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Bioactive derivatives from thecamphor laurel tree,Cinnamomumcamphora, areposited

to exhibit chemopreventive properties but the efficacy andmechanismof thesenatural

products are not fully understood. We tested an essential-oil derivative, camphor

white oil (CWO), for anti-tumor activity in a mousemodel of keratinocyte-derived skin

cancer. Daily topical treatment with CWO induced dramatic regression of pre-

malignant skin tumors and a two-fold reduction in cutaneous squamous cell

carcinomas. We next investigated underlying cellular and molecular mechanisms. In

cultured keratinocytes, CWO stimulated calcium signaling, resulting in calcineurin-

dependent activation of nuclear factor of activated T cells (NFAT). In vivo, CWO

induced transcriptional changes in immune-related genes identified by RNA-

sequencing, resulting in cytotoxic T cell-dependent tumor regression. Finally, we

identified chemical constituents of CWO that recapitulated effects of the admixture.

Together, these studies identify T cell-mediated tumor regression as a mechanism

through which a plant-derived essential oil diminishes established tumor burden.
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1 | INTRODUCTION

Plant-derived essential oils have been used since the Middle Ages for

their medicinal and antiseptic properties.1 In recent years, essential oils

have garnered heightened interest for their therapeutic value in

treating human ailments; however, the efficacy of such treatments and

their mechanisms of action have rarely been tested in controlled

studies. Camphor white oil (CWO), which is produced by steam

Abbreviations: AK, actinic keratosis; CSA, cyclosporine A.; cSCC, cutaneous squamous cell carcinoma; CWO, camphor white oil; DMBA, Dimethylbenz[a]anthracene; GC-MS, gas

chromatography-mass spec; GO, gene ontology; NFAT, nuclear factor of activated T cells; TPA, 12-O-tetradecanoylphorbol-13-acetate; Veh, vehicle.
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distillation of wood from the camphor laurel tree (Cinnamomum

camphora), is marketed as a fragrance and herbal remedy with

antifungal, antiseptic, and medicinal properties including circulatory

stimulation, increased metabolism, and improved digestion.2–4 CWO

primarily consists of a mixture of structurally related terpenes, a class

of chemical compounds composed of isoprene units with distinct

aromatic qualities that plants generate for defensive purposes.

CWO's terpene constituents are widely found in natural and

industrial products. These terpenes are volatile, bioactive, and readily

absorbed by the skin. Abundant constituents of CWO include

eucalyptol, a natural cough suppressant, and limonene, an antiseptic.

Counterintuitively, camphor is found at only trace amounts in this

distillate. Interestingly, several of the purified components of CWO, or

plants that contain these ingredients, are proposed to have anti-

tumorigenic effects; however, few of these compounds have been

rigorously tested in vivo for these properties.4–9 Terpene constituents

of CWOare also common in skin-care products; however, mechanisms

through which these bioactive compounds act on epithelial cells have

not been identified.

Cutaneous squamous cell carcinoma (cSCC), a non-melanoma skin

cancer, is the most common form of skin cancer with metastatic

potential.10 cSCC is often preceded by pre-malignant skin lesions

termed actinic keratoses (AKs).11 AKs are generally treated by field-

directed therapy; however, they can recur and convert to cSCC with

metastatic potential, particularly in organ transplant recipients and

patients with other risk factors such as smoking.12,13 Thus, there is a

need for novel, non-toxic, and cost-effective therapeutics to prevent

malignant conversions in high-risk patients. Remarkably, nearly 50% of

all drugs approved for use in cancer since the 1940s are either natural

products or derivatives, suggesting that essential oils such as CWO

could be a source for developing new therapeutics.14

To identify whether CWO has biological effects on keratinocyte-

derived skin lesions, we employed a pre-clinical model of cSCC inmice.

Our results show that daily topical application of naturally derived

CWO induces premalignant tumor regression and reduces malignant

conversion to cSCC in vivo. CWO induced calcium/calcineurin

mediated Nuclear Factor of Activated T cells (NFAT) translocation in

keratinocytes, causing transcriptional effects that culminate in immune

system activation and cytotoxic T cell-dependent tumor regression.

Finally, two purified constituents, α-pinene and d,l-limonene, recapit-

ulated the anti-tumor effects of the essential oil. Together, these

studies identify CWO as potent anti-tumor agent, establish underlying

biological mechanisms and pinpoint lead compounds for further

development as new treatments for cSCC.

2 | MATERIALS AND METHODS

2.1 | Animals

Animal use was conducted according to guidelines from the National

Institutes ofHealth's Guide for theCare andUse of Laboratory Animals

and the Institutional Animal Care and Use Committee of Columbia

University Medical Center. Age-matched female FVB/NJ mice from

Jackson labs were used in all experiments except for TRPV3 knockout

mice (Jackson labs stock #010773).

2.2 | Tumor induction

Mice were shaved at age 6–7 wks with electric clippers and telogen,

the resting hair cycle stage, was confirmed after 2 d. One topical

application of 400 nmol DMBA in 200 μL acetone was administered,

followed by 1week of rest then twice-weekly applications of 200 μL of

10 nmol TPA in acetone. This TPA regimen ensured each mouse

generated a high tumor burden by 15 wks with at least one malignant

conversion before endpoint. Mice were monitored daily and eutha-

nized when they had a tumor >20mm in diameter, had tumor

ulceration leading to loss of skin barrier, showed signs of anemia for

≥24 h, or had a gross appearance indicating distress (hunched posture,

lethargy, persistent recumbence).

