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Abstract

To study mechanisms driving/inhibiting skin carcinogenesis, stage-specific expres-
sion of 14-3-30 (Stratifin) was analyzed in skin carcinogenesis driven by activated
raste/fos expression (HK1.ras/fos) and ablation of PTEN-mediated AKT regulation
(K14.creP/A5PTEN™/™). Consistent with 14-3-30 roles in epidermal differentiation,
HK1.ras hyperplasia and papillomas displayed elevated 14-3-3c expression in supra-
basal keratinocytes, paralleled by supra-basal p-MDM21%¢
p-AKT#72 expression. In bi-genic HK1.fos/A5PTEN™/X hyperplasia, basal-layer 14-3-

30 expression appeared, and alongside p53/p21, was associated with keratinocyte

activation and sporadic

differentiation and keratoacanthoma etiology. Tri-genic HK1.ras/fos-A5PTEN™/fx
hyperplasia/papillomas initially displayed increased basal-layer 14-3-30, suggesting
attempts to maintain supra-basal p-MDM21%¢ and protect basal-layer p53. However,
HK1.ras/fos-A5PTEN™/™ papillomas exhibited increasing basal-layer p-MDM21¢¢
activation that reduced p53, which coincided with malignant conversion. Despite
p53 loss, 14-3-3c expression persisted in well-differentiated squamous cell
carcinomas (wdSCCs) and alongside elevated p21, limited malignant progression
via inhibiting p-AKT1%”% expression; until 14-3-30/p21 loss facilitated progression
to aggressive SCC exhibiting uniform p-AKT1%73. Analysis of TPA-promoted
HK1.ras-A5PTEN™/X mouse skin, demonstrated early loss of 14-3-36/p53/p21 in
hyperplasia and papillomas, with increased p-MDM2%¢/p-AKT1%2 that resulted in
rapid malignant conversion and progression to poorly differentiated SCC. In 2D/3D
cultures, membranous 14-3-3c expression observed in normal HaCaT and SP17%¢?
papilloma keratinocytes was unexpectedly detected in malignant T52756/V-7s SCC cells
cultured in monolayers, but not invasive 3D-cells. Collectively, these data suggest 14-3-

3o/Stratifin exerts suppressive roles in papillomatogenesis via MDM2/p53-dependent

Abbreviations: A5PTEN™/ transgenic mice homozygous for lox-P flanked exon 5 PTEN; HK1.fos, transgenic mice expressing FBJ/R v-fos from a truncated human keratin K1 promoter;
HK1.fos-A5PTEN™/™ bi-genic progeny of mating HK1.fos and K14.creP-A5PTEN mice; HK1.ras, transgenic mice expressing v-ras™@ exclusively in the epidermis employing a truncated human
keratin K1 promoter; HK1.ras/fos-A5SPTEN™/™* tri-genic progeny of mating HK1.ras, HK1fos and K14.creP-ASPTEN mice; K14.creP, transgenic mice expressing RU486 responsive cre
recombinase from a keratin K14 promoter; K14.cre-A5PTEN™/™ bi-genic progeny of mating K14.creP and A5PTEN mice; KA, keratoacanthoma; SCC, squamous cell carcinoma.
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1 | INTRODUCTION

The 14-3-3 family of phospho-proteins modulate an extensive and wide
variety of pathways ranging from metabolism and autophagy; through cell
cycle regulation, proliferation, and apoptosis; to cell motility, spatial
awareness, and differentiation.’™ In carcinogenesis, deregulated 14-3-30
is the most common isoform,®® however, given the plethora of pathways
and their complex interactions,'™ 14-3-3c causality remains elusive;
exhibiting both tumor suppressive and oncogenic roles dependent upon
context. Loss of tumor suppressive functions, via promoter hypermethy-
lation rather than mutation/deletion,®? appear in diverse tumors including
receptor-positive breast cancers® liver,” small cell and neuroendocrine
lung cancers'® and correlate with poor prognosis. In contrast, promoter
hypo-methylation giving 14-3-30 overexpression appears in lung
adenocarcinoma,** nonsmall cell lung cancer,*? and colorectal cancers®3;
with overexpression of the secreted form appearing in liver cancer.** 14-
3-30 positivity was more common in triple-negative versus receptor-
positive breast cancers and despite acting as an inhibitory MDM2
chaperone®* resultant p53 increase conferred poorer prognosis.®
Gastrointestinal cancers further highlight contrasting p53 interactions,
as some studies show independent 14-3-30/p53 expression,*> others
showed strong correlation with p53 mutations; for example, in colonic
tumors; yet survival rates were associated with 14-3-30 loss in tumors
wild type for p53.1¢

In epidermis, 14-3-30 is associated with multiple roles in
differentiation, spatial awareness/cellular orientation, and motility of
both interfollicular and follicular keratinocytes.>*”~*? In human skin
carcinogenesis, while 14-3-30 was implicated in basal cell carcinoma
via classic TSG loss, this study found increased 14-3-30 expression in
squamous cell carcinoma (SCC).2° This suggests that initial, increased
14-3-30 protected p53 expression®*?! via MDM2 chaperone/
degradation, thus maintaining nuclear p53 levels.>*?2 However, if
p53 was mutated by UV-B, this mechanism would be counter-
productive, resulting in an oncogenic loop of p53 loss-/gain-of-
function mutant expression®! again reflecting contrasting roles in
specific tumor contexts.” * Mouse models highlight tumor suppres-

sive roles, as the Er/Ert/~

repeated epilation stain possesses germline
14-3-30 mutations that result in epidermal hyperplasia, failed follicular
differentiation, and susceptibility to SCC.2®?* Conditional 14-3-3c
knockout co-operated with ErbB2 in mammary carcinogenesis?>; while
in DMBA/TPA carcinogenesis, 14-3-30 loss resulted in rapid papilloma
formation, supporting a promoting role.?®

To further investigate inhibitory/oncogenic functions, 14-3-3c

expression was investigated in skin carcinogenesis driven by ras"?/fos
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mechanisms; while persistent p53-independent expression in early wdSCC may involve
p21-mediated AKT1 inhibition to limit malignant progression.

fos, keratoacanthoma, organotypic culture, PTEN, ras, skin carcinogenesis, TPA promotion,

activation and conditional loss of PTEN-mediated AKT inhibition.2”~2?
HK1.ras/fos-A5PTEN™/™ mice display papillomatogenesis associated
with compensatory p53/p21 that delayed/inhibited malignant
conversion or produced benign keratoacanthomas (KAs) (HK1.fos-
ASPTEN™/fX) 2729 Following p53 loss and malignant conversion,
HK1.ras/fos-A5PTEN™/™ tumors retained p21 expression, which
limited progression to well-differentiated SCC (wdSCC); until p21
loss2? gave progression to poorly differentiated SCC (pdSCC). This
provided an opportunity to investigate stage-specific 14-3-3c
interactions with MDM2 and p53 that inhibit/drive papilloma
conversion; while loss of PTEN-mediated AKT inhibition investigated
links between p21 and 14-3-3c that may limit malignant progression
via AKT inhibition.>°-32

Key findings demonstrated 14-3-3c expression increase in
hyperplastic and papilloma basal-layers was paralleled by increased
p53/p21 expression. Subsequently, reduced 14-3-3c in papilloma
basal-layers was associated with supra-basal-to-basal increases in p-
MDM2%%% activation; with corresponding reduction in p53, which
contributed to malignant conversion. Further, following p53 loss,
persistent 14-3-30 expression observed in wdSCCs, alongside
elevated p21 may limit early-stage malignant progression via
inhibition of p-AKT1*7® activation, as 14-3-30/p21 loss led to
increased p-AKT1%”® and progression to aggressive SCC. Although
an oncogenic role for persistent 14-3-3c cannot be excluded, as also
suggested by persistent 14-3-30 expression in 3D cultures, TPA
promotion of HK1.ras-A5PTEN™ mice induced rapid transit to pdSCC,
associated with early 14-3-30/p53/p21 loss and immediate, uniform
p-AKT1472 expression, which collectively support tumor suppressive

roles for 14-3-30 in this model.

