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RUNNING TITLE: PTEN/fos synergism in skin cancer

ABBREVIATIONS:

HK1.fos, HK L.ras transgenic mice expressing v:taer FBJ/R v-fos
from a modified human keratin K1 vector.

PTEN™; A5PTEN " fix transgenic mice wild type, heterozygous or
homozygous for lox-P flanked exon 5 PTEN.

K14.creP transgenic mice expressing RU486 responsive cre

. recombinase from a keratin K14 promoter.

K 14.cr e/ ASPT EN": Wi fix rogeny of matin

HK 1.fog/ASPTEN" "fix.fix PSR ’

SCC Squamous cell carcinoma.

KA Keratoacanthoma
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ABSTRACT

To investigate gene synergism in multistage skiginagenesis, the RU486-inducible cre/lox system
was employed tablatePTENfunction K14.cred5PTEN”] in mouse epidermis expressing activated
v-fos [HK1.fod. RU486-treatedHK1.fosSPTEN* mice exhibited hyperplasia, hyperkeratosis and
tumours that progressed to highly differentiatecat@acanthomas rather than carcinomas, due to re-
expression of high p53 and pZf levels. Despite elevated MAP kinase activity, ityd1/E2 over
expression and increased AKT activity forming amasighly proliferative, papillomatous keratinoegt
increasing levels of GSHRBinactivation exceeded a threshold that inducedp4”" expression to
halt proliferation and accelerate differentiatigiying the hallmark keratosis of keratoacanthonsas.
pivotal facet to this GSKBtriggered mechanism centred on increasing p53essmn in basal layer
keratinocytes. This reduced activated AKT expressand released inhibition of p247, which
accelerated keratinocyte differentiation, as inmiddy unique basal layer expression of differéintia
specific keratin K1, alongside premature filaggaind loricrin expression. Thuys synergism with
PTEN loss elicited a benign tumour context where GBi#&luced, p53/p24*" expression
continually switched AKT-associated proliferationtd one of differentiation, preventing further
progression. This putative compensatory mechanejuired the critical availability of normal p53

and/or p2X"2F otherwise deregulatdds AktandGSK33 associate with malignant progression.



INTRODUCTION

PTEN is a tumour suppresser gene attracting Sigmifiinterest given its high mutation frequency in
human cancers and its roles in apoptosis/proliteratia negative regulation of AKT/PKB activity
(Downward, 2004; Parsons, 2004). Consistent wighdinect protein-protein interactions that regulate
p53 function (Freeman et al., 2003; Lei et al.,@0BTEN mutation in Cowden Disease patients results
in cancer predisposition (Liaw et al., 1997) assed with cutaneous hyperkeratosis (Fistarol et al.
2002), suggesting that roles in keratinocyte difféiation can be added to PTEN activities essefatial
normal development. In transgenic mi&J EN hetrozygotes (Stambolic et al., 2000) or condéion
knockouts (Li et al., 2002; Suzuki et al., 2003hiext neoplasia associated with increased anti-
apoptotic AKT activities, cell migration/adhesionoanalies (Masahito et al., 1998; Subauste et al.,
2005) and cell cycle control failure (Di Cristofarbal., 2001; Weng et al., 2001). In additiorcerd
models demonstrate that GJK3vhich integrates WNT an@-catenin signalling (Karim et al., 2004),
co-operates with PTEN loss in prostate carcinogen@dulholland et al., 2006) whep53 is also
compromised (Chen et al., 2005), whilst bladder efmilentified compensatory roles fo21"" that

countered initiaPTEN""-mediated hyperplasia (Yoo et al., 2006).

Multistage skin carcinogenesis studies implicags¢hmolecules also; roles for p53 are well estadadis
(Brash, 2006), if sometimes paradoxical (Greenhatgl., 1996; Wahl, 2006), as are those for'h21
(Topley et al., 1999; Devgan et al., 2006). In silaswo-stage DMBA/TPA chemical carcinogenesis,
AKT activation and GSK inactivation typically correlate with tumour pregsion (Leis et al., 2002;
Segrelles et al., 2006) and employing conditionBER knockouts, DMBA-initiated c-r&8 activation
achieved increased malignancy following TPA proomt{Suzuki et al., 2003). However, two-stage
chemical carcinogenesis employing heterozygBU$N knockouts identified a mutual exclusivity
betweenPTEN loss andc-ras™ activation (Mao et al., 2004). This was partlyotesd on finding that
ras™ synergism witlPTENloss ASPTEN, Li et al., 2002) gave benign papillomas,required TPA for

malignant conversion, which involved a separai8PTENmediated mechanism of cell cycle

deregulation that superseded inifl@PTEN/ra&? synergism (Yao et al., 2006).
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Given that the oncogeriesis a major effecter of TPA promotion (Schlingemaatral., 2003) and co-
operates with r&8 during papillomatogenesis and malignant conver@Breenhalgh et al., 1990, 1993a,
1995; Seaz et al., 1995), this study investigateether activated fos would cooperate with PTEN inss
papillomatogenesis and drive this 'amdependent, ASPTEN-mediated mechanism of malignant
progression. Indirect links between FOS and PTEkegidation already exist, a85PTEN could
substitute for activated rasduring TPA promotion (Yao et al., 2006) and c-foediated photo-
carcinogenesis associates with both AKT activaiod GSKB inactivation (Gonzales and Bowden,
2002). Further, UV-B-mediated p53 mutation andsegoent PTEN loss induces AP-1 expression
(Wang et al., 2005) whilst in reverse, PTEN speaily targets c-fos expression via AKT signallintg,

down regulate AP-1 activity (Koul et al., 2007).

Direct co-operation between activatied [HK1.fod andinducible PTENIoss in adult skinf45PTEN
resulted in an unanticipatdaratoacanthoma [KA] aetiology, rather than malignprogression to
squamous cell carcinoma [SCC]. Analysis of the uyde mechanism demonstrated that
compensatory p53 and pY¥ expression prevented progression via switching ljighitotic,
papilloma keratinocytes into a programme of acedéet differentiation, manifest by unique, novel
basal layer expression of early differentiationesfie keratin K1. This p53/p21** expression profile
was apparently induced by progressively increakangls of GSKB inactivation. In addition pivotal
roles for AKT were identified, where p53/p%Y-mediated reduction of AKT activity in basal layer
keratinocytes of benign tumours appeared to beyafdmet underlying the switch in progression to

KA, not SSC.



RESULTS

PTEN loss co-operates with HK 1.fos expression to elicit keratoacanthomas with atypical
keratinocyte differentiation.

Investigation of PTEN loss and fos activation innskarcinogenesis was achieved by employing
topical RU486 application to activatze recombinase14.creR Berton et al., 2000) and ablate
loxP-flanked PTEN exon R45PTEN Li et al., 2002 in proliferative basal layer keratinocytes and
hair follicles, due to the expression specificifytioe K14 promoter (Yao et al., 2006). These mice
were bred to HK1.fos mice that exclusively expregsdermal v-fos in approx 25-30% transit
amplifying cells and all suprabasal keratinocytgsvibdtue of a truncated, human keratin 1 based
vector HK1.fos Greenhalgh et al., 1993b) but not hair folliches internal epithelia. All RU486-
treatedHK1.fog ASPTENIX mice [Fig. 1], exhibited bilateral ear tumours by7 6veeks [n = 55;
produced over a 2.5yr period], which rapidly preged to form keratoacanthomas [KAs]. KA
aetiology in treatetiK1.fosSPTENIX/Wt heterozygotes [n = 35] was slower and requiredaartag
wound promotion stimulus. Treatadk1.fos [PTENY controls developed wound-dependent ear
hyperplasia by 3-4 months and papillomas after latgncy [> 12 mo (Greenhalgh et al., 1993b)],
whilst RU486-treatedK14.cre5PTEN* siblings exhibited epidermal hyperkeratosis withou
spontaneous papillomas (Yao et al., 2006). Traresgapression/ablation analysis [Supp. Data: Fig.
1S] confirms permanent ablation of PTEN exon 5ofelhg RU486 treatment, and demonstrated
HK1.fosexpression in normal appearing skin, which apmkatevated in KAs, consistent with their

increased differentiation and anomalous murine Xdre&ssion in proliferative basal layers [below].

