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Abstract

More than a million cases of cutaneous squamous cell carcinoma are diagnosed in the USA each year, and its incidence is
increasing. Most of these malignancies arise from premalignant lesions, providing an opportunity for intervention before
malignant progression. We previously documented how cytoplasmic mislocalization of CDC25A in premalignant and
malignant skin cancers confers resistance to apoptotic cell death via a mechanism that depends on its interaction with
14-3-3¢. From these data, we hypothesized that 14-3-3¢ overexpression drives skin tumor development and progression,
such that targeting 14-3-3¢ may be a useful strategy for skin cancer treatment. Like CDC25A, 14-3-3¢ was overexpressed

and mislocalized to the cytoplasm of both benign and malignant human skin cancer. Skin-targeted deletion of the 14-3-3¢
gene reduced skin tumor development by 75% and blocked malignant progression. 14-3-3¢ suppressed apoptosis through
activation of Akt, leading to inhibition of BCL2 associated agonist of cell death and upregulation of Survivin. Using virtual
tetrapeptide libraries, we developed a novel peptide that specifically blocked 14-3-3¢ heterodimerization and thereby
prevented its interaction with CDC25A. The peptide reduced prosurvival signaling, killed skin cancer cells and reduced skin
tumor growth in xenograft. Normal skin keratinocytes were unaffected by inhibition or deletion of 14-3-3¢. Thus, targeting

of 14-3-3¢ dimerization is a promising strategy for the treatment of premalignant skin lesions.

Introduction

Non-melanoma skin cancer is the most prevalent malignancy
in humans with cutaneous squamous cell carcinoma (SCC) ac-
counting for >70% of all non-melanoma skin cancer-related
deaths (1,2). Most of these SCC arise from premalignant pre-
cursors known as actinic keratoses (AKs), providing a unique
opportunity for intervention before malignant progression (3).
AKs often present as multiple lesions over a large region of
skin, which makes surgical removal difficult. They also have a
high rate of recurrence and progression to SCC, particularly in
patients with multiple lesions (3). The best alternative to sur-
gical intervention for AK is topical 5-fluorouracil, but it is inef-
fective in more than a quarter of patients and has adverse side

effects (4). Thus, better targets and treatments are needed for
premalignant and malignant non-melanoma skin cancer.

One such potential target is the family of 14-3-3 proteins,
which consists of seven isoforms (, €, 1, v, 0, 0 and ¢) that in-
fluence signaling pathways and cellular processes through
their propensity to associate with a wide range of client pro-
teins (5,6). 14-3-3 Proteins are active in either homodimeric or
heterodimeric form, and individual monomers in dimers can
bring their client proteins within close proximity, allowing ef-
fective interactions between two clients (7). As such, 14-3-3
proteins can function as oncogenes by promoting tumor-like
characteristics such as cell survival, invasion and proliferation
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Abbreviations

SDK1 sphingosine-dependent kinase-1

SCC squamous cell carcinoma

1C50 half-maximal inhibitory
concentration

WT wild type

MT mutant

DMBA 7,12-dimethylbenz[a]anthracene

TPA 12-O-tetradecanoylphorbol-13-acetate

MD molecular dynamics

ANOVA analysis of variance

(8-10). We previously documented that interaction with 14-3-3 is
required for CDC25A-mediated suppression of apoptosis in skin
cancers (11). Herein we reveal 14-3-3¢ as an essential CDC25A
binding partner that activates prosurvival signaling and pro-
motes skin cancer progression.

14-3-3¢ has been implicated in many cancers including
astrocytoma, hepatocellular carcinoma, colon cancer, men-
ingioma, vulvar SCC, breast cancer, lung cancer and natural
killer/T-cell lymphoma (9,10,12,13). 14-3-3¢ inhibits apoptosis in
osteosarcoma cells by suppressing transcription factor activity in
the nucleus (14). Loss of 14-3-3¢ increases apoptosis in response
to stress in Drosophila melanogaster and chronic myelogenous leu-
kemia cells, whereas overexpression of 14-3-3¢ protected neur-
onal cells from apoptosis (15-17). A role for 14-3-3¢ in resistance
to ultraviolet irradiation-induced cell death has also been docu-
mented in a kidney cell culture model (18). These data suggest
that 14-3-3¢ may be a key anti-apoptotic regulator in skin cancer,
which usually arise as a result of chronic ultraviolet exposure.