2.3 | Tumor classification criteria

Tumor number and location were documented weekly. A lesion was

classified as precancerous based on its appearance as a non-ulcerated,

fleshy pedunculated or sessile wart-like mass with a diameter in any

dimension ≥2mm. Lesions were classified as malignant SCCs when

they converted to a flattened circular growth with a depressed center,

or showed spontaneous ulceration.15

2.4 | Treatment paradigm

Mice assigned to the CWO or terpene groups were treated daily with

topical 2.5-40% oil in acetone (wt/wt; 400μL, applied drop-wise).

Control mice were treated with topical acetone vehicle (Veh, 400 μL).

Three to seven days after the last TPA treatment, mice were randomly

assigned to CWO, terpene, or control treatment groups, matched for

total precancerous lesion burden.Mice assigned to theCWOor terpene

groups were treated daily with topical 2.5-40% oil in acetone (wt/wt;

400 μL applied drop-wise). Mice assigned to the control (acetone

vehicle) group were treated daily with topical acetone (400 μL applied

drop-wise to lesions). Terpene treatments included CWO (synthetic

camphor white oil CAS#8008-51-3 Sigma-Aldrich, St. Louis, MO,

catalog # W223115), d,l-Limonene (CAS# 138-86-3 Sigma-Aldrich

catalog #W524905), α-Pinene (CAS# 80-56-8 Sigma-Aldrich catalog #

147524), Eucalyptol (CAS# 470-82-6 Sigma Aldrich Cat# C80601),

and γ-Terpinene (CAS# 99-85-4 Sigma-Aldrich Cat# W355909).

2.5 | Cell culture

Primary keratinocytes were derived from discarded human foreskin

tissue using two-step enzymatic digestion. Connective tissue was

removed and skin was treated overnight with dispase at 4C. Epidermis

was separated and treated with 0.25% trypsin and transferred to

DMEMwith 10% FBS, dissociated with a pipette, filtered with a 70 μm

cell strainer and grown in keratinocyte growth media (CnT07,

CellNTech, Bern, Switzerland). All cells used were <5 passages and
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plated to 70-85% confluence. At least three independent keratinocyte

donors were used in all experiments.

2.6 | Calcium imaging

Keratinocytes were loaded with Fura-2 AM ratiometric calcium

indicator (5 μM Fura-2 & 1 μM Pluronic in isotonic ringers) for

45min, washed with isotonic ringers, and allowed to recover for

45min. Data was gathered at 30 frames/min. Baseline recordings of

calcium activity were gathered for 2 min using MetaFluor software

(San Jose, CA). Cells were treated with 0-0.08% CWO with DMSO

vehicle. Cells with baseline calcium ratio greater than two standard

deviations above experiment mean were excluded. Mean response

greater than 20% of the cell's baseline calcium ratio were considered

responders. Activity was recorded for 5 min following compound

application, followed by 10 μM histamine as a positive control to

ensure that cells were activatable. Analysis was performed using Excel

and Prism software. In each experiment, 250–678 cells were analyzed.

Cells were counted as responders if they displayed greater than 20%

increase in 340:380 ratio over the cell's baseline value. The percent of

cells that responded to treatmentwere then calculated per experiment

and pooled by treatment condition.

2.7 | Cell viability

Normal human keratinocytes were cultured and plated on an 8-well

plate (Lab-Tek II Slide, 8 Chamber, Nalgene Nunc International,

Rochester, NY, Cat 154534). Cells were treated with keratinocyte

media (live control) and media with CWO (Sigma-Aldrich,

Cat#W223115, Lot MKBP1241V, 0.01%, 0.02%, 0.04%, 0.08%

by volume) for 30 min at 37° C. LIVE/DEAD Reduced Biohazard

Cell Viability Kit #1, green & red fluorescence (Thermo Fisher

Scientific, Cat#L-7013) was performed according to manufac-

turer's directions to assess cell viability. Cells were imaged on a

confocal microscope on the same day at 10x. Quantification was

performed by counting number of live (green) and dead (red) cells

per field. One image was taken per well (N = 3 wells per

experimental replicate).

2.8 | NFAT assays

Keratinocyteswere treatedwith CWO (0-0.04%by volume) for 30min

at 37C. For CSA treatments, cells were pretreated for 1 h with 1 μM

CSA (Fisher Scientific, Hampton, NH, 239835) or an equal volume of

Veh (ethanol). Cells were fixed with 4% paraformaldehyde in PBS, and

stained with NFATc1 (7A6) antibody overnight (Santa Cruz Biotech-

nology, Dallas, TX, sc-7294), stained with secondary antibody (Alexa

Fluor 488, Invitrogen, Carlsbad, CA, A11029) and mounted with

fluoromount + DAPI (Southern Biotech, Birmingham, AL, cat 0100–

20). Six images per well were taken using a confocal microscope at 40x

and translocated/total cells were quantified in ImageJ. The average

fraction of cells/well with nuclear translocation was calculated per

experiment.

2.9 | Flow cytometry

Micewere shaved and 1.5–2wks later telogenwas confirmed andmice

were treated with CSA (Calbiochem, San Diego, CA, 20mg/kg,

dissolved 10mg/mL in Veh [10% ethanol, 90% olive oil]) or an equal

volume Veh by intraperitoneal injections. A second injection of CSA or

Veh was administered 24 h later along with 400 μL topical treatment

of CWO or Veh (acetone). Mice were injected with EdU 23 h later

(10 μL/g weight of 5 mg/mL EdU mixed in PBS). Mice were sacrificed

1 h later and keratinocytes were isolated according to published

protocols.16 EdUwas detected via the click-it reaction (Invitrogen) and

cells were stainedwith antibodies against cell surface antigens on basal

keratinocytes (α6-Integrin, BD-Pharmingen, San Jose, CA, 555736).

