, Tachibana K, Shibanuma M, Mashimo JI, Nose K. Hic-5-reduced cell spreading on fibronec-

tin: competitive effects between paxillin and Hic-5 through interaction with focal adhesion kinase.

Molecular and cellular biology. 2001; 21(16):5332–45. Epub 2001/07/21. doi: 10.1128/MCB.21.16.

5332-5345.2001 PMID: 11463817; PubMed Central PMCID: PMC87257.

8. Tanaka T, Moriwaki K, Murata S, Miyasaka M. LIM domain-containing adaptor, leupaxin, localizes in

focal adhesion and suppresses the integrin-induced tyrosine phosphorylation of paxillin. Cancer sci-

ence. 2010; 101(2):363–8. Epub 2009/11/18. doi: 10.1111/j.1349-7006.2009.01398.x PMID:

19917054.

9. Chen GC, Turano B, Ruest PJ, Hagel M, Settleman J, Thomas SM. Regulation of Rho and Rac signal-

ing to the actin cytoskeleton by paxillin during Drosophila development. Molecular and cellular biology.

2005; 25(3):979–87. Epub 2005/01/20. doi: 10.1128/MCB.25.3.979-987.2005 PMID: 15657426;

PubMed Central PMCID: PMC544021.

10. Bataille L, Delon I, Da Ponte JP, Brown NH, Jagla K. Downstream of identity genes: muscle-type-spe-

cific regulation of the fusion process. Developmental cell. 2010; 19(2):317–28. Epub 2010/08/17. doi:

10.1016/j.devcel.2010.07.008 PMID: 20708593; PubMed Central PMCID: PMC3852356.

11. Warner A, Qadota H, Benian GM, Vogl AW, Moerman DG. The Caenorhabditis elegans paxillin ortho-

logue, PXL-1, is required for pharyngeal muscle contraction and for viability. Molecular biology of the

cell. 2011; 22(14):2551–63. Epub 2011/06/03. doi: 10.1091/mbc.E10-12-0941 PMID: 21633109;

PubMed Central PMCID: PMC3135480.

12. Turner CE, Kramarcy N, Sealock R, Burridge K. Localization of paxillin, a focal adhesion protein, to

smooth muscle dense plaques, and the myotendinous and neuromuscular junctions of skeletal mus-

cle. Experimental cell research. 1991; 192(2):651–5. Epub 1991/02/01. PMID: 1899076.

13. Iioka H, Iemura S, Natsume T, Kinoshita N. Wnt signalling regulates paxillin ubiquitination essential for

mesodermal cell motility. Nature cell biology. 2007; 9(7):813–21. Epub 2007/06/15. doi: 10.1038/

ncb1607 PMID: 17558393.

14. Ghogomu SM, van Venrooy S, Ritthaler M, Wedlich D, Gradl D. HIC-5 is a novel repressor of lymphoid

enhancer factor/T-cell factor-driven transcription. The Journal of biological chemistry. 2006; 281

(3):1755–64. Epub 2005/11/18. doi: 10.1074/jbc.M505869200 PMID: 16291758.

15. Hagel M, George EL, Kim A, Tamimi R, Opitz SL, Turner CE, et al. The adaptor protein paxillin is

essential for normal development in the mouse and is a critical transducer of fibronectin signaling.

Molecular and cellular biology. 2002; 22(3):901–15. Epub 2002/01/11. PMID: 11784865; PubMed

Central PMCID: PMC133539. doi: 10.1128/MCB.22.3.901-915.2002

16. Yuminamochi T, Yatomi Y, Osada M, Ohmori T, Ishii Y, Nakazawa K, et al. Expression of the LIM pro-

teins paxillin and Hic-5 in human tissues. The journal of histochemistry and cytochemistry: official jour-

nal of the Histochemistry Society. 2003; 51(4):513–21. Epub 2003/03/19. PMID: 12642630.

17. Kim-Kaneyama JR, Takeda N, Sasai A, Miyazaki A, Sata M, Hirabayashi T, et al. Hic-5 deficiency

enhances mechanosensitive apoptosis and modulates vascular remodeling. Journal of molecular and

cellular cardiology. 2011; 50(1):77–86. Epub 2010/10/12. doi: 10.1016/j.yjmcc.2010.09.024 PMID:

20933520.