The KA outcome of fos cooperation with PTEN cortsas induction of malignant conversion in co-
operation with rd& [Greenhalgh et al., 1990; 1995; Saez et al., 1995TPA-mediated, i.e. fos-
associated (Schlingemann et al., 2003), convediotK1.rasiA5PTENpapillomas (Yao et al., 2006).
This difference may centre on inherent abilitieafepidermis to cope with specific genetic insatts
reflected by the histotypes produced. The hisetypHK1.fosskin [Fig. 1A] was indistinguishable
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from normal despite HK1.fos expression [supp d&ig, 1: lane 5] that gavan underlying doubling

in mitotic index (below Fig. 3; Greenhalgh et 4993b). Hence, prior to wound promotion, as v-fos
potentiates the functions of c-foslK1.fosinduced proliferation was counterbalanced via -fo
functions in regulation of keratinocyte turnoved#or differentiation (Angel et al., 2001; Mehicadt,
2005), which also involved down regulation of AKa@tiaity [below]. Similarly, as observed in cancer
prone Cowden disease patients (Stambolic et alQO0;20Fistarol et al., 2002 treated
K14.cretsPTEN® epidermal histotypes exhibited a relatively milgparplasia dominated by
hyperkeratosis [Fig. 1B], with blooms of “ghost’llseindicative of incomplete stratification. This
suggests that a proliferative response due to PIB&dlwas rapidly translated into hyperkeratosis to
eliminate potentially neoplastic cells at an eastgge and this also involved AKT activation in
regulation of differentiation [below] (Calautti at., 2005). Furthermoréd\5PTEN expression would
compromise PTEN-mediated functions in cell-celleglbn and cell-matrix interactions (Masahito et
al., 1998; Subauste et al., 2005) that threatedeemial barrier function, hence this hyperkeratotic
response may also conscript epidermal homeostasghanisms in order to maintain epidermal

integrity.

At approx 5-6 mo, whenHK1.fos mice displayed only wound-dependent hyperplasig/ea
papillomatogenesis [Fig 1CHK1.fos5PTEN* mice possessed mature KAs [Fig. 1D]. These
tumours comprised two distinct histotypes: one wmhnificant differentiation, with “fronds” of
keratinocytes interspaced within massive areai@dtésis; and a second papillomatous area congprisin
highly proliferative keratinocytes, similar to latéage, aggressive papillomas or possibly carcinoma
situ. Furthermore, while keratinocyte differentiationHK1.fosphenotypes displayed an ordered nature
with sequential expansion of each cellular compantniFig. 1C], keratotic, but not papillomatous,
HK1.fos5PTEN* KA histotypes, displayed a distinctly disordereffiedentiation pattern [Fig. 1E-G].
Here cornified and granular cells co-existed aladggroliferative basal cells, culminating in the
appearance of micro-cysts [Fig. 1E, G: arrows] angrominentstratum luciduim[Fig. 1F: arrows]

indicative of incorrect cornification. This confosi of differentiated and proliferative cell sub-&gin
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each epidermal compartment suggests tH&t.fosASPTENx keratinocytes received abruptly

conflicting proliferation and differentiation sigisan this keratotic/differentiated histotype.

Prematur e differentiation marker expression in keratoacanthomas associates with reduced

progression marker expression and decreased proliferation.

Tumours were analysed for expression of keratin &l early-stage differentiation marker, and late-
stage differentiation markers filaggrin and lomgriall proteins which typically become lost during
carcinogenesis, and also for keratin K13, a simgypéhelia keratin, employed as a marker of
papilloma progression, which typically becomes amf prior to malignant conversion (Greenhalgh
et al.,, 1995). As observed previousiK1.fos papillomas exhibit a delay in the onset of K1
expression due to expansion of the proliferativeabéayer compartment [Fig. 2A, indicated by the
K14 keratin counterstain]. This result was alsoeobsd in papillomatousiK1.fosUSPTEN* KA
histotypes [not shown], however highly differensidtHK1.fosdSPTEN* KA histotypes exhibited
novel, K1 expression in the proliferative basalelay K1 expression was quite strong, given the lack
of yellow colour from [red] K14 co-expression, atlgh K14 expression itself remained unchanged
[see Fig. 3]. Typically, AP1-regulated keratin Kslexpressed as differentiating keratinocytes commit
to leave the basal layer (Rothnagel et al., 1998) this result suggests theiK1.fos5PTEN*

keratinocytes accelerated their commitment to tifiation in these keratotic areas.

The premature expression profiles of loricrin afdgfrin [Fig. 2B, C] also indicated accelerated
differentiation. InHK1.fos papillomas, AP-1-regulated loricrin expressionmajor component of
granular cells, remained restricted to the granctempartment, where c-fos is also highly expressed
(Greenhalgh et al., 1993b; Mehic et al., 2005). @osely, HK1.fosU5PTEN* KAs exhibited
premature elevated, suprabasal loricrin expressioareas of atypical differentiation, particularly

highlighting the micro-cysts [Fig. 2B]. Similarlyfilaggrin expression, another AP-1-regulated



component of cornification, with critical functioms barrier maintenance (Palmer et al., 2006), was
reduced irHK1.fospapillomas, whereadK1.fosU5PTENKAS expressed early, high filaggrin levels
in suprabasal and occasional basal keratinocytigs BE]. With respect to keratin K13K1.fos
papillomas [Fig. 2D] exhibited the focal/patchy K&3pression profile typical of benign tumours
(Greenhalgh et al., 1993b). However, while eatﬂyl.fOSMSPTEI\i'X tumoursand theproliferative,
papillomatous histotypes of KAs exhibited focal K&@pression, the differentiated regions lost K13
expression [Fig. 2D]. Thus, a hyperproliferativel &positive papillomatous keratinocyte population
differentiated into a quiescent, K13-negative pafiah and suggests that the temporal event(s) that
switched progression to KA occurred at the oveeniggn tumour stage and not in pre-neoplastic

hyperplasia.

BrdU labelling data also support this idea. As shawFig. 3, acquisition of each additional mutatio
resulted in sequential increases in mitotic indakdlled nuclei/mm basement membrane], culminating
in very high levels in HK1.fogl5PTEN® papillomatous histotypes, until suddenly halted the
differentiated regions. Normal appeariktiK1.fos epidermis possessed a mitotic index [10.2.1]
approximately double that of non-transgenic adpitlemis [4.7/. 3.0], which inK14.cres5PTEN*
genotypes [13.7. 3.6] gave mild hyperplasia. Additional doubling ofitotic index occurred in
HK1.fos5PTEN* skin [26.1%/. 5.7] to levels observed iHK1.fospapillomas [27.2/. 7.1, Fig. 3B],
whilst KA keratinocytes possessed a very high rditimidex [90.2°/. 17.6;] comparable to aggressive
SCCs, with extensive supra-basal BrdU-labellingy[RdB], whereas keratinocytes of differentiated
histotypes possessed a significantly reduced roitotiex [36.6'/. 6.7; p = < 0.0001], although this
remained higher than that of typical HK1.fos papiles [p = 0.001 Students t test]. Thus, BrdU
labelling indicated a potent counter to hyperpeoéfion arose after benign tumour formation, which

inhibited further progression.



HK1.fo45PTEN KAs express high levels of normal p53 whereas control HK1.fos and

K14.cre/45PTEN phenotypes loose p53 expression.

Given the close relationship between PTEN and pg8lation (Freeman et al., 2003; Lei et al., 2006;
Wang et al., 2005), p53 status duridé1.fosUSPTEN* KA aetiology was determined by western
analysis of normal epidermis, pre-neoplastic phgred and tumours taken from separate animals
[Fig. 4]; or from the same animals [Fig. 5], to quare KAs with similar keratosis/papilloma ratios,
and/or age-matched littermate control phenotypegperkeratotic K14.credSPTEN® epidermis
exhibited little detectable p53 expression [Figs:4HK lanes] compared to normal epidermis [Fig. 4:
aN, N, NE lanes]. Similarly, hyperplastitK1.fosepidermis and papillomas also lost p53 expression
and p53 levels were undetectable in “normal” appgafiK1.fosskin [Figs 4, 5: N, PAP, HP lanes].
This latter result was consistent with the doubheitiotic index [above] but inconsistent with the
normal histotype. On rare occasions low-level p&gression was recorded HK1.fos phenotypes
due to inflammation or presence of anagen follidiesy. 4,: aN lane] where HK1.fos was not

expressed.