Cell fluorescence was analyzed on a BD FACSCantoII flow cytometer.

The percentage of α6-Integrin+ cells thatwere positive for EdU in each

group were quantified in FlowJo.

2.10 | RNA sequencing

Ten FVBmice were shaved. One week later, five mice received 400 μL

topical 20% CWO. 24 h after treatment, mice were sacrificed and

epidermis was isolated via 40-min incubation in 3.8% ammonium

thiocyanate (Sigma-Aldrich, CAS 1762-95-4) in RNase free PBS

(Ambion, 10x PBS buffer pH 7.4, PN AM9625). The work area was

kept RNase free using RNaseZap (PN AM9780). The epidermis was

homogenized in 1mL TRizol (Thermo Fisher, Waltham, MA, Cat.

#15596026) using Omni International homogenizer with soft tissue

disposable tips (PN 32750, Kennesaw, GA). RNA isolation proceeded

using the TRIzol Plus RNA Purification Kit (Thermo Fisher, Cat.

#12183-555). Briefly, homogenized epidermis in TRizol was incubated

at room temperature for 5min. A total of 0.2 mL chloroform (Sigma-

Aldrich, CAS 67-66-3, PN 360927) was added. Lysate was centrifuged

in 5PRIME, phase lock heavy 2mL tubes (Cat. # 2303830). An equal

volume of ethanol was added (Decon, King of Prussia, PA, CAS 64-17-

5). DNAse treatment using RNAse-Free DNAse was performed

(Qiagen, Venlo, Netherlands, Cat. #79254). RNA was eluted using

DEPC Treated Water (Invitrogen, Part no. 46-2224). A series of

washing steps was conducted following the directions provided in the

TRIzol Plus RNA Purification Kit. The purity of RNA was confirmed

using a Bioanalyzer (Instrument Name DE72901373, Firmware

C.01.069, Type G2939A). Three samples from each treatment with

the best RNA integrity were chosen for RNA sequencing. Sequencing

was performed using TruSeq RNA Sample Prep Kit v2 (read length

1 × 100 bp, read count 30M) at the JP Sulzberger Columbia Genome

Center Core. Differential expression between vehicle and CWO

groups was performed using DESeq. For epidermal samples, one

vehicle control was identified as an outlier and removed from analysis.

RNA-sequencing of tumorswas initiated using a publishedDMBA-

TPA protocol as described above. Mice were treated for 6 wks and

then tumors were harvested. Four pre-malignant tumors of approxi-

mately the same size per mouse were pooled (N = 3 mice per

treatment). The pooled tumors were homogenized in 1mL TRizol

using an Omni International (Kennesaw, GA) homogenizer with soft

tissue disposable tips. RNA extraction proceeded as above.
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RNA-Seq data have been deposited in NCBI's Gene Expression

Omnibus17 and are accessible through GEO Series accession number

GSE117557 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

GSE117557).

Differential expression was determined using DESeq and data

were filtered for genes with mean expression >5 RPKM and P > 0.05.

This resulted in 1655 dysregulated genes in skin and 293 dysregulated

genes in tumors. GO analysis was performed using Cytoscape18 with

the ClueGO plugin.19 Data were analyzed to identify significantly

altered GO terms in both datasets using Enrichment/Depletion (two-

sided hypergeometric test with a Bonferroni step-down correction).

Data shown are GO levels 4-7 with at least two genes per cluster

representing at least 4% of the genes in the cluster with GO term

fusion.

2.11 | T-cell blocking

T-cell blocking antibodies were given by intraperitoneal injection

100 μg/injection on treatment days −1, 2, then once weekly until

endpoint. Antibodies used were anti-mouse CD8 (Clone 2.43

BE0061), anti-mouse CD4 (Clone GK1.5 BE0003-1), and Rat

IgG2b (BE0090) (BioXcell, West Lebanon, NH). This treatment

paradigm has previously been shown to efficiently knockdown T

cells in mice.20

2.12 | Immune cell extraction

Immune cellswere isolated fromblood to analyze antibody knockdown

efficiency. Blood was taken by cardiac puncture and directly put into

red blood cell lysis buffer. Blood cells were lysed for 10min,

resuspended in DMEM, then stained with antibodies (FITC anti

mouse-CD4 GK1.5 11-0041-82, PE-Cy7 Anti-mouse CD8a 25-0081-

82, eBiosciences, Waltham, MA) for 1 h.

2.13 | GC-MS analysis

GC-MS analysis was performed by NDE Analytical (Pleasonton, CA)

using the Agilent GC-MS system 6890/5973 with a TG-624 30m

column length, 1.4 μm film thickness, 0.25mm ID and helium carrier

gas. The temperature program usedwas 100C for 4min, 100-120C for

10min, 120-220C for 6min with a 50C/min ramp up rate. Data were

matched to existing library spectra.