2 | METHODS

2.1 | Transgenic genotypes and induction of
tumors

Adult transgenic mice (5-16 weeks old) expressing activated ras™
and/or v-fos from a human keratin K1-based vector, modified to
express in basal- and supra-basal keratinocytes (HK1.ras/fos) have
been described previously.>®> To explore malignant conversion,
HK1.ras/fos mice were crossed to mice expressing a keratin K14-
driven, RU486-inducible cre fusion protein (K14.creP®**) and mice
expressing a lox-P-flanked-PTEN exon 5 allele (A5PTEN/fx) 27-29
HK1.ras/fos-ASPTEN™/™ progeny were genotyped by PCR (see
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Supporting Information: Table 1). PTEN function was inactivated (15
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per cohort in repeat experiments2’~2%) following 3 topical treatments
with 15 pL, 2 ug/mL RU486 (mifepristone; Sigma) in ethanol; controls
(5 per cohort) received ethanol alone; giving an archive of up to 60
RU-486 treated ear tumor and 30 dorsal skin biopsy samples per
cohort. Tumors were raised in adult RU486-treated, bi-genic HK1.ras-
ASPTEN™™ mice (n = 10) via 2 weekly treatments with 2.5 pug/50 pL
acetone TPA (50 uL of 1.6 x 107* M TPA; Sigma) with controls (n = 5)
receiving RU486 and ethanol alone.

As observed previously, individuals from each transgenic
cohort produced similar, if not identical phenotypes; for instance,

27,33

all HK1.ras mice exhibit papillomas by 8-10 weeks and while

HK1.fos provides a promotion stimulus,?® all bi-genic HK1.ras/fos
mice lack spontaneous malignant conversion.3® Similarly, bi-genic
HK1.ras/A5PTEN™/™ papillomas required TPA promotion to
7. while bi-genic HK1.fos-A5PTEN™/fX prog-

eny developed benign KAs, not wdSCC, associated with compen-

achieve malignancy?
satory p53/p21 expression.?® Additional ras™?® expression in
tri-genic HK1.ras/fos-A5PTEN™/fX progeny led to malignant
conversion associated with spontaneous p53 loss, whereas p21
retention limited progression to wdSCC?° (see Supporting
Information: Figures S2 and S7). All experiments adhered to UK
Experimental Regulations governing animal experimentation
(Licence: P82170325 to DAG). In addition to this licence, Animal
Care and Use was approved by Glasgow University Advisory
Committee on Genetic Manipulation: Animal Use Committee (GM
Center number: 318).

2.2 | Histology, immunofluorescence, and
immunochemical analysis

Skin biopsies and organotypic rafts were fixed in buffered formalin
(24 h at 4°C), embedded in paraffin and stained with haematoxylin
and eosin. Differentiation status was assessed via double-label
immunofluorescence. A minimum of 15, randomly selected ear
tumor/dorsal skin biopsies were analyzed per genotype; and
wherever possible, for direct comparison, the data shown in each
figure employed serial sections from previously published archival
tumor blocks.2’~2? Following antigen retrieval (boil 5min/10 mM
sodium citrate), sections were incubated overnight (4°C) with: rabbit
anti-mK1 (BioLegend Cat#905601, RRID: AB2565051; 1:100)
employing guinea-pig anti-K14 to delineate epidermis/tumor (Progen
Cat#GP-CK14, RRID: AB2920669; 1:200). Expression was visualized
with FITC-labeled anti-rabbit 1gG (Jackson Labs Cat#711-096-152,
RRID: AB2340597; 1:100) or biotinylated-goat anti-guinea pig
(Vector Laboratories Cat#BA-7000, RRID: AB2336132; 1:100) and
Streptavidin-Texas Red (Vector Laboratories Cat#SA-5006, RRID:
AB2336754; 1:400) at room temperature for 60 min. 14-3-30/
Stratifin analysis employed rabbit anti-14-3-30/Stratifin (Thermo-
Fisher Cat#PA5-23507, RRID: AB2544623; 1:100) and p-AKT1%473
activation employed rabbit anti-p-AKT1%%7% (Abcam Cat# ab81283,
RRID: AB2224551; 1:100).

For immunohistochemical analysis, following antigen retrieval,
sections were incubated overnight (4°C) with rabbit anti-14-3-3a/
Stratifin (1:100); and rabbit anti p-MDM2%® (Abcam anti-MDM2
phospho-5166; Cat#ab131355, RRID: AB11157309; 1:400). p53
analysis employed Abcam Cat# ab31333, RRID: AB_776980 (diluted
1:50) and p21 employed Proteintech Cat# #10355-1-AP, RRID:
AB_2077682 (diluted 1:200) which replaced Santa Cruz p53 (sc#393)
and p21 (Cat# sc-397) (see Supporting Information: Figure S1). For
analysis of 2D chamber cultures, cells were fixed in 10% formalin,
washed and incubated overnight (4°C) with rabbit anti-14-3-3c/
Stratifin (1:100). Expression visualized via HRP-conjugated goat anti-
rabbit antibodies (Vector Laboratories Cat#PAB21463HRP-1000,
RRID: AB2916034; 1:100) at room temp for 60min followed by
DAB+ staining (Dako; Amersham Biosciences).

Photomicrographs employed Axiovision image software (Axiovision
Imaging System, RRID: SCR002677; Zeiss Microscopes). Image J was
employed to quantitate expression data via double-blind analysis.
Typically, 20 areas were measured per inverted, 8-bit tif image (see
Supporting Information: Figure S4) and optical density (OD; corrected
minus background) results averaged per image. Up to 12 separate
tumor images representative of each treated cohort were analyzed (see
Supporting Information: Figures S3-S5) and significance determined via
two-way ANOVA analysis.

2.3 | Cell culture and organotypic tumor invasion
modeling

Immortalized human HaCaT keratinocytes (36; RRID: CVCL0O038);
were provided at passage 35 and used at passages 45-53. DMBA-
initiated/TPA promoted, ras™-transformed SP1 papilloma cells
(RRID: CVCL5785; passage 47-53) and ras?/fos transformed T52
carcinoma cells (37; DAG originated; passage 30-36) were cultured in
DMEM (w/o Ca?"), supplemented with 10% (chelated) fetal calf
serum (FCS) and 0.05mM calcium (Low Ca?*).3> C8161 melanoma
cells (RRID: CVCL6813; passage number unknown) were cultured in
DMEM/10% FCS.

For IHC or IF analysis, cells were plated at 1000 cells per
chamber (Millicell EZ SLIDE; Millipore) in Low Cal®** media, and 2 days
later induced to differentiated by culture in 0.12 mM Ca?* media for
48h* and fixed in 10% formalin (Sigma).

Organotypic invasion models®® were prepared by extracting
collagen from rat tail tendons with 0.5 M acetic acid. Typically, 3 mL
10X DMEM/30% FCS was added to 25 mL rat tail collagen (2 mg/mL;
4°C), neutralized with 0.22 M sodium hydroxide (pH 7.2) and dermal
fibroblasts (7 x 10% cells/mL) seeded in 2.5 mL neutralized collagen
and plated into 35 mm dishes. Collagen rafts formed within 7 days
(~1.5cm diameter) and were placed into 24-well dishes containing
1 mL media and seeded with 10* cells; employing C8161 melanoma
cells (RRID: CVCL6813) as a positive control. Each cell-matrix was
cultured for 3 days, transferred to 60 mm dishes containing a
submerged grid and 3 days later, cells were raised to the air liquid
interface for a further 8-10 days.*®
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3 | RESULTS

3.1 | 14-3-3c expression in differentiating supra-
basal keratinocytes becomes elevated in proliferative,
basal-layer papillomas

To investigate normal function and roles in papillomatogenesis,
14-3-30 expression was compared to p53 and p21 status in

normal skin and HK1.ras hyperplasia/papillomas (Figure 1A-C). In
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with occasional expression in proliferative, basal-layer keratino-
cytes (Figure 1A), paralleled by supra-basal keratin K1 expression,
an early marker of differentiation, also expressed in occasional
basal-layer keratinocytes on commitment to differentiate
(Figure 1A); while p53/p21 were expressed in sporadic cycling
keratinocytes (see also Supporting Information: Figure S7). These
14-3-30/K1 co-expression data were consistent with roles in
epidermal differentiation, while sporadic basal-layer expression

suggests 14-3-30 also regulates keratinocyte commitment to

differentiate.

