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Abstract

Actinic keratosis is a common skin disease that may progress to invasive squamous cell car-

cinoma if left untreated. Ingenol mebutate has demonstrated efficacy in field treatment of

actinic keratosis. However, molecular mechanisms on ingenol mebutate response are not

yet fully understood. In this study, we evaluated the gene expression profiles of actinic kera-

tosis lesions before and after treatment with ingenol mebutate using microarray technology.

Actinic keratoses on face/scalp of 15 immunocompetent patients were identified and evalu-

ated after treatment with topical ingenol mebutate gel 0.015%, applied once daily for 3 con-

secutive days. Diagnostic and clearance of lesions was determined by clinical,

dermoscopic, and reflectance confocal microscopy criteria. Lesional and non-lesional skin

biopsies were subjected to gene expression analysis profiled by Affymetrix microarray. Dif-

ferentially expressed genes were identified, and enrichment analyses were performed using

STRING database. At 8 weeks post-treatment, 60% of patients responded to ingenol mebu-

tate therapy, achieving complete clearance in 40% of cases. A total of 128 differentially

expressed genes were identified following treatment, and downregulated genes (114 of

128) revealed changes in pathways important to epidermal development, keratinocyte dif-

ferentiation and cornification. In responder patients, 388 downregulated genes (of 450 differ-

entially expressed genes) were also involved in development/differentiation of the

epidermis, and immune system-related pathways, such as cytokine and interleukin signal-

ing. Cluster analysis revealed two relevant clusters showing upregulated profile patterns in

pre-treatment actinic keratoses of responders, as compared to non-responders. Again, dif-

ferentially expressed genes were mainly associated with cornification, keratinization and

keratinocyte differentiation. Overall, the present study provides insight into the gene expres-

sion profile of actinic keratoses after treatment with ingenol mebutate, as well as identifica-

tion of genetic signatures that could predict treatment response.
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Introduction

Actinic keratosis (AK) is a common skin disease characterized by thick, scaly, cutaneous

lesions on chronic sun-exposed areas, and histologically by atypical keratinocytes extending to

the basal layer of the epidermis, that may progress to invasive squamous cell carcinoma (SCC)

if left untreated [1,2]. The risk to develop a cutaneous SCC is approximately 0.03–20% per year

for any single lesion [3–6], and the risk of malignant progression for a patient affected by mul-

tiple AK lesions has been estimated within a wide range between 0.15% and 80% [7]. The high-

est malignant transformation rates are found in males, elderly patients, individuals with

phototypes I and II, human papillomavirus infection, a family history of skin cancer, and in

immune-suppressed individuals [8–10]. However, despite the advances in the recognition of

clinic, dermoscopic and histologic patterns, it is not yet possible to predict which lesions will

advance to SCC [11]. For this reason, an early diagnosis and effective treatment are

recommended.

There are many variables that may influence the therapy choice in an individual, such as

the number and location of lesions, age and immunological status of the patient, personal his-

tory of previous skin lesions and previous treatments [11]. Nevertheless, since AKs are usually

multiple and often subclinical, a field-directed approach is suggested to remove clinically visi-

ble as well as non-visible lesions within the treatment area to prevent the development to inva-

sive SCC [12].

Among the topical field therapies available, ingenol mebutate (IM) has demonstrated to be

an ef-fective and well tolerated option for the treatment of AK, with a simple dosing regimen

and a short treating course [13,14]. However, the precise mechanism of action by which the

drug induces cell death is not fully understood, neither are the molecular mechanisms involved

in the lack of response to IM.

Herein, we report the results of a prospective study investigating the transcriptomic profile

of AK lesions before and after treatment with IM gel. Our study included clinical and dermo-

scopic evaluations together with a monitoring of the histological patterns of AKs by in vivo
reflectance confocal microscopy (RCM), a non-invasive imaging technique. We also per-

formed a comparative analysis of gene expression profiles of AKs responsive and unresponsive

to the study treatment, in order to gain a better understanding of the molecular mechanisms

involved and to identify potential genetic signatures of response to IM therapy.

Materials and methods

Study design and patient population

This was a single-center, single-arm, prospective observational study conducted in Hospital

del Mar in Barcelona from April 2016 to April 2018, to evaluate the mRNA expression profile

of AKs before and after treatment with IM. We prospectively enrolled fifteen immunocompe-

tent adult patients aged� 18 years, who were clinically diagnosed with at least one AK (grade

I-II, according to Olsen’s classification [15]) on the head and/or scalp larger than 8 mm in

diameter. All patients were regularly being followed-up for previous history of non-melanoma

skin cancer at the Skin Cancer Clinic of the Hospital del Mar. Patients could not have received

any pharmacological treatment for AK within 6 months before inclusion. Subjects were

excluded if they were pregnant, breastfeeding, or planning on becoming pregnant during the

course of the trial. All individual participants received written and verbal information con-

cerning the study, provided signed written informed consent, and allowed photographs of the

selected treatment areas to be taken. Data confidentiality and anonymity will be ensured,

according to the provisions of the Spanish Organic Law 3/2018, of December 5, on Personal
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Data Protection and Digital Rights, and the provisions of Regulation (EU) 2016/679 of the

European Parliament and of the Council of 27 April 2016. The study was approved by the local

ethics committee (Comité Ético de Investigación Clı́nica- Parc de Salut Mar, n˚ 2016/6597/I)

and conducted in accordance with the Declaration of Helsinki (Fortaleza, Brazil, October

2013).