Conversely, in both homozygous and heterozygdaRTENanimals, significantly high levels of p53
expression were recorded HK1.fosUSPTENKAS [Figs. 4, 5: KA lanes]. Expression levels vdrie
amongst randomly selected KAs [Fig. 4] but wereallgthigh, and p53 expression increased with
KA maturity/size [Fig. 5], e.g. heterozygottK1.fosU5SPTEN*™ KAs developed less rapidly and
typically possessed lower increases in p53 exmesshen analysed alongside the faster growing,
mature KAs of homozygotes [Fig. 4. #8898 vs. #9K®3]. A result also recorded on comparison of
larger, wound-promoted ear-tagged vs. untaggedarfrom the same animals [Fig. 5, lanes: KA
vs. KA]. In addition, pre-neoplastielK1.fosSPTEN* or -*™ epidermis expressed low-level p53
[Fig. 4, lanes: HK #8898, #9593; Fig. 5, HK lan&5,9] suggesting p53 expression was an early

feedback response HK1.fossynergism witlPTENIoss. This high p53 expression in benign tumours



was consistent with the reduced BrdU labelling énakotic, differentiated KA histotypes compared to
high labelling indices of papillomatous regionsdagether with decreased K13 tumour marker
expression, elevated p53 would inhibit further tumprogression. This idea was further supported by
sequence analysis @53 cDNAs from HK1.fo#d5PTENX KAs [n = 5], which found full-length
transcripts without detectable mutation or alteznsplicing [not shown], hence normal p53 tumour
suppressor functions appeared intact (Nister et 2005). HK1.fosU5PTEN KAs also lacked
spontaneous-@s  activation (Corominas et al., 1989reenhalgh et al., 1990, 1995; Lieu et al., 1991)
[n = 5; not shown]. Thus, high expression of ndrp&8 in KA aetiology may be rendered impotent
by ras™ activation leading to SCC, an idea currently undewestigation in triple

HK1.ras/fos#5PTEN* mice.

Regulation of AKT activation is a pivotal target of tumour progression and epidermal

homeostasis.

Consistent with loss of PTEN phosphatase functmtowing ablation of exon 5 (Parsons, 2004),
levels of activated AKT“"3phosphorylation [p-AKT] rose in RU486-treatéiL4.cre 5P TEN*
epidermis [Fig. 4: HK lanesHK1.fos5PTEN* KAs also exhibited increased p-AKT expression
[Figs 4,5], however levels were not as high as etqueand, compared to total AKT expression levels,
p-AKT expression varied significantly with the degrof keratosis vs. hyperproliferation [Fig. 4,
KA*] or KA size/maturity [Fig. 4, lanes’8898 and’9593]. Analysis of histology-matched KAs [Fig.
5] found only moderate increases in p-AKT exprasstompared to hyperplastic epidermis taken
from the same animal. Moreover, p-AKT levels in-pmaplastid—lKl.fosZISPTEI\i'X epidermis were
consistently lower than age-matchet14.cred5PTEN* littermate epidermis [Fig. 5,
K14.cre5PTEN* HK lanes: 1, 2; vsHK1.fosSPTEN* HK lanes: 5,6, 9]. This suggests that p-
AKT inhibition was a target of the early, low—leyes3 feedback response, consistent WIHEN""

prostate carcinogenesis, where NKX3.1 inhibits pTAld stabilise p53 expression (Lei et al., 2006).
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The fact that the p-AKT expression increaseHK1.fosU5SPTEN* KAs was lower than that of
comparableas ¥/ A5PTEN synergism (Yao et al., 2006) was also consistétit imhibition of AKT

by high p53 levels. However, this moderate p-AKpression profile masked a significant expression
level in HK1.fos5SPTEN™ papillomatous areas as detected by immunohistoicaéamalysis [below,
Fig. 6; Supp data: Fig. 2s], suggesting that AK&ypl significant roles in papillomatogenesis and
continuation of this activity was essential forther malignant progression (Segrelles et al., 2006;

Yao et al., 2006).

An earlier role for AKT regulation was identifiedd HK1.fos “normal” appearing or hyperplastic
epidermis, which exhibited little p-AKT expressicompared to total AKT expression levels, and
levels remained relatively low until overt papillasyappeared [Fig. MK1.foslanes: N, HP, P; Fig. 5,
lanes N, P]. Thus, p-AKT down regulation maybe d&ment of epidermal resistance to early
carcinogenesis. This observation may explain thayda papilloma appearance and the longstanding
puzzle that a p53-negativelK1.fosepidermis exhibited a normal histotype, despitai®tic index
that gave hyperplasia’hyperkeratosiskii4.credSPTEN* skin [Figs 1,3]. Given the direct links
between fos and PTEN (this study; Koul et al., 20ang et al., 2006), coupled to the intimate
interactions between p53 and PTEN (Freeman et2803), HK1.fos-mediated p53 loss maybe
countered in part by a PTEN-mediated feedback innglp-AKT down regulation, which facilitates
keratinocyte turnover and differentiation (Angelagt, 2001; Calautti et al., 2005) and this is unde
investigation. HencelK1.fosphenotypes required a wound-promotion stimulusitielg high p-ERK
1/2 and increased cyclin D1/E2 expression [belowd, antagonise/interdict such putative
countermeasureand restore p-AKT expression HK1.fospapillomas [Figs 4,5 lanes: PAP]. Adding
further complexity to AKT oncogenicity, in p53-ndiye K14.cred5PTEN* epidermis, where AKT
would be released from PTEN control, elevated p-AdKpression [Fig. 4, HK lanes; Fig. 5: HK lanes
1,2] was accompanied by a rapid translation of hylasia into hyperkeratosis [Fig. 1B], as observed

in Cowdens Disease, but no papillomas [unless ptednby TPA (Yao et al., 2006)], demonstrating
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that AKT regulation in keratinocyte differentiatiaan dictate differing outcomes depending on the

context(s) of gene expression.

HK1.fos/45PTEN keratoacanthoma aetiology identifies significant rolesfor GSK 3 inactivation.

Key insights intoHK1.fosUSPTEN KA developmentderived from analysis of GSIi83expression
(Karim et al., 2004), a gene functionally inactectby several oncogenes including AKT, via
phosphorylation at serine 9 [p-GSB3Parsons, 2004). In being an AKT target, elevaésels of p-
GSK3B were displayed by hyperkeratot14.creA5SPTEN* epidermis [Fig. 4, HK lanes], and
normal or early hyperplastidK1.fosepidermis exhibited reduced p-G3K8&xpression following p-
AKT down regulation [Fig. 4, lanes: N, HP]. HoweyétK1.fos papillomas expressed moderate p-
GSK33 levels higher than that attributable to p-AKT esgwmion [Figs. 4, 5. PAP lanes], and
increasingHK1.fos hyperplasia displayed low-level p-GSK3vhen p-AKT remained undetectable
[Supp data: Fig. 3S]. ABlK1.fos papillomatogenesis required wound-promotion, tbssassociated
p-GSK3 inactivation uncoupled from AKT activity, may deei from high levels of ERK1/2

expression or increased cyclins [below, Figs £AP lanes].

Inactivation of GSKB was found to be instrumental to the eventual KAcome, as increased p-
GSK3B3 expression correlated to elevated p53 expres$tas [4, 5]. This association was initially
unclear due to differing keratosis/papilloma ratjibgy. 4, lanes: KA vs. KA*], however analysis of
KAs with similar keratosis/papilloma ratios consisly expressed high levels of inactivated p-
GSK33, concomitant with high p53, but not p-AKT expressiwhich remained only similar to that of
K14.cre5PTEN* epidermis [Fig. 5: KA vs. HK lanes]. Hyperplastit<1.fosu5PTENX epidermis
also possessed moderately elevated p-@SK®els, associated with low-level p53 expressamgin
uncoupled from that of p-AKT, which was down redgath[Fig. 5 lanes: HK 5,6,9]. The moderate p-

GSK3PB expression associated with low-level p53 expressiv HK1.fosSPTEN* epidermis,
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coupled to the major increases in p-GBKXpression alongside the burst of p53 expressidfAss,
suggests that inactivation of GSK3unction triggered p53 re-expression (Ghosh aried 2005).
Furthermore, the apparent burst of p53 and abraeguation in keratinocyte proliferation that
prevented further progression, required a highstioll level of GSKB inactivation and this may
have been achieved from the moderate, AKT indepenpdsSK$ expressiorHK1.fosA5PTEN*
observed in early preneoplastic hyperplasia [abaeepled to that derived from increasing p-AKT

activity in papillomatous areas [Fig. 5: KA lanes].

HK1.fosd 45PTEN™ KAs exhibit novel p21"VA" expression deregulated cell cycle control and

elevated MAP kinase signalling.

