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Activity of the human papillomavirus E6 PDZ-binding
motif correlates with an enhanced morphological
transformation of immortalized human keratinocytes
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Summary
Human papillomavirus E6 oncoproteins induce the
proteasomal degradation of several multi-PDZ

(PSD95/Dlg/Zz0O-1) domain-containing proteins such as the
human homologue ofDrosophila discs large. Binding to
PDZ domain-containing proteins is mediated by a PDZ-
binding motif contained within the C-terminus of E6. The
ability of E6 proteins to induce degradation of PDZ
domain-containing proteins correlates with their oncogenic
potential. Here we examined the biological effect of this
region of the human papillomavirus type 18 E6 oncoprotein
on keratinocyte morphology. Our results show that in
simian virus 40-immortalized human keratinocytes, stable
expression of E6 correlated with the induction of an
exaggerated mesenchymal-like morphology and actin
cytoskeleton disorganization compared with parental cells.

Changes to the epithelial phenotype of cells expressing a
mutant E6 protein (Thr156Glu) that is unable to degrade
discs large was significantly less marked, although they did
show evidence of epithelial-mesenchymal transition. These
observations imply that the activity of the E6 PDZ-binding
motif contributes only to a part of the transition. Further
analysis of the E6 cell lines showed a decrease in adherens
junction and desmosome formation. Cells expressing a
functional PDZ-binding motif showed the greatest
disruption of intercellular junction formation, but this did

not correlate with a decrease in total cellular levels of the
individual components of adhesion junctions. This suggests
that the activity of the PDZ-binding motif may have
influenced either the assembly or integrity of functional
adhesion complexes. An E6-mediated decrease in

The altered phenotype was accentuated in cells expressing peripheral membrane levels of PDZ proteins like discs

an E6 protein containing a mutation (Arg153Leu) within a
protein kinase A recognition motif that abrogates protein

large could be the basis for the enhanced morphological
transformation of immortalized keratinocytes.

kinase A's negative regulation of the activity of the PDZ-
binding domain. The E6-induced changes indicated an

epithelial-mesenchymal transition and were supported by Key words: Human papillomavirus, E6, Discs large, Cell shape,
the finding that E6-expressing cells contained vimentin. Intercellular adhesion, Epithelial-mesenchymal transition

Introduction to these processes; mice expressing HPV16 E7 in the skin form
A small subset of human papillomavirus (HPV) types has beemultiple tumours that are predominantly benign, whereas E6
shown to be the causative agents of several epithelial-baseypression correlates with the formation of highly aggressive
cancers, the most common being carcinoma of the uterirfgetastatic skin tumours (Herber et al., 1996; Song et al., 1999).
cervix (Walboomers et al., 1999). With regard to infections oft has been suggested that in the development of HPV-induced
the anogenital tract, those caused by HPV types such as 16 ai@hcers, E7-associated functions may contribute primarily to
18 have a high risk of progressing to a malignant state, wheretiie early stages of oncogenesis, whereas those of E6 contribute
infections associated with HPV types 6 and 11 are regarded s the later stages (Song et al., 2000). Although an E6-p53
low risk. The malignant potential of the high-risk types isinteraction is important in the ability of E6 to bring about cell
attributable largely to the transforming activities of the twotransformation, there is growing evidence that many other
early proteins E6 and E7. The activity of these twotargets of the oncoprotein play a vital role in E6-induced
oncoproteins is essential and sufficient for oncogeni¢ransformation and development of malignancy and that, like
transformation of cells in vitro (Hawley-Nelson et al., 1989;p53, E6 directs several of these targets for degradation through
Munger et al., 1989), and their expression is sustained in HPWbiquitin-proteasome pathways (for a review, see Thomas et
associated malignancies (Schwarz et al., 1985). al., 2002b). These include several proteins that contain multiple
Studies in transgenic mice intended to dissect the individu&®SD95/DIg/Z0-1 (PDZ) domains. E6 proteins of high-risk but
roles of E6 and E7 in immortalization and transformatiomot low-risk virus types contain a C-terminal motif that
conclude that these oncoproteins have different contributiomgsembles a class 1 PDZ-binding motif (S/TXV), and this
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facilitates the interaction of the E6 oncoprotein with PDZGlaunsinger et al., 2000). The conservation of this C-terminal
domain-containing proteins. The first identified target of thd?DZ-binding motif between unrelated oncoproteins supports
PDZz-binding motif was the human homologue of thethe hypothesis that its activities are involved in HPV-mediated
Drosophila discs large-fene product DIg/SAP97, a member carcinogenesis. However, despite the revelations about the
of the membrane-associated guanylate kinase (MAGUKinolecular basis for the interaction between the C-terminal
family (Lee et al., 1997; Kiyono et al., 1997; Gardiol et al.,PDZ-binding domain and its protein targets, the biological
1999). Subsequently, three other MAGUKs — the highlyfunction of this region in E6 is not well understood. To
homologous MAGI-1, -2 and -3 proteins — together with theunderstand in more detail the biological effects of this E6
human homologue of the leucine-rich repeat and PDZ domairmain, we generated stable lines that expressed HPV18 E6 in
(LAP) family member Scribble (hScrib/Vartul) and a tight SV40-immortalized human keratinocytes and compared the
junction PDZ protein, MUPP1, were identified as targets ophenotype of these cells to those generated with mutant HPV18
high-risk E6 proteins (Glaunsinger et al., 2000; Lee et alk6 molecules that were impaired or enhanced in their ability to
2000; Nakagawa and Huibregtse, 2000; Thomas et al., 2002&)teract with PDZ domain-containing proteins.