Study assessments

At the initial screening visit (visit 0), participants provided informed consent, and study der-

matologists collected demographic data and performed a clinical evaluation of the lesions on

the head suggestive of AK. AK lesions larger than 8 mm in diameter were identified, evaluated,

and subsequently monitored at the pre-treatment visit (visit 1), at 4±2 days after treatment

(visit 2), and at 8±1 weeks after treatment (visit 3).

Clinical assessment of AKs and photographs with a digital camera (Canon Powershot

G101, Ōita, Japan) were made at each study visit. At visits 1 and 3, dermoscopic images

(DermliteFoto1, 3Gen, San Juan Capistrano, CA, USA) and RCM images of the skin lesional

sites were also obtained.

At visit 2, adverse events were evaluated and referred to as local skin reactions (LSR). The

severity of LSR was graded subjectively from 0 to 4 (with higher numbers indicating greater

severity), according to a 6-point local skin response scale including erythema, flaking/scaling,

crusting, swelling (edema), vesiculation/pustulation, and erosion/ulceration. The composite

LSR score represents the sum of the six individual scores for each patient, yielding a maximum

composite score of 24 [16].

At visit 3 (end of study), diagnostic and clearance of AK lesions was determined according

to the clinical and dermoscopic criteria [17] in combination with RCM assessments. At this

visit, the clinical response to IM-treatment was classified into two categories: responder

patients, if they showed either complete disappearance of the lesion or a reduction in the clini-

cal, dermoscopic and RCM grade; and non-responder patients, if they did not show any

improvement of the lesion after treatment.

Sample collection and treatment

At the pre-treatment visit, the AK treatment areas of all lesions were drawn with their exact

location on a transparent sheet with the use of physical reference points as landmarks. Within

each AK treatment area, two areas were selected for biopsy before and after treatment. One of

them was biopsied at visit 1 (pre-treatment biopsy: AK-PRE), and the other one at visit 3

(post-treatment biopsy: AK-POST). A biopsy from the axilla or retro-auricular area (non-

lesional non-sun-exposed skin: NSES) and a biopsy from a sun-exposed peri-lesional area

(within 5 cm peri-lesional: SES) were also obtained at visit 1. Location of the selected treatment

areas as well as biopsy locations were verified by referencing the transparency on which they

were mapped. All biopsies were 4-mm skin punch biopsies −performed under local anesthesia

−, and were subjected to gene expression analysis profiled by Affymetrix microarray.

After performing AK-PRE biopsy, biopsy wounds were allowed to heal for two weeks.

Then, participants were instructed to treat the healed skin area with IM gel 0.015% (Picato1,

LEO Pharma, Ballerup, Denmark), applied once daily for 3 consecutive days in the affected

area, covering both clinical AK and the area surrounding the lesions.

In vivo reflectance confocal microscopy imaging

RCM imaging was performed by means of a commercially available reflectance mode confocal

laser scanning microscope (Vivascope 30001, Caliber ID, Rochester, New York, USA),
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following standard protocols described elsewhere [18]. Horizontal 750×750 microns images of

the lesional skin were obtained at different epidermal layers and upper dermis throughout the

lesion. Furthermore, vertical mapping using the Vivastack function (Vivastack1, Caliber ID,

Rochester, New York, USA) was done in 5 μm-step series of images from the surface to a maxi-

mum depth of 200 μm, starting at the stratum corneum and continuing throughout the epider-

mis and papillary dermis in the areas of interest. Confocal criteria for AK already described in

the literature were systematically evaluated. Grade of dysplasia in AKs was assessed according

to the criteria reported by Pellacani et al [19].

RNA extraction and purification

Biopsy samples were stabilized by immersion in RNAlater (Ambion) for 24 hours and further

embedded in OCT before freezing. Total RNA from frozen OCT-embedded samples was

extracted using mirVana miRNA Isolation kit (Ambion, Life Technologies, Thermo Fisher

Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. After extrac-

tion, purity and integrity of the RNA were assessed by spectrophotometry and nanoelectro-

phoresis using the NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, USA)

and the Nano lab-on-a-chip assay for total eukaryotic RNA using Bioanalyzer 2100 (Agilent

Technologies, USA), respectively. All samples had good purity and integrity and were subse-

quently used for microarray hybridization and qRT-PCR confirmation.