18. Crawford BD, Henry CA, Clason TA, Becker AL, Hille MB. Activity and distribution of paxillin, focal

adhesion kinase, and cadherin indicate cooperative roles during zebrafish morphogenesis. Molecular

biology of the cell. 2003; 14(8):3065–81. Epub 2003/08/20. doi: 10.1091/mbc.E02-08-0537 PMID:

12925747; PubMed Central PMCID: PMC181551.

19. Wheeler GN, Hynes RO. The cloning, genomic organization and expression of the focal contact protein

paxillin in Drosophila. Gene. 2001; 262(1–2):291–9. Epub 2001/02/17. PMID: 11179695.

20. Bukharova T, Weijer G, Bosgraaf L, Dormann D, van Haastert PJ, Weijer CJ. Paxillin is required for

cell-substrate adhesion, cell sorting and slug migration during Dictyostelium development. Journal of

cell science. 2005; 118(Pt 18):4295–310. Epub 2005/09/13. doi: 10.1242/jcs.02557 PMID: 16155255.

21. Mackin NA, Sousou TJ, Erdman SE. The PXL1 gene of Saccharomyces cerevisiae encodes a paxillin-

like protein functioning in polarized cell growth. Molecular biology of the cell. 2004; 15(4):1904–17. Epub

2004/02/10. doi: 10.1091/mbc.E04-01-0004 PMID: 14767053; PubMed Central PMCID: PMC379286.

22. Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, et al. The zebrafish reference

genome sequence and its relationship to the human genome. Nature. 2013; 496(7446):498–503. Epub

2013/04/19. doi: 10.1038/nature12111 PMID: 23594743; PubMed Central PMCID: PMC3703927.

Paxillin Gene Expression and Evolution

PLOS ONE | DOI:10.1371/journal.pone.0165266 November 2, 2016 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/10092676
http://dx.doi.org/10.1177/1947601912458582
http://www.ncbi.nlm.nih.gov/pubmed/23226574
http://dx.doi.org/10.1128/MCB.21.16.5332-5345.2001
http://dx.doi.org/10.1128/MCB.21.16.5332-5345.2001
http://www.ncbi.nlm.nih.gov/pubmed/11463817
http://dx.doi.org/10.1111/j.1349-7006.2009.01398.x
http://www.ncbi.nlm.nih.gov/pubmed/19917054
http://dx.doi.org/10.1128/MCB.25.3.979-987.2005
http://www.ncbi.nlm.nih.gov/pubmed/15657426
http://dx.doi.org/10.1016/j.devcel.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/20708593
http://dx.doi.org/10.1091/mbc.E10-12-0941
http://www.ncbi.nlm.nih.gov/pubmed/21633109
http://www.ncbi.nlm.nih.gov/pubmed/1899076
http://dx.doi.org/10.1038/ncb1607
http://dx.doi.org/10.1038/ncb1607
http://www.ncbi.nlm.nih.gov/pubmed/17558393
http://dx.doi.org/10.1074/jbc.M505869200
http://www.ncbi.nlm.nih.gov/pubmed/16291758
http://www.ncbi.nlm.nih.gov/pubmed/11784865
http://dx.doi.org/10.1128/MCB.22.3.901-915.2002
http://www.ncbi.nlm.nih.gov/pubmed/12642630
http://dx.doi.org/10.1016/j.yjmcc.2010.09.024
http://www.ncbi.nlm.nih.gov/pubmed/20933520
http://dx.doi.org/10.1091/mbc.E02-08-0537
http://www.ncbi.nlm.nih.gov/pubmed/12925747
http://www.ncbi.nlm.nih.gov/pubmed/11179695
http://dx.doi.org/10.1242/jcs.02557
http://www.ncbi.nlm.nih.gov/pubmed/16155255
http://dx.doi.org/10.1091/mbc.E04-01-0004
http://www.ncbi.nlm.nih.gov/pubmed/14767053
http://dx.doi.org/10.1038/nature12111
http://www.ncbi.nlm.nih.gov/pubmed/23594743


23. Goody MF, Kelly MW, Lessard KN, Khalil A, Henry CA. Nrk2b-mediated NAD+ production regulates

cell adhesion and is required for muscle morphogenesis in vivo: Nrk2b and NAD+ in muscle morpho-

genesis. Developmental biology. 2010; 344(2):809–26. Epub 2010/06/23. doi: 10.1016/j.ydbio.2010.