2.14 | Statistics

Data are expressed as mean ± SEM unless noted. Statistical analysis

was performed using Graphpad (Prism V5, San Diego, CA). Outliers

were identified using Grubbs method with Alpha = 1 × 10−4. Graphs

showing the number of malignant conversions were fitted using the

Boltzmann sigmoidal equation:

Y = Bottom + (Top-Bottom)/(1+exp((t50-X)/slope))

3 | RESULTS

3.1 | CWO induces cutaneous tumor regressions

To test whether CWOpossesses anti-tumor activity in vivo, a two-step

chemical carcinogenesis model of cSCC was employed in mice.21

Tumor formation was initiated by a single topical application of

7,12-Dimethylbenz[a]anthracene (DMBA) to the dorsal skin of mice,

followed by twice weekly applications of the tumor promotor

12-O-tetradecanoylphorbol-13-acetate (TPA) for 12 weeks

(Figure 1A). In this model, premalignant lesions called papillomas

form, up to 50% of which will convert to cSCCs, depending on mouse

strain and dosage of initiator and promotor.21–23 Chemically induced

tumors in mice have both histological and molecular profiles that

recapitulate SCCs in humans.21,24

After papillomas developed, mice were randomly assigned to one

of two treatment groups (N = 10 mice per group; CWO treated:

18.2 ± 5.4 lesions per mouse [mean ± SD]; vehicle control: 18.7 ± 7.9

lesions per mouse; P = 0.87, Student's two-tailed t-test). Mice then

received daily topical treatments of 20% CWO in acetone vehicle or

vehicle alone for up to 24weeks. Vehicle-treatedmice showed a stable

lesion burden up to 13 weeks after treatment onset, where existing

lesions increased in size and tumor grade over time (Figure 1B-C). At

14 weeks, lesion burden (Figure 1C) decreased in the control group

because mice with the highest tumor burden reached experimental

endpoints. By contrast, daily topical CWO induced dramatic regression

of lesions in size and number, which was apparent within 2 weeks

(Figure 1B-C). Remarkably, camphor-oil treatment resulted in a nearly

two-fold decrease in the incidence of malignant cSCCs by 16 weeks

(Figure 1D). Although the number of malignant conversions reached

maximum at 12 weeks of camphor-oil treatment, conversions in the

vehicle treated group continued to rise until all animals in that group

reached experimental endpoint (16 weeks, see Methods for endpoint

criteria). Similar results were found in a second independent cohort

(Sup. Figure S1–2). Although median survival curves were comparable

between treatment groups, a subset of camphor-oil treated individuals

showed a 39% increase in survival times compared with vehicle (Sup.

Figure S1 D and E). Tumors from vehicle and CWO-treated mice were

histologically similar (Sup. Figure S3), whereas areas where lesions

regressed in CWO treated mice resembled hyperproliferative skin

(Sup. Figure S3I and J). Thus, we conclude that CWO has robust anti-

tumor activity on keratinocyte-derived lesions in vivo.

3.2 | CWO induces calcium/calmodulin-dependent
NFAT signaling in keratinocytes

To define mechanisms that might underlie this striking reduction in

tumor burden, we sought to uncover molecular pathways through

which CWO exerts bioactive effects on keratinocytes. We reasoned

that CWO might activate NFAT in keratinocytes. In a low-calcium

environment, this transcription factor localizes to the cytoplasm. In

response to cytoplasmic calcium signaling, NFAT is dephosphorylated

by calcineurin, a calcium/calmodulin-dependent phosphatase, which
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allows NFAT to enter the nucleus and directs target gene expres-

sion.25–27 Three lines of evidence focused our attention on NFAT

signaling. First, previous studies have shown that terpenes activate

calcium signaling in mammalian cells in vitro,28–30 which is an essential

step in NFAT activation. Second, inhibition of calcineurin with

cyclosporine A (CSA) promotes cSCC in humans and animal models,

underscoring the role of calcineurin/NFAT in SCC pathogenesis.31

Finally, CSA regulates the cell cycle in SCC keratinocytes in vitro,

suggesting that calcineurin/NFAT signaling has direct effects on

keratinocytes relevant to cancer biology.32,33

We first asked whether CWO induces calcium signaling. Normal

human epidermal keratinocytes were loaded with the ratiometric

calcium indicator Fura-2 AM and responses to CWO application were

monitored with live-cell imaging. CWO induced rapid increases in

cytoplasmic calcium in a dose-dependent manner (Figure 2A-C). In

many cases, calcium waves were observed in individual keratinocytes

(Sup. Figure S4), an activation pattern that induces the calcium/

calcineurin-dependent transcription factor NFAT to translocate to the

nucleus and direct expression of target genes.25–27

To test the hypothesis that NFAT is activated downstream of

CWO treatment in keratinocytes, we analyzed nuclear translocation

of NFATc1, an isoform with well documented activity in human

keratinocytes (Figure 2D).34–37 Keratinocytes treated in vitro with

0.02–0.04% CWO displayed significant translocation of NFATc1

without compromising cell viability (Sup. Figure S5). This effect was

completely eliminated by pre-treatment with CSA, indicating that

NFAT translocation was dependent on calcium/calcineurin signaling

(Figure 2E). Thus, we conclude that CWO induces NFAT transloca-

tion through calcium/calcineurin signaling in keratinocytes.