Microarray analysis

For microarrays analysis, amplification and labeling were performed according to GeneChip™
WT PLUS Reagent kit (P/N 703174 2017) protocol from Thermo Fisher, and then hybridized

to GeneChip Clariom S Human Array (Thermo Fisher) in a GeneChip Hybridization Oven

645. Washing and scanning were performed using the Expression Wash, Stain and Scan User

Manual (P/N 702731 2017) from Thermo Fisher and the GeneChip System (GeneChip Fluid-

ics Station 450 and GeneChip Scanner 3000 7G).

Microarray data analysis was performed in the R statistical environment (version 3.4.3)

[20] using core, CRAN and Bioconductor packages.

The data have been deposited in NCBI’s Gene Expression Omnibus and are accessible

through GEO Series accession number GSE142108.

Data preprocessing. After an exhaustive quality control, raw data were preprocessed

using the Robust Multi-array Average (RMA) algorithm [21] in the aroma.affymetrix R pack-

age [22] using the three standard steps: background correction, quantile normalization and

summarization step in a log2 base.

Differential expression analysis. Linear Models for Microarray Data (LIMMA) [23] was

used to identify differentially expressed genes (DEGs) between conditions. A paired design

was considered using function duplicateCorrelation of the limma R package [23]. Although

analyses were adjusted for multiple comparisons using the false discovery rate procedure,

genes for posterior analyses were selected having a p-value<0.05 and a log fold change

LogFC�0.5. Venn diagrams were generated using self-programmed functions available at

https://github.com/margenomics.

Clustering method for microarray gene expression data. Behavior of genes in the four

conditions (AK-PRE, AK-POST, NSES and SES) was studied using regression models through

the R package “microarray Significant Profiles” (maSigPro) [24,25]. In particular, DEG

between the following comparisons: AK-PRE and AK-POST, AK-PRE and SES and SES and

NSES; were obtained using limma and included in maSigPro to identify groups of DEGs based

on their evolution pattern for responders and non-responders to the study treatment.
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Clustering used function was hclust with correlation based distance and Ward linkage method.

The median measure was selected to summarize gene expression at each node. Due to the vari-

ability in the cluster expression ranges, 15 clusters were selected to guarantee the correct elec-

tion of the treatment response evolution patterns in the selected genes and clusters.

Protein-Protein Interaction (PPI) construction. The PPI networks were constructed

using the Search Tool for the Retrieval of Interacting Genes (STRING) database [26,27]. Pro-

teins are represented by nodes and interactions of pairwise proteins by edges. The identified

clusters are mapped as different colors, which are assigned arbitrarily.

Functional and pathway enrichment analyses. To analyze the DEGs at the functional

level, Gene Ontology (GO) [28]—in the biological process (BP) category—and Reactome path-

way enrichment analyses [29] were performed using STRING software.

Quantitative real-time reverse transcription–polymerase chain reaction

(qRT-PCR)

qRT-PCR was performed for a number of genes of interest to validate microarray data. Com-

plementary DNA (cDNA) was reverse transcribed from total RNA using the Transcriptor First

Strand cDNA Synthesis kit (Roche Diagnostics, Mannheim, Germany). SYBR Green primers

were purchased from Sigma-Aldrich. Based on the literature and on its stable expression in the

array, the gene TBPL2 (TATA-Box Binding Protein Like 2) was used as a reference gene to

normalize each sample. Quantitative PCRs were run on QuantStudio™ 12K Flex Real-Time

PCR System using the SYBR Green select PCR master mix (Applied Biosystems by Life Tech-

nologies, Austin, TX, USA). All samples were tested in triplicate. The relative changes in gene

expression data were calculated by the 2-ΔΔCt method [30]. Differences in gene expression were

statistically assessed using the Mann–Whitney U test (p-value<0.05 considered as significant).

Results

Demographics, clinical characteristics, and therapeutic response

The study included 15 immunocompetent subjects with grade I-II AK, according to Olsen’s

classification [15]. Demographic and clinical characteristics of patients, including AK severity

at baseline, composite LSR score at visit 2, and therapeutic outcome of AKs are detailed in

Table 1. All participants were male with a mean age of 79.1 years (range 69−91 years). The

parietal area was the most commonly involved site (6/15, 40.0%), followed by the temple (5/15,

33.3%). Most patients had Fitzpatrick skin phototype II, and only four individuals had photo-

type III. All patients had androgenetic alopecia (Norwood-Hamilton classification of IV-VII).

Lesion severity was Olsen grade I in 8 patients, and Olsen grade II in the 7 remaining cases.

Nine of the 15 patients (9/15, 60%) responded to the study treatment either completely (6/15,

40%) or partially (3/15, 20%).