On the basis of invertebrate studies, MAGUK and LAP
proteins are thought to function as molecular scaffolds,
organizing macromolecular complexes that consist oMaterials and Methods
signalling and structural proteins at specific sites at th@|asmids

membrane (Dimitratos et al., 1999; Bryant and Huwe, 2000)rhe E6 expression plasmids used in this study contain the HPV18 E6
In Drosophila Dlg locates to septate junctions (equivalent towiid-type or mutant (Arg153Leu and Thr156Glu) cDNAs under the
mammalian tight junctions), and disruption DIy results in  control of the cytomegalovirus early promoter in the plasmid vector
loss of formation of these junctions, defective cell polarity anghcDNA-3 (Invitrogen, Abingdon, UK). Their construction has been
loss of differentiation (Bilder et al., 2000; Woods et al., 1996)described elsewhere (Gardiol et al., 1999; Kuhne et al., 2000).
Furthermore, recessive mutations in g locus results in
neoplastic transformation of epithelial cells (Stewart et al.
1972; Woods and Bryant, 1989). It has therefore been propos

.that _Dlg functions to organlze signalling complexes at cel rown and Gallimore, 1987; Roberts et al., 1993) were cultured in
JU”_C“OF‘S and thereby_neganvely regulates the growth ulbecco’s modified Eagle’s medium containing 10% fetal calf
epithelial cells. Interestingly, mammalian forms of DIg canserym, 20 mM HEPES, glutamine and antibiotics. On reaching 70%
successfully rescue the phenotype of Dmsophila Dig of confluency, 210° cells were harvested by trypsinization,
mutants, implying that this protein is also involved inresuspended in 80@ ice-cold phosphate-buffered saline (PBS) and
controlling adhesion junction formation and epithelial cellplaced in an electroporation cuvette (BioRad, Hemel Hempstead, UK)
growth (Thomas et al., 1997). Growth control may occur at thwith an electrode spacing of 4.0 mm. Following the addition qi20
G1-to-S-phase progression (Ishidate et al., 2000) and involwasmid DNA, cells were electroporated using 96€D/0.22 kV,
complex formation with the adenomatous polyposis coli (Apc)ncubated on ice for 10 minutes and transferred to 10 ml normal
protein_(Vatsumine et al, 1996; Ishidate et al, 2000)2ouh medun befee pating, ransicted cols e seected by the
::)ncfgr?é/t 'glgslg’ ggXE:eirg)iz)es(é)tsrmabeort:b?ﬁl)?ﬂ:glt ?;%ﬁnézcﬁitgobr;eaq ansfection. Colonie(;s _thaﬁ formed Wehre eith;alr_ pq(cj)le(_j for immediate
(Bilder and Perrimon, 2000). In addition, DIg is required foruse or cryopreserved in the vapour phase of fiquid nitrogen.
the maintenance of epithelial architecturedaenorhabditis
elegans(Bossinger et al., 2001; Firestein and Rongo, 2001)solation of messenger RNA and PCR amplification
As many growth factor receptors are polarized to a specifiglessenger RNA (MRNA) was isolated from cultured cells using an
membrane domain, mislocalization of such proteins may affectRNA lIsolation kit (Roche, Mannheim, Germany) following the
signalling pathways that maintain cells in a differentiatedmanufacturer’s instructions. Before polymerase chain reaction (PCR)
nonproliferative state. amplification, contaminating DNA was removed from the mRNA
The preservation of the PDZ-binding motif in E6 proteins ofPreparations by incubatinglg of mMRNA with 1 unit of RNase-free

L I Nase | (Gibco BRL) at room temperature for 15 minutes. The
the high-risk but not the low-risk HPV types suggests tha eaction was terminated by heating af®Sor 10 minutes in the

inactivatipn of p,rOteinS such as I_Dlg _may PonFribUte, to th%resence of 25 mM EDTA, pH 7.5. Full-length cDNA was generated
oncogenic functions of E6. Studies investigating this havesing the Reverse-iTtStrand Synthesis Kit (ABgene). To amplify

shown that although this C-terminal region may not be=s cDNA from the first strand synthesis reaction, the E6-specific
necessary for HPV16 E6-mediated immortalization Ofprimers 5-ctatggcgcegctttgaggatc-and 3-tctgegtcgttggagtcattcc-3
mammary cells (Kiyono et al., 1998), it is required for HPV16(Gibco BRL) were used at a final concentration of 9\2 in the

E6 transformation of rodent cells, and this is independent of p58esence of 25@M of each dNTP and 1.5 units diagq DNA
inactivation (Kiyono et al., 1997). Furthermore, HPV is notpolymerase (Roche). An initial 2 minute incubation at®4vas
unique in its ability to inactivate MAGUK proteins. Several followed by 35 cycles of: 9€ for 20 seconds, 3@ for 45 seconds
other viral oncoproteins such as human T-cell leukaemia virLI(ﬁr’fug;g dLea“tl%';?’foC;Orrrf}?,jti‘;o”deﬁyfe'?ggﬁﬁggéegcgﬁgzgﬂi
(HTL.V)'l Tax protein and a(_denov_lru_s (Ad) type 9 E4'opendehydrogenase (GAPDH) amplifications were performed with
rea_dlng fram_e .(ORF) 1 contain a S|m_|lar PDZ-binding motif atGAPDH-specific primers (a kind gift from Aris Eliopoulos, Cancer
their C-termini and are able to bind to DIg, membranegesearch UK Institute for Cancer Studies, Birmingham, UK) as
associated guanylase kinase (MAGUK) with invertedpreviously described (Eliopoulos et al., 2000). The PCR-amplified
orientation (MAGI)-1 and multi-PD2-domain-containing products were electrophoresed in a 0.8% (w/v) agarose gel and viewed
protein (MUPP-1) (Lee et al.,, 1997; Lee et al., 20000n a UV-transilluminator.