NFAT activity has context-dependent effects on keratinocyte

proliferation, both maintaining stem cell quiescence and inducing

keratinocyte proliferation.34,37–39We postulated that CWOmight also

alter the cell cycle through NFAT activity. We noted that CWO

application inducesmild thickening of themouse epidermis adjacent to

treated tumors, which suggests that CWO induces proliferation. To

quantify proliferation and its dependence on calcium/calcineurin/

NFAT signaling, we treated normal mice with a single topical

application of CWO or vehicle in conjunction with either CSA or

vehicle treatment (Figure 2F). Twenty-four hours after treatment, a

single 1 h pulse of EdU was administered and keratinocytes were

harvested. The fraction of EdU+ keratinocytes in the proliferative basal

layer was measured with flow cytometry.40 Keratinocyte proliferation

FIGURE 1 CWO treatment reduces skin tumor burden and decreases malignant conversion to cSCC. A, Schematic of the two-step
chemical carcinogenesis model. B, The same mice are shown at week 0 and 11. Tumors progressed in size and severity in the vehicle treated
mouse (wk 0 = 16 vs wk 11 = 28 tumors). CWO treated tumors regressed (wk 0 = 12 vs wk 11 = 0 tumors). Arrow denotes a malignant
conversion in the vehicle treated group. C, Topical CWO treatment significantly reduced the average number of lesions per mouse. Two-way
ANOVA (N = 10 mice/group, P < 0.0001, group effect F(1,257) = 196.04). #P < 0.01, ΦP < 0.0001 Bonferroni post hoc. D, Malignant conversion
to SCC showed significant difference between treatment groups (Boltzmann fits, difference between fits F(4,30) = 46.28, P < 0.0001; CWO:
R2 = 0.99, Max cSCC = 12.0 weeks; Vehicle: R2 = 0.98, Max cSCC = 15 046). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 CWO induces keratinocyte proliferation dependent on calcium/calcineurin. CWO induced calcium signaling in human epidermal
keratinocytes in vitro (A-C). A, Keratinocytes before and after 0.04% CWO application. B, Calcium transients with 0.04% CWO application. Teal
dashed line indicates CWO application, black dashed line indicates positive control (histamine). C, Percent of cells responding to CWO: 0.04-
0.08% CWO significantly induced calcium responses (N = 7-10 experiments/group from four individual keratinocyte donors P < 0.0001, One-way
ANOVA, Bonferroni post-hoc comparison with DMSO vehicle (Veh). D, Cytosolic and nuclear localization of NFAT (yellow) and DAPI (blue) with
0% and 0.02% CWO. (Right) Percent of keratinocytes with nuclear NFAT localization following incubation with 0-0.04% CWO (N = 3
experiments with >1200 cells per replicate; P < 0.05 One-way ANOVA, Bonferroni post-hoc comparison with Veh). E, Cells were pre-treated for
1 h with CSA or vehicle followed by a 30-min treatment with 0.04% CWO or vehicle. NFAT localization after incubation with Veh/Veh, Veh/
0.04% CWO (Left), 1 μM CSA/0.04% CWO, and 1 μM CSA/Veh (Right). Two-way ANOVA found a significant effect of CWO (P < 0.0001) and
CSA (P < 0.001). Bonferroni post-hoc comparison revealed a significant difference between Veh/Veh and Veh/CWO samples that was abolished
with CSA pre-treatment. N = 10-11 experiments/group. One statistical outlier (as determined by Grubbs’ test) was removed from both CSA/V
and CSA/CWO groups. F, Mice were treated 2x with CSA or Veh every 24 h followed by one application of CWO or Veh. 23 h later, mice were
given a single injection of EdU. After 1 h, keratinocytes were collected. G, Representative flow gates. The percentage of EdU+ basal
keratinocytes (α6-integrin +) were quantified. H, CWO induced a significant increase in basal keratinocyte proliferation. Two-way ANOVA
PCSA < 0.001, PCWO< 0.0001. Bonferonni post hoc analysis revealed a significant difference between Veh/CWO and Veh/Veh treatment groups,
which was abolished by CSA pre-treatment. N = 9-10 animals/group, one statistical outlier was removed from the CSA/CO group. *P < 0.05,
***P < 0.001, ****P < 0.0001, Red lines indicate group mean values. [Color figure can be viewed at wileyonlinelibrary.com]
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was enhanced two-fold byCWOtreatment and this effectwas blocked

by CSA treatment (Figure 2G and H). We conclude that CWO induces

calcium/calcineurin/NFAT signaling that mediates biological effects

on keratinocytes in vivo.

Given that CWO induces calcium signaling and proliferation in

keratinocytes, we hypothesized that it might work through TRPV3, a

calcium channel which is expressed in keratinocytes and is activated by

camphor and related terpenes.30,41 To test whether TRPV3 is required

for CWO's effects in the skin, we performed in vivo proliferation assays

on TRPV3 knockout animals and wild-type littermates (Figure 3).

TRPV3 disruption had no effect on CWO-meditated proliferation;

therefore, we conclude that the effects of CWO are not TRPV3

dependent.

3.3 | CWO treatment induces immune-dependent
tumor clearance

We next took an unbiased, genome-wide approach to identify genetic

pathways involved in CWO-induced tumor regression. To this end, we

performed RNA-sequencing of CWO-treated mouse tissues. Samples

were harvested from pre-malignant tumors collected after 6 weeks of

treatment with vehicle or CWO (N = 3 mice per group, four pooled

tumors per mouse). To identify targets directly downstream of CWO

activity in the skin, RNA-sequencing was also performed on epidermis

isolated 24 h after a single treatment with CWO or vehicle. We

identified 293 genes differentially expressed in CWO-treated tumors

and 1677 transcripts altered in CWO-treated epidermis (Figure 4A).

