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Summary

Paired box-containing transcription factors play alterations to both membrane and cytoskeleton
fundamental roles in pattern formation during embryonic  architecture. In addition to mediating a phenotypic
development of diverse organisms ranging frorrosophila  mesenchymal-to-epithelial transition, Pax3 also establishes
to mammals. Although mutations toPax3 and other Pax-  the conditions in these cells for a subsequent hepatocyte
family genes in both mice and humans result in numerous growth factor/scatter factor (HGF/SF)-induced phenotypic
tissue-specific morphological defects, little is known about epithelial-to-mesenchymal transition. Thus, our data show
the cellular processes that Pax genes regulate. We show thata novel morphogenetic activity for Pax3 which, when
ectopic Pax3 expression in two distinct phenotypically absent in vivo, is predicted to give rise to the observed
mesenchymal mammalian cell lines induces the formation structural defects in somites and the neural tube during
of multi-layered condensed cell aggregates with epithelial embryonic development.

characteristics. For one of these lines, we showed further

that Pax3-induced cell aggregation is accompanied by

specific morphological changes, including a significant Key words: Pax3, Mesenchymal-epithelial transition, Cell
reduction in cell size, altered cell shape and dramatic aggregation, Cell adhesion, c-met

Introduction cells of the dermomyotome is lost (Daston et al., 1996), and

In a theoretical model of morphogenesis, Atchley and HalPax2mutant mice, in which aborted kidney development occurs
(Atchley and Hall, 1991) proposed cell condensation, th&ue to the failure of the metanephric mesenchyme to condense
aggregation of like cells, as the basic unit from whichand undergo epithelial transformation (Torres et al., 1995). For
morphology is constructed during development. Indeed, cethese mutant animals, a role for Pax proteins in regulating cell
condensation is an early developmental process in essentiafiggregation/mesenchymal condensation and/or mesenchymal-
every organ during vertebrate embryogenesis (Thesleff et afg-epithelial transformation has been implied.
1995). Likewise, transformations between the two major During mouse embryogenesis, Pax3 is expressed in several
phenotypic cell types, epithelial and mesenchymal, play a#leveloping tissues including the brain, dorsally throughout the
important role in the genesis and patterning of numerougeural tube, in neural crest cells, the dermomyotome and in
tissues and organs during development (Hay, 1995)nigratory somitic muscle precursors (Goulding et al., 1991).
Mesenchymal condensation and mesenchymal-to-epithelidutations toPax3in mice results in the splotch) phenotype
transformations play pivotal roles in the formation and(Epstein etal., 1991). Homozygous mutsmémbryos exhibit
patterning of, for example, somitic (Christ and Ordahl, 1995 number of developmental defects including impaired neural
and kidney (Davies, 1996) structures. tube closure, absence of limb muscles, persistent truncus
Aborted organogenesis at the point of mesenchymairteriosus and defects to many neural crest-derived structures
condensation or cell aggregation is a feature common to mi¢éuerbach, 1954; Franz, 1989; Franz et al., 1993). In humans,
with mutations in distinct Pax genes (Dahl et al., 1997). Théeterozygous mutations Rax3cause Waardenburg syndrome,
Pax-family genes encode a class of transcription factors that amdiich is characterized by pigmentation, and hearing and facio-
essential for normal embryonic development. Originallyskeletal anomalies (Baldwin et al., 1992; Tassabehii et al.,
identified as regulators of pattern formation duidrgsophila  1992). Recent studies have begun to provide insights into the
embryogenesis, nine different Pax genes have been identifieddallular and molecular processes that Pax genes may regulate
mammals,Pax1to Pax9 (Walther et al., 1991), all of which during embryogenesis. During muscle development, for
encode proteins containing a DNA-binding motif termed theexample, Pax3 appears to regulate the expression of myogenic
paired box (Noll, 1993). Analyses of animals harboringdetermination factors (Maroto et al., 1997; Tajbakhsh et al.,
naturally occurring or targeted mutations of different Pax genes997) as well as migration of muscle precursors via regulation
revealed their fundamental requirement for orchestrating propeff c-met expression (Daston et al., 1996; Epstein et al., 1996;
morphological development of various tissues and organs (Daltang et al., 1996). However, the cellular and molecular
et al., 1997). Some of the many examples incRakSmutant mechanisms by which Pax3 specifically regulates
mice, where maintenance of epithelial aggregation in somitimorphogenesis remains elusive.
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We show that ectopic Pax3 expression in osteogenic Saoss2% methanol/50% acetone at room temperature. Coverslips were
cells results in the formation of cell aggregates with epithelialinsed in PBS and cells were then exposed to a solution of 0.2% Triton
characteristics. Ectopic Pax3 expression in Saos-2 cells leatsl00 and 3% bovine serum albumin (BSA) in PBS for 30 minutes
to increased CG&-dependent cadherin-mediated intercellularfor pgrmga?hzggon and to block nonspecific b'”d'“_gr-] Cﬁ”s were then

: : ; Al ncubated for 60 minutes at room temperature with the appropriate
\r;lvtlhessl‘ﬁgvsndt;]c;rtmat;&g&gr?larg:%ep|itrf]1§lljlgg1s. F%ﬁgﬁg@%ﬁgrimary antibody, diluted in 3% BSA in PBS. Cells were then rinsed

. L ’ i . riefly 4-5 times with PBS and subsequently incubated with the
epithelialization of these mesenchymal cells, it also induce propriate Texas Red-conjugated secondary antibody in 3% BSA in
these cells to become competent to respond to a fact@gs for 50 minutes. After four washes with PBS, coverslips were then
specifically hepatocyte growth factor/scatter factor (HGF/SF)mounted with vinol mountant (Opas et al., 1996). For F-Actin
that reverts the epithelial phenotype. Our results reveal a novahining, cells were incubated with Rhodamine-conjugated phalloidin
activity for Pax3 and suggest a mechanism by which Pax gen@s3% BSA in PBS for 50 minutes following permeablization, rinsed
may regulate pattern formation during development. with PBS and then mounted. GFP images were captured on a Zeiss

axiophot microscope equipped with a CCD camera. Confocal images

were obtained on a Zeiss LSM microscope. Unless otherwise
Materials and Methods indicated, confocal images represent projections of 10-15 optical
Plasmids and antibodies sections acquired at On intervals. For Fig. 7 (I-L), optical sections