G@neration of stable cell lines
JD cells, an SV40-immortalized human skin keratinocyte line
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Antibodies, immunofluorescence microscopy and western HPV18 EG6 proteins. This keratinocyte line retains many of the
blotting characteristics of primary keratinocytes, and cells grow as
For indirect immunofluorescence staining, monoclonal antibodiesolonies with a ‘cobblestone’ appearance and display typical
(MADb) against E-cadherin (1/200 dilution) and P-cadherin (1/20Cepithelial adhesion characteristics, e.g. formation of strong
dilution) were obtained from BD Transduction Laboratories (Oxford,adherens junctions (AJ) and desmosomes (Fig. 3, Fig. 6A,B,
g,:()t-_OI';/'AE: paégcat‘,'“;t(;‘; ng'thznst\lz‘éié?“,'gfotgfa(;xlogﬁ?o{,0%]/)20& and data not shown). In these experiments, SVJD cells were
ilutions, respectively gi i ilution) w ; ;
obtained from Sigma (Poole, UK). A Dig MAb (2D11, 1/30 dilution)egzggagte rlil\‘;’g'lvg'\% ngze‘l)gs’:raegﬁn(rgg?t";?%?fnoota&?ng% eﬁitct?l'f’
was obtained from Santa Cruz Biotechnology (California, USA). F- . S N . )
)H. Gallimore, personal communication), and will differentiate

actin was visualized using rhodamine-conjugated phalloidin (Sigma . .
Cells grown on glass slides were fixed in 4% (whv) !N the presence of high levels of calcium and serum, as shown

paraformaldehyde in PBS for 10 minutes and permeabilized iRY the expression of filaggrin and keratins K1 and K10 — late
0.2% (viv) Triton X-100 for 5 minutes at room temperature.markers of terminal differentiation (J. C. Steele and S.R.,
Immunofluorescence staining was performed as described elsewherapublished).

(Roberts et al., 2003). Immune complexes were visualized using The HPV18 E6 plasmids were introduced into SVJD cells
AIe>_<a 488- or Alexa 595-labelled anti-species specific antibod;by electroporation, and approximately similar numbers of
conjugates (Molecular Probes, Eugene, OR). Immunofluorescengg4)g-resistant colonies were pooled and used either
was observed using a Nikon Eclipse E600 microscope withymediately or expanded through no more than six passages.
appropriate filters sets and images were captured using a Leica DC all of the experiments described in this study, the different

digital camera. Images were assembled in Adobe Photoshop 6.0. mh had either b th h | b ‘
For western blotting, cells were lysed in 8 M urea, 50 mM Tris pHCE!! IN€S Nad eitherbeen through an equai number ol passages,

8.0, 0.15 MB-mercaptoethanol, and equal amountsygpof protein  OF Were within one passage of each other. The cell lines are
electrophoresed on 8-10% SDS-polyacrylamide gels. Separaté@ferred to as WT18E6 (wild type), Glul8E6 (Thr156Glu) and
proteins were transferred to a nitrocellulose membrane and westen@U18EG (Arg153Leu). A control line that carried the empty
blotting performed with the antibodies listed above (DIg used at 1/408xpression cassette, and which was negative for E6 expression,
dilution, E- and P-cadherin used at dilutions of 1/5000 and 1/2000s referred to as Neo. At least seven cell lines were generated
respectively, anda- and (-catenin used at 1/2000 and 1/7500, for each plasmid.

respectively). For intermediate filament detection, anti-vimentin

(Progen, 1/200 dilution) and anti-cytokeratin 8 (Cl. M20, Sigma,

1/1000 dilution) MAbs were used. To control for loading, actin |eve|SExpression of an intact PDZ-binding motif correlates
were determined with an arfitactin MAb (Sigma, 1/40,000 dilution). é\{]ith a low level of DIg protein

Primary antibodies were detected with horseradish peroxidase-labell . . L
anti-species immunoglobulins (DAKO) and membranes subjected toiStorically the detection of HPV E6 proteins in cells has

chemiluminescence (ECL, Amersham Pharmacia). proved problematic, largely because of a lack of high avidity
E6 antisera and low levels of E6 expression in cells. In