Seventy-seven genes were common in both datasets. We compared

biological processes significantly altered in both tissues by CWO

treatment. These included several processes that influence tumor

biology, including blood vessel/vasculature development, skin devel-

opment, and cell death (Figure 4A). Interestingly, several enriched

nodes were consistent with an effect on immune regulation including:

cellular response to cytokines, granulocyte migration, and leukocyte

chemotaxis. Based on this intriguing finding, we postulated that CWO

treatment of keratinocytes stimulates immune-cell recruitment, a

mechanism that could lead to engulfment of tumor cells. To explore

this possibility, we analyzed gene ontology (GO) terms enriched in each

tissue group with a focus on immune pathways (Sup. Figure S6). CWO

treatment of tumors stimulated inflammatory response and chemo-

taxis pathways. Additionally, myeloid leukocyte migration and T cell

migration pathways were significantly enriched in epidermis. These

findings, alongwith the striking effect on regression of existing tumors,

suggest that CWO stimulates a T cell-mediated immune response.

To dissect the dependence of CWO's anti-tumor effects on

immune substrates, we tested the necessity for CD4+ and CD8+ T

cells, which are lymphocyte subsets commonly associated with anti-

tumor immunity. CD4+ T helper (TH) cells activate and promote

immune responses by releasing cytokines, priming CD8+ T cells, and

activating antigen presenting cells. Upon activation, CD8+ cytotoxic T

cells directly kill cancerous cells.42 Tumors were chemically induced

and then mice were randomly assigned to one of four treatment

groups: vehicle with isotype control injections, CWO with isotype

control injections, CWO with CD8 blocking antibody, and CWO with

CD4 blocking antibody. Mice received daily topical treatments with

CWO or vehicle along with weekly injections with antibodies or

isotype (IgG) controls (Figure 4B). The effects of CWO treatment were

completely reversed by administering a CD8-blocking monoclonal

antibody (Figure 4C), which was effective in reducing CD8+ circulating

cells up to 6 days after each application (Sup. Figure S7). CD4 blocking

antibodies appeared to have an intermediate effect on CWO activity

(Sup. Figure S7B); however, CD4+ cells were present at sacrificing,

indicating that this population was not fully depleted by antibody

treatment (Sup. Figure S7C). Collectively, these data suggest that

CWO-mediated tumor regression depends on CD8+ cytotoxic T cells.

3.4 | Identification of CWO's active ingredients and
effective concentrations

Finally, we sought to determine active compounds in CWO that

stimulate tumor regression. As a natural plant derivative, CWO's

mixture of terpenes varies depending on terroir.2 Using gas

FIGURE 3 Camphor-oil's biological effects on keratinocytes is independent of TrpV3. A, TrpV3 mutant and age-matched wild-type mice
were treated with CWO or vehicle control for 5 days. Mice were then given a 1-h pulse of EdU and keratinocytes were collected and
analyzed as in Figure 2. B, CWO induced a significant increase in basal keratinocyte proliferation; however, there was no significant effect of
TRPV3 knockout on proliferation (N = 4-5 mice per group; two-way ANOVA, non-significant genotype effect, treatment effect: P < 0.0001;
Bonferroni post hoc analysis: **P < 0.01,***P < 0.001)
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chromatography-mass spectrometry (GC-MS), we found that many

structurally related terpenes were present in CWO, with eucalyptol

and d,l-limonene being the most abundant constituents (Figure 5A). As

expected due to distillation, camphor was identified only in trace

quantities in CWO and is thus not expected to be an active ingredient.

To test whether individual constituents recapitulate the anti-tumor

effects of CWO, tumors were induced as before and matched cohorts

were treated with one of five terpenes (eucalyptol, d,l-limonene, α-

pinene, γ-terpinene, and camphene; N = 5 mice per group). Com-

pounds were chosen based on abundance in CWO, confidence of

identification in GC-MS (>90%matching to reference compounds) and

commercial availability of purified chemicals. Mice received daily

topical treatments with compounds at 20% dilutions (w/w) in acetone

vehicle for 5 weeks. Both d,l-limonene and α-pinene had significantly

fewer lesions than vehicle application, whereas mice treated with

eucalyptol, γ-terpinene, or camphene did not differ from vehicle

controls (Sup. Figure S8). Thus, we conclude that d,l-limonene and/or

α-pinene likely mediate the antitumor effects of CWO.

We next sought to identify effective concentrations of

terpenes for tumor reduction in vivo. Tumor-bearing mice were

split into matched groups and treated daily with a range of

concentrations of CWO, d,l-limonene, or α-pinene (0-40%; N = 5

mice per group). CWO was rapidly effective at high concentrations

(40%; Figure 5B), with significant reduction in tumor burden

achieved within 1 week (Figure 5C). In pilot studies, 40% solutions

of either d,l-limonene or α-pinene produced marked skin irritation

or toxicity; thus, these chemicals were applied up to 20% (Figure

5D). d,l-Limonene produced the largest reduction in skin tumors at

20%, which was apparent 2 weeks after the start of treatment

(Figure 5D and E). By contrast, 2.5% α-pinene resulted in

significant reductions in tumor burden (Figure 5F and G).