Plasmids for pAdtrack and pAdeasy, as well as BJ5183 bacterial cell¥eré acquired at 0.im intervals. Phase-contrast images were
were gifts of B. Vogelstein (Howard Hughes Medical Institute,Obta'ned v_wth a Nikon mve_rted microscope onto Kodak P_Ius-X pan
Baltimore). MDCK cells and the human HGF/SF expression vectof22ASA film. Morphometric analysis was performed using Scion
were gifts of M. Park (McGill, University, Montreal, PQ, Canada).IMmage beta 3b, an adaptation of NIH Image for PC (Scion
Monoclonal pan-cadherin antibodies was a gift of M. Opas (Universitg0rporation, Fredrick, MD) and Image-1 (Universal Imaging, West
of Toronto, Toronto, ON, Canada). Amticatenin andp-tubulin Chester, Pennsy]vam_a) software. Scanning electron micrographs were
antibodies were gifts of L. Langille (University of Toronto, Toronto, OPtained on a Hitachi 570 microscope at 15 kV.

ON, Canada). Antibodies f&-catenin and ZO-1 were obtained from
Transduction Laboratories (Lexington, KY). Anti-flag M2, anti-actin, . .
anti-vinculin and Rhodamine-conjugated phalloidin were obtaineCFNA |solat|pn and RT'I_DCR ) . .

from Sigma Chemicals (Oakville, ON, Canada). Anti-h-met (C-28 RNA was isolated using Trizol _(Glbco! Burlington, ON, Canada)
and anti-cadherin-11/0B-cadherin (E-5) were obtained from santaccording to the manufacturer’s instructions. DNase treatment of the
Cruz Biotechnology (Santa Cruz, CA). Texas Red conjugate&zNA and cDNA synthesis was done essentially as described

secondary antibodies were obtained from Jackson Immuno Reseadgviously (Munsterberg et al., 1995). Exceptions were theg af
Laboratories (West Grove, PA). RNA was used for cDNA synthesis, and the reverse transcriptase

utilized was Superscript Il RT (Gibco). For PCR amplificatioml 1
cDNA was used in a final volume of 5@ with 1 unit of Taq
Cell culture and metabolic labeling polymerase (Gibco). PCR products were amplified for 27 cycles,

Both human Saos-2 osterosarcoma and Rh30 rhabdomyosarcoma ciifich was determined to be in the linear range for all three products;
were grown in DMEM supplemented with 10% fetal calf serum (Sigmai> Ml of each PCR reaction were analyzed on a 2% agarose gel.
Oakville, ON, Canada). Saos-2 cells do not express Pax3, determinBgmers for c-met, designed to be degenerate for detection of both
by western blot analysis of whole-cell lysates (O.W., unpublished). ThgUman and mouse transcripts, were as follow&HG T/CTG GAA
Rh30 rhabdomyosarcoma expresses a Pax3/FKHR fusion proteﬁAC CCA GAT TGT T-3, 5- CAA AGA AA/G TGA TGA ACC

which has been shown previously to exhibit activities distinct fromGGT CC-3 (nucleotides 265-587). Primers' for mouse Pax3 were 5
that of Pax3 (Epstein et al, 1998). Metabolic labeling andCAG GAG ACA GGC TCC ATC CGA-35-CCT TTC TAG ATC

immunoprecipitations were as previously described (Hinck et al., 1994 GC CTC CTC-3(nucleotides 271-522). Primers for GAPDH were
as described (Wang et al., 1997). The expected product sizes are as
follows: c-met, 322bp; Pax3, 251bp; GAPDH, 880 bp. PCR products

Construction of adenoviruses and infection procedures were confirmed by restriction digests. PCR products were quantified

Adenoviruses were generated as previously described (He et alsing NIH Image software.

1998). Briefly, cDNA encoding eithdd-galactosidase or an amino-

terminal flag-epitope tagged mouse Pax3 was subcloned into the )

pAdtrack vector. pAdtrack constructs were linearized Withd and ~ HGF experiment

co-transformed with pAdeasy into BJ5183 bacterial cells.Conditioned media containing HGF/SF was obtained by transfection

Recombinant viral DNA was isolated from BJ5183 cells and used tof COS cells with a cDNA encoding human HGF/SF. Control

transfect 293 cells to generate replication-deficient infectiousonditioned media was obtained by transfection with an empty

adenoviral particles. Viruses were harvested from 293 cells and titergi¢DNA3 vector. Conditioned media was harvested at 3 days post-

on human C33A cells by counting live green fluorescent proteitransfection and HGF/SF titer determined in a MDCK scatter assay

(GFP)-positive cells at 24 hours postinfection. Viral titers wereas described previously (Royal et al., 2000). Saos-2 cells were plated

typically in the range of 2108-1x10° expression forming units/ml. in 12-well plates and infected with control or Ad-P&&3iruses at

For infection of Saos-2 or Rh30 cells, typically10f cells were a multiplicity of infection (m.o.i.) of 10. At 3 days postinfection, by

plated on 60 mm plates the day before infection. The following daywhich time Ad-Pax®¢infected cells had formed aggregates, cells

cells were infected at an m.o.i of 10 in a total of 4 ml of normal mediavere exposed to six scatter units of HGF conditioned media or the

Media was replenished at 2-3 day intervals. equivalent volume of control conditioned media in a total volume of
1 ml. Live cells were analyzed by phase contrast microscopy at
various times following HGF treatment for up to 24 hours.