addition, the use of N- or C-terminal epitope-tagged forms of
Results E6 may not give a true reflection of E6's biology as the
The aim of this study was to address the biological effect giresence of tags can adversely affect the function of the
the C-terminal PDZ-binding domain of HPV18 E6 in theoncoprotein, such as its ability to target and degrade the
target cell type of HPVs — the human keratinocyte. Weellular PDZ proteins (L.B., unpublished). Therefore, to be
generated stable cell lines that expressed HPV18 Eéonfident that E6 was being expressed in the generated cell
molecules containing an intact PDZ-binding domain (wildlines, we assayed for E6 mRNA transcripts by semi-
type) or HPV18 E6 proteins containing C-terminal Thr156Gluquantitative reverse transcription (RT)-PCR. An equal amount
or Argl53Leu mutations (Fig. 1A). Threonine 156 lies withinof mMRNA was isolated from each of the SVJD-E®6 lines and
the consensus PDZ-binding motif and the hydroxyl oxygen athe Neo control cell line, then converted into cDNA by reverse
this residue is reported to be involved directly in thetranscription and amplified using HPV18 E6-specific primers.
interaction with the PDZ domain (Doyle et al., 1996). It hagviessenger RNA from HPV18 DNA-positive invasive cervical
been shown previously that the Thr156Glu mutation abrogateslenocarcinoma-derived HelLa cells was included as a positive
the ability of HPV18 E6 to bind to DIg and induce its control for E6 in the RT-PCR reactions. Gel analysis of the
degradation in an in vivo degradation assay (Gardiol et alRCR products showed that several bands were produced from
1999). Arginine 153 lies outside the PDZ-binding motif but iSRNA isolated from each of the different E6 lines, and these
part of a consensus protein kinase A (PKA) recognition sitevere identical in size to those from HeLa RNA (Fig. 1B).
((RXX[S/T]), residues 153 to 156) and overlaps the PDZPrevious analysis of E6 transcripts in HeLa cells has shown
binding motif, the threonine at position 156 acting as thehat the upper band of approximately 450 bp corresponds to
putative phosphoacceptor. Stimulation of PKA activitythe full-length E6 protein, whereas the more abundant lower
inhibits HPV18 E6-induced degradation of Dlg, but not of p53band of about 280 bp represents the spliced transcript for the
(Kiihne et al., 2000). Substituting arginine 153 in the PKAEG* protein (Schneider-Gadicke and Schwarz, 1986); this was
recognition site with leucine abrogates PKASs negativeconfirmed by DNA sequencing (data not shown). No EG6-
regulation of Dlg degradation, and consequently this mutargpecific bands were detected in the control cell line, Neo. The
protein degrades Dlg in an E6-dependent, constitutive manndts* protein lacks the PDZ-binding motif present in the full-
which is independent of cellular PKA levels (Kuhne et al.length protein and hence cannot interact with E6's PDZ
2000). domain-containing targets. Using the same pcDNA-derived
An SV40-immortalized human epidermal keratinocyte line,expression plasmid in transient transfection studies the levels
SVJD, was used to generate stable cell lines expressing thEE6 and E6* protein are approximately the same (data not
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DIg Degradation Glul8E6 or Neo cells, and these levels were
A InVitrto In Vivo PKA comparable to those in Hela cells (Fig. 2A). In some
s Inhibition ~ Of the LeulB8E6 lines generated, Dlg levels were
PDZ Consensus XTXV significantly less than those in WT18E6 cells. Both
Neo and GIul8E6 lines contained similar high levels
of Dlg protein.
HPV18 CCNRARQERLORRRETQV ~ Yes ves Yes In epithelial cells, Dlg primarily locates to sites of
PKA Consensus RXXT intercellular contact (Lue et al., 1994), an_d therefore
to assess whether the lower levels of DIg in WT18E6
and Leul8EG6 cells correlated with a reduction in
Thr156Glu CCNRARQERLORRREEQV  No No NT peripheral localization of the protein, cells were
stained with the 2D11 MAb and examined by
Arg153Leu CCNRARQERLQRLRETQV  Yes?  Yes No immunofluorescence microscopy. The pattern of Dlg
staining in the different E6 cells was consistent
B _ Fig. 1.(A) The C-terminal bet_w_een each of the CEII Iine_s gFe_nerz;tBed.I Tyﬁical
§ © © © sequences of HPV18 E6 and two Stéll'mng patterns aLPT f? OV\llln dm 1g. 2B. In ?o
§ W oww . mutants, Thr156Glu and cultures grown to high cell density, intense Dlg
29 - 535S 3 Arg153Leu, are shown, together Staining was observed at intercellular contact sites
bp X Z E 638 T with the class 1 PDZ-binding formed between cells. Cells expressing an active E6
consensus sequence and PKA  PDZ-binding domain (WT18E6 and Leul8E6)
5,000 — k= recognition motif. The activiies showed a sharp reduction in Dlg levels at the
of the wild-type and mutant peripheral membranes of cells, with Leul8E6
5 000 — proteins in Dlg degradation cultures showing the greatest loss (Fig. 2B). By
' assays (in vitro and in vivo), and ¢ontrast, Glu18E6 cells displayed strong peripheral
1 000 their response to PKA activity are iy gtaining, although this was less intense than the
,000 — shown (Gardiol et al., 1999; . . -
. Kiihne et al., 2000) (our staining in Neo cells. In comparison to WT18ES,
400 — <E6 unpublished resuits). Leu_li_%EG ce_lls_z_ind Neo cells, GIul8E6 ce_lls also
200 <Es (B) Expression of E6 mRNA in ~ €xhibited significant punctate cytoplasmic Dlg

SVJD keratinocytes was analysedstaining (Fig. 2B). These Dlg structures probably

by semi-quantitative PCR using represent vesicular structures in which Dlg is thought
<4GAPDH  primers specific for HPV18 E6 or to reside before recruitment to the cell periphery
GAPDH. Equal volumes of the  (Reuver and Garner, 1998).

o _ PCR reaction were separated on a Together, these results indicate that HPV18 E6
1% agarose-ethidium bromide gel. HPV18 DNA-positive cervical carcinoma molecules with an intact PDZ-binding motif are

cell line, Hela, and all three E6 lines contained two amplified bands, one of .. . . . .

~450 bps corresponding to full-length E6 and a second of ~ 280 bps represe bllﬂrlqohglcally %Ctlveﬁ ;n f tﬁVJéD'ff ketratlnct)cy’:es.

the spliced E6* product. The position of size markers is shown. urthermore, the efiect ol the aiiferent mutants on
Dlg levels in SVJD cells is consistent with the

behaviour of these mutants in in vitro and in vivo Dlg

shown) and E6 can still readily target its PDZ domain-degradation assays (Gardiol et al., 1999; Kihne et al., 2000)
containing substrates for degradation (Gardiol et al., 1999Fig. 1A); Glul8ES6 is defective in reducing the level of Dlg,
Thomas et al., 2002a). This finding suggests that E6* is nathereas the putative constitutively active protein — Leul8E6 —
influencing E6 function with respect to the PDZ proteins.exhibits an enhanced ability to reduce the levels of this cellular
Amplification of the housekeeping gene that encodes GAPDIltarget. However, complete loss of Dlg in WT18E6 or even
showed equal amounts of GAPDH product, indicating that theeul8E6 cell lines was not observed. This is consistent with
mMRNA levels in the E6-PCR reactions had been equal (Figetention of low levels of Dlg in cervical carcinoma cells like
1B). These data are a strong indication that the HPV18 Edela (Fig. 2A) (Mantovani et al., 2001).
transcripts were produced in similar amounts in each of the
SVJID-ES6 lines. Significantly, E6 transcription in these lines
was comparable qualitatively and quantitatively to E6Cell shape change correlates with activity of E6 PDZ-
transcription in HPV18-postive HeLa tumour cells. binding domain