Interestingly, higher concentrations of α-pinene did not reduce

FIGURE 4 CWO-induced tumor regression requires cytotoxic T cells. A, Epidermis and tumors treated with CWO or vehicle were analyzed
with RNA sequencing and results were compared (left). Epidermis was treated with a single application of CWO, tumors were collected after
6 wks of treatment. In skin, 1577 genes were differentially enriched, 215 in tumors, and 77 in both groups with CWO treatment. GO-analysis
of terms enriched with CWO treatment in both papillomas and keratinocytes were analyzed (right) and compared to identify common
pathways affected in both groups. Terms consistent with immune activation are in red font. B, Tumors were induced as before, mice were
split into matched cohorts, then injected with T-cell blocking or isotype control antibodies on Day −1, 2 and then 1x weekly. C, CD8 blocking
antibody reversed the effects of CWO treatment (N = 7 mice/group, two-way ANOVA identified a significant interaction between time and
treatment group (P < 0.05), and significant effects of both time and treatment group (P < 0.0001). One-way ANOVA split by treatment group,
P < 0.01, Tukey's multiple comparison test *P < 0.05, ** < 0.01. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 CWO constituents partially recapitulate the effects of CWO. A, Gas-chromatography mass spectrometry analysis of
CWO. Percentage of constituent present in CWO is shown on the pie chart and the percentage match to reference is shown in
parentheses. One compound did not match well to reference. B-G, Dose-response studies to identify effective concentrations of
CWO and constituents in reducing tumor burden. Tumors were induced as before and mice were split into matched groups (N = 5
mice/group). Mice were treated for 6 weeks with CWO or constituent terpenes (0-40%). B, D, F show the number of lesions/mouse
at week 0 (black line) and 6 weeks (teal line) for each concentration tested. C, E, F show % of tumors remaining for vehicle (black
line) and the optimal concentration of compound (teal line). All data were analyzed with two-way ANOVA with Bonferroni post-hoc.
Significance of group P-values is denoted on side of graph, and post-hoc differences at each week are noted above the time point.
*P < 0.05, #P < 0.01, ΩP < 0.001,Ф P < 0.0001. B, CWO showed a dose-dependent effect and 40% CWO was most effective. C, 40%
CWO caused a significant effect after 1 week of treatment, and was significantly different from vehicle treatment. D, d,l-Limonene
showed a slight dose-dependent response, with 20% causing the greatest reduction in tumor burden. E, 20% d,l-Limonene caused a
significant reduction in tumor burden compared to vehicle. F, α-Pinene was maximally effective at 2.5% concentration. G, 2.5% α-
Pinene was significantly different from vehicle after 6 weeks of treatment. [Color figure can be viewed at wileyonlinelibrary.com]
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lesions in this cohort. Together, these results indicate that,

compared with α-pinene or d,l-limonene, camphor essential oil is

better tolerated and leads to more rapid reduction in tumor load.

This finding implies that naturally derived CWO contains additional

components that work in synergy with d,l-limonene and α-pinene

to promote their antitumor effects in vivo.

4 | DISCUSSION

This study identifies a previously unsuspected use for an essential

oil to induce regression of keratinocyte-derived malignancies.

CWO and its derivatives induced a striking reduction in tumor

burden in pre-clinical mouse models in vivo. Remarkably, daily

topical treatment with CWO stimulated regression of pre-existing

lesions and reduced the incidence of malignant conversions by half.

Furthermore, CWO induced calcium/calcineurin-dependent NFAT

translocation, and this in turn had direct physiological effects on

keratinocytes. CWO treatment resulted in a multitude of tran-

scriptional changes that could affect the tumor microenvironment.

Specifically, tumor clearance was mediated through cytotoxic

CD8 x002B; T cells, arguing for immune-dependent clearance of

tumor cells. Collectively, these findings suggest that CWO and its

terpene constituents comprise a naturally occurring immune cell

modulator.

CWO's terpene constituents are commonly used in commercial

manufacturing, culinary, and medicinal applications. For example,

eucalyptol is used in mouthwash and cough suppressants. d,l-

Limonene is prominent in citrus oils used as flavorings in foods and

beverages, and is a solvent in household cleaning products. The scent

of pine is conferred by α-pinene in household products, and γ-

terpinene is used in cosmetics. Thus, humans are frequently exposed to

these compounds, which are well tolerated on skin. We identified α-

pinene and d,l-limonene as active compounds that promote tumor

regression. Future studies are needed to assess whether these

components act synergistically or separately on molecular pathways.

The prominence of CWO constituents in common household items

poses an interesting avenue for future investigation into whether

exposure to these terpenes over a life-span alters the risk for

keratinocyte-derived lesions.

A handful of recent studies suggest a role of CWO's terpene

constituents in experimental cancer models.4–9,43,44 Extracts of C.

camphora and related species are reported to be cytotoxic to human

tumor cells in vitro.2,43 Consistent with our observations, d-limonene

has been reported to have preventive effects on pre-malignant lesion

formation in a mouse model of cSCC.9 Inhalation of α-pinene has been

suggested to reduce melanoma growth in mouse models.5 These

studies have shown effectiveness of terpenes on the promotion and

establishment phases of tumorigenesis. To our knowledge, this study is

the first to show that terpenes, including naturally derived CWO,

induce regression of existing tumors in vivo. Furthermore, the efficacy

of treatment is greater when the natural oil is used, as compared with

individual terpenes.