The mechanism underlying KA aetiology was extenttednvestigate cell cycle deregulation via
western analysis of p2£", cyclin D1 and E2 expression together with MAPdsia signalling via
analysis of ERK 1/2 activation. Analysis of 21 was doubly attractive, since p2¥ possesses
roles in keratinocyte differentiation (Topley et,al999) separate to that of cell cycle regulation
(Devgan et al.,, 2006) and can be an early resp¢os®TEN loss (Yoo et al., 2006). All
HK1.fosUSPTEN* KAs exhibiting p-GSK3 hyper-inactivation and high p53 expression, also
exhibited novel, high p2¥** expression levels [Fig. 5: KA lanes]. However,ikmlinduction of low-
level p53 expression by moderate p-GBKXpression itHK1.fos5PTEN* hyperplasia [Figs 4, 5],
below the high GSKB inactivation threshold, p21" expression was not induced [Fig. 5, lanes: HK,
P, vs. KA]. Further, p53 negatiK1.fospapillomasandK14.cres5PTEN* phenotypes, with lower
GSK3B inactivation levels were negative for 2 expression [Fig. 5]. Thus p24" expression was
specific to mature KAs, and the data suggest tAat’J expression arose following induction of p53,
possibly as a consequence of p53-mediated dowrlategu of AKT activity [below (Zhou et al.,

2001)]. Moreover, this temporal p#4™ expression indicated that the critical changeprogression
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occurred at the overt benign tumour stage, a resuisistent with the K13/BrdU labelling data and

previous roles for p4*F associated with inhibition of malignant convers{@opley et al., 1999).

Analysis of cyclins D1, E2 and MAP Kinase signailim HK1.fossPTEN* KAs [Figs. 4, 5] was
also consistent with the idea that persistent keveyte hyperproliferation was continually switched
into differentiation. Increasing hyperplasiaHi1.fosSPTEN* epidermis was reflected by elevated
cyclin expression [Fig. 5: HK lanes 5,6,9] alongsidcreased p-ERK 1/2 expression [Fig. 4: HK
lanes], which were retained at moderate levels atune KAs, despite the p53/p2Y expression
profile, due to the hyperproliferation observedp@apillomatous areas [Fig. 5: KA lanes]. Thus, in
HK1.fos5PTEN* tumour aetiology, induction of both p53 and §21 were able to halt excessive
proliferation, unlike activatecas™ cooperation with PTEN loss, where p53 remaineddost strong
cyclin D1/E2 over expression was associated withl Aitediated progression to carcinoma (Yao et

al., 2006).

Analysis of control phenotypes [Figs 4, 5] foundéttmormalHK1.fos epidermis exhibited a small
elevation in cyclin D1 but not E2, and slightlywéed p-ERK 1/2 expression, compared to total ERK
1/2 levels [Figs. 4, 5: N lanes] (Karin, 1995), smtent with its doubled mitotic indexHK1.fos
papillomas [Fig. 5: PAP lane] exhibited increasgdlioc D1 and E2 expression (Bamberger et al.,
2001), together with very high levels of activajg@&ERKs 1/2 expression [Fig. 4 lanes: P, HP, N],
which suggested that MAP Kinase signalling duringund-promotedHK1.fos papillomatogenesis
facilitated escape from AKT-linked countermeasyadmve] to restore p-AKT activity (Segrelles et
al., 2006). InK14.cre'5SPTEN* epidermis, similar small elevations in both cyclibé and E2 (Di
Cristofano et al., 2001; Weng et al., 2001) wepmrged, associated with promotion from ear tagging
[Fig. 5, lanes: HK vs. HK], alongside increased p-ERK 1 and 2 leyig. 4, end panel: HK lanes];
all consistent with p-AKT regulation of PI3 Kinaaad interactions with MAPK signalling (Parsons,

2004; Downward, 2004).
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I mmunohistochemical analysis identified p-GSK 3B-associated p53/p21"A" expression and down

regulation of p-AKT activity in basal layer keratinocytes.

To further clarify these molecular interactionse th situ expression profiles of p53, p24", p-
GSK33 and p-AKT were determined via immunohistochemaradlysis of differentiated, transitional
and papillomatousiK1.fosUPTEN™ KA histotypes [Fig. 6. See also Supp. data: F&j. 2Analysis

of HK1.fos and K14.creAPTEN™ control phenotypes are given in Supp. data: Fig. BSall
differentiatedKA histotypes, p53 was strongly expressed througleach epidermal compartment,
including proliferative basal layer keratinocytelig. 6A]. In transitional areas, initially p53
expression was low and predominantly suprabasalexpression became increasingly stronger and
appeared in the basal layer [Fig. 6B; Supp daig: #5]. Conversely, papillomatous areas possessed
little detectable p53 protein [Fig. 6C; Supp dd&ay. 2S]. However, low-level, suprabasal/granular
p53 expression was observed in hyperplast&l.fosdPTEN™ epidermis and occasional
papillomatous areas, both associated with elevatgghabasal expression of p-G3XKot shown].
Differentiated KA histotypes exhibited strong P21 expression in all layers [Fig. 6D; Supp. data:
Fig. 2S], and again this began in transitionaldtigies with a low-level suprabasal and cytoplasmic
p21"AF expression profile, until elevated expression apge in the nuclei of basal cells associated
with increased differentiation [Fig. 6E], prior tecoming strong and uniform in all compartments.
This expression profile appeared to trail the wakv@igh p53 expression [Supp data: Fig. 2S], as all
papillomatous KA histotypes always lacked deteetgt@'"" expression, even if p53 was detectable
[Fig. 6F; Supp. data: Fig. 2S], and P21 was undetectable in hyperplastitk1.fosAPTEN™
epidermis [not shown] oHK1.fos and K14.creAPTEN™ control phenotypes [Supp. data: Fig. 3S].
Given the roles for p2¥*¥ in epidermal differentiation (Topley et al., 1993his basal layer
expression of p21*" would be consistent with the premature commitmeitK1.fosAPTEN*
keratinocytes to terminal differentiation, as iraded by novel, basal layer K1 expression [above],

whilst the confused, atypical nature of epidermidletentiation maybe due to continued, P21
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expression in the suprabasal/granular layers wbhemally p21 expression shuts down (Devgan et al.,

2006).

Expression of p-GSKBin differentiated KA regions paralleled this p53I¥** profile, with strong,
expression in the basal layers and each epideromapartment [Fig. 6G]. In transitional histotypes,
uniform p-GSK® expression preceded basal p53/¥Z1expression [Fig. 6H; Supp data: Fig. 2S], as
p-GSK3 already appeared earlier in the suprabasal layfepspillomatous KA histotypes [Fig. 6l;
Supp. data: Fig. 2S] and hyperpladtiis1.fosdPTEN™ epidermis [not shown]. In HK1.fe4PTEN™
epidermis moderate suprabasal p-G3K8&xpression was associated with supra-basal p5@ssipn,
prior to p53 loss in papillomatogenesis, and tloisld be observed in occasional papillomatous areas
also, suggesting the beginnings of a counter tetppliferation, but this was insufficient to inauc
p21"AF " Thus, increasingly high and basal layer expoessif p-GSK$ in the transitional areas
induced a corresponding increase in basal layeresgn of first p53, to halt proliferation, andela

p21"AF to increase differentiation rate.

Analysis of p-AKT inHK1.fosUPTEN™ KAs [Fig. 6J-L] demonstrated a reverse of these espes
profiles, as differentiated or transitional p53/§2%-positive areas expressed decreasing levels of p-
AKT [Fig. 6J, K]. Conversely, p53/p24F-negative papillomatous histotypes exhibited highKT
expression levels [Fig. 6L], a result masked in texes analysis, as p-AKT expression faded with
increasing differentiation and KA maturity [Fig.;&upp data: Fig. 2S]. Moreover, p-AKT expression
consistently appeared in the basal layers of mapdtous areas [Fig. 6L], suggesting that AKT
activity helped provide a continuous supply of hypeliferative keratinocytes, hence the lack of KA
regression; while in increasingly p53/gZ1 positive transitional areas, p-AKT expression beea
suprabasal [Fig. 6K], following the appearance wgfhhbasal layer p53 expression [Fig. 6B], that
culminated in reduced, suprabasal p-AKT expressiatifferentiated histotypes [Fig. 6J]. Analysis of

consecutive sections found that co—expression ofJ2 and p-AKT appeared particularly
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antagonistic, with high p-AKT expression being atiheutually exclusive to that of p24” [Fig.
6E,K]; and in composite micrographs, uniform insieg p21F expression paralleled down
regulation of p-AKT [Supp data: Fig. 2S]. Colledly, it may be that p53-mediated reduced p-AKT
expression in basal keratinocytes was instruméntaleasing p24*" activity (Zhou et al., 2001) and

the commitment to premature differentiation (Topétyal., 1999).

