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Abstract

An urgent need exists for the development of more efficacious molecular strategies targeting non-
melanoma skin cancer (NMSC), the most common malignancy worldwide. Inflammatory
signaling downstream of Toll-like receptor 4 (TLR4) has been implicated in several forms of
tumorigenesis, yet its role in solar UV-induced skin carcinogenesis remains undefined. We have
previously shown in keratinocyte cell culture and SKH-1 mouse epidermis that topical application
of the specific TLR4 antagonist resatorvid (TAK-242) blocks acute UV-induced AP-1 and NF-xB
signaling, associated with downregulation of inflammatory mediators and MAP Kinase
phosphorylation. We therefore explored TLR4 as a novel target for chemoprevention of UV-
induced NMSC. We selected the clinical TLR4 antagonist resatorvid based upon target specificity,
potency, and physico-chemical properties. Here we confirm using ex-vivo permeability assays that
topical resatorvid can be effectively delivered to skin, and using /n vivo studies that topical
resatorvid can block UV-induced AP-1 activation in mouse epidermis. We also report that in a UV-
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induced skin tumorigenesis model, topical resatorvid displays potent photochemopreventive
activity, significantly suppressing tumor area and multiplicity. Tumors harvested from resatorvid-
treated mice display reduced activity of UV-associated signaling pathways and a corresponding
increase in apoptosis compared to tumors from control animals. Further mechanistic insight on
resatorvid-based photochemoprevention was obtained from unsupervised hierarchical clustering
analysis of protein readouts via reverse-phase protein microarray revealing a significant
attenuation of key UV-induced proteomic changes by resatorvid in chronically treated high-risk
SKH-1 skin prior to tumorigenesis. Taken together, our data identify TLR4 as a novel molecular
target for topical photochemoprevention of NMSC.
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Introduction

Toll-like receptors (TLRs) are transmembrane proteins responsible for detecting diverse
pathological stimuli and alerting the innate immune system for host defense. There are 11
isoforms of TLRs found in humans, many of which have attracted attention due to their roles
in acute and chronic diseases. One isoform, TLR4, is overexpressed in many forms of cancer
(1). The canonical ligand for TLR4 is the glycolipid lipopolysaccharide (LPS) derived from
gram-negative bacteria (2). However, TLR4 dimerization and downstream signal
transduction can also be stimulated by other pathogen-associated molecular patterns
(PAMPs), such as certain viral proteins and cleaved fibrinogen, and damage-associated
molecular patterns (DAMPS), such as HMGB1, HSP70 and oxidized LDL (reviewed in (3)).
TLR4 has now been identified as a novel molecular target for clinical interventions directed
at pathologies including septic shock, diabetes, asthma and cancer (4-7).

Non-melanoma skin cancer (NMSC) affects 5 million people in the US each year and is
directly linked to cutaneous exposure to ultraviolet (UV) rays from the sun (8-10). UV
exposure leads to DNA damage, oxidative stress and, over time, dysregulation of cellular
signaling (11). Proper immune surveillance of damaged cells in the skin is crucial for the
repression of skin cancer, as people undergoing chronic immune suppression are at a 60-100
fold increased risk of developing NMSC compared to the general population (12). However,
overstimulation of inflammation also plays a major causative role in skin carcinogenesis (13,
14), and reducing aberrant inflammation of the skin is required to prevent stimuli associated
with tumor progression. Blocking inflammatory pathways using genetic or pharmacological
means can prevent UV-induced skin cancer in mice (15-17), and long-term non-steroidal
anti-inflammatory drug use is associated with reduced risk of NMSC in humans (18).

TLR4 has now been identified as a major driver of cutaneous inflammation (19). In addition
to expression in immune cells, TLR4 is expressed in keratinocytes, allowing stimulation
from endogenous ligands (e.g. HMGB1) released from other cells in response to cytotoxic
environmental stress including UV (20, 21). Ligand-induced TLR4 activation orchestrates
cutaneous inflammatory signaling through downstream effectors including myeloid
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differentiation factor 88 (MyD88), Akt (PKB), activator protein-1 (AP-1), and nuclear factor
xB (NF-xB) (22, 23). Importantly, TLR4 overexpression is an emerging hallmark of NMSC
and melanoma, and a crucial role of TLR4 in chemically-induced inflammatory
carcinogenesis has been demonstrated in murine skin (19, 21). However, the contribution of
keratinocyte-derived TLR4 activity in response to UV and its connection to
photocarcinogenesis has not been well characterized.