normal epidermis 14-3-30 was expressed in supra-basal layers,

Fig.1 B & C: 14-3-3s, K1, p53 and p21
2801 W 14-3-3s m K1 mp53 mp21

Relative OD

Fig.1C: pap basal

Fig.1B: hypersupra Fig.1B: hyper basal Fig.1C: pap supra

FIGURE 1 14-3-30, p53 and p21 expression in normal and premalignant phenotypes. (A) Single-label IF/IHC analysis of normal epidermis
shows supra-basal 14-3-30 expression (SFN) with sporadic, expression in (narrow) basal-layer keratinocytes (arrows) committing to differentiate;
while cycling basal-layer keratinocytes show low-level p53/p21. Bottom panel: normal histology. (B) IF analysis of HK1.ras hyperplasia displays
supra-basal 14-3-30 expression (SFN green), with occasional positive (yellow) differentiating basal-layer keratinocytes (arrows); Keratin K14
(red) indicates basal layer. Keratin K1 (green) and K14 (red) show similar differentiation pattern of supra-basal K1 and basal K14; with narrow,
basal-layer keratinocytes committing to differentiate. IHC analysis shows sporadic, low-level p53/p21 expression. (C) HK1.ras papillomas show
supra-basal 14-3-30, with increasing expression in basal-layer keratinocytes (orange); while supra-basal K1 indicates benign tumor. IHC analysis
now shows elevated/nuclear p53 in basal layer keratinocytes. Image J quantitation of HK1.ras hyperplasia confirms high 14-3-30/K1 expression
in supra-basal layers; with low expression in basal keratinocytes; alongside low p53/p21. HK1.ras papillomas show a similar supra-basal 14-3-3c/
K1 profile but now exhibit increased14-3-3c in basal layers paralleled by a fourfold increase in p53 and weaker twofold p21 expression. Bars (A)
approximately 25-30 um; (B) approximately 65 um; (C) SFN/K14 & K1/K14 approximately 50 um; p53 approximately 75 um; p21
approximately 100 pum.
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In HK1.ras hyperplasia, a similar supra-basal 14-3-3c expression
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profile was observed, alongside occasional positive basal-layer cells as
keratinocytes committed to differentiate (paralleled by K1 expression;
see Supporting Information: Figure S7); with sporadic p53/p21
expression in cycling cells (Figure 1B). HK1.ras papillomas (Figure 1C)
maintained this ordered differentiation profile, with supra-basal 14-3-
30/K1 expression, but now displayed a significant, almost threefold
increase (p <0.001) in basal-layer 14-3-30 expression (OD: 61+ 9.4),
compared to hyperplasia (OD: 29 + 6.4); hence, an orange appearance to
14-3-30/K14 IF versus red of K1/K14 basal layers (Figure 1C).
Papilloma keratinocytes now expressed uniform, nuclear p53 in both
proliferative basal (OD: 107 + 9.4) and supra-basal keratinocytes (OD:
105 + 10.4) which was significantly increased (fourfold; p < 0.0001) over
earlier hyperplasia (Figure 1B) with low/cytoplasmic p53 (supra-basal
OD: 22 + 6.4; basal OD: 30 + 5.4]. However, there was little increase in
p21 (Figure 1B: basal OD: 17 +4.4 vs. Figure 1C: basal OD: 29 + 7.4).
This 14-3-30-associated p53 expression increase may reflect a lack of
spontaneous HK1.ras papilloma conversion, consistent with activated
p-MDM2%¢% being confined to supra-basal layers, alongside low
p-AKT1%73 (below; Figures 5 and 6).

3.2 | HK1.fos-A5PTEN™x KAs exhibit basal-layer
14-3-30 associated with elevated p53/p21 and
accelerated, anomalous differentiation

Previously, HK1.fos cooperation with inactivation of PTEN-mediated
AKT regulation (K14.creP-A5PTEN™/™) produced keratotic hyperpla-
sia in HK1.fos-ASPTEN™/™ that evolved into KA (Supporting
Information: Figure S2E), as compensatory p53/p21 expression
halted proliferation and accelerated differentiation.?® Analysis of
14-3-30 in HK1.fos-A5PTEN™™ hyperplasia (Figure 2A,B) showed
basal-layer keratinocytes exhibited strong, membranous/cytoplasmic
expression, accompanied by elevated supra-basal (cytoplasmic) p53
(but not p21, which appeared later) (Figure 2A).28 Image quantitation
of HK1.fos-A5PTEN™/™ hyperplasia confirmed significant increases in
basal-layer 14-3-30 expression (IHC: 77 £ 11; IF: 73+ 12) compared
to HK1.ras hyperplasia (Figure 1B IF: 30+ 6; p < 0.0006). This was
reflected by increased supra-basal p53 (Figure 2B IHC supra-basal:
45+ 6.5; basal: 28 +9.5) versus HK1.ras hyperplasia (Figure 1B IHC
supra-basal: 22+5.4; basal: 30+5.4) but not basal-layer p53,
consistent with the previously observed requirement for a threshold
level of AKT-mediated, p-GSK3p inactivation being necessary to
trigger compensatory p53 (and p21) expression.?®

This suggested basal-layer 14-3-3-0 increases were separate to
p53, possibly concerned with spatial awareness. Indeed, in the context
of HK1.fos-ASPTEN™/™ hyperplasia, such elevated basal-layer 14-3-3c
was not accompanied by increased keratin K1 (Figure 2B K1 basal layer:
17 £7.4; see Supporting Information: Figure S7C), which remained
similar to HK1.ras hyperplasia (Figure 1B K1 basal: 16 + 4.7), suggesting
either roles linked to spatial awareness rather than differentiation,” or as
a direct consequence of activated v-fos expression corrupting en-

dogenous c-fos roles in differentiation.?®

On progression to KA, two distinct HK1.fos-A5PTEN™/™ histotypes

d?®: a massive keratosis, interspersed with fronds of keratino-

emerge
cytes; and an initial proliferative pathology often confused with wdSSC
(Supporting Information: Figure S2E). Analysis of frond-like histotypes
(Figure 2C; see Supporting Information: Figure S3), found that elevated
14-3-30 in both supra-basal (OD: 89 + 13.5) and basal-layer keratino-
cytes (OD: 61+ 11) was paralleled by strong p53 expression in frond-
like basal (86+11) and supra-basal layers (55+9.4). Furthermore,
together with elevated p21 in basal-layer (78 £ 13.5) and supra-basal
layers (47 £9.5), overt KA expressed anomalous keratin K1 in basal-
layers (Figure 2C KA frond-like basal: 103 + 19.5; KA frond-like supra-
basal: 104 + 18.5), consistent with accelerated, anomalous differentia-
tion and the resultant keratosis observed previously.®

In contrast, proliferative basal-layer keratinocytes of wdSCC-like
histotypes exhibited low 14-3-3c expression (Figure 2C: wdSCC-like
basal OD: 29 + 8) compared to frond-like areas (p < 0.003); yet with
similar supra-basal expression (OD: 79 + 21.9). This was paralleled by
lower p53 expression (wdSCC-like basal: 46 £ 9.9; wdSCC-like supra-
basal: 45+7.9) and p21 (wdSCC-like basal: 37 +21.9; wdSCC-like
supra-basal: 40+ 9.9); yet here a relatively normal K1 expression
profile indicated a benign KA histotype (wdSCC-like basal layer:
25+ 21.9; wdSCC-like supra-basal layer: 94 + 20.9). Hence, increased
p53/p21 now combined with 14-3-3c differentiation functions and
cell cycle inhibition*® to evoke a switch from proliferation to
(accelerated) differentiation,?® highlighted by anomalous/premature
basal layer keratin K1 expression (Figure 2C: lower end panel) and