Immunofluorescence and microscopy

Cells grown on glass coverslips were rinsed in PBS before being fixed )

in freshly prepared 4% paraformaldehyde for 10 minutes at roorfr@?* switch assay

temperature. FgB-tubulin staining, cells were fixed for 10 minutes in The C&* switch assay was performed as described (Gumbiner et al.,
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1988). Briefly, Saos-2 cells were infected with control or Ad-B2%3 infected cells (306x19Tim?) was fivefold less than that of
viruses in the presence of normal’Geontaining media. At 3 days control infected cells (1478+430m?). In fact, 100% of the
postinfection the media was replaced with low2Gzontaining Pax3ag-expressing cells were less than 10002, whereas
medium. Live cells were subsequently examined at various times Wy 79 of Adfgal-infected cells were observed in this size

to 24 hours by phase contrast microscopy. range. By 72 hours postinfection, Ad-Pés@infected cells
(Fig. 1B, right panel) were clearly morphologically distinct
Western immunoblots and cell fractionation from control cells (Fig. 1B, left panel), appearing as multi-

For cell fractionation, cells were washed with cold PBS and thetpyered colonies of tightly aggregated cells. In a typical
scraped into lysis buffer (10 mM Tris.HCI (pH 8.0), 120 mM NaCl, infection, between 70 and 80% of Ad-Pé@nfected cells

1% NP-40) plus a cocktail of protease inhibitors. Lysates wer€ould be found in such aggregates by this time point. We noted
vortexed and incubated at 4°C for 15 minutes followed bythat the induced morphological alterations were sensitive to the
centrifugation at 17,00@ for 15 minutes at 4°C. The supernatant levels of Pax®9 expressed, morphologic alterations being
(soluble fraction) was recovered and the pellet, representing

the insoluble material, was resuspended by sonicati
lysis buffer containing 1% SDS. The SDS content
diluted to 0.1% with lysis buffer. Total protein cont @
was determined by Bio-Rad protein assay (Bio-
Laboratories, Mississauga, ON, Canada). For c-met, fle
and actin immunoblots, cell lysates were prepared anc
for western blotting as described previously (Wiggan €
1998).

Ad-Pax3flag

Ad-pgal

Results

Ectopic Pax3 induces epithelioid morphologic
conversion

As part of a series of studies characterizing
interactions between cell cycle regulatory fac
and proteins containing paired-like homeodom:
we characterized the consequences of ectopic
expression on specific cell lines. An N-termi
flag-tagged version of mouse Pax3, wl
exhibited transcriptional and DNA-binding activit
indistinguishable from wild-type Pax3 (O.\
unpublished), was expressed in the pRB-defi
human osteosarcoma cell line, Saos-2, usin
adenovirus (Ad-Pax9), which also expressed Gl
Virus expressingB-galactosidase (Afgal) rathe
than Pax3 was used as an infection control. Follo
Ad-Bgal or Ad-Pax#9 infection at an m.o.i. of 1
100% of Saos-2 cells became GFP positive (Fig
top panels). Immunohistochemical analysis of the
Pax3adinfected cells using ano-flag antibod
confirmed that all cells expressed the virally enct
Pax3ag protein (data not shown). Within 48 ho
postinfection, it was evident that P&%®Bexpressin
cells acquired a significantly altered morphol
relative to control infected cells. Specifically, /
Pax3adinfected Saos-2 cells (Fig. 1A, right pan
assumed a more cuboidal epithelial morpholog
comparison to the stellate morphology of cor
infected cells (Fig. 1A, left panels). Furtherm
although control infected cells are heterogeneol

size, Pax3-expressing cells were more con Fig. 1.Ectopic Pax3 expression induces cell aggregation and epithelioid
relative to control cells. Morphometric distribut morphologic changes in Saos-2 and Rh30 cells. Saos-2 cells were infected with

analvsis (Table 1) showed that at 48 h adenovir'uses,which simultanequsly encoded GFP, in addition t'o[e'ither
post%fecti(gn 43% o)f Ad-Paf&Linfected cells had galactosidase (A@gal) or flag-epitope tagged Pax3 (Ad-P&4Bas indicated.

At two days postinfection, GFP expression in live cells was assessed by
2 2
surface area of <10Q0n* (average of 1162+5¢1r) fluorescence microscopy (A, upper panels). Phase-contrast images of the same

compared to czontrol infected cells, where only & fig|4s are shown in A, lower panels. (B,C) Phase-contrast images of control
were <1000um? (average of 1391+758m?). By 72  infected and Ad-PaX8%infected Saos-2 cells (B) and Rh30 cells (C) at three
hours, the average cell-surface area of Ad-f8 days postinfection. Bars, §on.
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Table 1. Ectopic Pax3 expression in Saos-2 cells results in the height of AdPax3-infected cells relative to control infected

decreased cell surface area cells (6.1+1.2um, n=30 vs. 3.7+0.um, n=30). Together, these
Surface area Adgal cells Ad-Pax9 calls data show that ectopic PdR3 expression induces
(um?) % () % () morphologic alterations in cultured cells, which is consistent
Two days postinfection with a mesenchymal-to-epithelial phenotypic transformation.
<1000 34 (62) 43 (84)
1001-2000 49 (89 53 (103 I . . .
52001 17 ((30)) 4 ((8) ) Epithelial junction formation of Pax3-expressing cells
Three days postinfection T_he”morphologiqal char_1ges induced by. Pax3 pre_dicted
<1000 7(4) 100 (53) significant alterations in intercellular adhesion properties of
1001-2000 80 (43) - these cells. We first assessed whether the Pax3-induced
>2001 13(7) - aggregation of Saos-2 cells was cadherin dependent by

Saos-2 cells were infected with Adral control or Ad-Pax89 adenovirus determ.mmg Wheth.er aggregation wasztgependent. Saos-2
and the surface area of individual cells from random fields was analyzed at C€llS, infected with Ad-PaX8d, were induced to form

the indicated time points. aggregates by maintaining them in the presence of normal
Ca&*-containing medium for three days (Fig. 3A). When
infected cultures were then switched to lowAGeontaining
significantly less robust at an m.o.i of less than 5 and at m.o.ilmedia, the Pax3-induced aggregates began dissociating within
greater than 15. The effect of P&&expression on cell two hours. Fig. 3B illustrates that 24 hours after the switch to
morphology was not restricted to Saos-2 cells, which do ndbw-C&*-containing media, aggregated cells had completely
express endogenous Pax3 (O.W., unpublished). AdiP%x3 dispersed, supporting the notion that the Pax3-induced cell
infection of the rhabdomyosarcoma cell line,

Rh30, which expresses the oncog
transactivating fusion protein Pax3-FKI
(Fredericks et al., 1995), also caused form:
of colonies of tightly aggregated epitheli
cells (Fig. 1C). The ability of Pax3 to indL
aggregation of Rh30 cells is consistent with re
data showing that Pax3 is capable of antagon
the activities of Pax3/FKHR and vice ve
(Anderson et al., 2001).