Analysis of HK1.fos phenotypes reflected the western data, with liHKT, p53 or p2i'4F
expression in hyperplastic epidermis or papillonvasi/st HK1.fos papillomas/late-stage hyperplasia
exhibited the low-level, suprabasal p-G®K@xpression profile observed in HK1.fdBTEN™
epidermis [Supp. data: Fig. 3S]. RU486-treatetht.creAPTEN™ epidermis also lacked p53 and
p21"AF but consistent with the K14.creP expression [moéind loss of phosphatase activity,
displayed p-AKT expression together with p-G$K&xpression in basal layers and follicles [Supp.

data: Fig. 3S].
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DISCUSSION

HK1.fosSPTENIX mice demonstrated direct co-operation between cibtki PTEN loss and
activated FOS expression, which resulted in preastop hyperplasia/hyperkeratosis and a rapid
development of overt benign tumours that progress&d® not SCC. Importantly, this study found that
in the context oHK1.fosSPTENIX benign tumours, significant re-expression of p&a a2/,
previously lost in control phenotypes, now inhiditefurther malignant progression. This
compensatory p53/p21t" expression profile was triggered by increasingelevof GSKP
inactivation (Ghosh and Altieri, 2005), which intdd p-AKT activity in basal layer keratinocytes
(Lei et al., 2006) to reduce proliferation, as gaded by BrdU labelling, and initiate p¥¥-mediated
differentiation (Devgan et al., 2006; Topley et, 41999; Zhou et al., 2001), associated with novel
basal layer expression of keratin K1 and premalonierin and filaggrin expression. This potential
sentinel mechanism, deployed at the benign tumiagiesand critically dependent on normal p53 and
p21"AF functions, was able to continually block malignambgression via switching keratinocyte

hyperproliferation into differentiation, resultimg the hallmark keratosis of KA.

This outcome of KA rather than SCC, was in shamptrast to the high frequency of TPA-promoted
[i.e. fos-associated (Schlingemann et al., 2008)tinomas observed iHK1.rasU5PTENIX mice
(Yao et al., 2006) oras *-activated, DMBA/TPA carcinogenesis studies involyiPTEN knockouts
(Mao et al., 2004; Suzuki et al., 2003). Nonethelesarly HK1.fosSPTENIX synergism was
consistent with promotion roles assignedas(Greenhalgh et al., 1993a, 1993b; Saez et al5)12%d
the fact that PTEN loss could act as a weak initiftr TPA promotion (Yao et al., 2006). Indeed.ilath
rapid, papillomatogenesis presented few surpriseblK1.fosA5PTENIX apparently substituted for
ras'® activation observed in previous rabbit ear modél&A (Corominas et al., 1989), exhibiting
moderate elevation in MAP Kinase signalling (Passd2004; Downward, 2004; Karin, 1995) and
over expression of cyclin D1 (Bamberger et al., ZOBurnworth et al., 2006) or cyclin E2 (Di

Cristofano et al., 2001; Weng et al., 2001). Inaatal increases in keratinocyte proliferation
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culminated in very high BrdU labelling indices iapllomatous KA histotypes, with typical delays in
expression of differentiation markers and the appeze of focal keratin K13 expression, an early
marker of tumour progression. (Greenhalgh et &95). However, the initial appearance of K13 and
high BrdU labelling abruptly diminished in transitial and differentiated KA histotypes, indicating a
potent inhibition of proliferation appeared at thenign tumour stage which accelerated terminal
differentiation rather than apoptosis, given thenmature expression of keratin K1, loricrin and
filaggrin. The resulting disorder to keratinocytéffetentiation, also observed in cyclin D1-
transformed HaCaT keratoacanthomas (Burnworth gt 2006), highlighted a clash between
proliferative/oncogenic and compensatory/differatimin pathways. Here novel, basal layer
expression of keratin K1 was perhaps a major dautior to the KA outcome, as it not only indicated
a sudden, accelerated commitment to differentiafRothnagel et al., 1993) but also, basal layer K1
expression would itself significantly inhibit fugh tumour progression, as introduction of K1, er it
partner K10, into carcinoma cells reverses the gnalt phenotype via enforced differentiation

(Kartasova et al., 1992; Santos et al., 2002).

Human KA aetiology is also typified by an initiagpid growth phase, followed by arrest and
regression. In several respects murkik1.fosuSPTEN* KA aetiology mimics that of humans,
producing a tumour with a highly proliferative pgmatous/carcinoma isitu histotype, underlying
areas of massive keratosis. However, whetbefPTEN"' synergism drives human KA aetiology
remains to be confirmed, although fos roles in hhgpdiferative disease and keratinocyte
differentiation/turnover (Angel et al., 2001; Melatal., 2005) and the hyperkeratosis following RTE
loss (Fistarol et al., 2002; Stambolic et al., 20¥@0 et al., 2006) would be consistent with the
increased differentiation in KAs. In addition, mdatman KAs are devoid of p53 mutations and
exhibit increased p2¥'" expression (Ahmed et al., 1997; Perez et al., 1B@" et al., 1996). These
data add fuel to the debate on whether KA represardifferentiated extreme of SCC or a class of
benign tumour in their own right, with a separat@euular aetiology. Given the contrasting resudts f

activated fos or r&8 synergism with PTEN in KA vs. previous SCC aetiigYao et al 2006), and the
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relative lack of typical initiatingas " or p53mutations (Ahmed et al., 1997; Lieu et al., 1994reR et
al., 1997; Ren et al., 1996), these murine datgesica separate molecular aetiology. However, again
this idea awaits analysis of whether additionalfappate mutations afas™ or p53interdict a murine

KA aetiology mediated by fos, PTEN and the p53/5Ziswitch.

Initially, p53 status had been assessedHiK1.rasSPTENIX KA aetiology given its well-
characterised roles in skin tumourigenesis (Braél®6) and close links with PTEN function where
PTEN loss invokes p53 loss (Freeman et al., 2008ng\et al., 2005; Chen et al., 2005), unless
compensatory mechanisms stabilised p53 (Lei e2@06). Hence contrd{14.creA5PTENX lost p53
expression, however resultant hyperplasia was Isapichnslated into hyperkeratosis [below].
Similarly, hyperplastidHK1.fosepidermisor papillomas were negative for p53 expression,agatn
surveillance systems sensitive to fos-mediated|p§8 were invoked, which maintained a degree of
normality until promoted (Greenhalgh et al., 1993t)nsistent with earlieHK1.fos cooperation
studies withp53 knockout mice, wheréiK1.fos/p53"" epidermis paradoxicallyailed to exhibit
benign tumours (Greenhalgh al., 1996). These observations reflect in huptasto-carcinogenesis,
as p53 mutations frequently initiate keratinocy{@sash, 2006), but tumour aetiology requires
additional events over time, including UV-inducefbbs-mediated tumour promotion (Gonzales and

Bowden, 2002; Wang et al., 2005).

Against this background, high levels of p53 expgms basal layers of differentiated, KA histotgpe
was unexpected and identified p53 re-expressidmeta key facet underlying lK1.fos5PTEN*
KA aetiology. Earlier HK1.fosUSPTEN* hyperplasia had exhibited a low-level p53 expressio
response, associated with moderate SkKctivation, which was subsequently lost givimggrto
the hyperproliferative, p53-negative papillomatds histotype with elevated MAP Kinase/cyclin
D1/E2 activities. Hence when re-expressed in thadifprative basal layers of transitional areas,

increasing p53 expression abruptly reduced Brdlgllsg and K13 expression, and demonstrated
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that inhibition of tumour progression depended upoth intensity and locality of gene expression
(Wahl, 2006). In human KAs, p53 expression alsoobexs increased (Perez et al., 1997) and is
seldom mutated (Ren et al., 1996), consistent thighlack of p53 or alternate splicing observed in
HK1.fos5PTEN* KAs, which suggested that normal p53 functions vietact (Nister et al., 2005).
As with compensatory p53 expressionrPMENmediated prostate carcinogenesis (Chen et al5;200
Lei et al., 2006), these data predict that a KAokagy requires fully functional p53 pathways. Henc
loss of p53 iras™PTENcooperation or chemical carcinogenesis resul&3e (Suzuki et al., 2003;
Mao et al., 2004; Yao et al., 2006). Indeed, tHatiree rarity of human KA compared to SCC may
reflect the high frequency of UV-B-induced p53 miatas (Brash, 2006) that would interdict this

putative compensatory mechanism.