AKT inhibition (see below) thus avoiding progression to malignancy.2®

3.3 | Early HK1.ras/fos-A5PTEN™/f* carcinomas
show persistent 14-3-3c following p53 loss which
may limit progression in collaboration with p21

In HK1.ras/fos-A5PTEN™/™ mice, co-operation between HK1.ras/fos
and loss of PTEN-mediated AKT regulation resulted in rapid
papillomatogenesis, however malignant conversion required p53 loss
and progression stalled at a wdSCC histotype due to persistent p21
(30; Supporting Information: Figure S2C). Analysis of 14-3-30 in
HK1.ras/fos-A5PTEN™/™ papillomas (Figure 3A,B IHC; Supporting
Information: Figure S7D) showed high levels in proliferative basal-
layers (OD Figure 3A: 67 +9.7; Figure 3B*: 74 +9.8; Figure 3B**:
57 + 8.8); again paralleled by elevated p53 (Figure 3A: 48 +3.7) and
p21 (Figure 3A: 77+6.7). However, in late-stage HK1.ras/fos-
ASPTEN™/fx  papillomas, p53 expression became reduced
(Figure 3B*: 46 £ 8.9 [p < 0.0007]) and expression was lost in specific
areas (Figure 3B**: 25+8.7); hence loss of p53 guardianship
increased spontaneous mutations leading to wdSCC (Figure 3B high
magnification: 11+ 9 [significance vs. Figure 3B*: p <0.0003; vs.
Figure 3B**: p < 0.001], see Supporting Information: Figure S4A).

In contrast, in both late-stage papilloma and wdSCC histotypes,
14-3-30 and p21 remained elevated (Figure 3B* 14-3-30: 74 £9.4;
Figure 3B* p21: 89+8.1); and moreover, 14-3-30 expression
remained in areas of reduced p53 (Figure 3B**: 55+6.7
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FIGURE 2 14-3-30, p53 and p21 expression in HK1.fos-A5PTEN™/fX keratoacanthoma etiology. (A) HK1.fos/A5PTEN™/™ hyperplasia shows
elevated basal layer 14-3-30 expression with mainly cytoplasmic p53 expression in supra-basal keratinocytes, whereas p21 is expressed at low
levels. (B) At higher magnification, both IHC and IF analysis show elevated basal-layer 14-3-3c expression is cytoplasmic and membranous;
similarly elevated p53 appears mainly cytoplasmic with sporadic nuclear expression and K1 expression remains normal. (C) Left panels: HK1.fos/
A5PTEN™/fX keratoacanthoma shows the highly differentiated, frond-like histopathology (see Supporting Information: Figure S2E) exhibits
strong basal- and supra-basal 14-3-3c expression, paralleled by elevated, nuclear p53 and p21; where anomalous basal-layer K1 expression
indicates premature differentiation.?® In contrast, less-differentiated, wdSSC-like keratoacanthoma histopathology (right panels) exhibits weaker
and mainly supra-basal 14-3-30/K1 expression, paralleled by lower p53/p21. Right: Image J quantitation of hyperplasia confirms elevated basal-
and supra-basal 14-3-3c expression, with elevated p53 but little p21. Analysis of KA histotypes shows high expression of each protein in areas
of highly differentiated histotypes - including anomalous K1 expression in basal layers; whereas wdSCC-like histotypes exhibit lower basal-layer
expression, yet 14-3-3c and K1 expression persists in the supra-basal layers as observed in wdSCC. Bars: (A) approximately 120-150 um; (B)
IHC: 14-3-30/p53 approximately 75 um; IF: 14-3-3c approximately 50 um; K1/K14 approximately 30 um; (C) Left column: 14-3-30/p53/p21
approximately 60-75 um; K1/K14 approximately 100 um. Right column: 14-3-30/p53 approximately 60-75 um; K1/K14 approximately 50 pum;
p21 approximately 100 um. wdSCC, well-differentiated squamous cell carcinoma.

[p <0.0005]) and persisted in p53-negative wdSCC (Figure 3B: compared to papilloma basal-layer 14-3-3c expression (Figure 3A

52+5.7 [p<0.0001]); albeit at reduced levels, possibly reflecting IF: 91+20.5), wdSCCs showed invasive basal-layer keratinocytes

14-3-30 expression regulation by p53.# Similarly, p21 persisted exhibited significantly reduced 14-3-3c levels (Figure 3C [arrows]

(Figure 3B**: 67 £ 6.7 [vs. p53: p < 0.0005]) and expression actually wdSCC1: 37 +£8.6; wdSCC2: 35.5 + 6.6 [p < 0.0001]) consistent with

increased following conversion to p53-negative wdSCC (Figure 3B: loss of aTSG role during invasion and progression (see K1 analysis for

87 +8.7 [vs. p53 wdSCC: p <0.0001]; see Supporting Information: histotype conformation; Supporting Information: Figure S5). Hence,

Figure S4A); again suggesting a feedback to p53 loss that, alongside larger areas of reduced 14-3-3c expression and eventual loss

persistent 14-3-30, helped inhibit progression®’ until lost during (Figure 3C SCC1: 29 +12.2; SCC2: 26 + 11.9) drove SSC progression.

development of aggressive SCC (see Figure 6 and Supporting Of note, 14-3-30 loss was paralleled by p21 loss and increased p-

Information: Figure S4A, lane 14). AKT1%73; suggesting this was a key interaction during malignant
Immunofluorescence analysis of HK1.ras/fos-A5PTEN™/™ tumors progression - a result also repeated in TPA promotion experiments.

possessing papilloma, wdSCC and SCC histotypes (Figure 3C, see

Supporting Information: Figure S7E) also showed that strong 14-3-3c

expression in papillomas (Figure 3A OD: 125 + 15.1) became reduced 3.4 | Rapid tumor progression in TPA-treated

in late-stage papilloma (Figure 3C [low mag. green] OD: 107+13.3  HK1.ras-A5PTEN™/fX carcinogenesis associates with

[vs. 3A: p<0.02]), yet expression persisted following conversion to early loss of 14-3-30, p53 and p21

(p53-negative) wdSCC (Figure 3C wdSCC [low mag. yellow area] OD:

64 +10.1 [p <0.005]); until lost on progression to SCC (Figure 3C Previously, a lack of tumor progression in HKZ1.ras-A5PTEN™/fx

[low mag] OD: 34+7.6 [p<0.0005]). At higher magnification, studies?” had prompted TPA promotion experiments, which resulted
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FIGURE 3 14-3-30, p53 and p21 expression in HK1.ras/fos-A5PTEN™* SCC etiology. Left panel: (A) Early HK1.ras/fos-A5PTEN™/fix
papillomas exhibit strong basal and granular layer 14-3-30 expression; with a hiatus in the intermediate, acanthotic layers. Strong p53 is
observed in all layers; while basal p21 expression parallels 14-3-3ag, with lower levels in acanthotic layers. Supra-basal K1 expression indicates
benign tumor. (B) IHC analysis of typical mixed histotype HK1.ras/fos-A5PTEN™/™ tumor shows elevated 14-3-30/p21 co-expression; whereas
p53is reduced in papilloma histotypes (*) and absent in areas of converting papilloma (**). Higher magnification (used for quantitation) of wdSCC
histotype shows persistent (if lower) 14-3-30 expression alongside maintained p21 expression and p53 loss. (C) IF analysis of mixed HK1.ras/fos-
ASPTEN™/™ tumor shows elevated 14-3-3c expression in papilloma histotypes (green) persists in wdSCC histotypes (yellow) but weakens in
invasive SCC areas (red due to K14 counterstain). At higher magnification wdSCC histotypes exhibit reduced 14-3-3c in the invasive basal layers
(arrows wdSCC 1 and 2) with further, more uniform regression in SCC1 which is finally lost on progression to more aggressive SCC (SCC2)
(Quantitation shown in Figure 4 below). Right panel: Image J quantitation of IHC analysis shown in (B), confirms persistence of 14-3-3c and p21
following conversion to wdSCC whereas p53 expression diminished in papillomas (**) and was lost in wdSCC. Lower: Image J quantitation of IF
analysis shown in (C) demonstrates reduction and loss of 14-3-3a expression in basal versus suprabasal keratinocytes of papillomas, wdSCC and
SCC. Bars (A) approximately 120-150 um; (B) Left: approximately 120-150 um. Right: approximately 100 um; (C) approximately 100 and 75 pum.