Analysis of Saos-2 cells at three d
postinfection by scanning electron microsc
revealed striking morphological changes in
Paxdad-infected relative to the control infect
cells (Fig. 2). Control infected cells were loos
associated and had a flattened fibroblasi
appearance (Fig. 2A,B). Membrane blebbing
frequently observed on both control infected
Ad-Pax3@d-infected cells. In aggregates of /
Paxdagd-infected cells, cells were intimate
associated, having almost indiscernible cell-
boundaries (Fig. 2C,D). In these aggregates,
exhibited extensive membrane ruffling over tl
entire dorsal surface. Other distinct morpholoc¢
features evident in Ad-Pa¥%8-infected cell:
relative to control infected cells included
presence of cilia of varying lengths and
apparent increase in height in these cells. Ane
of the height of individual cells by confor
microscopy revealed an average 60% increa

Fig. 2. Scanning electron microscopic analysis of " o
Pax3-induced morphologic alterations in Saos-2 cells."
(A-D) Scanning electron microscopic micrographs of
Ad-Bgal control infected (A,B) or Ad-Pa¥&-infected
(C,D) Saos-2 cells at three days postinfection.

(E,F) Higher magnification views of the dorsal cell
surface highlighting the presence of membrane
blebbing (arrowheads) in both control (E) and
Ad-Pax3@d-infected (F) cells, as well as the presence
of cilia (arrow) in Ad-Paxf%-infected cells.
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ectopic Pax3 is G4 dependent. Phase-contrast
images of live Saos-2 cells infected with
Ad-Pax3a9 (A) in the presence of normall
Ca**-containing media and cultured for three days;
or (B) 24 hours after switching the media to low
Ca*-containing media. Aggregates of
Pax3ad-expressing cells dissociated after switching
to low C&*-containing media. Bars, §0m.