Fig 1 shows the clinical, dermoscopic and confocal images of a responder patient (sample

AK6) treated on the scalp, before and after the therapy. All patients presented at least one of

the six LSRs evaluated. The mean composite score for each LSR was: erythema, 1.9 (range:

1–3); vesiculation/postulation, 1.5 (range: 0–3); flaking/scaling, 1.4 (range: 0–3); erosion/ulcer-

ation, 1.0 (range: 0–2); crusting, 1.0 (range: 0–2); and swelling, 0.3 (range: 0–1). The total

mean composite LSR score derived from the overall analysis was 7.2 (range: 3–13).

Microarray analysis

Whole genome gene expression profiling was performed on biopsies obtained from patients.

We compared the expression profiles of: i) AK lesions before and after treatment with IM gel;
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ii) Post-treatment and pre-treatment AK lesions that responded to IM; and iii) AKs that

responded and AKs that did not respond to the study treatment.

Table 1. Demographic and clinical characteristics of 15 immunocompetent patients with actinic keratoses and their therapeutic response to ingenol mebutate gel at

8 weeks post-treatment.

Sample name Age (years) Gender Lesion location Olsen grade Fitzpatrick skin phototype Composite LSR scorea Therapeutic responseb

AK1 91 M Temple I II 6 1

AK2 84 M Parietal area I II 6 0

AK3 76 M Temple II II 3 1

AK4 72 M Malar area I II 6 1

AK5 77 M Forehead I II 5 1

AK6 79 M Forehead II II 6 1

AK7 85 M Parietal area II II 9 0

AK8 83 M Parietal area I II 5 1

AK9 78 M Temple I II 13 0

AK10 69 M Parietal area I II 3 0

AK11 72 M Temple II III 7 0

AK12 73 M Temple II III 9 0

AK13 87 M Parietal area II III 13 1

AK14 89 M Parietal area I III 9 1

AK15 72 M Frontal area II II 9 1

AK: actinic keratosis; M: male; LSR: local skin response
aComposite LSR at visit 2. The composite LSR score (0–24) represents the sum of the scores graded from 0 to 4 on all six individual LSR categories
btherapeutic response at visit 3 (0 = not response; 1: response).

https://doi.org/10.1371/journal.pone.0232146.t001

Fig 1. Responder patient treated with ingenol mebutate gel for a grade II actinic keratosis on the forehead (sample AK6). A: Clinical appearance of the lesion. B:

Dermoscopic image showing background erythema and yellow scales with keratotic follicular openings. C: 750×750 μm confocal image at the stratum corneum showing

marked hyperkeratosis. D: 750×750 μm confocal image at stratum spinosum demonstrating diffuse atypia of the keratinocytes with different sizes and shapes of the cells.

E-F: Clinical and dermoscopic clearance of the lesion after ingenol mebutate treatment. G-H: 750×750 μm confocal images showing normal appearance of the skin.

https://doi.org/10.1371/journal.pone.0232146.g001
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i) AK lesions before and after treatment with IM gel. A total of 128 DEGs were identi-

fied when comparing post-treatment with pre-treatment AK lesions. These DEGs included

114 downregulated and 14 upregulated genes. We performed Gene Ontology (GO) and Reac-

tome pathway enrichment analyses for the 114 downregulated genes (Table 2). GO analysis

showed that the strongly enriched terms were skin development, keratinocyte differentiation,

keratinization and epidermis development. Reactome pathway analysis revealed formation of

the cornified envelope and interleukin-36 pathway as that the most significantly enriched

pathways. The downregulated DEGs assigned to these processes involved members of the

LCE1/LCE2/LCE3/LCE6 groups (late cornified envelope family), members of the SPRR2/

SPRR3 groups (small proline-rich protein genes), KRT6C/KRT14/KRT80 (keratin genes), and

PI3 (peptidase inhibitor 3 gene), among others.

The PPI network of the 114 downregulated genes is shown in Fig 2, and a detailed list of

proteins contained in the main clusters of the PPI network is summarized in S1 Table (see S1

Table). Most proteins belonging to the yellow cluster were involved in epidermal development,

keratinocyte differentiation and cornification. Proteins of the green cluster mainly included

cytokines, whereas most proteins of the blue cluster were enzymes, such as serine protease 3,

gamma-glutamyl hydrolase and heparanase.

ii) Post-treatment and pre-treatment AK lesions that responded to IM. There were 450

DEGs between post-treatment and pre-treatment AKs responsive to IM, with 388

Table 2. Gene Ontology and Reactome pathway enrichment analyses of 114 downregulated differentially expressed genes in post-treatment versus pre-treatment

actinic keratosis samples.