Recently, we have shown that TLR4 activity contributes to the stimulation of cell stress
responses after treatment of keratinocytes with UV upstream of NF-xB, AP-1 and Akt, all of
which are established targets for molecular photochemoprevention (24-27). In addition, we
observed that the thickness of the layer of TLR4-expressing keratinocytes increases during
the progression from normal human skin (only the basal layer of keratinocytes) to actinic
keratoses (AK) to squamous cell carcinoma (SCC). Using a targeted small molecule
inhibitor of TLR4 cytoplasmic activity (resatorvid; TAK-242, CAS No. : 243984-11-4, Fig.
1A), we showed that treatment of keratinocytes in culture as well as topical treatment of
mouse skin prevents UV-induced MAPkinase and NF-xB stimulation, together with
potentiation of acute UV-induced epidermal apoptosis (24). Takashima et al. (2009) used
mutational analysis and radiolabeled resatorvid to demonstrate TLR4 specificity through
irreversible adduction of a specific intracellular domain cysteine residue (Cys747, (28)).
This adduction disrupts TLR4 TIR-domain interaction with its downstream adaptor
molecules (including MyD88 and TRAM/TRIF (28, 29)), thereby causing sustained
suppression of TLR4-dependent signaling. Resatorvid has displayed an excellent safety
profile in systemic clinical trials and does not absorb in the relevant solar UV spectrum (24,
30). Therefore, based upon our prior observations, we decided to investigate the potential
photochemopreventive effects of resatorvid-based TLR4 antagonism in skin. Our data
presented in this study demonstrate that topical TLR4 inhibition effectively blocks UV-
induced skin stress signaling and tumorigenesis in SKH-1 hairless mice with no observable
toxicity, providing critical evidence in support of ongoing efforts towards clinical testing of
topical resatorvid formulations on human skin.

Materials and Methods

Materials

Resatorvid (TAK-242) was purchased from MedChem Express (Monmouth Junction, NJ).
Most antibodies were purchased from Cell Signaling Technology (Danvers, MA) including
phospho-p38 (9215), total p38 (8690), phospho-Akt (4060), p21"afl (2946), cleaved caspase
3 (9661) and beta tubulin (5666). The beta actin antibody was purchased from Sigma-
Aldrich (A5441, St. Louis, MO), and the TLR4 antibody was purchased from Santa Cruz
Biotechnology (sc-293072, Dallas, TX). The Ki67 antibody (Supplemental Fig. 1) was
purchased from Leica Biosystems (ACKO02, Buffalo Grove, IL).

Cutaneous pharmacokinetics study using the Franz cell permeation chamber
—The standard use of Franz cell permeation chamber systems to assess skin
pharmacokinetics of drugs in topical and transdermal drug delivery systems has been
published extensively (31, 32). Briefly, murine SKH-1 skin was harvested and the
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underlying adipose tissue was removed. Each skin segment was inserted between the
receiver and donor chambers of the cell, with the stratum corneum facing upwards, as
reported elsewhere (31). Following our previous /n7 vivo murine experimentation protocol,
resatorvid (13 mM in acetone; 66 L) was applied to the top of nine Franz diffusion cells
(Skin Penetration System 3, Laboratory Glass Apparatus, Berkeley, CA; Franz cell contact
surface area: 0.9 cm?2, n = 3) (24). The receiver cell was filled with 4 mL of circulating PBS
(pH 7.4). The experiments were conducted at 32 °C and monitored over 8 hours.

Franz cells were disassembled at various time points, and each skin segment was subjected
to 3 rounds of tape stripping of the non-viable stratum corneum. Tape strips 4-12 were also
collected for epidermal removal and analyzed separately. The remaining dermal skin layer
was diced and sonicated in isopropyl alcohol for 10 minutes using a probe sonicator,
followed by centrifugation (1400 rpm, RT). After supernatant filtration, quantitative HPLC
analysis was performed. For quantification of total cutaneous resatorvid delivery (after
removal of stratum corneum from live skin), epidermal and dermal drug contents were
analyzed separately and combined (Fig. 1A).

HPLC analysis—A reverse-phase HPLC system using a Waters 2690 separation module
coupled with a Waters 2487 Dual wavelength detector (254 nm), and a Symmetry C18 5 um
column (150 mm x 2.1 mm, maintained at 25 + 2°C; Waters, Milford, MA, USA), was used.
Mobile phase conditions were 40:60 (v/v) ACN: Trifluoroacetic acid (0.1% v/v) at a flow
rate of 0.3 ml/min. Quantification was performed using peak area and calculated from a five-
point standard curve.

Photo-stability of resatorvid—Photo-stability was examined by preparing two sets of
samples (80.6 ug/ml of resatorvid in 100% acetone or 4.9 pg/ml of resatorvid in water), each
containing three samples including a control. Each sample was prepared in a transparent
HPLC glass vial and closed without any entrapped air. Solar simulated light (SSL) exposure
was performed using UVA340 lightbulbs (Q-lab Corporation) with emission between 295
and 390 nm (50 kJ UVA/m? and 2.4 kJ UVB/m?; dose 1x) whereas controls remained
unexposed (25). Additional samples were exposed to a double dose of SSL (dose 2x). After
exposure, resatorvid content was analyzed using HPLC. It should also be noted that separate
experimentation showed that resatorvid displays no significant absorption in the relevant
solar UV spectrum (24).