aggregation involved the induction of Lalependent, [-catenin (Fig. 4G) was the same as that of pan-cadherin.
cadherin-mediated cell-cell adhesion. Similarly, in aggregates of Pa#3-expressing cellsy-catenin
Formation of epithelial type cell-cell contacts in Ad- (Fig. 4H) and B-catenin (Fig. 4l) formed an enriched
Paxdadinfected Saos-2 cells was further characterized byontinuous belt at sites of cell contact, a pattern identical to
examining the distribution of cadherins and cadherinthat of pan-cadherin and consistent with that found in epithelial
associated proteins at three days postinfection by indirecell adherens junctions.
immunofluorescence. Transcripts for both an alternatively We next examined the mechanism by which Pax3 induced
spliced version of N-cadherin (Cheng et al., 1998; Ferrari ahcreased cell adhesion in Saos-2 cells. A previous study
al., 2000) and for a type ll-classical cadherin expressemhdicated that expression of Wnt-signaling ligands may be
principally in mesenchymal tissues, cadherin-11/OB-cadheriregulated by Pax3 and other related Pax genes in vivo
(Cheng et al., 1998), have been detected in Saos-2 cells. UsifMansouri and Gruss, 1998). Wnts have been shown to regulate
a pan-cadherin antibody, which recognizes a common Gsell adhesion by regulating steady-state levels and subcellular
terminal motif present in classical cadherins, and which mogtistribution of cadherins or associated catenins, or both
likely detects a N-cadherin variant in Saos-2 cells (see belowjBradley et al., 1993; Hinck et al., 1994). Thus, we assessed
signal was localized in A@gal-infected cells to sites of by means of a pulse-chase assay whether expression ##®Pax3
intercellular cell contact in a discontinuous, punctate or serrat&fected the rate of turnover @fcatenin. As shown in Fig. 5A,
pattern (Fig. 4D). This staining pattern resembles thano significant difference was detected in the turnover rgbe of
described previously for spot-adherens junctions described gatenin in Ad-PaxB%infected cells relative to control cells.
nonepithelial cells (Yonemura et al., 1995). In Pa%3 Increased cell adhesion is associated with redistribution of
expressing cells, although the pan-cadherin signal alscadherins and catenins from a cytoplasmic, detergent-soluble
localized to sites of cell contact (Fig. 4E), the staining patterpool to a cytoskeleton-associated, detergent-insoluble pool
was distinct from control Adgal-infected cells. Specifically, (Bradley et al., 1993). Thus, we determined the subcellular
Paxdad-expressing cells had a continuous band of cadheridistribution of cadherins and catenins by biochemical
staining at sites of cell-cell contact, reminiscent of thafractionation followed by western blotting (Fig. 5B). Anti-pan-
observed at adherens junctions of epithelial cells (Yonemura eadherin antibodies detected a single band of approximately
al., 1995). Moreover, cell-cell contacts were more extensive ih40 kDa in cell extracts of Saos-2 cells. Anti-E- and P-cadherin
Pax3-infected cells relative to control cells antibodies failed to recognize this 140 kDa band; neither
Using a cadherin-11-specific antibody, we observed did these antibodies detect these cadherins by
distinct staining pattern from that observed with pan-cadherimmunohistochemical analysis (data not shown). Although not
antibodies. In control infected cells, cadherin-11 displayed detected by western analysis or cell staining using
finger-like distribution at sites of cell-cell contact (Fig. 4A). A commercially available N-cadherin antibodies, we predict that
similar distribution of cadherin-11 was observed at sites of celthis 140 kDa cadherin is a variant of N-cadherin based on its
cell contact in loosely associated Ad-P#43dnfected cells mass (Volk and Geiger, 1984) and the presence of N-cadherin
(Fig. 4B). By contrast, aggregates of P&%3nfected cells transcripts in Saos-2 cells. The top panel in Fig. 5B illustrates
displayed a strong reduction in cadherin-11 staining at sites tfie reduction (36+6%) of the cadherin detectedobyan-
cell-cell contact (Fig. 4C). Cells in aggregates generallgadherin antibodies in the soluble fraction of Ad-Pa%3
displayed low levels of diffuse vesicular cadherin-11 staininginfected cells, and its reciprocal increase in the insoluble
Junctional and/or lateral membrane staining of cells at thi&action relative to control Aggal-infected cells. Western
margins of aggregates was frequently observed. Dual labelifgots with antibodies to cadherin-11 detected a single band of
of cells with both a-pan-cadherin anda-cadherin-11  approximately 120 kDa (Fig. 5B, second panel). In contrast to
antibodies revealed that the junctional signals detected by eatite type | classical cadherin detected using the pan-cadherin
antibody had different spatial distributions, cadherin-11 signalantibody, Pax®%-expression caused a three-to-fourfold
being typically localized more apically than those detected bgecrease in cadherin-11 in the detergent-soluble fraction but no
pan-cadherin antibodies (data not shown). commensurate increase in the insoluble fraction (Fig. 5B,
We also characterized the subcellular distribution-odnd  second panel). Like the pan-cadherin prodfetatenin was
B-catenin; both are cadherin-associated proteins important foletected in both the soluble and insoluble fractions of control
adherens junction formation and cytoskeletal communicatiorand Ad-Pax®%infected cells. Expression of PdR3 also
In Ad-Bgal-infected cells, the pattern@fcatenin (Fig. 4F) and resulted in altered distribution @fcatenin, as 28+1% of total
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B-catenin was found in the insoluble fraction of AdP&%3 the cytoplasm (Fig. 7J). The presence of vinculin at sites of
infected cells vs. 21+1% in control infected cells. A small butcell-cell contact in aggregates of P&&expressing cells is
reproducible decrease in the apparent magsoaftenin in the consistent with the formation of epithelial-type adherens
insoluble fraction of Pax3-expressing Saos-2 cells was alganctions (Yonemura et al., 1995).
observed. Thus, ectopic Pax3 expression induces the formationDramatic rearrangements to the microtubule-based
of epithelial-type cell junctions, in part, by inducing alteredcytoskeleton occurs during the formation of polarized
subcellular distribution of cadherins and catenins. epithelial cells (Bacallao et al., 1989; Grindstaff et al., 1998).
We therefore examined microtubule organization by confocal
immunohistochemical analysis with antibodiegttubulin. In
Pax3 induces formation of epithelial apico-basal cell control infected Saos-2 cells, microtubules emanate radially
polarity and cytoskeletal rearrangement towards the cell periphery and run parallel to the axis of the
One hallmark of epithelial cells is their distinct apico-basakell substratum at all levels along the apico-basal axis (Fig. 8A-
cell polarity, these cells exhibiting distinct apical and basaD). In aggregates of Pax3-expressing cells, a dramatic
structural and membrane domains (Davies and Garrod, 1997Fgorganization of the microtubules had occurred. Basal to the
We determined whether phenotypic epithelioid Pa%3 nucleus, microtubules formed a mat of criss-crossed parallel
expressing Saos-2 cells developed apico-basal
polarity by characterizing the distribution of -
tight junction-associated protein, ZO-1. Opti
sections through control or Ad-Pd®%-infectec
cells revealed the presence of ZO-1 at la
membrane cell-cell contact sites (Fig. 6).
control infected cells, ZO-1 signal is detec
throughout the entire lateral contact sites a
the apico-basal axis (Fig. 6A-D,M). By contr:
in both single-layered (Fig. 6E-H,N) and mu
layered aggregates (Fig. 6I-L) of P#3
expressing cells, ZO-1 became concentrate
the apex of lateral cell-cell junctions. These
confirm that Pax3 induces a morpholog
epithelial conversion of Saos-2 cells resultin
the formation of tight junctions and cells t
have acquired significant apico-basal
polarity.

The Pax89-induced morphological changes
Saos-2 cells led us to examine whether there
alterations to the cytoskeletal architect Ad-Pax3flag
Immunofluorescence staining at three ¢
postinfection revealed that Agal-infected cell
possessed many F-actin stress fibers pr
throughout the cell at all levels along the ap
basal axis (Fig. 7A-D). By contrast, in aggreg
of tightly associated Pax3-expressing cells, ¢
filaments formed distinct structures along
apico-basal axis. In these cells, thick actin bur
at the cell cortex was observed basally (Fig.
Also basally, very few stress fibers were pre: Ad-Pax3flag
with actin localized to cell-cell junctions. At t
level of the nucleus, strong actin staining
observed at cell-cell junctions and peripher
around the nucleus (Fig. 7F). Apically, at
submembrane cortex, actin formed wavy-
bundles that were associated with the formatic
dorsal membrane ruffles in these cells (Fig. 7