Biological Process (GO)

GO-term Description FDR Downregulated matching proteins

GO:0030216 Keratinocyte differentiation 2.98E-

24

CASP14, CNFN, CSTA, EREG, HRNR, IVL, KLK13, KRT14, KRT6C, KRT80, LCE1A, LCE1F, LCE2A, LCE2B,

LCE2C, LCE2D, LCE3D, LCE3E, LCE6A, LIPN, LOR, PI3, PIP5K1A, SPRR2B, SPRR2D, SPRR2E, SPRR2F,

SPRR2G, SPRR3

GO:0043588 Skin development 2.98E-

24

ALOX12B, CASP14, CNFN, CSTA, EREG, ERRFI1, GRHL3, HRNR, IVL, KLK13, KRT14, KRT6C, KRT80,

LCE1A, LCE1F, LCE2A, LCE2B, LCE2C, LCE2D, LCE3D, LCE3E, LCE6A, LIPN, LOR, PI3, PIP5K1A,

SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G, SPRR3

GO:0031424 Keratinization 6.89E-

24

CASP14, CNFN, CSTA, HRNR, IVL, KLK13, KRT14, KRT6C, KRT80, LCE1A, LCE1F, LCE2A, LCE2B,

LCE2C, LCE2D, LCE3D, LCE3E, LCE6A, LIPN, LOR, PI3, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G,

SPRR3

GO:0008544 Epidermis development 8.84E-

24

BNC1, CASP14, CNFN, CSTA, EREG, FABP5, GRHL3, HRNR, IVL, KLK13, KRT14, KRT6C, KRT80, LCE1A,

LCE1F, LCE2A, LCE2B, LCE2C, LCE2D, LCE3D, LCE3E, LCE6A, LIPN, LOR, PI3, PIP5K1A, SPRR2B,

SPRR2D, SPRR2E, SPRR2F, SPRR2G, SPRR3

GO:0018149 Peptide cross-linking 3.02E-

20

CSTA, IVL, LCE1A, LCE1F, LCE2A, LCE2B, LCE2C, LCE2D, LCE3D, LCE3E, LOR, PI3, SPRR2B, SPRR2D,

SPRR2E, SPRR2F, SPRR3

Reactome pathways

Pathway Description FDR Downregulated matching proteins

HSA-

6809371

Formation of the cornified

envelope

4.09E-

27

CASP14, CSTA, IVL, KLK13, KRT14, KRT6C, KRT80, LCE1A, LCE1F, LCE2A, LCE2B, LCE2C, LCE2D,

LCE3D, LCE3E, LCE6A, LIPN, LOR, PI3, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G, SPRR3

HSA-

9014826

Interleukin-36 pathway 9.60E-

04

IL36B, IL36G, IL36RN

HSA-446652 Interleukin-1 family

signaling

7.80E-

03

IL1RN, IL36B, IL36G, IL36RN, MYD88, S100A12

HSA-

5362517

Signaling by retinoic acid 7.80E-

03

FABP5, PDK1, PPARD, SDR16C5

HSA-

6798695

Neutrophil degranulation 1.80E-

02

FABP5, GGH, HPSE, HRNR, PNP, PRSS3, S100A12, SERPINB3, SLPI, TCN1

GO: Gene Ontology; FDR: false discovery rate.

https://doi.org/10.1371/journal.pone.0232146.t002
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downregulated and 62 upregulated genes. The downregulated genes were enriched in BPs

terms associated with epidermis development, keratinocyte differentiation, cornification, kera-

tinization and epidermal cell differentiation (Table 3). The most significantly enriched path-

ways were the formation of the cornified envelope and immune system-related pathways, such

as cytokine signaling, interleukin signaling, and neutrophil degranulation. Downregulated

genes in these pathways included members of the SPRR1/SPRR2/SPRR3 groups (small proline-

rich protein genes), members of the keratin family (KRT5/KRT6/KRT14/KRT16/KRT17/

KRT19), members of the IL1/IL2/IL6-like cytokines/IL10 families (interleukin families), mem-

bers of the LCE2/LCE3 groups (late cornified envelope family), members of the SERPINB fam-

ily (SERPINB1/SERPINB2/SERPINB3), members of the S100 family (S100A7/ S100A8/S100A9/

S100A12), PI3 (peptidase inhibitor 3 gene), CSTA (cystatin-A gene) and IVL (involucrin

gene).

Fig 3 shows the PPI network of the 388 downregulated genes. The two most significant clus-

ters were the yellow and the green ones. Proteins in both clusters are summarized in S2 Table

(see S2 Table). Proteins of the yellow cluster were mainly involved in immune system-related

pathways, whereas proteins of the green cluster were implicated in development/differentia-

tion of the epidermis.

GO and Reactome pathway analyses results for the 62 upregulated DEGs are shown in S3

Table (see S3 Table). Taken together, both analyses revealed terms associated with extracellular

structure and matrix organization, collagen fibril organization, and keratan sulfate catabolic

process. The most significantly upregulated genes assigned to these pathways included colla-

gen genes (COL1A2/COL12A1/COL14A1), lysyl oxidase gene (LOX) and dermatopontin

(DPT).

The PPI network is shown in S1 Fig (see S1 Fig).

Venn diagrams were also performed with the lists of DEGs obtained for AK lesions that

responded to treatment with IM, compared to AK lesions that did not respond (Fig 4).