To assess the biological activity of the different E6The E6 cells showed striking changes in both their morphology
molecules, we examined the protein levels of DIg — one of thand their ability to form colonies. Examination of low-density
cellular targets of the PDZ-binding motif. A western blot ofcell cultures by phase contrast microscopy revealed that
total cell lysates was probed with the anti-Dlg MAb 2D11. WeE6-expressing cells adopted a fibroblast-like appearance,
have previously shown that this MAb identifies DIg as abecoming elongated and more spread out than Neo cells (Fig.
doublet or triplet of bands of relative molecular masg) @  3d-d’). WT18E6 cells, and especially Leul8E6 cells, had a
120 kDa (Watson et al., 2002). A typical western blot is showmore ‘stretched out’ morphology than GIul8E6 cells, with
in Fig. 2A. All of the cell lines contained detectable levels ofnumerous membrane protrusions extending in different
Dlg, although the levels were variable between the differendirections (Fig. 3bd'). These changes were accompanied by
lines. Typically, WT18E6 and Leul8ES6 lines expressed levela loss of formation of colonies consisting of tightly adhered
of Dlg that were consistently lower than those present icells with a uniform cobblestone appearance, although the
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Fig. 2.Dlg expression in E6 cell lines. (A) Western blot analysis of &
Dlg in cell extracts of E6 cell lines, Neo and HeLa cells. A decrease j
in total cell levels of DIg correlates with expression of E6 with an
active PDZ-binding motif. Position of markersMf (kDa) are as
indicated. Actin levels control for loading. (B) Immunofluorescence .
microscopy of cells at high density stained with the anti-Dlg MAb Fig. 3 Morphology of E6 cells. Cells seeded onto culture dishes at a
2D11. In Neo cells Dlg is recruited to the cell periphery at sites of density of ~%1CP cells/ml were allowed to adhere overnight before

intercellular contact. Peripheral levels of DIg are significantly being photographed in a temperature-controlled stage chamber. a,a
decreased in E6 cells expressing an active PDZ-binding domain ~ Neo; b,b, GIu18E6; ¢,6 WT18EG; d.d Leul8ES6. (a-d) Light
(WT18E6 and Leul8ES6), but are only partially reduced in cells microscopy of cell cultures shows that cells expressing an active E6

PDZ-binding domain (WT18E6 and Leul8E6) were less likely to

associate into organized colonies compared with control cells (Neo)

or cells expressing an E6 with an inactive PDZ-binding motif

. . . . lu18E6). Phase contrast microsco of cells at higher

degree of disruption was variable between the different E6 ¢ agnifica?[ion shows that E6 cells hagg%%dergone shagpe change and

lines (Fig. 3a-d). GIul8E6 cells formed reasonably wellincreased spreading. These effects were more prominent in WT18E6

defined colonies, although the colonies were not as compact &sd Leu18ES6 cell lines. Bars, 10t (a-d) and 5@m (d-d').

those formed by Neo cells (Fig. 3a,b). Notably, WT18E6 and

Leul8EG6 cells grew as loose collections of cells (Fig. 3c,d),

and it was evident that in the presence of a functional PD4solated cells distributed around the edge of the tissue culture

binding motif cells were unable to engage in tight intercelluladish (data not shown). This was especially evident in cultures

contact. This was most evident in Leul8ES6 cells which, at bestf Leul8E6 cells. We therefore conclude that expression of

formed intermittent point contacts with their neighbours ratheHPV18 E6 molecules in immortalized keratinocytes induces

than establishing contacts along the entire cell boundary (Fighanges in both cell shape and in colony formation. The degree

3d), as observed in cultures of GIuU18E®6 cells. of change in both of these characteristics correlates with the
At high cell density, GIu18EG6 cells closely associated withactivity of the C-terminal PDZ-binding motif.

one another, forming a cell sheet with a defined edge and

representative of the monolayer seen in the Neo control line.

Few isolated cells and small colonies were observed, and the8gtivity of the E6 PDZ-binding domain correlates with

remained close to the main cell mass (data not shown). Biisruption of actin stress fibre formation

contrast, high-density cultures of Wt18E6 and Leul8EG6 cell$he transition of E6 cells to a ‘fibroblast-like’ morphology, the

formed poor monolayers with an ill-defined edge and manjoss of tight intercellular association and alterations of cell

expressing an E6 unable to degrade DIg (Glu18E6). Bam20
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WT18E6
Glu18E6
Leu18E6
Fibroblasts

o
@
=

kDa

Fig. 5.Intracellular levels of
vimentin and cytokeratin 8. 55—
Western blots of total cell

extracts from confluent 42—
cultures of Neo, E6 cells and
fibroblasts were probed with

a vimentin MAb or a 78—
cytokeratin 8 (CK8) MADb. : s

The positions of markers of gg—m <CK8

<\/imentin

M (kDa) are shown.

direction of spreading (Fig. 4b Longer stress fibres were

observed in the WT18E6 and Leul8E6 cells, which is
consistent with the elongated morphology of these cells (Fig.
4c,d’). Notably, the intensity of phalloidin-staining was

variable in low-density cultures of WT18E6 and Leul3E6
cells, with some cells showing intense fluorescence. In
Leul8E6 cultures, a fraction of cells showed very little
phalloidin staining and appeared to lack actin filaments
altogether (examples are indicated by arrowheads in Fig. 4d