Because heterodimerization of 14-3-3¢ with other 14-3-3
isoforms is required for its activity (19-21), we hypothesized that
inhibition of 14-3-3¢ dimerization may be a useful means to block
its activity. Although inhibition of 14-3-3¢ dimerization has not
been reported, a strategy arising from the observation that di-
merization of 14-3-3¢ is blocked by phosphorylation at Ser58 by
sphingosine-dependent kinase-1 (SDK1) (22) was investigated.
Woodcock et al. used a sphingosine-mimic to induce SDK1 ac-
tivity, thereby increasing phospho-14-3-3¢ (P-Ser58), which led to
increased apoptosis in leukemia cells (23). However, this method
of indirectly targeting dimerization is immunosuppressive, and
SDK1 phosphorylation of 14-3-3¢ does not occur (22). Presently, no
therapies exist to directly target dimerization of 14-3-3 proteins.

We hypothesized that targeting 14-3-3¢ heterodimerization
may be an effective strategy to reactivate proapoptotic pathways
in premalignant lesions and prevent SCC development. In sup-
port of this hypothesis, we found that skin-targeted deletion of
the 14-3-3¢ gene substantially reduced skin tumor development
and blocked malignant progression. 14-3-3¢ suppressed apoptotic
cell death in skin cancer cells by activating Akt, leading to inhib-
ition of BCL2 associated agonist of cell death and upregulation
of Survivin. Our de novo designed tetrapeptide blocked
heterodimerization of 14-3-3¢ with its preferential dimerization
partners 14-3-3y and -G to increase SCC apoptosis and reduce
skin cancer growth. Normal skin cells with nuclear localization of
14-3-3¢ were largely unaffected by targeting of 14-3-3¢. These data
provide important proof-of-principle evidence for the potential
of inhibition of 14-3-3¢ activity for the treatment of skin cancer.

Materials and methods

Cell culture

Human skin SCC cell lines (SCC12B.2, SCC13, SRB12) were obtained from
Dr. James Rheinwald and Dr. Tom Carey and authenticated as described in
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refs (24,25). Early passage and not immortalized normal human epidermal
keratinocytes were obtained from Thermo Scientific, Waltham, MA. Cells
were transfected with pcDNA3.1-HA-14-3-3¢ (Addgene plasmid # 48797;
http://n2t.net/addgene:48797;RRID:Addgene_48797) (26) or control plasmid
or siRNA (4 siRNA sequences pooled) targeting 14-3-3¢ (Dharmacon,
Lafayette, CO), 14-3-3y (Dharmacon), 14-3-3¢ (Dharmacon), Survivin (Cell
Signaling, Danvers, MA), Akt (Dharmacon) or control siRNA (Santa Cruz
Biotechnology, Dallas, TX), or treated with Akt inhibitor GSK690693 (Tocris
Bioscience, Bristol, UK). Cells were treated with cycloheximide (100 pg/
ml) (Abcam) 48 h after transfection or with fresh peptide daily for 48-96 h
in Opti-MEM I Reduced Serum Medium (Invitrogen). Half-maximal in-
hibitory concentration (IC,)) was determined by treating with increasing
concentrations of peptide (0-75 pM) in Opti MEM medium with reduced
serum (Invitrogen) for four consecutive days. Neutral Red Cell Viability
and Caspase-3/7 Glo (Promega Corporation, Madison, WI) assays were
performed.

Immunostaining, TUNEL and image analysis

Acquisition of human samples was part of a study approved by Creighton
University’s IRB. Otherwise discarded and excess tissues without patient
identifiers were obtained. Immunostaining was performed using anti-
bodies recognizing 14-3-3¢ (Cell Signaling), 14-3-3y (Cell Signaling), 14-3-
3¢ (Cell Signaling), Survivin (Cell Signaling), P-Akt (S473) (Thermo Fisher),
Keratin 5 (BioLegend, San Diego, CA), Keratin 1 (BioLegend), Keratin 6
(Biolegend), Loricrin (Novus Biologicals, Centennial, CO) or Ki67 (Abcam,
Cambridge, UK). TUNEL (Terminal deoxynucleotidyl transferase dUTP
nick end labeling) was carried out using Promega DeadEnd Fluorometric
TUNEL system (Promega). Fluorescence intensity or the number of labeled
cells was measured using an Olympus VS120 Slide Scanner (Olympus,
Tokyo, Japan). Cellular localization of immunohistochemistry signal was
determined in a double-blinded manner.