Chemical stability of resatorvid solutions at ambient temperature—Resatorvid

solutions were prepared in several different media: acetone, citrate buffer (pH 3), phosphate
buffer (pH 5.2 and 7.4), and borate buffer (pH 9). Each solution was stored in glass vials at

ambient temperature (25 °C). A sample was withdrawn 9, 37 and 64 days post preparation,

and drug concentration was measured by HPLC.

Mouse epidermal luciferase assay—Age and sex-matched SKH-1 mice expressing the
TRE-luciferase reporter gene (AP-1 luciferase mice, bred in-house) were utilized for this
study, as reported previously (n = 14 for acetone, n = 9 for resatorvid) (26, 33). The ears of
the mice were treated twice with resatorvid prior to acute UV exposure: 24hr prior and 1hr
prior (10mM resatorvid in acetone, 50 pL/ear). To induce AP-1 signaling in the skin, mice

Cancer Prev Res (Phila). Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blohm-Mangone et al.

Page 5

were then exposed to 2.75 kJ/m2 UVB, and three 3 mm ear punches were collected from the
right ear after sacrifice 48 hr later. An additional three 3 mm punches were collected from
the left ear of each mouse after 24 hr/1 hr resatorvid exposure but 24 hr prior to UV as an
internal control. All ear punches were processed for luciferase assay as described previously
(27). All mice were housed and treated in accordance with The University of Arizona
Animal Care and Use Committee standards under an approved protocol (#08-153).

Reverse-Phase Protein Microarray (RPPA) of high-risk mouse skin—Epidermal
protein lysates were generated from four groups of female SKH-1 mice (SKH1-Hr™,
Charles River laboratories) exposed to a chronic UV treatment regimen to generate tumor-
prone high-risk skin according to standard protocols in parallel with other mice used for the
tumorigenesis study, described below (25, 34). These groups consisted of chronic solar UV
+ topical vehicle (acetone), chronic UV + topical resatorvid, no UV + topical vehicle, or no
UV + topical resatorvid. For all groups, vehicle or resatorvid was applied to the back in a
designated area, three times a week, 1 hr prior to each UV exposure (or without UV for
control groups). All groups were sacrificed 24hr after their last UV exposure on week 14.
This chronic exposure is sufficient to induce a significantly damaged epidermis without
visible signs of tumors, which start to emerge 1-2 weeks later. Snap frozen epidermis was
scraped from the dermis and ground to a powder using a frozen mortar and pestle. Samples
from each skin were subjected to lysis and protein pathway activation mapping using RPPA
under established protocols (25). Unsupervised two-way hierarchical clustering (JMP, SAS
Institute, Inc.) was used to generate a heatmap, where red indicates a higher relative
expression of a protein/phosphoprotein and green indicates a lower relative expression of a
protein/phosphoprotein. Black indicates no relative change within the population analyzed.

High-risk SKH-1 mouse skin and photocarcinogenesis study—Female SKH-1
mice were utilized for analysis of the effect of resatorvid on skin tumorigenesis. Six to eight-
week old mice were exposed to solar-simulated light (solar UV) using a bank of 6 UVA340
bulbs (Q-lab Corporation) as described previously (25). Briefly, mice were divided into three
groups (n = 20): Acetone (vehicle), Resatorvid Prevention (or “early prevention”), and
Resatorvid Intervention (or, “late prevention”). All mice were exposed to UV three times a
week for 15 weeks exactly as before (25). One hour prior to each UV exposure, mice were
treated topically with either 200 pL of acetone on their backs (acetone and intervention
groups), or with 200 pL of 10 mM resatorvid (prevention group). After week 15, all UV
treatments stopped, but Acetone and Prevention groups continued to receive the same topical
treatments three times a week. The Intervention group switched from acetone to resatorvid
topical treatments three times a week after week 15 (Fig. 2A). Mice were harvested at week
25, 24hr after their last treatment. The chronically exposed “dropout” (high-risk) mice
described above were treated alongside this tumor study, but harvested at week 14 as
described. After sacrifice at week 25, tumors were harvested from each group and either
snap frozen or formalin fixed for paraffin embedding. Whenever possible, large cutaneous
SCCs (cSCCs) were split and both fixed and frozen.

Western blots—Frozen cutaneous SCCs from the above tumorigenesis study and frozen
epidermis scraped from the dropout mice were ground to powder using a frozen mortar and
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pestle and used for Western blot analysis as previously described (25, 35). Membranes were
typically split to probe for multiple proteins, and only stripped and re-probed for loading
controls. All blots were performed at least twice to confirm results. Densitometry of bands
was performed using Image J (NIH).