E6 cell lines showed evidence of epithelial-
mesenchymal transition

The dissociation of cortical actin, formation of actin stress
fibres and the fibroblast-like morphology of all three E6 cell
lines suggested that expression of E6 in SV40-immortalized
keratinocytes had induced an epithelial-to-mesenchymal
transition (EMT). To confirm an EMT, cell lysates were
analysed by western blotting for the expression of the
intermediate filament protein vimentin — a biological marker
of EMT (Fig. 5). All of the E6 cell lines expressed
approximately equal levels of vimentin, whereas this
mesenchymal maker was not present in Neo cells. However,
Fig. 4.Organization of F-actin cytoskeleton in E6 cells. Cells at high @ll lines retained expression of cytokeratin 8, an epithelial
(a-d) and low (ad') cell densities were stained with rhodamine- marker, indicating that E6-expressing cells had converted to a

conjugated phalloidin. (d)aNeo cells; (b,H GIu18E6 cells; mesenchymal state that retained elements of their epithelial
(c,c) WT18ES®6 cells; (d,§ Leul8EG cells. Bar, 40m (a-d) and 20 origin.
pum (d-d'). Arrowheads in dindicate cells that lack actin filaments.

Location of epithelial adhesion junction proteins at
shape led us to examine the F-actin cytoskeleton in these celitercellular contacts is diminished in cells expressing a
as this cytoskeletal matrix is a determining factor of celfunctional E6 PDZ-binding domain
morphology (Ben Ze'ev, 1991). F-actin was visualized byThe observation that cells expressing an active PDZ-binding
staining cells with rhodamine-conjugated phalloidin (Fig. 4) motif exhibited a tendency to dissociate from their close
Consistent with their rounded cell shape, Neo cells showedeighbours suggests that these cells may have impaired
strong F-actin staining around the cortex of the celljntercellular adhesion. Strong intercellular contacts are
characteristic of the formation of a circumferential belt of actirmediated by the formation of membrane-associated specialized
(Fig. 4a). Cortical actin structures were lost in all E6 lines angunction complexes, such as adherens junctions (AJs) and
instead were replaced by a network of actin stress fibres (Figesmosomes. Two cellular targets of the E6 PDZ-binding
4b-d). The appearance of stress fibres and their organizatidomain — DIg and Scribble — have both been shown to be
was, however, different between the EG6 cell lines, although thisecessary for proper formation of intercellular junctions in
was most noticeable in low-density cultures (Fig:-dta  epithelial tissues oDrosophila and C. elegans(Bilder and
Glul8ES6 cells had a well-defined stress fibre network, withPerrimon, 2000; Képpen et al., 2001; Bossinger et al., 2001;
short fibres bundled together to form organized cables, marirestein and Rongo, 2001). Because there is evidence that the
of which were orientated along the length of the cell in themammalian homologues of these cellular proteins may encode
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| (a, Neo cells; b, Glu18E6
. R A P PASEST cells; ¢, WT18ES6 cells;
Actine (SRS ERBS S &8 " . 1556 cells. Bar, 20m
S S (A and B, a-d) and 4Am
(A, a-d). (C) Total extracts of cells grown to 80% confluency were analysed for protein expression levels of adherens junction proteins
(E-cadherin, P-cadherin-catenin an@-catenin). Note that HeLa cells are E- and P-cadherin negative. Actin levels control for loading.
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similar functions to their invertebrate counterparts (Thomasnd continuously around the plasma membrane at regions of
et al., 1997), we examined whether intercellular adhesiomtercellular contact in Neo cells, the level of detection of both
structures are disturbed in the E6 cell lines. junction proteins at the cell periphery was reduced in the E6
Adherens junctions are composed of a2'@adnding lines. Less peripheral E-cadherin (Fig. 6A) @catenin (Fig.
transmembrane cadherin bound to the actin cytoskeleton v&B) was observed in WT18E6 and Leul8E6 cells compared
cytoplasmic proteins known as the catenins (for a review, segith Glu18ES6 cells, with Leu18E6 cells showing a particularly
Pokutta and Weis, 2002). Therefore, E6-expressing cells wesggnificant reduction in staining. Notably, the reduction in E-
stained for the epithelial cadherins E- and P-cadherin, and tlvadherin staining in the E6 cells was most pronounced at low
cytoplasmic components, 3- andy-catenin. Because both E- cell density, with Leul8E6 cells showing no E-cadherin
and P-cadherin showed similar distributions and patterns aftaining at cell-cell contacts (Fig. 6Aa-d). Both E-cadherin and
expression, only E-cadherin is described (Fig. 6A). Similarlyp-catenin staining at the membranes of WT18E6 and Leul8E6
the description off3-catenin is representative also of thecells was more punctate and discontinuous than the staining in
subcellular distributions of both- andy-catenin (Fig. 6B). GIul8E6 or Neo cells. In Leul8ES6 cells in particufacatenin
Control staining performed in the absence of the primaryocalized to clusters of intercellular contacts positioned
antibodies showed no evidence of nonspecific staining (datatermittently along the plasma membrane rather than labelling
not shown). the entire cell-cell boundary as in GIul8E6 cells [Fig. 6B,
Although E-cadherin anfl-catenin were detected strongly compare b (Glul18E6) with d (Leul8E6)]. This observation is