05.513 PMID: 20566368; PubMed Central PMCID: PMC2917104.

24. Brown MC, Turner CE. Paxillin: adapting to change. Physiological reviews. 2004; 84(4):1315–39.

Epub 2004/09/24. doi: 10.1152/physrev.00002.2004 PMID: 15383653.

25. Brown MC, Cary LA, Jamieson JS, Cooper JA, Turner CE. Src and FAK kinases cooperate to phos-

phorylate paxillin kinase linker, stimulate its focal adhesion localization, and regulate cell spreading

and protrusiveness. Molecular biology of the cell. 2005; 16(9):4316–28. Epub 2005/07/08. doi: 10.

1091/mbc.E05-02-0131 PMID: 16000375; PubMed Central PMCID: PMC1196340.

26. Deakin NO, Turner CE. Paxillin inhibits HDAC6 to regulate microtubule acetylation, Golgi structure,

and polarized migration. The Journal of cell biology. 2014; 206(3):395–413. Epub 2014/07/30. doi: 10.

1083/jcb.201403039 PMID: 25070956; PubMed Central PMCID: PMC4121979.

27. Glasauer SM, Neuhauss SC. Whole-genome duplication in teleost fishes and its evolutionary conse-

quences. Molecular genetics and genomics: MGG. 2014; 289(6):1045–60. Epub 2014/08/06. doi: 10.

1007/s00438-014-0889-2 PMID: 25092473.

28. Essner JJ, Amack JD, Nyholm MK, Harris EB, Yost HJ. Kupffer’s vesicle is a ciliated organ of asymme-

try in the zebrafish embryo that initiates left-right development of the brain, heart and gut. Develop-

ment. 2005; 132(6):1247–60. Epub 2005/02/18. doi: 10.1242/dev.01663 PMID: 15716348.

29. Amack JD, Yost HJ. The T box transcription factor no tail in ciliated cells controls zebrafish left-right

asymmetry. Current biology: CB. 2004; 14(8):685–90. Epub 2004/04/16. doi: 10.1016/j.cub.2004.04.

002 PMID: 15084283.

30. Kramer-Zucker AG, Olale F, Haycraft CJ, Yoder BK, Schier AF, Drummond IA. Cilia-driven fluid flow in

the zebrafish pronephros, brain and Kupffer’s vesicle is required for normal organogenesis. Develop-

ment. 2005; 132(8):1907–21. Epub 2005/03/26. doi: 10.1242/dev.01772 PMID: 15790966.

31. Parsons MJ, Pollard SM, Saude L, Feldman B, Coutinho P, Hirst EM, et al. Zebrafish mutants identify

an essential role for laminins in notochord formation. Development. 2002; 129(13):3137–46. Epub

2002/06/19. PMID: 12070089.

32. Julich D, Mould AP, Koper E, Holley SA. Control of extracellular matrix assembly along tissue bound-

aries via Integrin and Eph/Ephrin signaling. Development. 2009; 136(17):2913–21. Epub 2009/07/31.

doi: 10.1242/dev.038935 PMID: 19641014.

33. Compagnon J, Barone V, Rajshekar S, Kottmeier R, Pranjic-Ferscha K, Behrndt M, et al. The notochord

breaks bilateral symmetry by controlling cell shapes in the zebrafish laterality organ. Developmental

cell. 2014; 31(6):774–83. Epub 2014/12/24. doi: 10.1016/j.devcel.2014.11.003 PMID: 25535919.

34. Postel R, Vakeel P, Topczewski J, Knoll R, Bakkers J. Zebrafish integrin-linked kinase is required in

skeletal muscles for strengthening the integrin-ECM adhesion complex. Developmental biology. 2008;

318(1):92–101. Epub 2008/04/26. doi: 10.1016/j.ydbio.2008.03.024 PMID: 18436206.