Coimmunoprecipitation and immunoblotting

Coimmunoprecipitation was performed using Dynabeads Protein G
Immunoprecipitation Kit (Life Technologies, Carlsbad, CA) after coup-
ling with 14-3-3e (Fisher Scientific, Waltham, MA) or Akt (Thermo Fisher)
antibodies. Controls included immunoprecipitation reactions using IgG
isotype control antibody and whole lysates. Antibodies recognizing 14-3-
3¢, 14-3-3p, 14-3-31, 14-3-3y, 14-3-30, 14-3-30 or 14-3-3¢ (Cell Signaling),
P-Akt (S473) (Cell Signaling), total Akt (Cell Signaling), P-BAD (S136) (Cell
Signaling), total BAD (Cell Signaling), Survivin (Cell Signaling), MSIN3A
(Abcam), GAPDH (Abcam) or «/p-tubulin (Cell Signaling) were used
for immunoblotting with a Chemidoc XRS Molecular Imager (Bio-Rad
Laboratories, Hercules, CA).

Animals

Groups of NCG mice (NOD CRISPR Prkdc I12r gamma/NjuCrl) (Charles
River, Malvern, PA) were injected s.c. with 5 x 10° SCC13 cells. Tumors (at
150 mm?) were treated via intratumoral injection with vehicle or 2.5 nmol
ES1P2 tetrapeptide daily for 2 days (N = 3) or every other day for 2 weeks
(N = 4 for ES1P2 and N = 5 for vehicle) and then harvested for analysis
24 h after the last treatment. Conditional deletion of Ywhae, the gene
for 14-3-3¢, in the epidermis was achieved by crossing 14-3-3¢"* C57Bl6
mice (27) with KRT14-Cre recombinase transgenic mice (28) on an FVB/N
background and backcrossing for five generations on FVB/N mice. Male
and female 14-3-3fl/fl/Cree- [wild type (WT)] and 14-3-3fl/fl/Cree* [mutant
(MT)] mice (N = 20 WT, N = 18 MT) were topically treated with 50 nmol
of 7,12-dimethylbenz[ajanthracene (DMBA) followed by topical 6.8 nmol
of 12-O-tetradecanoylphorbol-13-acetate (TPA) (6.8 nmol) weekly for 5
weeks and then by twice weekly 6.8 nmol of TPA. Groups of mice were
euthanized after 24, 27 or 30 weeks for histopathological characterization
of all tumors by two board-certified dermatologists. All procedures were
performed with the approval of and in accordance with the guidance of
the Creighton University Institutional Animal Care and Use Committee.
Animal protocols including this work were 690.4 (breeding), 809.3 (xeno-
grafts) and 842.3 (chemical carcinogenesis).

Hras sequencing

Genomic DNA was extracted from FFPE tumors collected from 14-3-3
WT and MT animals following DMBA/TPA carcinogenesis using QIAamp
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DNA FFPE Tissue Kit (Qiagen). Exon 2 of Hras was amplified via PCR
using the following primer set: F 5-GGTCAGGCATCTATTAGCCGTC; R
5-GCCGAGACTCAACAGTGCGAG. Sanger sequencing of unpurified PCR
products was performed by Genewiz (Genewiz, South Plainfield, NJ).
Alternatively, following extraction from FFPE tumors, gDNA was sent to
Genewiz for single-nucleotide polymorphism analysis at Hras codon 61.

Tetrapeptide library

Three-dimensional structures for the virtual tetrapeptide library were
generated using the YASARA program (29). The library contained all pos-
sible combinations of any standard amino acid residues, cysteine was
excluded to prevent synthetic problems at later stage (19* = 130 321 struc-
tures). Four different terminal end protections were used: free, N-acetyl,
C-terminal amide and both termini capped (4 x 130 321 = 521 284 struc-
tures). An in-house Python script automated peptide generation and mini-
mization in vacuo. Minimization in solvent was unnecessary because the
torsional angles are randomized during docking; only the bond lengths
and angles needed correction after initial structure generation.

Target selection and docking

The N-terminal region with residues Asp6, Tyr9 and Gln6 of 14-3-3¢, as
unique residues among the seven isoforms of 14-3-3 proteins were iden-
tified as a binding site. The non-protein components in the X-ray struc-
ture of 14-3-3¢ (PDB i.d. 3ual) (30) were deleted, and missing H-atoms were
added using YASARA. The resultant structure was relaxed in an aqueous
environment using 200 ns molecular dynamics (MD) simulation (see
parameters below). Binding site residues were assigned using the ray-
tracing algorithm included in the Molegro Virtual Docker program (31).
All receptor grids were aligned to the geometric center of the identified
binding sites and tetrapeptides were docked using the GPU screening
module of Molegro Virtual Docker. Hits were clustered using Tabu clus-
tering of Molegro Virtual Docker with root-mean square deviation cutoff of
2.5 A, ensuring maximum diversity in poses. Poses were ranked according
to their molegro-derived energies; this scoring function is a modified ver-
sion of PLANTS and was considered optimal for protein-peptide docking.