High p21Y*" expression levels were observed in mattiél.fosUSPTEN* KAs but post the
appearance of overt benign tumours, as pre-neaplastpapillomatous histotypes displayed little
detectable p24*" and these data suggest that {Jlinhibited malignant conversion (Topley et al.,
1999). Consistent with this idea, western analgbis21V*" expression in KAs trailed that of p53 and
this maybe a consequence of activated AKT expresisigpapillomatous histotypes [below], as p-
AKT inhibits expression, nuclear localisation anmdtion of p214* (Zhou et al., 2001). Logically
therefore, induction of high p53 re-expression wlotéduce p-AKT expression (Miyauchi et al.,
2004) and facilitate p2¥"" escape from p-AKT inhibition. The resultant balsler expression of

VA" would reduce proliferation, however g2 roles in differentiation, separate to that of cell

p2
cycle control (Devgan et al.,, 2006), maybe of greasignificance. In normal epidermal
differentiation, p2Y4" expression increases when post-mitotic keratirescgpmmit to differentiate
(Topley et al., 1999; Devgan et al., 2006), echothg normal keratin K1 expression profile
(Rothnagel et al., 1993) and suggesting that'p2functions in early decisions to commit to terminal
differentiation. Therefore, high basal layer Y21 expression would accelerate this commitment to

differentiate, indicated by basal layer K1 expressiand establish a mechanism that continually

inhibited progression via terminal differentiatifiartasova et al., 1992; Topley et al., 1999; Saueto
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al., 2002). In addition, since@21V"F has both positive and negative roles in keratir®cyt
differentiation, and actually inhibits the lattetages, when p2¥" is normally down regulated
(Devgan et al., 2006), intense P21 expression in each epidermal compartment may xiie
general disorder to keratinocyte differentiation HiK1.fosSPTEN* KA histotypes, manifest by
premature loricrin/filaggrin expression and the egmance of micro-cysts, a problem further
compounded by a increasing lack of p-AKT (Calaettal., 2005), which would add to the failure to

down regulate p21** function (Devgan et al., 2006; Zhou et al., 2001).

Human KAs also exhibit elevated p2f in two distinct patterns; one associated with cedb
proliferation, one with increased differentiatiokhfned et al., 1997). In a tissue continually exgobs
to environmental carcinogens, the ability to exesistance to tumour progression at each staggical
and may involve common components. In clasa®mycco-operation, p2¥*" induction inhibited
ras *activated skin carcinogenesis éamycnull cells, until p2Y"4" was itself compromised by re-
introduction of oncogenimyc(Oskarsson et al., 2006). Similar compensatoryotsgfof p21" were
observed ind5PTENmediatedbladder carcinogenesis, where initial hyperplasés wountered by
p21"AF expression (Yoo et al., 2006). However, 21 expression was not induced A5PTEN
mediated prostate carcinogenesis (Mulholland e28D6), which relied on p53 interactions (Chen et
al., 2005), whilst the reduced numbers of DMBA/TBWKIn tumours in AKT knockout mice was
independent of p53 (Skeen et al., 2006), highlightmulti-layered redundancies in these systems
(Wahl, 2006). Perhaps in epithelia concerned watfrier functions, where terminal differentiation to
eliminate pre-malignant cells is preferable to wsjglead apoptosis/senescence, induction of 21
mediated differentiatiorfTopley et al., 1999; Devgan et al.,, 2006; Yoo ket 2006) provides a
necessary adjunct to p53-mediated apoptosis.

Regulation of AKT activity was also critical to éaphenotypes and the KA tumour outcome. It is
well accepted that loss of PTEN phosphatase reswltslevated AKT activity (Parsons, 2004,
Downward, 2004) and reduced p53 stability (Freeraaral., 2003; Lei et al., 2006), and AKT

oncogenicity drives tumour progression in numengeshanisms (Chen et al 2005; Lei et al 2006;
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Skeen et al., 2006; Segrelles et al., 2006; Yaal.e2006). Thus to counterbalance this neoplastic
potential, earlyHK1.fosuSPTEN* and control phenotypes either down-regulated AKTivily
(Skeen et al., 2006) or exploited an emerging-ambiptotic role in epidermal differentiation thaasv
associated with conversion of hyperplasia into hypetosis (Calautti et al., 2005). In p53-negative
HK1.fosepidermis, p-AKT down regulation helped maintde differentiation/proliferation balance
resulting in an overtly normal epidermis. Giveneamicglioma studies where PTENnhibits AP1
activity via reduced AKT signalling (Koul et al.p@7) and close links between PTEN/p53 loss and
AP1 status (Wang et al., 2005), PT¥Nnay act to limit fos-mediated/p53-negative keratiyte
proliferation. Hence the lack of p-AKT in hyperpias HK1.fos epidermis delayed papilloma
formation, which required TPA/wound promotion (Qrkalgh et al., 1993b, 1995) to induced high p-
ERK 1/2 expression (Karin, 1995; Schlingemann gt2403), increase cyclins D1/E2 (Bamberger et

al., 2001) and restore p-AKT levels (Gonzales and/den, 2002).

Alternately in K14.creA5PTEN epidermis, elevated p-AKT expression increasetemdintiation to
give hyperkeratosis (Fistarol et al.,, 2002; Stancbet al, 2000), consistent with negative roles in
reduction of endothelial cell lifespan (Miyauchiat, 2004). In normal epidermis p-AKT expression
is mainly suprabasal and vitro its activities prevent p53-mediated apoptosis. Thay provide a
protected interval for keratinocytes to fully conirta terminal differentiation (Calautti et al., Z8)0
In pre-neoplastick14.cre5PTENX epidermis, elevated basal cell p-AKT expressiomugiied this

balance and increased proliferation due to conntirfess of p53/p24~*

cell-cycle regulation.
However, instead of papillomatogenesis, resultadKp-mediated hyperplasia was rapidly translated
into hyperkeratosis, suggesting that basal exmessi normally suprabasal p-AKT roles induced an
early differentiation response. If correct, thiggdnt mechanism thus serves the dual purpose of
rapidly eliminating potentially highly canceroudisavhen PTEN tumour suppressor regulation and
compensatory p53/p21F-mediated apoptosis are interdicted (Brash, 2008)ilst maintaining

epidermal tissue integrity and barrier functionslempathological conditions such as Cowden disease,

where PTEN functions in adhesion signalling (Masahito et 4998; Subauste et al., 2005) are
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potentially compromised and cutaneous keratinocyaek normal p2%*" functions to initiate

differentiation.

In HK1.fosSPTEN* KA aetiology, initial pre-neoplastitiK1.fos5PTEN* hyperplasia exhibited
reduced p-AKT expression, alongside low-level p&8dback, consistent with PTEN loss in prostate
cancer where compensatory NKX3.1 inhibited p-AKpmssion to stabilise p53 (Lei et al., 2006).
With time increased MAP Kinase signalling and aydd1/E2 expression interdicted this early p53
countermeasure, resulting in high p-AKT expression p53/p21"* —negative papillomatous
histotypes. As outlined above subsequently high gb&xpression fedback to reduce p-AKT activity
in basal layers (Lei et al., 2006), inducing insiagly suprabasal p-AKT expression, which in turn
facilitated basal layer expression of 21 (Zhou et al., 2001) and accelerate differentiatibhis
reduction in proliferative basal layer p-AKT exsEs appeared critical to inhibition of benign
tumour progression i.e. unless significant p53/f21co-expression induced a basal/suprabasal p-
AKT expression switch to prevent sustained basarlgp-AKT activities, hyperproliferative benign
tumour keratinocytes would be at risk for conveansias demonstrated malignant transformation of
DMBA-initiated, papilloma keratinocytes by introdien of constitutively active AKT (Segrelles et
al., 2006), possibly via corruption of the anti-ppmiic AKT roles observed in normal differentiation

(Calautti et al., 2005).

HK1.fos5PTEN* KA aetiology also indicated that a molecular téggvas required to induce basal
layer p53/p2¥'AF expression and counterAKT/v-fos/PTER" oncogenicity. A prime candidate for
this role emerged from analysis of GgK3tatus, an unusual serine/threonine kinase where t
unphosphorylated form is active and complexes WAMRC to target-catenin for ubiquitin
degradation (Karim et al., 2004). This tumour segpion role is inactivated by p-AKT
phosphorylation, hence p-GSE&o0-operation with PTEN phosphatase loss in presatcinogenesis

(Mulholland et al., 2006), and high p-GSK8activation levels observed in DMBA/TPA carcinena
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(Leis et al., 2002) expressing elevated p-AKT atton (Segrelles et al., 2006). However, GBK3
status influences carcinogenesis in pathways stepdoa AKT, as pools of activated/inactivated
GSK33 are interchangeable between PI3K/AKT and WkGatenin pathways (Karim et al., 2004;
Mulholland et al., 2006). Accordingly, while p-GSE3nactivation paralleled p-AKT expression in
p53-negativeK14.creZISPTEI\i'X and earlyHK1.fos hyperplasia, moderate p-GSK3dnactivation
levels, uncoupled from p-AKT expression were obsénin pre-neoplastidHK1.fos5PTEN*
hyperplasia [andHK1.fos papillomas]. This moderate p-GSEK&xpression appeared alongside low-
level p53 expression, consistent with induction p&3 following GSK3® inactivation in colon
carcinogenesis (Ghosh and Altieri, 2005). Howel@n-level p-GSK3 expression induced neither
high p53 nor p2¥A" expression, therefordK1.fos5PTEN hyperplasia was susceptible to MAP
kinase/cyclin D1/E2-associatedromotion, resulting in restored, elevated basaledap-AKT
expression in the p53/pY4™-negative papillomatous histotypes [above], soméwdidn to the
mechanism of p-AKT activation/p-GSR3inactivation observed ifos-mediated [p53-null] HaCaT

photo-carcinogenesis (Gonzales and Bowden, 2002).