The Venn diagrams show the number of common and specific DEGs in each group. The

light grey areas highlight the intersection between groups, where 5 downregulated DEGs and 0

upregulated genes were shared. In the responders’ group, 383 downregulated and 62 upregu-

lated genes were uniquely expressed, while 224 downregulated and 59 upregulated genes were

uniquely expressed in the non-responders’ group.

The lists of both downregulated and upregulated genes represented with Venn diagrams

are presented in S1 Appendix and S2 Appendix, respectively.

iii) AKs that responded and AKs that did not respond to the study treatment (Cluster

analysis). DEGs identified using maSigPro were grouped into fifteen clusters, showing dis-

tinct expression profiles across the four samples. Two of the clusters (clusters 1 and 2) showed

a different pattern of expression for responder and non-responder patients before treatment

with IM (AK-PRE samples), as compared to non-AK samples (both NSES and SES) and post-

treatment samples (AK-POST) (Fig 5).

Both clusters shared similar expression patterns, but at different intensity levels. These two

clusters aided in discriminating those genes that were only upregulated in IM-responders. The

corresponding DEGs as well as GO and Reactome pathway analyses are shown in Table 4. The

most enriched BPs terms and pathways were associated with cornification, keratinization, ker-

atinocyte differentiation and peptide cross-linking. Other enriched terms were related to the

immune system category, including defense response, immune response and leukocyte migra-

tion. Upregulated genes in IM-responders attributed to these pathways involved members of

the SPRR1/SPRR2 groups (small proline-rich protein genes), members of the LCE3 group (late

cornified envelope family), members of the keratin family (KRT6/ KRT17/KRT19), PI3 (pepti-

dase inhibitor 3 gene), KLK13 (kallikrein-related peptidase 13), members of the S100 family
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(S100A7/ S100A8/S100A9/S100A12), members of the CXCL chemokine family (CXCL8/

CXCL13), and members of the beta defensins family (DEFB4A/DEFB4B/DEFB103A), among

others.

S2 Fig and S3 Fig show the PPI networks of the DEGs of clusters 1 and 2, respectively (see

S2 and S3 Figs).

Quantitative real-time reverse transcription–polymerase chain reaction

(qRT-PCR) analysis

Four differentially expressed genes in responder versus non-responder patients (EPGN, PI3,

GJB2 and SERPINB4) were validated by qRT-PCR. Boxplots generated on the log2-trans-

formed data illustrate the variations in expression levels of these genes between the two groups

(see S4 Fig). Downregulation of these genes in responders was confirmed, suggesting good

Fig 2. Constructed protein-protein interaction network of 114 downregulated genes in post-treatment versus pre-treatment actinic keratosis samples. Nodes

represent proteins and different line intensities denote the type of evidence for the interaction. Statistical analysis results for the network: number of nodes: 114, number

of edges: 355; average node degree: 6.23; average local clustering coefficient: 0.48; expected number of edges: 35; PPI enrichment p-value< 1E-16.

https://doi.org/10.1371/journal.pone.0232146.g002
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reliability for the genes identified by the microarray study. Extensive confirmation of genes

altered in expression was not possible because of limitations in the amount of biopsy material

available.

Discussion

AKs are well-established precancerous skin lesions caused by cumulative DNA damage from

exposure to ultraviolet radiation, leading to alterations of gene expression profiles in the skin.

These modifications induce changes in important pathways involved in cellular proliferation,

inflammation, immunosuppression, cell survival, terminal differentiation, tissue remodeling

and apoptosis [31,32]. Understanding these mechanisms of AK formation guides the basis

behind the current available treatments for AK [33].

IM is the drug most recently introduced as a safe and effective therapeutic option for non-

hyperkeratotic and non-hypertrophic AKs in adults [34,35]. It appears to have a dual

Table 3. Gene Ontology and Reactome pathway enrichment analyses for 388 downregulated genes in post-treatment versus pre-treatment actinic keratoses that

responded to ingenol mebutate gel.

Biological Process (GO)

GO-term Description FDR Downregulated matching proteins

GO:0008544 Epidermis development 2.88E-

18

ANXA1, BNC1, CASP14, CDH3, CNFN, COL17A1, CRABP2, CSTA, DSC2, DSG3, EREG, FABP5, GRHL3,

HDAC1, HRNR, IVL, JUP, KLK13, KRT14, KRT16, KRT17, KRT19, KRT5, KRT6A, KRT6B, KRT6C, KRT80,

LAMA3, LAMB3, LCE2A, LCE3A, LCE3C, LCE3D, LCE3E, PI3, PIP5K1A, RPTN, S100A7, SFN, SPRR1A,

SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G, SPRR3

GO:0030216 Keratinocyte differentiation 2.94E-

18

ANXA1, CASP14, CDH3, CNFN, CSTA, DSC2, DSG3, EREG, HRNR, IVL, JUP, KLK13, KRT14, KRT16,

KRT17, KRT19, KRT5, KRT6A, KRT6B, KRT6C, KRT80, LCE2A, LCE3A, LCE3C, LCE3D, LCE3E, PI3,

PIP5K1A, RPTN, S100A7, SFN, SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G,