Immunohistochemistry and Tissue Staining—Staining of mouse SCCs for cleaved
caspase 3 and Ki67 was performed on FFPE slides according to protocols slightly modified
from those described previously (27). Slides were then counterstained with 25%
Hematoxylin Gill 111 (Leica Biosystems [Surgipath], Germany). Immunohistochemical
staining of tumors from the Acetone group (n = 6), Intervention and Prevention groups (n =
4 each) was quantified using ImagePro Plus software (Media Cybernetics), a Leica DMR
microscope, and a Sony 3CCD color video camera. The mean positive cellular area per 40x
field was determined by averaging the measurements of three representative fields in each
tumor. H&E-based quantification of epidermal immune cell infiltrates classified as
“lymphocytic” according to standard morphological criteria (agranular leukocytes
containing small, round nuclei and minimal cytoplasm) was performed by a board-certified
pathologist.

Statistical analysis—The mouse luciferase experiments were analyzed by computing the
fold induction reading for each mouse, by dividing the individual post-UV luciferase
readings by the matched pre-UV luciferase readings. The fold changes were converted to
Logig format for graphing. A Wilcoxon Rank Sum Test was used (on the raw data) to
statistically compare the two groups (acetone versus resatorvid treated). For other
comparisons, two sample independent #tests were used to compare two groups, and ANOVA
with Bonferroni post-hoc adjustment for was used to compare three or more groups. Means,
standard deviations and other summary statistics were calculated by treatment group for
tumor volume and tumor count. The Kaplan-Meier method was used to estimate tumor
latency; comparisons between groups were performed using a log-rank test. Univariate cross
sectional analyses compared tumor count and tumor volume at 25 weeks of observation by
treatment groups using the Kruskal Wallis Test. All pairwise comparisons were made using
the Wilcoxon Rank Sum test. Alpha levels were set at 0.05. For post hoc multiple
comparisons alpha was Bonferroni corrected and set at p=0.0167. For all figures, the “*’
indicates a p value at or lower than the cutoff for statistical significance. After log
transformations to achieve approximate normality, multivariate analysis compared tumor
count and tumor volume across the weeks of observation by treatment using mixed effects
models. This accounted for the correlations between the measurements obtained across days
for the individual mice (slope analysis). All analyses were conducted using STATA 14.

Topical resatorvid achieves extended mouse skin residence time with minimal transdermal

delivery

Dorsal skin from SKH-1 hairless mice was excised and used to examine the transdermal
penetration properties of topical resatorvid. The concentration of resatorvid (13 mM) and the
diluent (acetone) replicate the solution we have used previously to successfully modulate
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UV-induced biomarkers in SKH-1 skin (24). Using a standardized Franz cell system,
examination of the living layers of the skin (epidermis, dermis), and receiver fluid over a
timecourse using HPLC reveals that resatorvid efficiently penetrates the stratum corneum
and remains in the skin for a period of at least 8 hr, at which time it reaches a concentration
of 47 pg/cm? (Fig. 1A). There is minimal transdermal penetration of the agent until after
four hours, where it reaches a flux of 10 pg/cm? (Fig. 1A). While a significant amount of
agent remained in the stratum corneum (tape strips 1-3), the amount of resatorvid in the
lower epidermis (tape strips 4-12) was constant throughout the timecourse at an average of 5
pg/cm? (Fig. 1A, dark grey bars). Thus, the average resatorvid transdermal flux was
calculated to be 2.50 + 0.08 (ug/cm?/hr) with a lag time 4.50 +0.12 hours. However, the
average flux to the dermis was 4.4 + 1.34 (ug/cm?/hr) with a lag time of less than 1 hr.

Resatorvid exhibits good stability in organic solution

The stability of resatorvid under conditions of UV exposure and differing pH was examined.
Resatorvid in water, when exposed to UV degraded more readily than when the compound
was dissolved in acetone (Fig 1B). When the compound was exposed to solutions of varying
pH over time, resatorvid displayed minimal degradation during 64 days at room temperature
in acetone and aqueous solution (pH 3 to 7.4), maintaining at least 90% of the original
concentration over time. However, significant degradation of the compound occurred at pH
9, dropping to 51.3% remaining at day 64 (Fig. 1C).

Resatorvid inhibits UV-induced AP-1 signaling in mouse epidermis

In order to test the efficacy of topical resatorvid administration on UV-induced skin
inflammatory signaling, transgenic SKH-1 AP-1 luciferase reporter mice were employed as
described previously (26, 27). Analysis of the raw data revealed inhibition of UVB-induced
AP-1 transcriptional activation as a result of topical resatorvid treatment, an effect
approaching statistical significance (p = 0.05, Fig. 1D). These data are consistent with our
previous observation that topical resatorvid suppresses UV-induced inflammatory markers
(NF-xB, p38) as quantified by Western blot analyses in SKH-1 mouse skin (Fig. 1E, F) (24).