MD simulation

For the MD simulations, the GROMACS-2016 package (32) was used with
the CHARMM36m force field (33). The structure of the 14-3-3-peptide com-
plex was solvated in a dodecahedron with ¢ TIP3P water molecules (34) and
0.15 M sodium chloride. The system was subjected to 1000 steps steepest
descent energy minimization and then to 1 ns constant number of mol-
ecules, volume and temperature simulation at 300 K, so that the position
of the protein-peptide complex was constrained at the center of the do-
decahedron with a force constant of 1000 kJ/mol. The system was then
equilibrated during a 10 ns unrestrained constant number of molecules,
pressure and temperature (NPT) simulation at 1 bar pressure and 300 K
temperature. The integration step was 2 fs, the LINCS algorithm (35) was
used to constrain all bonds to their correct length with a warning angle of
30°. The protein-peptide complex and the solvent with ions were coupled
to separate temperature baths with a relaxation constant of 0.1 ps. The
peptide and the solvent with ions were coupled separately to constant
pressure using method of Berendsen with a relaxation constant of 1.0 ps
and 4.5 x 10-%/bar isothermal compressibility (36). The temperature was
controlled by the stochastic velocity-rescaling method of Bussi et al. (37).
The long-range electrostatic interactions were calculated using the par-
ticle mesh Ewald method with 1.2 nm cutoff distance applying Verlet
scheme and 0.15 nm Fourier spacing. For the calculations of van der Waals
interactions, the short-range and long-range cutoffs, respectively, were 1.0
and 1.2 nm using the force-switch modifier. Finally, 250 ns NPT simulation
was performed at 300 K and 1 bar pressure. The parameters were the same
as during equilibrations, except the protein-peptide complex and solvent
with ions were separately coupled to a 1 bar Parrinello-Rahman barostat
(38). After the initial 250 ns screening, those structures in which the pep-
tides did not dissociate from the Tyr9 region of 14-3-3¢ were further simu-
lated for 2 ps using the same parameters as for the screening.

Residue contribution binding energy

The residue contribution to the binding energy of peptides to 14-3-3¢ for
the last 50 ns of the 2 ps simulation was calculated using the g mmpbsa

software (39). For the calculations, solvent and solute dielectric constants
were 80 and 4, respectively. Temperature and sodium chloride concentra-
tion were the same as in the simulations.

Peptide production

Peptides were synthesized and purified to greater that 95% purity by
Bachem Americas (Torrance, CA) and EZBiolabs (Carmel, IN).

Statistical analysis

Comparisons between two groups were performed using a two-tailed
Student’s t-test, where P < 0.05. Significance was determined using one-
way analysis of variance (ANOVA) with the Dunnett’s post hoc test for com-
parison of more than two groups, where P < 0.05. For data collected at
multiple time points, two-way ANOVA with a Bonferroni correction was
used, where P < 0.05.

Results

Overexpressed cytoplasmic 14-3-3¢ inhibits
apoptosis in SCC cells

Immunohistochemical analysis revealed that 14-3-3¢ expres-
sion was increased during skin cancer development and pro-
gression (Figure 1A). 14-3-3¢ was detected primarily in the
epidermis of normal skin and was localized to the nuclei of all
epidermal cell layers (Figure 1A, left). 14-3-3¢ immunostaining
was increased in AK and SCC (Figure 1A, middle and right) and
accompanied by a distinct shift from predominantly nuclear
localization in normal skin to a more cytoplasmic pattern
in tumors (Figure 1A and B). Similarly, increased expression
of 14-3-3t was seen in SCC versus normal human cell lines
(Figure 1C).