SPRR3

GO:0009913 Epidermal cell

differentiation

2.32E-

17

ANXA1, CASP14, CDH3, CNFN, CSTA, DSC2, DSG3, EREG, HDAC1, HRNR, IVL, JUP, KLK13, KRT14,

KRT16, KRT17, KRT19, KRT5, KRT6A, KRT6B, KRT6C, KRT80, LCE2A, LCE3A, LCE3C, LCE3D, LCE3E,

PI3, PIP5K1A, RPTN, S100A7, SFN, SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F,

SPRR2G, SPRR3

GO:0031424 Keratinization 2.32E-

17

CASP14, CDH3, CNFN, CSTA, DSC2, DSG3, HRNR, IVL, JUP, KLK13, KRT14, KRT16, KRT17, KRT19,

KRT5, KRT6A, KRT6B, KRT6C, KRT80, LCE2A, LCE3A, LCE3C, LCE3D, LCE3E, PI3, RPTN, SFN, SPRR1A,

SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G, SPRR3

GO:0070268 Cornification 2.32E-

17

CASP14, CSTA, DSC2, DSG3, IVL, JUP, KLK13, KRT14, KRT16, KRT17, KRT19, KRT5, KRT6A, KRT6B,

KRT6C, KRT80, LCE3D, PI3, RPTN, SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F,

SPRR2G, SPRR3

Reactome pathways

Pathway Description FDR Downregulated matching proteins

HSA-

6809371

Formation of the cornified

envelope

2.01E-

20

CASP14, CSTA, DSC2, DSG3, IVL, JUP, KLK13, KRT14, KRT16, KRT17, KRT19, KRT5, KRT6A, KRT6B,

KRT6C, KRT80, LCE2A, LCE3A, LCE3C, LCE3D, LCE3E, PI3, RPTN, SPRR1A, SPRR1B, SPRR2A, SPRR2B,

SPRR2D, SPRR2E, SPRR2F, SPRR2G, SPRR3

HSA-

9014826

Immune system 8.47E-

08

L36RN, IL6, IL7R, JUNB, JUP, KIF18A, KIF20A, KIF23, KPNA2, LCN2, MALT1, MCL1, MMP1, MT2A,

MYC, MYD88, NDC1, PGAM1, PI3, PKM, PLAC8, PLAUR, PNP, POLR3G, PRSS3, PSMA6, PSMD11,

PSME3, PTGS2, PYGL, S100A12, S100A7, S100A7A, S100A8, S100A9, SEC31A, SELL, SERPINB1, SERPINB2,

SERPINB3, SLC2A3, SLPI, TCN1, THEM4, TIMP1, TUBA4A, TXNDC5

HSA-

1280215

Cytokine signaling in

immune system

1.98E-

06

ABCE1, ANXA1, CDKN1A, CFL1, CNN2, CXCL8, DUSP6, EGR1, EIF4A1, GBP6, HIF1A, HLA-DPB1,

HSPA8, IFI27, IL1B, IL1RN, IL20, IL2RA, IL36G, IL36RN, IL6, IL7R, JUNB, KPNA2, LCN2, MCL1, MMP1,

MT2A, MYC, MYD88, NDC1, PSMA6, PSMD11, PSME3, PTGS2, S100A12, SERPINB2, TIMP1

HSA-

6798695

Neutrophil degranulation 2.81E-

06

CDA, CNN2, CTSC, FABP5, GLIPR1, GMFG, GSTP1, HPSE, HRNR, HSPA8, JUP, LCN2, PGAM1, PKM,

PLAC8, PLAUR, PNP, PRSS3, PSMD11, PYGL, S100A12, S100A7, S100A8, S100A9, SELL, SERPINB1,

SERPINB3, SLC2A3, SLPI, TCN1, TXNDC5

HSA-

5362517

Signaling by interleukins 6.40E-

06

ANXA1, CDKN1A, CFL1, CNN2, CXCL8, DUSP6, HIF1A, HSPA8, IL1B, IL1RN, IL20, IL2RA, IL36G,

IL36RN, IL6, IL7R, JUNB, LCN2, MCL1, MMP1, MYC, MYD88, PSMA6, PSMD11, PSME3, PTGS2,

S100A12, SERPINB2, TIMP1

https://doi.org/10.1371/journal.pone.0232146.t003
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mechanism of action, causing cell death in transformed keratinocytes as well as inducing an

inflammatory reaction after topical application [36].

The main objective of the present study was to characterize the gene expression profiles of

AK samples before and after field-directed therapy with topical IM gel 0.015% using microar-

ray technology. With this research we also aimed to identify genetic signatures that could be

associated to IM response.

Treatment with IM applied on the face/scalp of 15 immunocompetent patients was found

to be well tolerated, and the adverse effects were mild, with low LSR scores. The levels and val-

ues of the LSR composite scores obtained were not associated to the treatment efficacy. These

results are in accordance with previous research [37,38].