35. Costa ML, Escaleira R, Manasfi M, de Souza LF, Mermelstein CS. Cytoskeletal and cellular adhesion

proteins in zebrafish (Danio rerio) myogenesis. Brazilian journal of medical and biological research =

Revista brasileira de pesquisas medicas e biologicas / Sociedade Brasileira de Biofisica [et al]. 2003;

36(8):1117–20. Epub 2003/07/30. PMID: 12886467.

36. Snow CJ, Henry CA. Dynamic formation of microenvironments at the myotendinous junction correlates

with muscle fiber morphogenesis in zebrafish. Gene expression patterns: GEP. 2009; 9(1):37–42.

Epub 2008/09/12. doi: 10.1016/j.gep.2008.08.003 PMID: 18783736; PubMed Central PMCID:

PMC2655214.

37. Jin H, Tan S, Hermanowski J, Bohm S, Pacheco S, McCauley JM, et al. The dystrotelin, dystrophin

and dystrobrevin superfamily: new paralogues and old isoforms. BMC genomics. 2007; 8:19. Epub

2007/01/20. doi: 10.1186/1471-2164-8-19 PMID: 17233888; PubMed Central PMCID: PMC1790709.

38. Dix DJ, Eisenberg BR. Myosin mRNA accumulation and myofibrillogenesis at the myotendinous junc-

tion of stretched muscle fibers. The Journal of cell biology. 1990; 111(5 Pt 1):1885–94. Epub 1990/11/

01. PMID: 2229178; PubMed Central PMCID: PMC2116343.

39. Chicurel ME, Singer RH, Meyer CJ, Ingber DE. Integrin binding and mechanical tension induce move-

ment of mRNA and ribosomes to focal adhesions. Nature. 1998; 392(6677):730–3. Epub 1998/05/16.

doi: 10.1038/33719 PMID: 9565036.

40. Mardakheh FK, Paul A, Kumper S, Sadok A, Paterson H, McCarthy A, et al. Global Analysis of mRNA,

Translation, and Protein Localization: Local Translation Is a Key Regulator of Cell Protrusions. Develop-

mental cell. 2015; 35(3):344–57. Epub 2015/11/12. doi: 10.1016/j.devcel.2015.10.005 PMID: 26555054.

41. Thisse B, Pflumio, S., Fürthauer, M., Loppin, B., Heyer, V., Degrave, A., Woehl, R., Lux, A., Steffan,

T., Charbonnier, X.Q. and Thisse, C. Expression of the zebrafish genome during embryogenesis. (NIH

R01 RR15402). 2001;ZFIN Direct Data Submission:http://zfin.org.

Paxillin Gene Expression and Evolution

PLOS ONE | DOI:10.1371/journal.pone.0165266 November 2, 2016 18 / 19

http://dx.doi.org/10.1016/j.ydbio.2010.05.513
http://dx.doi.org/10.1016/j.ydbio.2010.05.513
http://www.ncbi.nlm.nih.gov/pubmed/20566368
http://dx.doi.org/10.1152/physrev.00002.2004
http://www.ncbi.nlm.nih.gov/pubmed/15383653
http://dx.doi.org/10.1091/mbc.E05-02-0131
http://dx.doi.org/10.1091/mbc.E05-02-0131
http://www.ncbi.nlm.nih.gov/pubmed/16000375
http://dx.doi.org/10.1083/jcb.201403039
http://dx.doi.org/10.1083/jcb.201403039
http://www.ncbi.nlm.nih.gov/pubmed/25070956
http://dx.doi.org/10.1007/s00438-014-0889-2
http://dx.doi.org/10.1007/s00438-014-0889-2
http://www.ncbi.nlm.nih.gov/pubmed/25092473
http://dx.doi.org/10.1242/dev.01663
http://www.ncbi.nlm.nih.gov/pubmed/15716348
http://dx.doi.org/10.1016/j.cub.2004.04.002
http://dx.doi.org/10.1016/j.cub.2004.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15084283
http://dx.doi.org/10.1242/dev.01772
http://www.ncbi.nlm.nih.gov/pubmed/15790966
http://www.ncbi.nlm.nih.gov/pubmed/12070089
http://dx.doi.org/10.1242/dev.038935
http://www.ncbi.nlm.nih.gov/pubmed/19641014
http://dx.doi.org/10.1016/j.devcel.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25535919
http://dx.doi.org/10.1016/j.ydbio.2008.03.024
http://www.ncbi.nlm.nih.gov/pubmed/18436206
http://www.ncbi.nlm.nih.gov/pubmed/12886467
http://dx.doi.org/10.1016/j.gep.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18783736
http://dx.doi.org/10.1186/1471-2164-8-19
http://www.ncbi.nlm.nih.gov/pubmed/17233888
http://www.ncbi.nlm.nih.gov/pubmed/2229178
http://dx.doi.org/10.1038/33719
http://www.ncbi.nlm.nih.gov/pubmed/9565036
http://dx.doi.org/10.1016/j.devcel.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26555054
http://zfin.org