To assess whether increased cytoplasmic 14-3-3¢ suppressed
apoptosis in SCC cells, 14-3-3¢ was silenced (Figure 1E) or was
transiently transfected (Figure 1F) in cutaneous SCC cell line
SCC12B.2, which had elevated cytoplasmic 14-3-3¢ similar to skin
cancers (Figure 1C and D). Silencing of 14-3-3¢ increased apop-
tosis by 65% (Figure 1G), whereas 14-3-3¢ overexpression signifi-
cantly decreased apoptosis (Figure 1H). Analysis of prosurvival
pathways revealed regulation of several key signaling molecules
in SCC cells. Levels of active Akt (P-S473) were reduced, inhibi-
tory phosphorylation of BAD (S136) was increased and Survivin
levels were decreased on silencing of 14-3-3¢ (Figure 2A).
Overexpression of 14-3-3¢ had the opposite effect on Akt, BAD
and Survivin (Figure 2B).

Because 14-3-3 proteins can protect client proteins from deg-
radation [reviewed in ref. (40)], 14-3-3¢ was silenced and the cells
were treated with cycloheximide, revealing reduced stability of
Akt upon abrogation of 14-3-3¢ (Figure 2C). Immunoprecipitation
of 14-3-3¢ protein from SCC12B.2 cells confirmed its associ-
ation with Akt (Figure 2D). Inhibitory phosphorylation of BAD
at residue Ser136 was downstream of this interaction with
Akt, as shown by the decrease in P-BAD after treatment with
Akt inhibitor GSK690693 (Figure 2E). Akt silencing revealed that
Survivin was similarly downstream of Akt (Figure 2F). The func-
tion of Survivin has been shown to be determined by its cel-
lular localization. In the nucleus, Survivin is a mitotic regulator,
and in the cytoplasm, it acts as a direct inhibitor of activated
caspases (41,42). We postulated that 14-3-3¢ may contribute to
the accumulation of cytoplasmic Survivin in SCC cells. Silencing
14-3-3¢ in SCC12B.2 cells reduced cytoplasmic Survivin while
increasing nuclear Survivin (Figure 2G). Silencing of Survivin
(Figure 2H) increased apoptosis in SCC12B.2 cells (Figure 2I).
Thus, 4-3-3¢ increased both the stability of Survivin and its cyto-
plasmic localization.
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Figure 1. 14-3-3¢ was overexpressed and shifted to the cytoplasm during SCC progression and inhibited apoptosis in SCC cells. (A) Immunohistochemistry for 14-3-3¢
(brown) in human normal skin (N = 28), AK (N = 13) and SCC (N = 19) (scale bar = 50 pm). (B) Analysis of 14-3-3¢ localization in normal, AK and SCC human skin was deter-
mined in a double-blinded manner; cytoplasmic represents more intense cytoplasmic versus nuclear intensity, cytoplasmic and nuclear (Cyto/Nuc) defined as equally
intense in the nucleus and cytoplasm, nuclear was more intense nuclear versus cytoplasmic intensity. (C) 14-3-3¢ levels in normal human epidermal keratinocytes
(NHEK) and SCC lines SCC12B.2 (12B2), SCC13 and SRB12. (D) 14-3-3¢ distribution in cytoplasmic (C) and nuclear (N) fractions from SCC12B.2 cells shown by immuno-
blotting. (E-F) Immunoblotting after silencing or transfection of 14-3-3¢ in SCC12B.2 cells. (G) Apoptosis was measured using a Caspase-3/7 Glo assay in control siRNA
or 14-3-3¢ silenced SCC12B.2 cells 24 h after transfection (N = 5). (H) SCC12B.2 cells were transfected with 14-3-3¢ or an empty vector and apoptosis was measured by a
Caspase-3/7 Glo assay 24 h after transfection (N = 5). Significance was determined using a two-tailed Student’s t-test, where P < 0.05 (G, H).

14-3-3¢-deficient skin was resistant to skin developed (Figure 3A and B). The skin of the 14-3-3e MT mice had
carcinogenesis no obvious phenotype (Figure 3C and Supplementary Figure S1,
available at Carcinogenesis Online). Following DMBA/TPA treat-

To assess the impact of 14-3-3¢ on skin carcinogenesis in vivo, X .
ment, skin tumor numbers were suppressed by 75% in 14-3-3¢

mice with skin-targeted deletion of the 14-3-3¢ gene, Ywhae, were
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determined using a two-tailed Student’s t-test, P < 0.05 (I).

MT mice compared with controls (Figure 3D) with decreased
tumor incidence as well (Figure 3E). Significantly, deletion of 14-3-
3¢ blocked progression to malignancy. Fifteen percent of the WT
mice developed an SCC in situ, none of the 14-3-3¢-deficient mice
did (Supplementary Figure S2A and B, available at Carcinogenesis
Online). Of a small number of WT and MT tumors assessed, most
sustained a mutation in codon 61 of Hras (Supplementary Figure
S2C, available at Carcinogenesis Online).