Topical TLR4 antagonism using resatorvid attenuates chronic UV-induced stress
responses in the epidermis of high risk SKH-1 mice

Next, we examined the effects of resatorvid treatment in a model of chronic UV exposure.
SKH-1 hairless mice were therefore exposed to topical acetone (200 uL/back) +/— UV or
200 pL of 10 mM resatorvid in acetone +/— UV three times a week for 14 weeks and were
sacrificed as controls for an ongoing tumorigenesis experiment (Fig. 2A). These high-risk
mice had no visible tumors at the time of harvest, and treatment with acetone or resatorvid
did not cause noticeable toxicity or inflammation of the skin. H&E-based quantification by a
board-certified pathologist indicate that resatorvid efficiently blocked UV-induced epidermal
immune cell infiltration, identified as primarily lymphocytic based on standard
morphological characteristics (Fig. 2B, p < 0.001). Epidermal lysates from each mouse (n =
5 for No UV groups, n = 4 for +UV groups) were subjected to comprehensive protein
pathway activation mapping using RPPA to quantitate protein expression levels and
phosphorylation status under established protocols (25, 36). Unsupervised two-way
hierarchical clustering was used to generate a heatmap of the resulting data, which notably

Cancer Prev Res (Phila). Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blohm-Mangone et al. Page 8

resulted in each group clustering together in a predictable array: acetone No UV, resatorvid
No UV, acetone + UV and resatorvid + UV (Fig. 2C).

This expression clustering by treatment group was also observable at the level of individual
UV-modulated proteins. For example, in a large cluster of analytes, resatorvid treatment
consistently antagonized UV-induced changes, such as activation of the transcription factor
Stat3 (Y705), the Akt regulatory protein PDK1 (S241), the inflammatory cytokine IL-6 and
total levels of p62/SQSTML, a ubiquitin binding protein which has been implicated in the
regulation of NF-kB and autophagy (37-39) (Fig. 2D). Consistent with suppression of stress
response signaling by chronic UV exposure, resatorvid treatment attenuated
phosphorylational activation of NFxB (p65 S536) and p53 (S15) (Fig. 2E, middle and right
panel), as well as cleaved PARP, Statl (Y701), Stat5 (Y694), PAK1/2 (T423/402), and
Chk-2 (S33/35) (Fig. 2E left panel). Together, results from these chronically UV-exposed
high-risk epidermal samples indicate that topical resatorvid treatment dramatically
antagonizes UV-induced expression changes of multiple proteins involved in stress
signaling, inflammation and apoptosis.

Topical TLR4 antagonism using resatorvid significantly reduces UV-induced skin
tumorigenesis in SKH-1 mice

In order to establish the photochemopreventive efficacy of resatorvid-based TLR4
antagonism, two treatment regimens were implemented in female SKH-1 hairless mice. For
the Prevention group, resatorvid was used in conjunction with UV, while for the Intervention
group, resatorvid administration was implemented after chronic UV treatments had stopped,
as detailed in the Methods section (Fig. 2A). Tumor volume and multiplicity were monitored
until sacrifice at week 25. Weekly weight measurements indicate that topical resatorvid
treatment did not affect the average group weight gain over time, consistent with the absence
of toxic effects at our dosage level (Fig. 3A). Strikingly, Kaplan-Meier survival modeling
reveals that mice on the Prevention protocol had a significantly increased tumor latency
compared to acetone controls (p < 0.001), while mice on the Intervention protocol had an
intermediate latency that was not significantly different from the other groups (Fig. 3B). At
week 25, all surviving animals in the acetone control group had at least one tumor, while
15% and 45% remained tumor-free in the Intervention and Prevention groups, respectively
(Fig. 3B).

This trend also held true for tumor burden (average tumor area per mouse) and tumor
multiplicity (average tumors per mouse). In the case of tumor burden, at week 25 mice in the
Prevention arm presented an average tumor area of 16.6 mm?, the Intervention arm averaged
30.2 mm?, and the Acetone control arm averaged 55 mm? (p = 0.0077 Prevention versus
Acetone; Intervention not significantly different from other groups). (Fig. 3C). Furthermore,
the tumor multiplicity at the end of the study also resulted in significant reductions of tumor
counts in the Prevention arm (1.9 tumors/mouse) compared to the Acetone arm (3.8 tumors/
mouse; p = 0.037), while the Intervention arm had intermediate numbers (2.55 tumors/
mouse; not significantly different from the other groups) (Fig. 3D). Notably, multivariate
mixed models regression analysis of the slopes across time of the Prevention and
Intervention arms showed a statistically significant decrease in both tumor burden and
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multiplicity slopes over weeks 14 — 26 compared to the acetone control (p < 0.0001 in all
cases). The same analysis also showed that the slopes of the Prevention arm and Intervention
arm were significantly different from each other for tumor multiplicity (p < 0.001) (Fig. 3C
and 3D).