SCC, squamous cell carcinoma; wdSCC, well-differentiated SCC.

in rapid progression to aggressive SCC/pdSCC?’ (see Supporting
Information: Figure S2D). Immunefluorescence analysis (Figure 4),
demonstrated that SCC/pdSCC tumors lacked detectable 14-3-3c
expression (Figure 4A: 17 +8.5), while the areas of TPA-promoted
HK1.ras-A5PTEN™/f* hyperplasia already exhibited reduced expres-
sion (Figure 4A supra-basal: 63 + 10.5; basal: 38 + 11.6; see Support-
ing Information: Figure S5), compared to typical papillomas
(Figure 3A IF supra-basal: 142+23.5 [p <0.001]; basal: 91+20.5
[p <0.0007]). Indeed, hyperplastic basal-layer 14-3-3c expression
was already reduced to levels observed in wdSCCs (e.g.,
wdSCC1: 37 +8.6).

Thus, any initial 14-3-3c-mediated suppressive responses to
inhibit papillomatogenesis (alongside p53 and p21) were short lived,
as more sensitive IHC analysis of TPA-promoted HK1.ras-A5PTEN™/f
tumors (Figure 4B) showed 14-3-3c loss in K1-positive papilloma
(17 £2.6), resulting in 14-3-30-negative pdSCC (11+3.6), was
paralleled by complete p53 (4.3+6.6) and p21 (7+3.6) loss
(Figure 4B). Similarly, IHC analysis of TPA-promoted HK1.ras-
ASPTEN™/™ hyperplasia showed early loss of TSG expression
(Figure 4C: 14-3-30 upper: 19+6.6; lower: 31+6.4; p53 upper:
14+4.6; lower: 21+3.4; p21 upper: 16+6.6; lower: 28+6.4),

consistent with rapid progression to pdSCC (see Supporting Informa-

tion: Figure S5 for quantitation and K1 expression analysis).

3.5 | HK1.ras/fos-ASPTEN™/™* tumor progression
highlights 14-3-36/p-MDM21é¢ antagonism in
p53-associated malignant conversion

Given the antagonistic 14-3-30c and MDM2 interactions involved in
p53 regulation,®*?2 activated p-MDM214¢ status was investigated in
stage-specific tumor etiology (Figure 5). In normal epidermis,
activated p-MDM21%¢ expression paralleled p53 and 14-3-3¢ in
being supra-basal, with occasional positive basal expression in cycling
keratinocytes alongside sporadic p53/14-3-3c (Figure 5A:
p-MDM2%¢ supra-basal: 48 +3.5; basal: 26+3.5; 14-3-3¢ [IF]
supra-basal: 42 + 6.5; basal: 24 + 3.5; p53 supra-basal: 28 + 6.5; basal:
28 +8.5). Similarly, HK1.ras papillomas displayed elevated, supra-
basal p-MDM2%¢¢ (Figure 5B: supra-basal: 107 +29.5), alongside
elevated 14-3-30 expression (108 +16.5); possibly geared to
maintain lower p53 levels (30+7.5) and avoid anomalous p53-

mediated apoptosis that might compromise barrier functions.2”-28
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FIGURE 4 14-3-30, p53 and p21 expression in TPA-promoted, poorly differentiated SCC. (A) Low and high magnification
immunefluorescence analysis of a typical TPA-promoted HK1.ras-A5PTEN™/f* pdSCC shows loss of 14-3-30 expression, alongside K1 loss,
compared to adjacent epidermal hyperplasia (bottom left). (B) IHC analysis of earlier TPA-promoted HK1.ras-A5PTEN™/™ papilloma/wdSCC/
SCC also shows 14-3-30 loss parallels loss of p53 and p21; even in areas of K1-positive papilloma. (C) IHC analysis of TPA-promoted HK1.ras-
A5SPTEN™/™ hyperplasia already shows loss of 14-3-3c parallels p53 loss and reduced p21 (see Supporting Information: Figure $2D). Right
panels: Upper: Image J quantitation of IF analysis tumor histotypes in Figures 3 and 4A confirms reduced expression of 14-3-3c and keratin K1
as papillomas (Figure 3A) convert to wdSCC (Figure 3C) and such reduced levels were already demonstrated in TPA-promoted hyperplasia
(Figure 4A; Supporting Information: Figure S5). Lower panel: Quantitation of Figure 4B,C IHC analysis shows TPA treated papillomas and SCCs
lacked 14-3-30, p53 and p21; while TPA-promoted HK1.ras-A5PTEN™/™ hyperplasia again expressed loss compared to persistent 14-3-3c and
p21 observed in wdSCC (Figure 3B; see also Supporting Information: Figure S5). Bars (A) approximately 120-150 and 50 um; (B) approximately
150 um; (C) approximately 100 um. pdSCC, poorly differentiated SCC; SCC, squamous cell carcinoma; wdSCC, well-differentiated SCC.

2166 was detectable

In larger HK1.ras papillomas where p-MDM
in strands of basal-layer keratinocytes, expression was mainly
cytoplasmic not nuclear (Figure 5B: 42 + 13.5), reflecting increased
14-3-30 (Figure 5B: 60 + 3.5), which acted to chaperone MDM2 into
the cytoplasm for ubiquination.®>*?2 Hence, HK1.ras papillomas

2166

lacked activated, nuclear p-MDM which resulted in elevated

nuclear p53 (Figure 5B: 68 + 10.5) and this significant increase over
normal (p <0.0001) helped prevent malignant conversion.?”*® In
triple HK1.ras/fos-A5PTEN™/™ papillomas (Figure 5C), elevated basal-
layer 14-3-30 (51 + 20.4) again appears geared to sequester activated
p-MDM2%%¢ to supra-basal keratinocytes (77 + 7.4); and any poten-
tial increase in basal-layer p-MDM2%%¢ expression (48 8.4)
remained destined for cytoplasmic ubiquination. Thus, basal-layer
keratinocytes were mainly negative for nuclear p-MDM21%¢
(Figure 5C; papilloma panels) and consequently at this stage, nuclear
p53 levels remained high (77 + 5.4).

However, with time, in HKZ1.ras/fos-A5SPTEN™/* tumors
comprised of papilloma, wdSCC and SCC histotypes (above,
Figure 3C), strong nuclear p-MDM214¢ expression appeared in all
layers of wdSCC and SCC histotypes (Figure 5C: left and middle
panels: wdSCC: 77+11.4; SCC: 9194 |[vs.
p <0.0002]). This supra-basal-to-basal expression of activated

papilloma

p-MDM2%¢ in wdSCC was paralleled by a reverse, basal-to-
supra-basal reduction in 14-3-3c (Figure 5C wdSCC basal:
35+ 5.4 [vs. papilloma p <0.0005]) and loss of p53 (21+4.4

[p < 0.0003]); while continued expression of p-MDM2%%¢ in SCCs
corresponded loss of 14-3-30c expression (basal: 24 +6.9
[p<0.0001]) and virtually undetectable p53 (basal: 14+4.1
[p < 0.0001]). Similar 14-3-30 loss was observed in vitro, where
3D raft cultures of invasive SCC and melanoma cells were
negative for 14-3-3c expression, unlike their cultured 2D
counterparts (see Figure 7). Thus, in HK1.ras/fos-A5PTEN/fix
carcinogenesis, reduced basal-layer 14-3-3c and subsequent
increased p-MDM2%¢ activity, lowered p53 levels giving a

susceptibility to malignant conversion/progression.