Development of inhibitors of 14-3-3¢
heterodimerization for skin cancer treatment

The striking suppression of skin carcinogenesis upon 14-3-3¢
deficiency suggests that it may be a useful target for treatment.
Accordingly, we aimed to generate a novel and specific agent
to inhibit 14-3-3¢. Because 14-3-3¢ requires heterodimerization
for its activity and the dimerization domain of 14-3-3 proteins

contains the most heterogeneity of sequence (Figure 4A and
B), we pursued a strategy to block 14-3-3¢ dimerization. For
this approach, we needed to decipher the heterodimerization
patterns of 14-3-3e with other 14-3-3 isoforms in skin cancer.
Immunoprecipitation of 14-3-3¢ in SCC cells revealed that 14-3-
3¢ dimerizes with 14-3-3y or 14-3-3¢ in our SCC cells (Figure 5A).
Both 14-3-3y and - exhibited predominantly nuclear localiza-
tion in normal human skin with a shift to much more cyto-
plasmic localization in SCC (Figure 5B), consistent with the
pattern seen for 14-3-3¢ (Figure 2A and B). Similarly, there was
a more cytoplasmic localization of 14-3-3 isoforms in multiple
SCC cell lines and in mouse SCCs (data not shown). Silencing
of 14-3-3y or 14-3-3¢ in SCC cell lines also increased apoptosis
(Figure 5C and D).

We aimed to develop a tetrapeptide to specifically target
the N-terminal heterodimerization region of 14-3-3¢. The
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Figure 3. Deletion of 14-3-3¢ did not disrupt normal skin but reduced tumorigenesis. (A) Immunoblot for 14-3-3¢ in skin (left) and 14-3-3¢ quantification normalized
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mouse skin for keratin 5, keratin 1 and loricrin (scale bar = 50 pm). (D-E) Groups of male and female WT and MT mice were treated with DMBA and TPA for 24 (N = 4),
27 (N =4) or 30 (N = 12 WT, N = 10 MT) weeks. Tumor multiplicity (D) and incidence (E). *Significance for tumor multiplicity using two-way ANOVA with Bonferroni

correction, where *P < 0.05 (D).

aminoterminus of 14-3-3¢ contains several unique residues (Asp6,
Tyr9, GIn10) when compared with the other six 14-3-3 isoforms
that could potentially allow for specific targeting (Figure 4A and
B). Of the 521 284 structures in the virtual tetrapeptide library, 90
peptides docked favorably to the Tyr9 region of 14-3-3¢ as assessed
by the PLANTS scoring function of Molegro (Figure 4C). During 200
ns MD simulations of the selected 14-3-3-peptide complexes two
peptides stayed bound to the N-terminus of ¢14-3-3¢. The sub-
sequent 2 ps MD simulation of the two complexes revealed that
the novel tetrapeptide ES1P2 (Trp-Tyr-Trp-Lys-NH,) still bound to
the originally aimed N-terminal region of 14-3-3¢. Thus, it had the
best potential for specifically targeting 14-3-3¢ heterodimerization
(Figure 4D). Root-mean-square deviation analysis of the 2 ps tra-
jectory, using the backbone atoms, showed that ES1P2 dissociated
from the N-terminus of 14-3-3¢ at around 300 ns but remained
bound to the region of residue 60-80. At 900 ns, the peptide moved
back to the original N-terminal region of 14-3-3¢ in a slightly

different pose and stayed there for remainder of the MD simula-
tion (Figure 4D). During the first phase (0-300 ns) of the MD simu-
lation, N-terminal residues unique to the 14-3-3¢ isoform (Asp6,
Tyr9, GIn10, Glu25, Lys29 and Asp34) contributed to its association
with ES1P2 (Figure 4E and F). In the third phase of MD simulation
(900-2000 ns), when ES1P2 bound again to the N-terminal region
of 14-3-3¢, residue contribution to binding was similar to that of
the initial phase, except greater contribution from 14-3-3¢-specific
residues Glu25 and Lys29 and less contribution from Asp6 were
observed (Figure 4G and H). On the peptide side, Trp1 and Lys4 con-
tributed most to its binding energy with 14-3-3¢.