Topical TLR4 antagonism using resatorvid attenuates expression of UV-induced cell stress
biomarkers and activates caspase 3 in SKH-1 mouse skin tumors

Snap frozen cSCC tumors collected at the end of the 25-week tumorigenesis study were
subjected to Western blot analysis for markers of UV-induced skin stress responses. TLR4
protein expression was detected in every tumor tested. However, downstream signaling
pathway activity between groups was markedly different. Phosphorylation of both Akt and
p38 MAP Kinase were significantly reduced in tumors from the Prevention arm of the study
compared to those from the Acetone arm (p = 0.019 and 0.005 for p-Akt and p-p38,
respectively), while expression of total p38 remained fairly constant (Fig. 4A, quantified in
Fig. 4B, C). There was also a remarkable reduction in average levels of p21%afl expression
in the Prevention tumors compared to controls (Fig. 4A, quantified in Fig. 4D, p = 0.047). In
contrast, even though similar trends were observed in response to the Intervention regimen,
none of these expression changes (p-p38, p-Akt, p21) reached the level of statistical
significance.

After obtaining this tumor tissue data, we also performed western blot analysis of the
epidermal samples from high-risk (14 week dropout) mice used for RPPA (Fig. 3) to
monitor whether these resatorvid-induced changes can occur at earlier stages of skin
exposure to UV/drug (Fig. 4E). Notably, our analysis reveals that chronic treatment with UV
caused a dramatic increase in the expression of TLR4 (p = 0.0012), an effect significantly
antagonized by resatorvid treatment (p = 0.016) (Fig. 4F). In addition, chronic treatment
with UV + acetone showed an expected increase in phosphorylation of p38 MAP Kinase and
Akt (Serd73) compared to No UV controls (25, 40). However, UV-induced phosphorylation
of p38 and Akt was further enhanced in the UV + resatorvid samples, in contrast to the
compound’s effects on TLR4 expression (Fig. 4E).

In addition, immunohistochemical (IHC) analysis from fixed samples taken from the same
tumors indicated a significant impact of resatorvid treatment on survival signaling.
Specifically, expression of the apoptotic marker cleaved caspase-3 was increased
significantly in tumors from the Prevention group compared to those from the acetone
control group (Fig. 4G, H; p = 0.031). Likewise, expression of the proliferation marker Ki67
was attenuated in these tumors by resatorvid treatment in the Prevention group compared to
acetone controls; however, this trend did not reach the level of statistical significance
(Supplemental Fig. 1).

Discussion

TLR4-directed molecular strategies targeting cancer have recently attracted considerable
attention ((41, 42), reviewed in (1) and (19)). Here we present a first-in-kind study showing
that topical resatorvid achieves significant skin residence time (Fig. 1A), attenuates UV-
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induced AP-1 activation (Fig. 1D), and blocks photocarcinogenesis in mice (Fig. 3), an
effect achieved without cutaneous or systemic resatorvid toxicity.

In the tumorigenesis model, co-treatment with resatorvid throughout the duration of the
experiment (Prevention arm), resulted in a delayed onset of tumors in addition to
significantly reduced burden and multiplicity compared to acetone-treated controls (Fig. 3).
Furthermore, Western blot analysis of tumors harvested at the end of the study provide
evidence that while TLR4 expression was maintained in all treatment groups, downstream
stress signaling, i.e., UV-induced p-p38 and p-Akt, were significantly inhibited in the
presence of resatorvid. Resatorvid treated tumors also displayed dramatically reduced
expression of p21"afl which has been shown to block UV-induced apoptosis in
keratinocytes (43). In addition, the Prevention group tumors demonstrated significantly
higher levels of cleaved caspase-3 staining compared to the control group as observed
previously in response to acute UV exposure (Fig. 4G, H) (24). These changes are consistent
with resatorvid-induced alterations of survival signaling and a dramatic potentiation of
epidermal apoptosis, which may underlie the chemopreventive activity of this agent (Fig. 5).

Importantly, initiation of resatorvid treatment after chronic UV exposure (Intervention arm)
also reduced tumor burden and multiplicity, although this effect did not reach the level of
statistical significance (Fig. 3C, D). However, slope analysis of the data over time indicates
that both treatment regimens significantly affected the rates of tumor growth. It is tempting
to speculate that the decreased sensitivity of high-risk mouse skin to resatorvid-based
intervention is potentially due to alterations in cutaneous apoptotic response and DNA
repair. As detailed above, we have now observed that in cell culture, in acute /7 vivo studies,
and in tumors (Fig. 4G, H; (24)), resatorvid treatment when used concurrently with UV
causes potentiation of apoptosis. In addition, the suppressive role of TLR4 on DNA repair
has now been recognized (44). Therefore, even though TLR4 expression was increased in
high-risk skin (Fig. 4E, F), pharmacological TLR4 antagonism initiated only at a late stage
may be insufficient to block tumorigenesis after significant UV-induced DNA damage has
already occurred.