As levels of p-GSKB expression increased, possibly from a combinabbrmoderate p-AKT-
independent expression, observedkl.fosU5PTEN* hyperplasia and that derived from increasing
p-AKT expression during papillomatogenesis; it agkd a threshold of GSR3inactivation that
triggered the high, sustained p53/f¥21 response. Again a key component centred on thietswf
moderate, suprabasal p-G3K&xpression in papillomatous histotypes to oneigh lhasal expression
in transitional areas that induced p53, reducedf-And initiated p2%¥"-mediated differentiation
[above]. This attractive scenario thus explains widuction of high p53, and p24™ in particular,
abruptly appeared in benign tumours, as the mestmanequired substantial increases in p-GBK3
expression. Temporal GSR3nactivation thus provided the sensory compondrthe mechanism
geared to induce compensatory p53¥Z1responses, that actually required/exploitédl.fos/p-

AKT synergism in papillomatogenesis, yet continualtycked further progression. As this GIk3
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associated mechanism of compensatory p53fgf2inay also induce apoptosis in alternate tumours
(Ghosh and Altieri, 2005; Miyauchi et al., 2004; ofet al., 2006), it makes GSK3nhibitors
attractive for therapeutic intervention (Smalleyakf 2007; Tan et al., 2005). However, this shddd
approached with caution, given that GEKiBactivated inhibition of skin tumour progressidinectly
contrasts with GSKB-inactivated co-operation with PTEN loss that aeEks prostate
carcinogenesis (Mulholland et al., 2006). Henceageminal efficacy may require tumor aetiologies
where intact p53/p2¥** response pathways (Nister et al., 2005; Wahl, p686 be induced (Smalley
et al., 2007; Tan et al., 2005), as chemical cagenesis (Leis et al., 2002) and alternate models o
AKT activation (Segrelles et al., 2006) show thabwd p53 and/or p2¥F pathways become

compromised, GSK3inhibition could prove to be a double-edged sword.

In summary, thisHK1.fosd5PTEN* model links PTEN/PI3K/AKT signalling, ras/MAPK/fos
pathways and the GSRE-catenin/WNT axis and demonstrates that when déatsgl by fos
activation and/oPTEN loss, benign tumour progression can be inhibitedhduction of p53 and/or
p21"AF pathways that limit oncogenic AKT activities. Gatively, these findings highlight the worth

of inducible, transgenic models that allow micedavelop normally and thus yield valuable insights
into the molecular relationships regulating nortiedue homeostasis. This carcinogenesis study also
stressed the importance of context to the bioldgmacome of temporal, stage-specific gene
expression, where common molecular expressionlesofombined to give an unanticipated outcome

that provides new insights into the capacity ofépalermis to cope with specific oncogenic insults.
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METHODS

Genotypes, transgene expression and RU486 treatment.

HK1.fos (Greenhalgh et al., 1993b), RU486-induciBl&4.creP regulator (Berton et al., 2000) and
A5PTEN* (Li et al., 2002) transgenic mice have been cheraed previously. Breeding strategies
maintainedHK1.fos and K14.crePtransgenes as heterozygotes in wild typ&HEN"|, heterozygous
[45PTEN"™] or homozygoud A5PTEN¥] PTEN backgrounds respectivelPTEN exon 5ablation
was achieved via activation ofe recombinase in dorsal skin treated topically withgd? RU486 in
50ul ethanol/week [mefipristone, Sigma] for 4 weewsth controls receiving ethanol alon&K
License: 60/2929 to DAG].HK1.fos, K14.crePand 45PTEN mice were genotyped by PCR and
expression confirmed via rt/PCR (Greenhalgh etl#l93a; Yao et al., 2006). For detectiorpb8 or
c-ras™ mutations, tumour DNA was isolated as describedo(¥t al., 2006), amplified with intron-

specific oligonucleotides and sequenced.

Histology, |mmunefluor escence and Bromo-deoxyuridine Labelling Analysis

Skin and tumour biopsies were fixed [10% formaditC] and stained with haematoxylin and eosin, or
frozen in OCT [Miles] and stored at -“X0. For immunefluorescence, frozen sections {6y were
incubated overnight with: rabbit anti-K13 (Prof. Boop, Houston), anti-K1, anti-loricrin, anti-
filaggrin [diluted 1:500] (Cambridge Bioscience) guinea pig anti-K14 antibodies [dil 1:2000]
(Research Diagnostics) and visualized by biotimgagoat anti-guinea pig/Streptavidin-Texas Red
[diluted 1:100] (Vector Labs) or FITC-labelled amdbbit IgG [diluted 1:100; Jackson Labs]. For
BrdU labelling, mice were injected IP with 125 mg/k-bromo-4-deoxyuridine [Sigma] 2 hours prior
to biopsy. Paraffin sections were subjected togentiretrieval [10 mins boil/10mM sodium citrate]
and BrdU labelling performed by overnight incubatiat #C with FITC-conjugated anti-BrdU dil
1:50 [Becton Dickinson], counterstained for K14 dab). For immunohistochemical analysis,
sections were incubated with phospho-G8R%#9936 and phospho-AKT™® #9271 [Cell Signaling

Technology]; p53 (PAB 240) [CRUK Antibodies]; ap81"" [#sc397, Santa Cruz] overnight [dil 1-
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100/biotin-anti-goat 1:50) [Santa Cruz]; and vi&zed via HRP-conjugated strepavidin, incubated for

5 mins at room temp.

Western Analysis

Proteins were extracted from biopsy tissue as test(Yao et al., 2006). Proteins were subjected to
western analysis employing antibodies to: total AK3272; phospho-AKT #9271, phospho-ERK
#9101, total ERK p42/44 #9102, cyclin D1 #2922, liey&E2 #4132, GSKB #9315 and phospho
GSKPBC#9936 [Cell Signaling Technology]; p53 (PAB 240)JOK Antibodies]; p21AF #sc397
and 3-actin #sc1616 [Santa Cruz]. Signals were detesfil HRP-conjugated secondary antibodies

(Dako) and ECL detection (Amersham Biosciences).
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LEGENDS

Figure 1. Phenotype and histotype of HK1.fos/45PTENfIX mice.

Upper panel:RU486-treated homozygous and heterozygdd.fosASPTENIX mice exhibit ear
keratoacanthomas [KAs]. ContrédK1.fos siblings possess small papillomas and RU486-treated
K14.cretsPTEN® mice exhibit hyperkeratosid.ower panel: [A] RU486-treatedHK1.fos skin
histology was indistinguishable from normal. [B14.credlSPTEN® epidermis exhibits mild
hyperplasia, significant hyperkeratosis and ghadtscindicative of incorrect cornification. [C]
HK1.fos papillomas histology displays expanded epidernmahmartments but an overall ordered
keratinocyte differentiation pattern. [D] A compesiK1.fosU5PTEN* KA micrograph displays two
distinct histotypes: an upper, differentiated amfamassive keratosis interspaced with fronds of
keratinocytes and a lower hyperproliferative, papib-like region. [E] HK1.fosdSPTEN* KA
keratinocytes of differentiated regions displayistindict disorder to the programme of differentiatio
with cornified and granular cells co-existing aleite basal layer keratinocytes [arrows]. [F] Such
regions also exhibited a prominesttatum lucidium[arrows] and [G] premature differentiation gave

rise to micro-cysts. [Bars: A-C 1Q0n; E-G 50um; and D approx. 17am].

Figure 2: Expression of differentiation markersin HK1.fos45PTEN tumours.

[A] HK1.fospapillomas exhibit a delay in onset of suprabéisehtin K1 expression [green] consistent
with expansion of the proliferative basal cell carmment, counterstained with K14 [red].
HK1.fos5PTEN* KAs exhibit strong, atypical K1 expression in pfetative basal cells of
differentiated regions [no separate Kl4/red is bledi suggesting an accelerated terminal
differentiation. [B] Late-stage differentiation nkars loricrin and [C] filaggrin remained confined t
the granular layer itHK1.fos papillomas. In contrasHK1.fosSPTEN* KAs display premature,
elevated loricrin and filaggrin expression indieati of an accelerated disordered nature to

differentiation e.g. loricrin in micro-cysts. [DHKL1.fos papillomas expressed tumor progression
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marker keratin K13, which was focally expressegapillomatousHK1.fosu5PTEN* areaswhereas

K13 expression was lost in differentiated KA higfmgs

Figure 3: HK1.fos45PTEN synergism increases mitotic index in papillomatogenesis until KA is
achieved.