4932 Journal of Cell Science 116 (24)

consistent with the notion that Leul8E6 cells only formednight contribute to the transition. Significantly, the differences
intermittent point contacts with adjacent cells rather thaiin the behaviour of these E6 cell lines correlated with the level
continuous seals. In addition to its participation in intercellulaof Dlg protein, a cellular target of the E6 PDZ-binding motif.
adhesionf3-catenin also localizes to the nucleus (Hendersoheul8EG6 cells expressed lower levels of Dlg than Glul8E6
and Fagotto, 2002). Although a fraction Pfcatenin was cells, and WT18E6 expressed intermittent levels (Fig. 2).
located in the nuclei of E6 and Neo cells, the intensity ofAlthough we were unable to assess directly the stability of the
nuclear staining did not differ between each of the lines (Figrhrl56Glu protein expressed in GIul8E6 cells, it has been
6B). The decrease in detection of AJ proteins in the E6 linegported that this mutation does not compromise the stability
was not an aberration of the immunofluorescence stainingf the E6 polypeptide expressed in vitro or in vivo (Gardiol et
procedure or a general lack of protein detection, since stainirad., 1999). Furthermore, we showed that each of the EG6 lines
with a Golgi-specific MAb showed equal detection of the Golgicontained similar levels of the E6 mRNA transcripts (Fig. 1B).
protein in each of the E6 cell lines (data not shown). It is therefore most likely that the increase in Dlg levels in
The cell lines were also examined for the presence dBIUl8EG6 cells reflects the inability of the mutant to support
desmosomes by staining for the desmosomal plaque proteidlg degradation (Gardiol et al., 1999).
desmoplakin. In E6 cells, desmoplakin staining at the cell Compared with WT18E6 and Leul8E®6 cells, GIul8E6 cells
periphery was less intense than in Neo cells, and, consistemid an increased tendency to associate with neighbouring cells
with AJs proteins, loss of staining was most evident inFig. 3). The restoration of intercellular association in these
Leul8EG cells, and least so in GIul8E6 cells (data not shownells was most probably largely attributable to an increase in
It was important that we determined whether the reducethe formation of epithelial cadherin-based adhesion junctions
peripheral location of adhesion junction proteins was due to @Js and desmosomes) at intercellular contact sites (Fig.
decrease in protein expression, or rather an inability of proteir®A,B). This was not however, a result of increased protein
to migrate and/or assemble to the plasma membrane. To bed@vels of the individual cell adhesion proteins such as E-
to answer this, the levels of AJs molecules in E6 and Neo celtadherin ang-catenin, as these remained unchanged between
were examined by western blotting. In all three E6 lines thall of the E6 cell lines (Fig. 6C). These data suggest that
levels of E- and P-cadherin were significantly reducedslul8E6 cells might have an increased ability to initiate
compared with the Neo line, whereasatenin ang3-catenin  assembly of junctions and/or maintain their integrity compared
levels were only marginally reduced (Fig. 6C). However, thavith WT18E6 cells. A decrease in the levels of PDZ proteins
extent of reduction was the same in each of the E6 linesuch as DIg could be the basis for the loss of integrity of
suggesting that expression levels of these AJ molecules is radhesion structures in WT18E6 and Leul8EG6 cells. Studies of
affected by the activity of the E6 PDZ-binding moatif. dlg-1(RNAI) embryos ofC. elegansin which AJs disassemble,
Collectively, these observations indicate that in the E6 linesuggest that Dlg is a probable candidate to participate in the
there is a reduction in E- and P-cadherin-dependent AJs, andyanization of a protein scaffold that controls the assembly of
a reduction in the formation of desmosomes. This is mogtinctions (Bossinger et al., 2001; Firestein and Rongo, 2001).
pronounced in EG6 lines expressing an ‘active’ E6 PDZ-binding In EG6 cells, F-actin was organized into stress fibres; however,
motif — that is, WT18E6 and Leul8EG6. Although the levelthe morphological appearance of stress fibres between
of adhesion junction proteins is likely to contribute toGlul8E6 and WT18ES6 differed, and they were noticeably more
disassembly of intercellular junctions in the E6 lines, thealisorganized in Leul8E6 cells, suggesting that the activity
activity of the PDZ-binding domain of E6 is also likely to haveof the C-terminal PDZ-binding motif may influence the
an effect, as loss of intercellular contact is most obvious in therganization and assembly of actin structures (Fig. 4). In
WT18E6 and Leul8EG6 cells. The inability of the junctionDrosophilg loss of DIg is associated with disorganization of
components to assemble into adhesion complexes or failure a€tin cytoskeleton (Woods et al., 1996), and similarhCin
these proteins to traffic to the plasma membrane could accouslegans Dlg is required for the proper organization of the
for our observations. Significantly, these effects correlate witmicrofilaments during embryogenesis (Bossinger et al., 2001).
a reduction in location of Dlg to sites of intercellular contactAlthough the cortical belt of actin present in Neo cells is
(see Fig. 2B). disassembled in E6 cells, this was not dependent on an intact
C-terminal PDZ-binding motif as this structure did not
) ) reassemble in GIul8EG6 cells. Other E6 activities might have
Discussion also been involved in the reorganization of microfilaments. For
The stable expression of HPV18 E6 in SV40-immortalizednstance, HPV16 E6 associates with two cellular proteins that
human epidermal keratinocytes induced significant changes are involved in remodelling the microfilament network, the
cell morphology, organization of the microfilament networkfocal adhesion protein paxillin (Vande Pol et al., 1998) and
and in formation of intercellular adhesion junctions (Figs 3, 42KN, a protein kinase that binds to the Rho family of GTPases
and 6). Collectively, these E6-induced changes indicate aiGao et al., 2000).
EMT supported by the finding that E6-expressing cells Destabilization and dissociation of intercellular adhesions
contained vimentin — a biological marker of EMT (Fig. 5). structures is an integral part of EMT, and it is generally perceived
However, compared with those cells expressing E6 proteirthat cell-cell dissociation occurs by a multistep process involving
with functional PDZ-binding domains (WT18E6 and downregulation in the levels of the cell-cell adhesion structural
Leul8ES6), the change to the epithelial phenotype of cellsomponents, as well as abrogation of the pathways that initiate
expressing an E6 with a nonfunctional C-terminal PDZ-and maintain these structures (for reviews, see Cavallaro
binding motif (GIul8E6) was significantly less marked,and Christofori, 2001; Savagner, 2001). In immortalized
suggesting that the function of the E6 PDZ-binding domairkeratinocytes, E6 disrupts cell-cell association, probably by
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multiple mechanisms — downregulation of expression levels dfimitratos, S. D., Woods, P. F., Stathakis. D. G. and Bryant, P. (1999).
cell junction components and by interfering with pathways that Signalling pathways are focused at specialized regions of the plasma
assemble or stabilize these structures at the cell membrane. It i fgggi‘”e by scaffolding proteins of the MAGUK famBjioessay=21,
the_ Ig;ter of the two me_:chanlsms _that may be_ dependent on tggyb’ D.. Lee, A., Lewis, J., Kim, E., Sheng, M. and Mackinnon, RL996).
activities of the C-terminal PDZ-binding domain. Crystal structure of a complexed and peptide-free membrane protein-