Unsupervised hierarchical clustering analysis of protein readouts employing RPPA revealed
a consistent attenuation of UV-induced proteomic changes by resatorvid in the epidermis
prior to tumorigenesis. Almost one third of the >150 proteins analyzed displayed an
expression pattern consistent with resatorvid suppression of UV-induced changes (Fig. 2C,
E), affecting the expression of multiple proteins involved in stress signaling, inflammation
and apoptosis (Fig. 2). These data demonstrate that resatorvid-dependent pathway
modulation can be detected in high-risk mouse epidermis, indicative of early molecular
markers of photochemoprevention.

Strikingly, Western blot analysis indicated that TLR4 protein expression was dramatically
upregulated by long-term UV exposure, an outcome which was significantly inhibited by
topical resatorvid treatment. As TLR4 protein expression is also significantly upregulated in
human epidermis during the progression from normal skin to AK and cSCC, we feel that our
high-risk mouse epidermal samples therefore represent a valid model for pre-tumorigenic
human skin (24). The fact that resatorvid treatment reduced TLR4 upregulation in these
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samples also suggests that this compound may be a promising chemopreventive agent for
patients at high risk of cSCC.

Remarkably, p-p38 and p-Akt levels were higher in resatorvid-treated high-risk skins
compared to their acetone treated controls, which contrasts with what was observed in the
tumor Western blots for the same proteins. This may be due to changes in regulatory factors,
such as the expression of microRNAs or protein phosphatases, which are known to be
regulated by UV exposure but have not been examined in the context of chronic TLR4
inhibition in living epidermis (45, 46). We are continuing to examine the implications of
resatorvid-induced regulation of these and other biomarkers in our ongoing studies.

Toll-like receptors have lately become promising molecular targets for clinical intervention
in various human pathologies (4-7). Indeed, Imiquimod-based TLR7 agonism has become
an approved treatment option for actinic keratosis and superficial basal cell carcinoma (47).
Likewise, clinical studies have examined adjuvant use of TLR4 agonists combined with
vaccines to enhance responses to microbial pathogens and tumor antigens (48). On the other
hand, illustrating the complexity of TLR4-dependent pro- and anti-tumor responses, a
causative role of TLR4 in chemotherapy-driven metastasis has been substantiated in
paclitaxel-treated breast cancer patients (reviewed in (49)). Importantly, while it has recently
been suggested that TLR4 may inhibit keratinocyte proliferation (50), solid published
evidence strongly implicates TLR4 overexpression in NMSC and melanoma (1, 21, 24), and
our own research has demonstrated that pharmacological TLR4 antagonism suppresses solar
UV-induced inflammatory signaling (19, 24). Taken together, our findings for the first time
demonstrate photochemopreventive efficacy of topical resatorvid, providing a rationale for
further translational exploration of TLR4-directed antagonism targeting skin cancer in
susceptible patient populations. Topical agents such as resatorvid may therefore be
beneficial when used in combination with sunscreens to reduce inflammatory signaling and
allow for clearance of UV-damaged cells in skin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Topical phar macokinetics of resatorvid enable the effective modulation of UV-induced
biomarkersand AP-1 lucifer ase activity in mouse skin

Resatorvid (chemical structure as shown) dissolved in acetone was applied to ex-vivo
SKH-1 mouse skin on the upper chamber of a Franz cell apparatus and transdermal
penetration was quantified over time (n = 3). For quantification of total cutaneous resatorvid
delivery (after removal of stratum corneum from live skin), epidermal and dermal drug
contents were analyzed separately and combined.(A). The UV stability of resatorvid in
acetone or water was examined in UV-permeable glass vials exposed to one or two doses of
SSL (50 kJ UVA/m? and 2.4 kJ UVB/m?; dose 1x), followed by quantitative HPLC (B).
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Chemical stability of resatorvid in aqueous solutions of increasing pH and in acetone was
examined (64 days, 25°C) (C). The ability of resatorvid to block UV-induced stress signaling
in vivowas examined using transgenic SKH-1 AP-1 luciferase mouse models (luciferase
expression under control of a 4xTPA-response element). The ears of the mice were treated
with acetone (vehicle) or 10 mM resatorvid 24 hr and 1 hour prior to acute UVB. Mice were
sacrificed 48 hr later and fold induction was determined by dividing the post-UV luciferase
activity by the pre-UV luciferase activity of ear punches from each mouse. N.S.: not
significant (D). Epidermal lysates from SKH-1 back skins post-treated with 14 mM
resatorvid after acute SSL exposure were examined via western blot (p38 MAPK and p65
subunit of NFxB phosphorylation), quantified using Image J software (loading control: p-
actin) (E, F). *: p<0.05.
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Figure 2. Resatorvid modulates UV responsesin chronically exposed mouse epider mis
SKH-1 female mice were exposed to SSL three times weekly for 15 weeks, during which