We also examined the distribution of
cytoskeletal protein vinculin. I3gal-expressin
c>ellls, vincuIiFr)1 was enriched ‘1?[ siteg of fc Ad-Pax3'ag

adhesm_ns (Fig. 71). In aggregates of P Fig. 4. Ectopic Pax3 expression induces the formation of epithelial cell-cell junctions
expressing cells there was a ;lgnlflcant redu in Saos-2 cells. Soas-2 cells were infected with eithefdal-control virus (a,d,f,h)

in the number of focal adhesions. In these ¢ o aAg-pax#a0adenovirus (b,c,e,g,i). The junctional staining of pan-cadherin (d,e),
vinculin concentrated at sites of cell-cell cont  g-catenin (f,g)a-catenin (h,i) and cadherin-11 (a-c) were analyzed by indirect

at the tips of filopodia and diffusely through immunofluorescence confocal microscopy at three days postinfection. Bars, 20

cadherin-11

Ad-Pax3flag - __ § Ad-Pax3flag

e

pan-cadherin

B-catenin

o~catenin
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microtubules, with punctate dot-like staining also observedtpithelial-to-mesenchymal phenotypic reversion in
(Fig. 8E,I). At the level of the nucleuBstubulin staining was response to HGF/SF

punctate, appearing as bright dots localized peripherally, vertebrates, limb muscles are derived from a population of
around the nucleus and along the lateral edges of cells (Figomitic cells that migrate from the lateral dermomyotome to
8F,J). These punctate dots are indicative of microtubuleie developing limb bud (Cossu et al., 1996). Migration
oriented parallel to the apico-basal axis (Bacallao et al., 198%equires the Pax3-dependent expression in these cells of a
Apically, above the level of the nucleus, microtubules alsqeceptor, c-met (Bladt et al., 1995; Daston et al., 1996; Epstein
formed a dense web-like mat with many bright punctatest al., 1996), and expression of its ligand, HGF/SF, from cells
structures (Fig. 8G,K). This organization for microtubules wasn the proximal regions of the adjacent limb bud (Dietrich et
observed only in aggregated PEsé&expressing Saos-2 cells. al., 1999: Schmidt et al., 1995). HGF/SF induces dissociation
Furthermore, this arrangement is restricted to polarize@f the c-met-expressing cells at lateral tips of the epithelial
epithelial cells (Bacallao et al.,, 1989) and provides furthedermomyotome, facilitating their migration to the limb bud
evidence for a mesenchymal-to-epithelial transformationBrand-Saberi et al., 1996a; Heymann et al., 1996). We
induced by Pax3 in these cells. determined, therefore, whether P&¢dnduced morphological
changes in Saos-2 cells were accompanied by induction of c-
met and whether these cells could respond to morphogenic
A signaling by HGF/SF. As the RT-PCR signal and western blot
reveal (Fig. 9A), persistent levels of exogenous M8x3
expression caused a 1.5-to-2-fold increase of endogenous c-

. -Paxafl ( . :
Ad-Bgal _ Ad-Pax3"49 met transcript by 24 hours. A sevenfold increase in c-met

Chase(mins) 0 30 60 240 0O 30 60 240 message was detected by 72 hours. These changes in transcript
g o levels were translated into a twofold increase of c-met protein
Q*- S . -— within 48 hours and greater than fourfold by 72 hours (Fig.
e ; 9B).

We determined next whether the Pax3-dependent induction
of endogenous c-met allowed Saos-2 cells to respond to
B HGF/SF. Six units of human HGF/SF were added to
S I aggregated Ad-Pa#®- or control AdBgal-infected cells. Fig.
9D shows the complete dissociation and phenotypic epithelial-
Ad-Bgal + + to-mesenchymal reversion of P#®Bexpressing cell
Ad-Pax3flag + + aggregates within 24 hours of HGF/SF treatment (compare Fig.
9C with D). Reversion to a mesenchymal phenotype is
. = £ '8 supported by shape changes, from a cuboidal morphology to a
pan cadherin e more flattened stellate morphology, and an increase of the
average cell surface area of these HGF-treated cells from 306
um?to 1234um2, which was not significantly different to that
of control cells. Moreover, after HGF/SF treatment, many
Paxdadexpressing cells assumed an elongated motile
appearance. This effect of HGF/SF was not due to the normal
levels of c-met expressed in Saos-2 cells as treatment of
uninfected (not shown) or Afgal-infected cultures (Fig.
9E,F) with HGF/SF displayed no significant alteration of cell
morphology.
Actin DD — - Taken together, our data reveal a novel activity of Pax3
e’ where it induces cell aggregation and a phenotypic

Fig. 5. Biochemical analysis of the expression and subcellular mesenchymal-to-epithelial ~ transition _in  phenotypically

distribution of cadherins arfécatenin in response to ectopic Pax3 ~Mmesenchymal cell lines. However, Pax3 simultaneously
expression in Saos-2 cells. (A) The turnover rat@-cétenin protein establishes a novel cell state where these eplthellallzed cells

was assessed by pulse-chase analysis. Control and AtR®Rax3 can now respond to a subsequent HGF/SF-induced epithelial-
infected cells were pulse labeled at three days postinfection #ith S to-mesenchymal transition.

methionine and chased in the absence of label for the times

indicated. Cell extracts were prepared and equivalent amounts were

immunoprecipitated with antibodies directed agafsatenin. Discussion

(B) The steady-state levels and distribution between the NP-40 Analyses of both naturally occurring and gene-targeted
soluble (S) and insoluble (I) fractions at three days postinfection of mutations to vertebrate Pax genes have revealed a fundamental
cadherins anf-catenin was assessed by immunoblot analysis of requirement for these transcription factors during

equivalent amounts of cell extracts of Adal- or Ad-Paxfrd- .
infected cells. Pax3 expression resulted in altered distribution of a embryogenesis (Dahl et al., 1997). However, although Pax

pan-cadherin product (B, top panel) ghdatenin (B, third panel) genes play a critical role in the morphogenesis of many organs
and in a reduction in the total levels of cadherin-11 (B, second and tissues, the cellular and molecular processes regulated

panel). Actin immunoblot (B, bottom panel) served as a loading by Pax genes and the mechanisms by which they direct
control. morphogenesis remain largely undefined. We showed that

cadherin-11 ———

pB-Catenin -
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Fig. 6. Polarized distribution of the tight junction associated protein, ZO-1, in aggregates HPRexBessing Saos-2 cells. The formation of
apico-basal epithelial type cell polarity was assessed by examining the distribution of ZO-1 by indirect immunofluoresoeate conf
microscopy. The distribution of ZO-1 in control infected (a-d,m) or Ad-f®&i@fected (e-1,n) cells was examined at three days postinfection.
Optical sections through the regions indicated are depicted in a-c, e-h and i-l. Panels e-h are representative of thibat@+ilidisingle
layered aggregates, and (i-l) its distribution in multi-layered (this series depicts a two-layered aggregate) aggregatesidd-idected

cells. (j) Optical section through the interface between the apex of the layer of cells attached to the substratum dndglumbagahe

second layer of cells. (m,n) XZ-projections of the series presented in a-d and e-f, respectively. Note that ife&éhfeaxed cells, ZO-1
junctional staining is restricted to the apex of lateral sites of cell-cell contact (arrow in n), and in multi-layeredesgyiyegatctional

staining is strongest at the apex of exposed cells (compare j and k). Bans,(2@,i). Bars, 1Qm (m,n).