3.6 | 14-3-30/p21 co-operation inhibits AKT to
limit malignant progression

Analysis of HK1.ras/fos-A5PTEN™/fX SCC and TPA-promoted
HK1.ras-A5PTEN™ pdSCCs etiology showed a distinct 14-3-3c/
p21 co-expression profile that appeared to antagonize p-AKT1473
and limit malignant progression (Figure 6). Initially, in HK1.ras/fos-
ASPTEN™/f% papillomas (Figure 6A), elevated 14-3-30/p21 co-
expression in basal and supra basal layers (14-3-3c basal: 88 + 4.4;
75+3.6; p21 basal: 97+7.4; p21 supra-
basal: 72 +9.4) was associated with low p-AKT1%”3 expression
(basal: 22+12.4; supra-basal: 18+5.4). This suggested initial
responses to loss of PTEN-mediated AKT regulation, including

14-3-30 supra-basal:
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FIGURE 5 p-MDM2%% and 14-3-30/p53 expression in HK1.ras papilloma and HK1.ras/fos-A5PTEN™ SCC etiology. (A) Normal epidermis
shows supra-basal 14-3-30 parallels activated p-MDM2%¢% expression, with sporadic positive basal-layer keratinocytes also observed for p53.
(B) HK1.ras papilloma sections show supra-basal 14-3-3c parallels supra-basal p-MDM2%¢¢ expression, but with increasing nuclear p53
appearing in basal layer keratinocytes. (C) Left column: HK1.ras/fos-A5PTEN™/f* \wdSCCs show elevated basal layer p-MDM21% expression,
while 14-3-30 remains essentially supra-basal and p53 becomes sporadic. Middle column: Aggressive HK1.ras/fos-A5PTEN™/™ scC/pdscc
shows strong p-MDM2%% expression in invasive SCC keratinocytes; while 14-3-3c becomes sporadic alongside occasional p53-positive cells.
Right column: For comparison HK1.ras papilloma exhibits supra-basal 14-3-30/p-MDM21%¢ and nuclear p53-positive basal-layer keratinocytes.
Bars (A) approximately 25-30 um; (B) approximately 85-100 um; (C) wdSCC and pdSCC approximately 50-75 um. pdSCC, poorly differentiated
SCC; SCC, squamous cell carcinoma; wdSCC, well-differentiated SCC.

high p53 levels (above; Figure 3A), inhibited p-AKT14”3 expres-
sion. Further, despite p53 loss in HK1.ras/fos-A5PTEN™/fx wdSCCs
(Figure 6B), persistent basal/suprabasal-layer 14-3-30/p21 co-
expression (14-3-3c basal: 51+2.4; supra-basal: 86 +3.2; p21
basal: 70 £ 13.9; supra-basal: 64 +5.5) appeared to confine any
increase in p-AKT147% expression to supra-basal wdSCC layers
(basal: 17 + 4.3; supra-basal: 53 + 5.4).

As wdSCC HK1.ras/fos-ASPTEN™™* tumors progressed to
aggressive SCC (Figure 6C), reduced 14-3-3c was paralleled by
reduced p21 expression, particularly in the invasive basal layers (14-
3-30 basal: 13+12.4; supra-basal: 38+8.2; p21 basal: 17+5.3;
supra-basal: 48 + 2.5), which corresponded to increased, activated p-
AKT1%47% becoming widely expressed in all layers (basal: 48 +12.5;
supra-basal: 70+ 11.9). This antagonism was also demonstrated in
TPA-promoted, HK1.ras-A5PTEN™/f* pdSCC etiology (Figure 6D).
Here, early loss of 14-3-30/p21 expression (14-3-30 basal: 10 +2.4;
supra-basal: 38+5.4; p21 basal: 20+4.3; supra-basal: 7+4.1)
coupled to p53 loss (Figure 4C p53: basal 14 * 4.6), gave high levels
of p-AKT1%7% expression (basal: 71+5.5; supra-basal: 89 +12.9)
consistent with rapid papillomatogenesis, conversion and progression
to pdSCC. Taken collectively, these data indicate a strong synergism
exists between 14-3-3c and p21, possibly geared to inhibit AKT-
mediated progression following p53 loss; and this aspect is under
further investigation in p21 knockout and inducible 14-3-3c
knockout models.

3.7 | 14-3-3c persists in malignant SCC cells grown
in 2D but not invasive cells of 3D-cultures

To compare in vivo findings to cultured cells (Figure 7), 14-3-3c
expression was assessed in immortalized HaCaT keratinocytes®*; ras™a-
transformed (DMBA/TPA) SP1 papilloma cells (SP17*¢%); and T52 SCC
cells, derived from SP1 keratinocytes transformed by v-fos (T527%¢Y/
HWfos) 37 |nitially, 14-3-30 was assessed in transformation assays via

1ra561

resistance to calcium induced differentiation. Here, SP cells adopted

a flattened morphology consistent with attempts to differentiate; while
T52rs61/HVVfos |15 were indifferent to raised calcium levels, consistent
with their SCC phenotype (Supporting Information: Figure Sé).

In 2D cultures, membranous/cytoplasmic 14-3-3c expression
was detected in immortalized HaCaT and SP17?%! papilloma
keratinocytes cultured in proliferative Low Calcium (0.05 mM Ca?*)
media, giving a halo appearance (upper panel; Figure 7), consistent

19.2022 and immor-

with roles in spatial awareness/contact inhibition
talized/benign tumor phenotypes observed in vivo. However, 14-3-
30 expression was also observed in malignant T52m¢%/v-fes gcc
keratinocytes, with a similar cytoplasmic halo appearance, which may
reflect expression observed in malignant HK1.ras/fos-A5PTEN™/fx
wdSCCs (above). When challenged to differentiate in high calcium
media (>0.12 mM Ca?"), increased numbers of SP1™%¢? keratinocytes
exhibited 14-3-3c with expression in distinct cytoplasmic areas;
consistent with roles in spatial awareness. T52761/v-fes 450
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p-AKT1472 and 14-3-30/p21 expression in HK1.ras/fos-A5PTEN™™ wdSCC/SCC and TPA-promoted pdSCC etiology. (A)

HK1.ras/fos-A5PTEN™/™ hyperplasia lacks p-AKT14’2 expression alongside basal layer 14-3-3c and p21 co-expression which become reduced
in the upper acanthotic layers. (B) Early, well-differentiated HK1.ras/fos-A5PTEN™/™ SCCs exhibit increasing p-AKT14”2 but expression is
confined to supra-basal layers given continued basal-layer 14-3-30/p21 co-expression. (C) Aggressive HK1.ras/fos-A5PTEN™/fx SCCs exhibit
uniform p-AKT1472 expression in basal layers, paralleled by reduction/loss of 14-3-30/p21 expression in invasive keratinocytes. (D) TPA-
promoted HK1.ras-A5PTEN™/™ ndSCC etiology exhibits high uniform p-AKT147% expression (i.e., levels mask K14 counterstain); paralleled by
loss of 14-3-30 and p21 expression. Bars approximately 85-100 um. pdSCC, poorly differentiated SCC; SCC, squamous cell carcinoma; wdSCC,
well-differentiated SCC.
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FIGURE 7 In vitro analysis of 14-3-3c expression in normal, papilloma, and malignant cells. Upper panel: 2D culture shows immortalized

HaCaT keratinocytes express membranous 14-3-3c and high levels of nuclear p53. Benign SP

12561 papilloma cells express membranous 14-3-

30 in proliferative, low Ca?* media with spatially localized cytoplasmic expression when differentiating in high Ca?* media; accompanied by

sporadic, mainly cytoplasmic p53. Malignant T52 rasé1/HVVfos

cells express less membranous 14-3-36/SFN in proliferative low Ca?* media; but

retained this distinct cytoplasmic localization in high Ca* media, despite being resistant to CaZ*-induced differentiation. In both proliferative and

differentiating media, T52 rasé1/HVvfos

cells exhibit cytoplasmic/nuclear levels of p53 (Supporting Information: Figure S3 gives cell morphology).

Lower panel: 14-3-3c expression in 3D tumor invasion assays. HaCaT cells produce a relatively normal skin on organotypic rafts, with
membranous 14-3-3c expression in basal and supra-basal keratinocytes. T52 5¢1/V-fos SCC cells exhibit weaker expression in sporadic basal

layer cells; however, both IF and IHC analysis show invasive T5

2 ras61/v-fos

cells lack 14-3-3c expression. Similarly, the positive invasive control,

c18161 melanoma cells are negative for 14-3-30 expression. Bars: approximately 30-40 um. SCC, squamous cell carcinoma.

exhibited this profile, thus maintaining a spatial awareness, yet
suggesting14-3-3c had become uncoupled form suppressive func-
tions or had adopted an oncogenic role.