time they were topically treated with either vehicle (acetone) or resatorvid (10 mM, 1 hr
prior to SSL). After week 15, SSL treatments stopped, but topical acetone (Control group),
or resatorvid (Prevention group) continued. Another cohort (Intervention group) received

topical acetone during the SSL exposures, but switched to topical resatorvid after

completion of the SSL regimen until the end of the experiment (week 25). To examine the
effects of UV and resatorvid in the chronic setting but before visible tumorigenesis (high-
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risk skin), mice (n = 4) were sacrificed at week 14 and compared to mice treated with agent
but not UV (n =5; dropout mice). The remaining mice (n = 20/group) were maintained on
the protocol for the tumorigenesis study (A). Chronically exposed skin was examined for
epidermal immune infiltration using H&E stained tissue (400x) (representative images, left
panel). Skin was treated with vehicle (acetone) for 14 weeks (1), SSL + vehicle (I, arrows
indicate lymphocytic infiltrates), or SSL + resatorvid (I11). Histopathological quantification
(cells/field) and morphological assignment of lymphocytic infiltrates was performed by a
pathologist (right panel) (B). Epidermal lysates from the chronically-exposed dropout mice
were subjected to proteomic RPPA analysis, generating an unsupervised two-way
hierarchical clustering heatmap of protein/phosphoprotein expression. Each group clustered
as predicted (top to bottom): Acetone No UV, Resatorvid No UV, Acetone +UV and
Resatorvid +UV (C). Selected RPPA biomarkers were interrogated for resatorvid-specific
inhibition of chronic UV-induced phosphorylation/expression [Stat3 (Y705), PDK1 (S241),
IL-6, and p62/SQSTM1] (D). RPPA identification of a cluster of proteins (yellow box
highlighted in C; partially annotated) significantly suppressed by resatorvid irrespective of
chronic UV exposure, e.g. NF-xB (p65 S536) and p53 (S15) (E). *: p<0.05. *** : p <
0.001.
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A. Mouse Weights During Resatorvid Study B. Kaplan-Meier Survival Estimates
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Figure 3. Topical resatorvid blocks UV-induced skin tumorigenesisin SKH-1 mice
Female SKH-1 mice were exposed to SSL three times a week for 15 weeks as described

(Fig. 2A). Chronic exposure to topical resatorvid did not cause overt toxicity, as evidenced
by similar weight gain between all treatment groups (A). The Resatorvid Prevention group
had significantly increased tumor latency compared to acetone controls as revealed by
Kaplan-Meier survival analysis (B). At sacrifice (week 25) the Resatorvid Prevention group
displayed a significant reduction in average tumor burden versus the Acetone control group;
the Resatorvid Intervention group displayed reduced tumor burden that was not statistically
significant (C). Similarly, at sacrifice the Resatorvid Prevention group displayed
significantly reduced tumor multiplicity compared to Acetone controls, while reductions in
tumor multiplicity in the Resatorvid Intervention group did not reach the level of statistical
significance (D). * : p < 0.05. *** : p < 0.001
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Figure 4. UV-induced tumor s from resatorvid-treated mice display attenuated p38/Akt
phosphorylation and increased apoptosis
Protein lysates from mouse cSCCs (Fig. 3) were subjected to Western blot analysis (A)

followed by Image J-based quantification of p-Akt (hormalized to total p38, B), p-p38
(normalized to total p38, C) and p21 (normalized to B-actin, D). Analogous analysis was
performed using epidermal lysates from non-tumor-bearing high-risk mice (also used in Fig.
2) (E), followed by Image J-based quantification of TLR4 expression normalized against p-
tubulin (F). Immunohistochemistry was performed on sections from the same tumors
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described in A to probe for cleaved caspase-3 expression (400x, G), followed by
quantification using ImagePro Plus software (H). * : p < 0.05.
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Figure 5. Resatorvid antagonizes TL R4 dependent cell signaling upstream of skin
photocarcinogenesis

Resatorvid blocks TLR4 interaction with its downstream adaptor proteins containing the
TIR-domain (including MyD88, TRAM/TRIF, TIRAP), thereby causing sustained
suppression of multiple TLR4-dependent effector pathways, including IRF3, NF-xB and
AP-1. Our findings indicate that topical pharmacological TLR4 suppression in the epidermis
antagonizes chronic UV-induced inflammatory signaling and photocarcinogenesis, with
potentiation of keratinocyte apoptosis.
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