42. Pascoal S, Esteves de Lima J, Leslie JD, Hughes SM, Saude L. Notch signalling is required for the for-

mation of structurally stable muscle fibres in zebrafish. PloS one. 2013; 8(6):e68021. Epub 2013/07/

11. doi: 10.1371/journal.pone.0068021 PMID: 23840804; PubMed Central PMCID: PMC3695967.

43. Ablooglu AJ, Kang J, Handin RI, Traver D, Shattil SJ. The zebrafish vitronectin receptor: characteriza-

tion of integrin alphaV and beta3 expression patterns in early vertebrate development. Developmental

dynamics: an official publication of the American Association of Anatomists. 2007; 236(8):2268–76.

Epub 2007/07/13. doi: 10.1002/dvdy.21229 PMID: 17626277.

44. Yano T, Abe G, Yokoyama H, Kawakami K, Tamura K. Mechanism of pectoral fin outgrowth in zebra-

fish development. Development. 2012; 139(16):2916–25. Epub 2012/07/14. doi: 10.1242/dev.075572

PMID: 22791899.

45. Ivaska J, Heino J. Cooperation between integrins and growth factor receptors in signaling and endocy-

tosis. Annual review of cell and developmental biology. 2011; 27:291–320. Epub 2011/06/15. doi: 10.

1146/annurev-cellbio-092910-154017 PMID: 21663443.

46. Gros J, Hu JK, Vinegoni C, Feruglio PF, Weissleder R, Tabin CJ. WNT5A/JNK and FGF/MAPK path-

ways regulate the cellular events shaping the vertebrate limb bud. Current biology: CB. 2010; 20

(22):1993–2002. Epub 2010/11/09. doi: 10.1016/j.cub.2010.09.063 PMID: 21055947; PubMed Central

PMCID: PMC2998074.

47. Ishibe S, Joly D, Zhu X, Cantley LG. Phosphorylation-dependent paxillin-ERK association mediates

hepatocyte growth factor-stimulated epithelial morphogenesis. Molecular cell. 2003; 12(5):1275–85.

Epub 2003/11/26. PMID: 14636584.

48. Norton WH, Ledin J, Grandel H, Neumann CJ. HSPG synthesis by zebrafish Ext2 and Extl3 is required

for Fgf10 signalling during limb development. Development. 2005; 132(22):4963–73. Epub 2005/10/

14. doi: 10.1242/dev.02084 PMID: 16221725.

49. Lee MT, Bonneau AR, Giraldez AJ. Zygotic genome activation during the maternal-to-zygotic transi-

tion. Annual review of cell and developmental biology. 2014; 30:581–613. Epub 2014/08/26. doi: 10.

1146/annurev-cellbio-100913-013027 PMID: 25150012; PubMed Central PMCID: PMC4303375.

50. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embryonic development of

the zebrafish. Developmental dynamics: an official publication of the American Association of Anato-

mists. 1995; 203(3):253–310. Epub 1995/07/01. doi: 10.1002/aja.1002030302 PMID: 8589427.

51. Tumbarello DA, Brown MC, Hetey SE, Turner CE. Regulation of paxillin family members during epithe-

lial-mesenchymal transformation: a putative role for paxillin delta. Journal of cell science. 2005; 118(Pt

20):4849–63. Epub 2005/10/13. doi: 10.1242/jcs.02615 PMID: 16219691.

52. Cortesio CL, Boateng LR, Piazza TM, Bennin DA, Huttenlocher A. Calpain-mediated proteolysis of

paxillin negatively regulates focal adhesion dynamics and cell migration. The Journal of biological

chemistry. 2011; 286(12):9998–10006. Epub 2011/01/29. doi: 10.1074/jbc.M110.187294 PMID:

21270128; PubMed Central PMCID: PMC3060554.