Upper panel Tabulated mitotic index frorAlK1.fos5PTENepidermis and tumors. Despite a normal
histotype, HK1.fos epidermis possessed a 2-fold increase in mitodlex over normal epidermis,
similar to that of hyperkeratotic [HK](14.creZ15PTEI\fI'X epidermis. This index further doubled in
HK1.fosUSPTEN hyperplastic/hyperkeratotic [HPK] epidermis to d&sv observed in oveitiK1.fos
papillomas. The lower average mitotic labellingdii1.fosUSPTENKAs comprised a low mitotic index
in differentiated vs. a very high index in papillafous histotyped.ower panel Double label BrdU
immunefluorescence analysis of mitotic activityff&ientiatedHK1.fosSPTENX KA histotypesshow
low BrdU labelling [yellow] similar to that founahiHK1.fospapillomas, conversely, papillomatous areas

exhibit very high BrdU labelling.

Figure 4. Expression of p53, p-AKT, p-GSK 3B and p-ERK 1/2 in HK1.fos/45PTEN phenotypes.

Skin biopsies of keratoacanthomas [KA], papillorifl2&P], hyperplastic [HP] or hyperkeratotic [HK]
epidermis, together with normal dorsal [N], anad@N] or ear skin [NE] were subject to western
analysis. AllHK1.fos5PTEN KAs expressed high p53 levels and phenotypic epidepossessed
low-level expression [mid panel] similar to nornaantrols [end panel]. Conversely, p53 expression
was undetectable iRK1.fos phenotypeglanes: PAP, HP, N] or hyperkeratotid4.cre5PTEN*
epidermis [end panelHK1.fosUSPTENKAs expressed high but variable p-G$X@vels, depending
on tumour maturity J5SPTENheterozygous KA #8898 vs. homozygous KA # 9593jwelver, KAs
exhibited lower increases in p-AKT expression, Wmhiaried extensively with the degree of keratosis
[Ka*]. Compared to total protein level$JK1.fos epidermis exhibited low p-AKT and p-GSEK3
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expression [first panel]; whilst p-GSRZ&xpression, but not p-AKT, increasedHK1.fospapillomas.
Control K14.cres5PTEN* epidermis possessed elevated p-GBKsd p-AKT expression [end
panel]. All hyperplastic phenotypes expressed ¢éelvp-ERKs 1 and 2, includidghormal” HK1.fos
epidermisand HK1.fos papillomas in particular, which remained steadyslightly reduced, in all

KAs. B-actin expression served as a loading control.

Figure 5: HK1.fos/45PTEN K As exhibit high p53 and novel p21"F expression associated with a

threshold level of GSK 33 inactivation.

Western analysis of p53, p-GSE3and p-AKT was compared to p2¥, cyclin D1 and E2
expression in pathology matched KAs [similar kesatfpapilloma ratios] and age matched
preneoplastic phenotypes. Hyperkeratotic [HK14.creASPTEN ear epidermis displayed little
detectable p2¥*F or p53 and slightly increased expression of p-Ak¥slins D1 and E2, with p-
GSK33 being higher in the tagged [T], wound-promotedpki Normal [N] appearindgiK1.fos
epidermis was negative for p2¥ and p53 expression, with low p-GSK#&nd decreased p-AKT
levels, alongside slightly elevated cyclin DMK1.fos papillomas [PAP] expressed little p2f and
p53, but displayed increased p-G$Ke&xpression compared to p-AKT, together with elegat
cyclins. HK1.fos5PTEN* epidermis [HK] expressed barely detectable YB21 limited p53 and
moderate p-GSK®3 expression, whilst p-AKT expression was less tad.cred5SPTEN* controls.
All HK1.fos5PTEN* KAs expressed high levels of p#¥ and p53 that mirrored significant
increases in  p-GSKB inactivation. However, p-AKT expression remainedmikr to
K14.crensPTEN* epidermis. All KAs exhibited elevated cyclin D1 aB@ expression, particularly

in ear-tagged samples [KA B-actin served as a loading control.
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Figure 6: Immunohistochemical analysis of p53, p21"V*", p-GSK3p and p-AKT expression in

differentiated and proliferative HK1.fo 45PTEN KA histotypes.

[A-C] p53 expression in differentiated [A], transial [B] and papillomatous [C] KA histotypes.
Note high, basal layer p53 expression in [A], wasréasing in [B] from suprabasal to basal and
absent in [C] papillomatous areas [Composite mi@phs and immunohistochemical analysis of
control HK1.fos and K14.cred5PTEN* phenotypes are shown in Supp data Figs. 2 anfDaf]
Similarly strong basal p21'" expression was observed in differentiated KA Hjgtes [D] which had
increased and become nuclear in transitional dE§abut was absent in papillomatous histotypes [F]
[G-1] Strong, basal layer p-GSIB3expression in differentiated KA areas [G] precethed of p53/p21

in transitional areas [H] and was observed in papihtous areas [l], where lower expression was
confined to suprabasal layers. [J-L] Converselydiiffierentiated KA areas p-AKT expression was
reduced, cytoplasmic and undetectable in basatdayi; a process that began in transitional areas
where expression became increasingly suprabasdhded [K], unlike strong expression observed in

papillomatous histotypes [L]. [Magnification bara:and J: 25um; D and G: 50um; remainder:

10Qum].
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Figure 1S. Upper pand: reverse transcriptase/PCR analysis Hif1.fos expression
identifies an approx 700bypfos-specific band in: non-phenotypic norntéK1.fos adult
skin [lane N; N*: w/o reverse transcriptase contml DNA contamination]; and RU486-

treatedHK 1.fos A5PTEN ™ or HK1.fos A5PTEN " KAs.

Lower pand: ASPTEN expression in: Untreated skin [lanes 1 gndn? RU486-treated
skin from HK1.fosA5PTEN "¢ [lanes 3,4] orHK1.fosA5PTEN ™ [lanes 5,6] identify a
AS5PTEN floxed allele-specific band [approx 1100ipé wt allele [900bp] and the truncated
ASPTEN floxed allele-specific band following exondablation in treated keratinocytes
[400bp].



Figure 2S: Composite micrographs of protein expresson in HK1.fos4A5PTEN™

ker atoacanthomas.

Adjacent sections are those shown in Fig. 6 arehth composite the left panel/area shows the
proliferative, papillomatous histotype while theghi displays differentiated, frond regions.
Both p53 and p2¥*" exhibit little expression in the papillomatous asehowever strong,
increasingly basal layer expression appeared iferdiitiated/keratotic areas, with p21i
expression appearing in both cytoplasm and nuclpg&SK3 expression increased in
papillomatous histotypes prior to the p53/p21 eggian burst, but this expression remained
essentially suprabasal; whereas in differentiatstbtypes, a further increase and basal layer p-
GSK3B3 expression was observed. Conversely, an invelagoreship was recorded for p-AKT
expression. Strong expression in papillomatousoregfaded in the corresponding p53/521
expressing differentiated histotypes. A more subtlding in transitional areas demonstrated
that strong p-AKT co-expression produced a lessisg and suprabasal p53/§21expression
profile and vice versa, increasing p53/ff21expression produced less intense and suprabas:
p-AKT co-expression, until p- AKT expression fadéthg. Bar: 150 umj.
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Figure 3S: Immunohistochemical analysis of p53, p21"*F, p-GSK3p and p-AKT
expression in HK1.fos and K14.cre/45PTEN histotypes.

HK1.fos and K14.cre/45PTEN sections are from control siblings age matchedhtse
shown in Fig. 6 and Supp. Fig 2S. In bdiiK1.fos papillomasand K14.cre/A5PTEN
epidermal hyperplasia, p53 and P21 expression were consistently negative, as were
normal and hyperplastigK1.fos epidermis [not shown]. In normal or early hyperptas
HK1.fos epidermis, p-GSKB levels were low [not shown], whereas in later
hyperplasias/early papillomas, p-G3K8xpression increased to detectable levels, which
remained suprabasal and similar but below to papaitousHK1.fos/45PTEN histotypes
[Fig. 61]. Conversely, hyperplasti¢tiK1l.fos epidermis possessed very little p-AKT
expression, which remained low in papillomas [notown]. Hyperplastic
K14.cre/A5PTEN epidermis displayed strong p-AKT expression in eaghdermal
compartmentincluding basal layers and follicles, yet no papilas appeared and
hyperkeratosis was the predominant histotype. Wais mirrored by p-GSK3in being a
downstream target of AKT, but p-GSB3®xpression was mainly suprabasal éetbw
that observed iHK1.fos/ 45PTEN KAs [Fig. 6] [mag. Bars 50 or 100 um].
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