ectopic Pax3 expression in at least two different mammaliathese important functions for Pax3 in vivo during embryonic
cell lines induces cell aggregation and, for one of these, waevelopment. Furthermore, combined with previous studies
further showed a mesenchymal-to-epithelial phenotypidrom our lab (Wiggan et al., 1998) and from others (Epstein et
conversion. Adenoviral-mediated, ectopic Pax3 expression ial., 1996), our studies confirmametas a direct transcriptional
Saos-2 cells led to an increase in intercellular cell adhesiomarget for Pax3 and shows, in vitro, the ability of Pax3 to
the cells ultimately forming multi-layered condensed cellprogram phenotypic epithelial-mesenchymal transitions in
aggregates. Although ectopic Pax3 expression also induceesponse to HGF/SF.

aggregation as well as an epithelial morphology in Rh30 cells Our finding that Pax3 regulates cell adhesion and epithelial
we have not yet characterized whether all of the other datzell morphogenesis in vitro provides a mechanism for the
presented for Saos-2 cells pertains to Rh30 cells. Aggregatedvelopmental defects that arise when Pax3 activity or that of
Saos-2 cells displayed many epithelial characteristicgyther Pax-family proteins is defective or absent in vivo. During
including epithelioid morphology, the presence of cilia on theivertebrate embryonic development, for example, the epithelial
apical surfaces, apico-basal polarity, epithelial-type adherersomite differentiates into an epithelial dermomyotome and a
and tight junctions and epithelial-type cytoskeletalmesenchymal sclerotome (Brand-Saberi et al., 1996b). Pax3 is
organization. Although these Pax3-induced characteristics armrmally expressed throughout the entire epithelial
indicative of a mesenchymal-epithelial conversion of Saos-dermomyotome at E9.5 of murine embryonic development. In
cells, our data does not preclude the possibility that these cel®mozygous Pax3-deficientSplotch (sp) mice, the
may not represent true epithelia. Nevertheless, as outlinagntrolateral aspect of the dermomyotome looses its epithelial
below, our finding that Pax3 induces cell aggregation anchorphology at this developmental stage (Daston et al., 1996).
imparts epithelial characteristics to cells in vitro likely mimicsThe medial portion of the dermomyotome in these animals
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Fig. 7.Ectopic Paxf9 expression induces rearrangement of actin cytoskeleton. Saos-2 cells were infected with @@ cadtrol (a-d,i)

or Ad-Pax32d (e-h,j) adenoviruses. Cytoskeleton architecture was assessed at three days postinfection by examination of the digtribution of
actin (a-h) and vinculin (i,j) by fluorescence confocal microscopy. Shown are individual optical sections captured beleloftitbdawucleus

(a,e), at the level of the nucleus (b,f) and at the most apical regions (c,g). Projections of optical sections are shdvm linseain g is a

magnified image of the cell indicated by arrowhead. In control infected cells (i), vinculin localizes to focal adhesioaxd3dafected

cells (j), vinculin localizes to sites of cell-cell contact (arrow), at the tips of filopodia and diffusely throughout thesoyt@ars, 2Qum.

retains an epithelial morphology. This latter portionregulates cell adhesion and phenotypic mesenchymal-
corresponds to the domain, where expression of a closegpithelial transformation are not yet clear. Wnt ligands
related Pax geneRax7, is maintained, indicating potential regulate both cell adhesion (Bradley et al., 1993; Hinck et al.,
redundant activities for Pax3 and Pax7 in the maintenance @P94) and mesenchymal-epithelial transitions (Kispert et al.,
epithelial morphology of the dermomyotome (Daston et al.1998; Stark et al., 1994). In addition, the expression of
1996). distinct Wnt ligands has been shown to be regulated by Pax
Previous studies have further implicated a role for Pax3 iproteins (Kim et al., 2001; Mansouri and Gruss, 1998). Our
regulation of intercellular cell adhesion during vertebratedata showed an induction in junctional cadherin and catenins
neurulation. During neural tube closure in normal muringollowing ectopic Pax3 expression. This increase was not a
development, neuroepithelial cells are tightly associatedzonsequence of increased cadherin or catenin protein levels,
exhibiting very little extracellular spaces. Significantnor was it due to stabilization of th@-catenin, as no
intercellular spaces between neuroepithelial cells wersignificant change in the protein half life @fcatenin in
observed, however, in the unfused neural tube of both Pax8sponse to Pax3 expression was observed. Rather, increased
sp and spf embryos (Morris and O’Shea, 1983; Yang andjunctional cadherin and catenins was a result of redistribution
Trasler, 1991). Thus, during neural tube development, Pax¥ the detergent-soluble cytosolic pool of these proteins.
promotes and/or maintains cadherin-mediated intercellulaFhese results are consistent with a role for Wnt activity in
adhesion, as well as the epithelial architecture ofmediating increased cell adhesion induced by Pax3.
neuroepithelial cells. The mechanisms by which Pax®dditionally, examination of the subcellular distribution and