Natural products represent a rich source for small molecule

therapeutics; however, the molecular targets of these compounds are

often elusive.45–48 CWO presents challenges for identifying the

precise molecular target due to the complexity of the admixture and

potentially combinatorial effects of the terpene constituents. CWO

stimulated calcium signaling in keratinocytes, followed by NFAT

translocation to the nucleus (Figure 6). These are key findings in

understanding the mechanism of action for tumor elimination. An

obvious question is—what are CWO's receptors in skin? TRPV3 was

our top candidate, as this calcium channel is expressed in keratinocytes

and activated by camphor and other terpenes; however, CWO-

mediated effects in keratinocytes were comparable in wildtype and

TRPV3 knockout mice. Thus, the direct molecular target of CWO

remains an open question for future investigation. CWO's receptors

might include other TRP channels or voltage-gated calcium channels.49

Alternatively, CWO could stimulate store-operated release through

Gq coupled G-protein activation or by store operated calcium entry

e.g., a STIM-Orai dependent pathway).49,50 Our observation that d,l-

limonene and α-pinene have anti-tumor effects provides a starting

point for future studies to identify receptors that link CWO's active

ingredients to NFAT signaling.

We propose that CWO stimulates tumor regression in skin

through NFAT-dependent signaling and CD8+ T cell-dependent

mechanisms (Figure 6). Consistent with the involvement of NFAT

signaling, our in vitro studies demonstrated that CWO induced calcium

signaling and calcium/calcineurin-dependent NFAT translocation in

human keratinocytes. The effects of NFAT signaling in keratinocytes

are multifaceted and context dependent. For example, NFAT

activation downstream of Notch signaling has been shown to induce

a switch from proliferation to differentiation of epidermal keratino-

cytes.35,36 In the hair cycle, NFAT signaling promotes bulge stem cell

quiescence by inhibiting the cell cycle regulator CDK4.34–36 By

contrast, overactivation of NFAT in epidermal cells promotes

keratinocyte hyperproliferation.37 The latter report is consistent

FIGURE 6 Model for CWO's mechanism of action. CWO induces
calcium/calmodulin dependent NFAT translocation. NFAT induces
transcription that in turn alters the tumor microenvironment
promoting inflammation and T cell-mediated tumor regression
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with our finding that CWO increases proliferation of normal human

keratinocytes.

How can increased keratinocyte proliferation be reconciled with

tumor regression? One possibility is that CWO causes normal

keratinocytes to proliferate and outcompete cancer stem cells for

metabolic resources. Alternatively, NFAT activation could differen-

tially affect normal and cancer stem cells, promoting proliferation in

the former and quiescence in the later.33,37 Collectively, this alteration

in proliferative potential could tip the scale to promote tumor

regression.

Our finding that immune cells are required for CWO's antitumor

effects in vivo favor another model: that CWO promotes NFAT

translocation in keratinocytes to induce expression of cytokines that

alter the tumor microenvironment, stimulating the clearance of tumor

cells through immune cell activation. For example, recent work has

identified thymic stromal lymphopoietin (TSLP) release downstream of

NFAT activation in keratinocytes.51 TSLP is well known for having a

role in promoting allergic inflammation52 and, when released from

keratinocytes, can promote the atopic march that proceeds to asthma

development.53 Interestingly, allergic inflammation can reduce risk of

certain cancers while increasing the risk for others.54 Several intriguing

studies have shown that TSLP has an additional role in stimulating

antitumor immunity through CD4+ and CD8+ T-cell activation.55–57

TSLP released from keratinocytes can directly stimulate CD4+ TH

activation and recruitment of cytotoxic CD8+ T cells to tumors.

Interestingly, we found that TSLP mRNA was upregulated in

keratinocytes treated with CWO, indicating that TSLP release from

keratinocytes could promote CD8+ T cell recruitment to tumors, and

thus contribute to CWO-mediated tumor regression.

Along with effects on keratinocytes, CWO could act directly on

T cells, either through resident populations in skin or through

systemic effects.58–60 Indeed, NFAT isoforms have been most

heavily studied for their effects on T cells.61 Upon T cell activation,

nuclear NFAT proteins complex with AP1 transcription factors to

stimulate gene expression linked to activation. NFATc1, in particular,

is necessary for cytotoxic CD8+ T cell activation, by regulating

effector memory T cell expansion and gene expression associated

with cytotoxicity.62,63 CD8+ T cells that lack NFAT have severely

impaired cytotoxicity against A20J tumor cells and Listeria infec-

tion.62 Indeed, low NFAT expression correlates with poor prognosis

in non-small cell lung cancer.63 Furthermore, in mouse models of

lung cancer, deletion of NFAT in T cells enhances tumor growth, with

concurrent reduction in effector memory and tissue resident T cell

numbers, as well as reduced expression of cytokines correlated with

cytotoxicity. Collectively, these studies identify NFAT as a critical

regulator of CD8+ T cell expansion and cytoxicity. CWO could

directly influence T cell activation dynamics through NFAT to

enhance CD8+ T cell-mediated cytotoxicity. In support of this model,

we found that circulating CD8+ T cells are enhanced with CWO

treatment in tumor bearing mice. Future studies will aim to define

whether CWO acts directly on keratinocytes, immune cells, or both

to stimulate anti-tumor immunity.

Collectively, this study identifies CWO as a novel activator of

NFAT signaling and calcium/calcineurin-mediated antitumor immu-

nity. Organ transplant recipients that receive long-term treatmentwith

calcineurin inhibitors are at dramatically increased risk for

SCC,32,34,38,39,64 arguing that NFAT activators might be used to

reduce epithelial tumor risk. As these studies investigated the efficacy

of CWO and terpene compounds after tumor induction, future studies

are needed to determine whether these compounds can also act as a

preventive to reduce the development of pre-cancerous lesions. This

raises the possibility that CWO could serve as an effective topical

treatment to prevent the progression of keratinocyte-derived lesions.
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