For comparison, p53 expression was strong and nuclear in HaCaT
cells,® whereas in proliferative Low Cal conditions, sporadic SP17%61
cells expressed mainly cytoplasmic p53 which increased in differen-
tiating Hi Cal media. Oddly, malignant T5225¢1/V-fs cells expressed
p53, but expression was assumed to be a mutant version, based on
initiation with DMBA®3 such as the p53%7> GOF mutant.?! Given that
p53 directly induces 14-3-3c expression,>*2? this observation may
also account for 14-3-3c detection in SCC cells.

In organotypic 3D rafts, the normal skin produced by HaCaT cells
displayed 14-3-30 in basal and supra-basal keratinocytes; with a distinct
membranous location indicative of spatial awareness (Figure 7 left panel:
single IF staining). Unfortunately, SP1™%? cells attempted to create
(fragile) papilloma at the air/liquid interface, which were lost in sample

processing. Indeed, collagen-based rafting protocols®® appeared less
optimum for murine SP1/T52 cells compared to human HaCaT or c18161
melanoma cells. However, invasive T527%%V-fes SCC cells essentially
nailed this model epidermis to the collagen raft (Figure 7: lower panel)
where T52 cells exhibited 14-3-30 expression but this was lost in the
invasive cells; as observed for invasive c18161 melanoma cells (Figure 7:
lower panel; right). Thus, in vitro data suggest that while TSG functions
may be lost during progression/invasion; in certain malignant contexts,

persistent 14-3-3c expression may act to influence tumor outcome.

4 | DISCUSSION

In HK1.ras/fos-A5PTEN™/™ mice overall the in vivo observations were
consistent with tumor suppressive roles for 14-3-3o, where elevated
expression interacted with p53/MDM2 during papillomatogenesis to
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inhibit malignant conversion; while lower, persistent expression
cooperated with p21 to initially inhibit AKT-associated malignant
progression. Additionally, as 14-3-3c acts with CDK-inhibitors p21,
p15 and p27 to limit G1/S progression,®® normal epidermis displayed
sporadic 14-3-3c in dividing (p53/p21 positive) basal-layer keratino-
cytes; hence, development of epidermal hypoplasia when overex-
pressed in transgenic mice.>’ Consistent with roles in differentiation,
normal epidermis and HK1.ras hyperplasia/papillomas expressed supra-
basal 14-3-3c; further, expression appeared in sporadic populations of
narrow, basal-layer keratinocytes that co-expressed keratin K1
(Figure 1A,B); an early marker of epidermal differentiation lost during
malignant conversion.2” "2 This suggests roles in keratinocyte commit-

17219 which require abilities to alter cell shape and

ment to differentiate,
migrate,® consistent with findings that 14-3-3¢ stabilized complexes of
keratin intermediate filaments with the actomyosin cytoskeleton3® to
alter cell shape, rigidity and motility; a role potentially subverted in
localized tumor invasion.*° In HK1.fos-A5PTEN™/™ KA etiology, 14-3-30
expression reinforced roles in differentiation with elevated, membra-
nous expression in hyperplastic HK1.fos-A5PTEN™/ basal-layer kera-
tinocytes (Figure 2A,B), which resulted in accelerated/premature
keratinocyte differentiation,?® culminating in classic KA keratosis
(Supporting Information: Figure S2E). This suggests 14-3-3c co-
operation with fos and PTEN in regulation of the proliferation/
differentiation balance. Indeed given the well-characterized interactions
between 14-3-30/p53/p21,34?2 as elevated basal-layer 14-3-3c
expression preceded that of p53/p21 (Figure 2A,B), it may help trigger
compensatory p53/p21 responses that switched hyperproliferation into
the differentiation that dominates KA etiology.?® Hence, the initial
proliferative KA bulb (Supporting Information: Figure S2E) exhibited
supra-basal 14-3-30/K1 expression associated with weak p53/p21
(Figure 2C?8); whereas overt KAs exhibited uniform 14-3-30/p53/p21,
accompanied by premature basal-layer K1 expression in keratotic frond
histotypes (Figure 2C).2 These links between 14-3-3c and fos/PTEN
which triggered p53/p21, may also account for basal-to-supra-basal

8 where differentiation to inhibit

)30—32,41

changes in p-AKT**™73 expression,?
AKT and/or restrict expression to supra-basal layers (Figure 6
contributed to a KA outcome rather than malignant progression.
Additional ras™® activation in HK1.ras/fos-A5PTEN™/f* mice
altered papillomatogenesis, giving rise to tumors that converted to
malignancy, which centered on 14-3-3c interactions with MDM2
leading to p53 loss.>*?2 Here, tri-genic HK1.ras/fos-A5PTEN™/x
mice also identified 14-3-30 interactions with p21, that appeared to
limit early-stage malignant progression via AKT inhibition. Initially, in
normal epidermis and preneoplastic HK1.ras or HK1.ras/fos hyperpla-
sia, activated p-MDM21%¢ expression was supra-basal alongside 14-

2166 \as also associated

3-30, and in basal-layers, sporadic p-MDM
with p53/p21 co-expression in keratinocytes completing the cell
cycle (Figure 1A,B).3*?238 Sych supra-basal 14-3-30/p-MDM21%¢
may be a feature of epidermal homeostasis where p-MDM21¢¢-
mediated removal of p53, alongside supra-basal AKT activation,
facilitates terminal differentiation to prevent deregulated apoptosis
and maintain barrier functions.?®#! Indeed, this aspect of barrier

17-19,42

homeostasis may underlie the minimal p53/p21 responses
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observed in HK1.ras/fos hyperplasia; possibly reflecting an epidermal
tolerance to such ras/fos-mediated proliferation (Figure 1A,B).27"%?

In overt HK1.ras, HK1.ras/fos and HK1.ras-A5PTEN™/™ papillo-
mas, this supra-basal 14-3-30/p-MDM2%® profile continued yet
increasing 14-3-30 appeared in strands of basal papilloma keratino-
cytes and was accompanied by strong, uniform nuclear p53
expression. As 14-3-3c is a chaperone that removes MDM2 from
the nucleus for ubiquination, increased 14-3-3c expression led to
elevated, nuclear p53%4?2 that subsequently inhibited malignant
conversion; a feature of these bi-genic mice.?472? This was consistent
with rapid papillomatogenesis observed in 14-3-3c knockout mice
following two-stage chemical carcinogenesis?® and susceptibility to
skin carcinogenesis in repeated epilation mice (Er/Er) that express a
truncated 14-3-3c protein.?%24

In tri-genic HK1.ras/fos-A5PTEN™/™ hyperplasia and papillomas,
elevated 14-3-30, p53 and p21 expression responses were immedi-
ate, appearing in all layers; and with a noted diminished 14-3-3a/p21
co-expression in the acanthotic regions (Figure 3A,6A) suggesting
direct 14-3-30/p21 interactions (see below). Such 14-3-30/p53/p21
responses helped maintained supra-basal p-MDM2%¢ expression
(Figure 5B,C) together with AKT inhibition (Figure 6A); thus, despite
significant increased hyperplasia and rapid papilloma formation,
malignant conversion was delayed, for example, in contrast to TPA
promotion (below). However, with time basal-layer 14-3-3c expres-
sion decreased (Figure 3C: wdSCC1 and 2), and this was paralleled by
supra-basal-to-basal increases in activated p-MDM2¢¢ (Figure 5C),
resulting in p53 down regulation and increased spontaneous
mutations in proliferative basal cells resulting in conversion to
wdSCCs.??