526  Journal of Cell Science 115 (3)
Xxy-projection

R

ulnqny-g

Ad-Paxa3flag

Fig. 8. Ectopic Pax3 expression induces formation of an epithelial-type microtubule organization. Saos-2 cells were infectecoWier-dpntr

or Ad-Pax329 (e-k) adenoviruses, and microtubule organization was assessed at three days postinfection by indirect immunofluorescence
confocal microscopy with antibodies fetubulin. Optical sections at a level below the nucleus (a,e,i), at the level of the nucleus (b,f,j) and
through the apical most region (c,g,k) revealed distinct microtubule organization betw@galAdnd Ad-Pax3%-infected cells. Images in
panels i, j and k are magnified images of e, f and g, respectively. Note the presence of many punctate dots at all IPext@agini@cted

cells. (d,h) Projections of optical sections from each respective series. Bans, 10

activity of both canonical and non-canonical Wnt-signalingpolarized cells suggests that this cadherin may be involved in
components has provided evidence for the activation of a nothe initial aggregation of cells, but may be antagonistic to
canonical Wnt-signaling cascade during Pax3 induced cethe maintenance of epithelial-type cell-cell junctions.
aggregation and phenotypic mesenchymal-epithelialnterestingly, during similar mesenchymal-epithelial
transition (Wiggan and Hamel, 2002). Interestingly, this nontransformations that occur during both somite and kidney
canonical Wnt signaling cascade, which entails activation olevelopment, cadherin-11 is expressed in the condensed
Jun-N-terminal kinase (JNK), has been implicated to regulatmesenchyme but is not detected in their epithelial derivatives
changes to cytoskeletal architecture and cell shape (SokgHoffmann and Balling, 1995; Kimura et al.,, 1995;
2000). The dramatic Pax3-induced changes to the cyt@imonneau et al., 1995).
architecture described herein, coupled with our finding that Taken together with previous studies, our evidence for Pax3-
several components of this non-canonical Wnt-signalingnduced formation of condensed cell aggregates in two
cascade localize to the actin cytoskeleton, further suggestsdidferent phenotypically mesenchymal cell lines defines an
role for Wnt activity downstream of Pax3 in mediatingapparent common function for the Pax-family proteins.
aspects of phenotypic mesenchymal-epithelial transition iMesenchymal condensation is initiated at the early stages of
Saos-2 cells. It remains to be determined, however, wheth&voth, hair and kidney formation, chondrogenesis, osteogenesis
Pax3 regulates cell adhesion and mesenchymal-epitheliahd in the formation of many other organs (Thesleff et al.,
transition by inducing the expression of specific Wnt ligands1995). Mesenchymal condensation is also a pivotal early step
The function of cadherin-11 in mesenchymal tissues in the mesenchymal-epithelial transitions that occur during
poorly understood. The fact that cadherin-11 is present abmitogenesis and in nephrogenesis (Davies and Garrod,
cell-cell junctions in loosely associated cells but its proteirl997). Our observation that ectopic Pax3 induces the formation
levels decrease during the formation of tightly aggregatedf condensed cell aggregates and mesenchymal-epithelial



Pax3 induces cell aggregation 527

@

Ad-fgal  + + + E Ad-gal +
Ad-Pax3flag + + +

Ad-Pax3flag +
p170 met—p -
p145 met—b mm =

c-met

Pax3

gapdh

actin —p uw e -

Fig. 9. Ectopic Pax3 expression
induces expression of endogenous c-
met and HGF induces epithelial-
mesenchymal phenotypic reversion
of Pax3ad-expressing cell
aggregates. Saos-2 cells were
infected with either Ad3gal or Ad-
Pax3flag viruses and harvested at the
time points indicated. (A) Expression
of c-met and Pax39 transcripts
were assessed by semi-quantitative g
RT-PCR, with glyceraldehyde-3- =
phosphate dehydrogenase (GAPDH) 2
©
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from the same samples as a control.
(B) Expression of c-met and P4R3
proteins was determined by western
blot analysis with antibodies specific
for each protein. Actin levels served
as a loading control. (C-F) Phase-
contrast images of Saos-2 cells
infected with Ad-Paxf®d (C,D) and
Ad-Bgal (E,F) adenovirus. At three
days postinfection cells were
exposed to conditioned media
containing six scatter units of
HGF/SF (D,F) or control conditioned
media (C,E) and images of live cells
were captured 24 hours later.
Exposure of Ad-PaxB%infected

cells to HGF/SF led to a complete
dissociation of cell aggregates with
many cells exhibiting an elongated
motile appearance (arrowheads in
D). Bars, 8Qum.

transition suggests that Pax proteins may directly control thesteosarcoma line, U20S, which expresses a functional pRB
mesenchymal condensation process in the genesis of specffiotein, was observed (O.W., unpublished). Furthermore,
organs and tissues during development. Our studies indicatgactivation in Saos-2 cells of the pRB-related factors, p107
further that the initiation of mesenchymal condensationgnd p130, by expression of the human papilloma virus protein
induced by Pax genes may occur, at least in part, throudf/, enhanced the ability of Pax3 to alter the Saos-2 phenotype
regulation of cell size and intercellular cell adhesion. We not€0.W., unpublished).

that Pax3 does not induce cell aggregation in all cell types, for Finally, it is interesting to note that ectopic Pax3 expression
example fibroblasts (3T3), to the same extent as in Saos-2 adidl not alter cell fate along a myogenic lineage in Saos-2 cells.
Rh30. We hypothesize that the ability of Pax3 to induce celA previous study indicated that ectopic Pax3 expression
aggregation may depend, in part, on preexisting expressionduces myogenesis in various embryonic tissues (Maroto et
and/or sufficient levels of, for example, specific cadherins andl., 1997). Pax3 did not induce myogenesis in Saos-2 cells as
catenins. In addition, we showed previously that the activity ofudged by myogenin staining (data not shown). Thus, the
Pax3 could be regulated by the pRB-family proteins (Wiggambility of Pax3 to induce myogenesis appears to be distinct
et al., 1998). Our data here showed a significant effect of PaxX®m its ability to regulate epithelial morphogenesis, the former
expression on the pRB-deficient osteosarcoma line, Saos-2. Bgtentially requiring the activity of distinct cell-specific
contrast, a negligible effect of Pax3 expression on theofactors.
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