ES1P2 blocked 14-3-3¢ dimerization and signaling,
triggered SCC apoptosis and decreased SCC growth
The IC, of ES1P2 in cell survival assays of SCC12B.2 cells was

20.6 pM (Figure 6A) and treatment of SCC cells with ES1P2 signifi-
cantly increased apoptosis (Figure 6B). ES1P2 at 20 uM partially
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Figure 4. Heterodimeric structure of 14-3-3¢ with the ¢ isoform, sequence alignment of the first 90 residues of the seven isoforms, and specific targeting of 14-3-3¢
heterodimerization with the novel peptide ES1P2. (A) In the heterodimer, ¢ is in cyan and ¢ in gray color. Residues 1-18 and 60-87 of the dimerization domains are
highlighted in red. Unique residues (Asp6, Tyr9 and GIn10) of the ¢ isoform are in green. Left is the front and the 180 degrees rotated structure is on right. (B) Amino acid
sequences for the seven 14-3-3 isoforms from residues 1 to 90. *”, conserved residues among all seven isoforms; ‘’, conservative mutations; ‘e’ semi-conservative mu-
tations; no symbol, non-conservative mutations. Heterodimerization domains are marked with a box. (C) Of the 521 284 structures in the virtual tetrapeptide library, 90
peptides docked favorably to the N-terminal dimerization domain of 14-3-3¢ (red color). On the basis of 200 ns MD simulations of the 14-3-3-peptide complexes, eES1P2
was chosen for detailed MD analysis. (D) Root-mean square deviation analysis of the 2 ps trajectory of the 14-3-3e-ES1P2 complex indicates that the peptide interacted
most of the simulation time with the N-terminal dimerization domain of 14-3-3e. Between 300 and 900 ns, the peptide bound to residues 60-80 of 14-3-3¢, but after 900
ns, it remained closely bound again to the N-terminal region. (E-H) Residue contributions to binding energy during the initial 300 ns (E, F) and the last 1100 ns (G, H)
phases of the simulation. ES1P2 on top and the N-terminal region of 14-3-3¢ on bottom. Red colored letters indicate unique residues in 14-3-3e.
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targeting 14-3-3y or 14-3-3( for 48 h. (D) Caspase-3/7 Glo assay 48 h after 14-3-3¢, 14-3-3y or 14-3-3 silencing in SCC12B.2 cells. Significance determined using one-way

ANOVA followed by Dunnett’s post hoc test, P < 0.05 (D).

blocked 14-3-3¢ association with 14-3-3y and 14-3-3¢ (Figure 6C).
In contrast, and as expected given the altered localization of
14-3-3¢ in SCC compared with normal skin, as well as the lack
of phenotype in 14-3-3¢ MT mouse skin, ES1P2 was nontoxic

to normal keratinocytes (Figure 6A, dashed line). Xenografts of
human skin SCC cells were treated intratumorally with ES1P2,
revealing a doubling of TUNEL-positive SCC cells (Figure 6D). In
addition, ES1P2 decreased P-Akt (S473) (Figure 6E) and Survivin
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three biological replicates (N = 3). Significance determined using a two-tailed Student’s t-test (B, D-F) or two-way ANOVA (G). *P < 0.05, P < 0.01, ***P < 0.001, respectively.

(Figure 6F) levels in SCC, consistent with the effects of 14-3-3¢
silencing (Figure 2A). ES1P2 treatment reduced SCC growth in
xenograft by half (Figure 6G).

Discussion

Following our previous observations of CDC25A binding to cyto-
plasmic 14-3-3 to provide tumor-specific mechanisms to bypass
apoptosis (11), we demonstrated the biological contribution of

14-3-3¢ to skin cancer and the mechanisms by which 14-3-3¢
acts. 14-3-3¢ was increased and relocalized from the nucleus
to the cytoplasm during skin cancer development and progres-
sion. Once in the cytoplasm it activated prosurvival signaling
through P-Akt (Ser473), P-BAD (S136) and Survivin to facilitate
skin carcinogenesis. Consistent with the ability of 14-3-3¢ to
promote cytoplasmic sequestration of client proteins, 14-3-3¢
relocalized Survivin to the cytoplasm, a localization pattern
that is closely tied to the anti-apoptotic function of Survivin



(41,42). Conditional deletion of the gene for 14-3-3¢ substan-
tially reduced skin tumor development and blocked progres-
sion to malignancy. Interestingly, tumors that developed in
14-3-3¢-deficient skin were found to have a similar incidence of
Hras mutation to those that developed in normal skin. This sug-
gests that abberant Hras activation is probably still a key driver
of DMBA/TPA induced skin tumorigenesis in the absence of 14-
3-3¢ expression. These features, and the lack of effect of 14-3-3¢
ablation on normal skin, made 14-3-3¢ a particularly appealing
target for treatment. Our novel tetrapeptide ES1P2 reduced 14-3-
3e heterodimerization, killed SCC cells but not normal keratino-
cytes, and decreased tumor growth. Taken together, these data
document both an important role for 14-3-3¢ in imparting cancer
cells with resistance to apoptosis and a strategy for inhibiting
14-3-3¢ to prevent skin carcinogenesis.