GIlul8ES cells express a nonfunctional PDZ-binding domain binding domain: molecular basis of peptide recognition by Rl 85,
and show cellular levels of DIg that are comparable with those 1067-1076. _
of Neo control cells. However, these cells do show evidence g'ngggumlgs,g. ﬁ aDri;’ '?(so'u%g' KCO’; '(Déo%é)e?:”Sggeirhc’j\thé'sA;ng(;'toSs'isC'i}1
an EMT — vimentin expression and formation of stress fibres. carcinoma cells through activation of cytotoxic ligands of the tumor necrosis
These observations imply that the activity of the E6 PDZ factor superfamilyMol. Cell. Biol. 20, 5503-5515.
domain contributes only to a part of EMT, and additionalFirestein, B. L. and Rongo, C(2001). DLG-1 is a MAGUK similar to SAP97
functions of E6 are likely to be involved in mesenchymal and is required for adherens junction formativiel. Biol. Cell 12, 3465-
transjtion. Oncpgenic E6 proteins are multifunctional protein 20, Q., Kumar, A., Srinivasan, S., Singh, L., Mukai, H., Ono, Y., Wazer,
and interact with a large number of different cellular targets p. g. and Band, V. (2000). PKN binds and phosphorylates human
(for a review, see Thomas et al., 2002b). We have alreadypapillomavirus E6 oncoproteid. Biol. Chem275, 14824-14830.
suggested that E6 interactions with cellular targets such &mrdiol, D, Kihne, C., Glaunsinger, B., Lee, S. S., Javier, R. and Banks,
paxillin and PKN may be involved in the remodelling of the L. (1999). Oncogenic human papillomavirus E6 proteins target the discs

. . . . . . large tumour suppressor for proteasome-mediated degrada@t@ogene
actin cytoskeleton. It will be important to identify which other 15°5487.5496.
functions of E6 are involved in the changes we observe in thelausinger, B. A., Lee, S. S., Thomas, M., Banks, L. and Javier, 000).
immortalized keratinocytes, as an EMT is associated with Interactions of the PDZ-protein MAGI-1 with adenovirus E4-ORF1 and
malignant progression and studies in mice have shown a strong“igh'“Sk papillomavirus E6 oncoproteir@ncogenel9, 5270-5280.
associaton between EG and malignant progression (Song et Ao RS, B, Yousden, K . Hubbert 1 L Lowy D g
2000)- human ’foreskin keratinocyteEMBO J 8, 3905-3910.

Studies of the mammalian homologue of Bwsophila  Henderson, B. R. and Fagotto, §2002). The ins and outs of APC and beta-
tumour suppressor Dlg indicate that it is a tumour suppressorcatenin nuclear transpoEMBO Rep3, 834-839.
in higher eukaryotes. Our studies suggest a correlation betwe@ﬁrb_e;v R. Liem, A, Piot, H and Lambert, P. F. (1996). Squamous
a reduction in Dig and increased morphological transformation Sggilﬁ)ﬁavi?’f:;s;;'&ag O%irgélogfﬁﬁgll %‘fig%’?igg?c or the human
of keratinocytes. Our observations closely resemble aRpidate, T., Matsumine, A., Toyoshima, K. and Akiyama, T(2000). The
observed loss of Dlg at sites of intercellular contact in high- APC-hDIg complex negatively regulates cell cycle progression from the
risk HPV-associated high-grade dysplastic lesions of thei)%%/(?tho FS pthasg)n/gogsnéwlJ3€‘>I5-?,:/TZ|-D 3 K. Gal o A

; ; ; ; , T., Foster, S. A., Koop, J. I., McDougall, J. K., Galloway, D. A.
e et e g, (1) o et Techata
™ . i . k A " ‘telomerase activity are required to immortalize human epithelial cells.

Additional experimentation is required to determine whether Nature396, 84-88.
the E6 oncoprotein is responsible for the loss of adhesiofiyono, T., Hiraiwa, A., Masatoshi, F., Hayashi, Y., Akiyama, T. and
junction-associated Dlg in vivo, and whether the actions of a Masahide, . (1997). Binding of high-risk human papillomavirus E6

. hindi . . : oncoproteins to the human homologue of Emesophiladiscs large tumor
functional E6 PDZ-binding motif contribute to the formation suppressor proteifProc. Natl Acad. Sci. US84, 11612-11616.

and progression of HPV-associated cancers. Koppen, M., Simske, J. S., Sims, P. A., Firestein, B. L., Hall, D. H., Radice,
A. D., Rongo, C. and Hardin, J. D(2001). Cooperative regulation of AJM-
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