53. Westerfield M. The zebrafish book. A guide for the laboratory use of zebrafish (Danio rerio). Univ of

Oregon Press, Eugene. 2000; 4th ed.

54. Notredame C, Higgins DG, Heringa J. T-Coffee: A novel method for fast and accurate multiple

sequence alignment. Journal of molecular biology. 2000; 302(1):205–17. Epub 2000/08/31. doi: 10.

1006/jmbi.2000.4042 PMID: 10964570.

55. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular Evolutionary Genetics

Analysis version 6.0. Molecular biology and evolution. 2013; 30(12):2725–9. Epub 2013/10/18. doi: 10.

1093/molbev/mst197 PMID: 24132122; PubMed Central PMCID: PMC3840312.

56. Louis A, Nguyen NT, Muffato M, Roest Crollius H. Genomicus update 2015: KaryoView and Matrix-

View provide a genome-wide perspective to multispecies comparative genomics. Nucleic acids

research. 2015; 43(Database issue):D682–9. Epub 2014/11/08. doi: 10.1093/nar/gku1112 PMID:

25378326; PubMed Central PMCID: PMC4383929.

57. Link V, Shevchenko A, Heisenberg CP. Proteomics of early zebrafish embryos. BMC developmental

biology. 2006; 6:1. Epub 2006/01/18. doi: 10.1186/1471-213X-6-1 PMID: 16412219; PubMed Central

PMCID: PMC1363346.

58. Gao C, Wang G, Amack JD, Mitchell DR. Oda16/Wdr69 is essential for axonemal dynein assembly

and ciliary motility during zebrafish embryogenesis. Developmental dynamics: an official publication of

the American Association of Anatomists. 2010; 239(8):2190–7. Epub 2010/06/23. doi: 10.1002/dvdy.

22355 PMID: 20568242; PubMed Central PMCID: PMC3077675.

Paxillin Gene Expression and Evolution

PLOS ONE | DOI:10.1371/journal.pone.0165266 November 2, 2016 19 / 19

http://dx.doi.org/10.1371/journal.pone.0068021
http://www.ncbi.nlm.nih.gov/pubmed/23840804
http://dx.doi.org/10.1002/dvdy.21229
http://www.ncbi.nlm.nih.gov/pubmed/17626277
http://dx.doi.org/10.1242/dev.075572
http://www.ncbi.nlm.nih.gov/pubmed/22791899
http://dx.doi.org/10.1146/annurev-cellbio-092910-154017
http://dx.doi.org/10.1146/annurev-cellbio-092910-154017
http://www.ncbi.nlm.nih.gov/pubmed/21663443
http://dx.doi.org/10.1016/j.cub.2010.09.063
http://www.ncbi.nlm.nih.gov/pubmed/21055947
http://www.ncbi.nlm.nih.gov/pubmed/14636584
http://dx.doi.org/10.1242/dev.02084
http://www.ncbi.nlm.nih.gov/pubmed/16221725
http://dx.doi.org/10.1146/annurev-cellbio-100913-013027
http://dx.doi.org/10.1146/annurev-cellbio-100913-013027
http://www.ncbi.nlm.nih.gov/pubmed/25150012
http://dx.doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://dx.doi.org/10.1242/jcs.02615
http://www.ncbi.nlm.nih.gov/pubmed/16219691
http://dx.doi.org/10.1074/jbc.M110.187294
http://www.ncbi.nlm.nih.gov/pubmed/21270128
http://dx.doi.org/10.1006/jmbi.2000.4042
http://dx.doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
http://dx.doi.org/10.1093/molbev/mst197
http://dx.doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://dx.doi.org/10.1093/nar/gku1112
http://www.ncbi.nlm.nih.gov/pubmed/25378326
http://dx.doi.org/10.1186/1471-213X-6-1
http://www.ncbi.nlm.nih.gov/pubmed/16412219
http://dx.doi.org/10.1002/dvdy.22355
http://dx.doi.org/10.1002/dvdy.22355
http://www.ncbi.nlm.nih.gov/pubmed/20568242