Because Akt/phosphoinositide 3-kinase signaling pathways
can directly influence Survivin protein and transcripts (43,44),
we propose that the effect of 14-3-3¢ on Survivin may be linked
to its direct stabilization of Akt. Similar to what we observed
with the ability of 14-3-3¢ to stabilize Akt, Kohama et al. demon-
strated that 14-3-3e protects CDC25A from ubiquitin-mediated
degradation in HeLa cells (45).

Herein we targeted the function of 14-3-3¢ by directly
blocking its ability to form dimers. Despite the propensity and
necessity of 14-3-3 dimer formation for their function, the de-
velopment of therapeutics aimed at inhibition of dimer forma-
tion has not been fully explored. 14-3-3 Dimers were indirectly
targeted in leukemia cells by inducing the SDK1 phosphoryl-
ation of Ser58 on 14-3-3¢, a modification that prevents 14-3-3¢
dimerization (23). Other than in 14-3-3¢, phospho-Ser has only
been shown in 14-3-3f (Ser60) and in 14-3-3n (Ser59) (22). 14-3-3
Proteins have high sequence variation on their N-terminal di-
merization domain, so we took an approach of developing a
short peptide that preferentially binds to the N-terminal res-
idues unique to 14-3-3¢. Our de novo designed peptide, ES1P2
is more effective at killing SCC cells than 5-fluorouracil, the
most effective approved therapy for premalignant skin can-
cers. Furthermore, our peptide avoided toxicity to normal skin
or skin cells in culture, suggesting minimal side effects with
topical use clinically. Future work will focus on developing
second generation peptides to induce a more robust effect on
SCC cell viability.

We found that 14-3-3¢ formed dimers with either 14-3-3y and
14-3-3C. The pattern of 14-3-3¢, -y and -t heterodimerization in
SCC cells may have implications for cancer cell resistance to
chemotherapy. Of the seven 14-3-3 isoforms, ¢, y and ¢ are the
ones most often associated with chemoresistance in various
cancers [reviewed in ref. (46)]. For example, in breast cancer cells
overexpression of 14-3-3C leads to resistance to anthracycline
treatment, 14-3-3y is often overexpressed in chemoresistant
melanoma cells, and T-cell lymphoma expressing high levels
of 14-3-3¢ is resistant to adriamycin and vindesine (12,47-49).
Whether a similar mechanism is at play in cutaneous SCC is
yet to be determined, but due to the increased aggressiveness of
reoccurring SCCs, development of therapeutics to target 14-3-3
protein dimerization, as we have done with ES1P2, may prove
to be beneficial for reoccurring skin tumors. These data suggest
that targeting 14-3-3¢ function and its ability to form dimers has
significant potential as a therapeutic strategy for the prevention
and treatment of skin cancer.

Supplementary material

Supplementary data are available at Carcinogenesis online.
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Figure S1. Deletion of 14-3-3¢ did not induce a stress response in
normal epidermis. A) Keratin 6 (FITC) immunofluorescence (top
panels) and hematoxylin and eosin staining (bottom panels) on
14-3-3fl/fl/Cre- (WT) and 14-3-3fl/fl/Cre* (MT) skin. Images were
captured at 20x magnification.

Figure S2. Histological grading of lesions resulting from DMBA/
TPA tumorigenesis. A) H & E of representative sections of a be-
nign tumor (seborrheic keratosis) from each group and a SCC in
situ (SCC) from WT (scale bar = 200 pm, top and 500 pm bottom).
B) Number and proportion (%) of total (N) mice bearing a SCC in
situ. C) Proportion of DMBA/TPA derived tumors from 14-3-3fl/fl/
Cre~ (WT) and 14-3-3fl/fl/Cre* (MT) mice harboring the HrasCAA®CTA
mutation. Representative Sanger sequencing traces of hetero-
zygous Hras mutant tumors shown below, substitution denoted
by red asterisk.
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