Of note, this wdSCC histotype was maintained over the medium
term and thus mimics persistent p53-independent, 14-3-30 expres-
sion observed in many human tumors.t*1¢ Indeed, this remained the
case until 14-3-3c expression was lost during progression to more
aggressive SCC (Figures 5C and 6C). Here, despite reduced 14-3-3c0
in wdSCC basal layer cells, supra-basal expression continued,
probably trans-activated by pé3 (primarily TAp63y) in the absence
of p53.% This supports the idea that 14-3-30 roles in differentiation
(above'®'?; also contribute to maintenance of wdSCC histotypes,
such as maintaining persistent (albeit reduced) keratin K1 expression;

44,45 and

as keratin K1 (or K10) expression inhibits transformation
were rapidly lost in TPA promotion experiments (Figure 4). In
addition, 14-3-30/p21 interactions®>2#¢ may also inhibit AKT activity

30.3147)  None-

to limit early-stage malignant progression (below
theless, persistent 14-3-30 in p53-negative wdSCCs cannot exclude
oncogenic roles, as suggested in vitro by malignant T52 carcinoma
cells (below); that is, in cells lacking p53, once protection failed,
spontaneous mutations increased with potential to cooperate with
persistent, deregulated 14-3-3c expression and dictate the outcome
as observed in human tumor progression and patient prognosis.>1¢

In terms of HK1.ras/fos-A5PTEN™/™ progression, previous
studies showed that p53-independent p21 expression limited

9,46

malignant progression,? and as 14-3-30/p21 co-expression in

hyperplasia/papilloma varied with the degree of acanthosis

85U80| 7 SUOWILIOD A Tea.D 3|qedljdde aup Aq peusenob afe ssp e YO 8sN JO'Sa|nJ 10§ Ariqi]8uljuO A1 UO (SUONIPUOD-PUE-SWBYWIOD" AB | 1M Afe]q U1 [UO//SAY) SUOIPUOD pue SWie | 8y} 88S *[7202/80/22] U0 Akiqiauljuo A8|iM ‘Soj0 aued yBinquips ‘SIN pUeiods 10} uoeonp3 SHN Aq T//£Z9W/Z00T 0T/I0p/wod* A8 im Arelq 1 pul|uo//sdny woljy pepeojumod ‘6 ‘¥20Z ‘v7.Z860T



1780
—LWI LEY

Molecular

MCMENEMY ET AL

—Carcnogene!

(Figures 3A and 6A) this strengthens their direct interactions.®238

Moreover, 14-3-3c and p21 are known inhibitors of AKT 31-334647
which maybe a key activity that limited early-stage malignant
progression following p53 loss. Previously, western blot analysis of
TPA-promoted  HK1.ras-A5PTEN™™ mice showed immediate
increases in p-AKT expression in hyperplasia and papillomas,
culminating in strong expression in aggressive SCC.?” Subsequently,
p-AKT inhibition appeared to be a direct target of compensatory
p53/p21 expression in HK1.fos-A5PTEN™™ mice?® and, as shown in
HK1.ras/fos-A5PTEN™™ mice following p53 loss,?’
was again associated with low-level p-AKT1%¢™73; now appearing

persistent p21

alongside 14-3-30 expression (Figure 6).

Thus, given the levels of 14-3-30/p21 observed during HK1.ras/
fos-A5PTEN™/X papillomatogenesis (Figure 6A), their combined co-
expression (alongside that of p53; Figures 1-3), may help account for
the distinct lack of p-AKT1%¢™72 despite PTEN ablation. This lack had
been an intriguing result, given loss of PTEN-mediated AKT signaling
regulation had been expected to result in elevated p-AKT1473
expression.?”"2? Further, it may be that such persistent basal-layer
14-3-30/p21 still restricted the increasing levels of p-AKT1473
expression to supra-basal layers of early HK1.ras/fos-A5PTEN/fix
wdSCCs (Figure 6B). However, with time, beginning with 14-3-30,
both 14-3-30 and p21 expression faded and increased, uniform

T5¢r473 expression was associated with progression

basal-layer p-AK
to aggressive SCC, presumably combined with increasing spontane-
ous mutations given the lack of p53 surveillance.

Furthermore, the protective nature of this 14-3-30/p21/p53
TSG triad was clearly demonstrated by rapid progression to pdSCCs
following TPA promotion of HK1.ras-A5PTEN™/™ mice?” Here,
HK1.ras-A5PTEN™/f* pdSCCs were devoid of 14-3-3c and K1
(Figure 4A,B; Supporting Information: Figure S5); and deployment
of protective 14-3-30/p53/p21 expression was short lived, as
analysis of TPA-promoted HK1.ras-A5PTEN™/™ papillomas and the
earliest hyperplasia, were already negative for 14-3-30/p53/p21
expression (Figure 4). Thus, TPA-promoted HK1.ras-A5PTEN™/fix
papillomatogenesis was rapid, as also observed in two-stage chemical
carcinogenesis employing 14-3-30 knockouts?®; with uniform p-
AKT1%¢™73 helping drive early papillomatogenesis, consistent with
previous western blot analysis?” with rapid malignant conversion and
progression to pdSCC (Figure 6). These data suggest important roles
for AKT activation in malignant progression and, together with that of
p-mTOR, are under further investigation in 14-3-30 and p21
knockout models to confirm the significance and causality of stage-
specific 14-3-30 and/or p21 loss and subsequent AKT/p-mTOR
overexpression.

In vitro, membranous 14-3-3c expression profiles observed in
proliferative HaCaT and benign SP1 papilloma cells were consistent

517-19,42,
’

with suppressive roles while the distinct cytoplasmic

polarity of 14-3-3c expression in SP1%¢? papilloma keratinocytes

>1942. 45 seen in

again suggested a degree of spatial awareness
HK1.fos-A5PTEN™/f hyperplasia (Figure 2B). Unexpectedly in 2D
cultures, malignant T522s61/HVVfos g cells retained membranous

14-3-30 and cytoplasmic polarity, despite their resistance to terminal

differentiation.®® This raised oncogenic implications for persistent (or

secreted) 14-3-30 expression?l 14

that may contribute to cellular
migration during early invasion, as observed in mammary carcinogen-
esis*%; however, in 3D cultures, 14-3-3c expression was sporadic and
was lost in individual invading T52"261/HVVfos 5CC cells (Figure 7).
This alternate view of potential oncogenic roles regarding
persistent, p53-independent 14-3-30 expression likely reflect the
multitude of interactions assigned to 14-3-3c activities and are
clearly context dependent.>>” For instance, while elevated 14-3-3c

counters ras™32¢

and fos activation,®® and alongside p21, responds to
loss of PTEN-mediated AKT regulation, 267324447 the roles for 14-3-
30 in cell rigidity and migration observed in mammary carcinogene-
sis*© may interact with the loss of PTEN functions in cell spreading
and migration.*®*° Further, during wound healing, 14-3-3c is known
to stimulate the PISK/mTOR pathway increasing cell growth and
migration.2¢°° Here, alternate keratins are expressed such as K17,%?
that aid keratinocyte migration via direct cytoplasmic interactions
with 14-3-30 to stimulate mTOR activities.>®°* This fits in well with
largely subcellular cytoplasmic location of 14-3-3c in the tumor cell
lines and potentially invasion roles in graft assays®>*° together with
the membranous expression and changes in cell shape as keratino-
cytes committed to differentiate.

Finally, in p53-positive tumors,” ¢ the oncogenic contribution of
persistent 14-3-3c expression maybe indirect, for example, reduced
MDM?2 leading to elevated expression of (UVB-mediated) gain-of-
function p53 mutants.?!

Taken collectively, in vivo data highlight 14-3-30 suppressive
roles geared to limit ras™?-activated papillomatogenesis via increased
p532%27 or exploit differentiation roles as in KA etiology that link 14-
3-30 to fos and PTEN. On tumor progression, decreased 14-3-3c and
increased p-MDM2%%¢ activity reduced p53 leading to malignant
conversion; yet 14-3-30/p21 co-expression continued to limit early-
stage malignant progression via p-AKT#’® inhibition; until circum-
vented as observed in TPA promotion experiments. Given the
diverse, context-dependent nature of 14-3-3c activities in human
tumors, multistage transgenic models are likely to help validate the
tumor suppressive or potentially oncogenic roles for 14-3-3c

deregulation.
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