At 8 weeks post-treatment, 60% (9/15) of patients demonstrated a response to this therapy,

achieving complete clearance in 40% (6/15) of cases. These findings are similar to those

obtained by Lebwohl et al. [16], showing partial and complete response rates ─for facial and

Fig 3. Constructed protein-protein interaction network of 388 downregulated genes in post-treatment versus pre-treatment actinic keratosis samples that

responded to ingenol mebutate gel. Nodes represent proteins and different line intensities denote the type of evidence for the interaction. Statistical analysis results for

the network: number of nodes: 388, number of edges: 715; average node degree: 3.69; average local clustering coefficient: 0.418; expected number of edges: 317; PPI

enrichment p-value< 1E-16.

https://doi.org/10.1371/journal.pone.0232146.g003
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scalp AKs treated with IM─ of about 64% and 42%, respectively. Our study included not only

clinical evaluation of AK lesions, but also dermoscopic and RCM assessments that provided

Fig 4. Venn diagrams illustrating the number of common and specific differentially expressed genes in IM

treatment responders and non-responders. A. Downregulated genes. B. Upregulated genes.

https://doi.org/10.1371/journal.pone.0232146.g004
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more information than clinical evaluation alone. In fact, RCM is considered the only reliable

noninvasive alternative for skin biopsy, with RCM findings showing excellent correlation with

routine histology [39].

We performed microarray analysis on AK samples to identify common pathways involved

in the molecular effects of IM on AKs. We used two well-known public pathway repositories

(GO and Reactome databases) to perform enrichment analyses. These analyses can be carried

out through the use of several gene annotation databases to detect which functional categories

or pathways are enriched in a specific list of genes or proteins [40]. Overall, the results of the

functional analyses obtained with GO database overlapped with the results of the Reactome

pathway analyses.

After IM-treatment, DEGs mainly revealed changes related to epidermal development, ker-

atinocyte differentiation and cornification. Specifically, late cornified envelope genes, small

proline-rich protein genes and keratin genes showed a dramatic decrease in expression after

treatment. In fact, most of these genes have been previously shown to be increased upon expo-

sure to UV and/or in AK [41–43]. Thus, their downregulation following IM-treatment indi-

cate that pathways modulating the differentiation and proliferation of epidermal keratinocytes

were normalized after treatment with IM. These results are consistent with a former reported

study, in which IM-treated AK lesions resulted in downregulation of genes revealing a skin-

signature involved in keratinization, keratinocyte differentiation and development of the epi-

dermis [44].

Similar results were obtained when analyzing samples responsive to treatment with IM: we

identified 388 downregulated genes associated with epidermis development, keratinocyte dif-

ferentiation, cornification, keratinization, epidermal cell differentiation and formation of the

cornified envelope. Some of the downregulated DEGs were also linked to immune system-

related pathways, such as cytokine signaling, interleukin signaling, and neutrophil degranula-

tion. Among them, S100 genes, which have been suggested to play a role in regulating the

Fig 5. Cluster analysis. Each plot shows the average expression profile of all genes in the cluster by condition. The expression values of the clustered genes

are represented in red for responder patients and in green for non-responders. Solid lines indicate the average value of gene expression at each condition for

each group (responders and non-responders). 1: non-lesional non-sun-exposed skin samples; 2: sun-exposed peri-lesional skin samples; 3: pre-treatment

actinic keratosis samples; 4: post-treatment actinic keratosis samples.

https://doi.org/10.1371/journal.pone.0232146.g005
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Table 4. Gene Ontology and Reactome pathway enrichment analyses for clusters 1 and 2.

Biological Process (GO)

Cluster GO-term Description FDR Matching proteins

Cluster

1

GO:0070268 Cornification 5.16E-

19

DSC2, KLK13, KRT17, KRT19, KRT6A, KRT6B, KRT6C, LCE3D, PI3, SPRR1A, SPRR1B,

SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G

GO:0030216 Keratinocyte differentiation 5.72E-

19

DSC2, KLK13, KRT17, KRT19, KRT6A, KRT6B, KRT6C, LCE3A, LCE3C, LCE3D, LCE3E, PI3,

S100A7, SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G

GO:0031424 Keratinization 5.72E-

19

DSC2, KLK13, KRT17, KRT19, KRT6A, KRT6B, KRT6C, LCE3A, LCE3C, LCE3D, LCE3E, PI3,

SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G

GO:0018149 Peptide cross-linking 6.74E-

15

LCE3A, LCE3C, LCE3D, LCE3E, PI3, SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E,

SPRR2F

GO:0030855 Epithelial cell differentiation 2.62E-

14

CD24, DSC2, KLK13, KRT17, KRT19, KRT6A, KRT6B, KRT6C, LCE3A, LCE3C, LCE3D,

LCE3E, PI3, RHCG, S100A7, SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F,

SPRR2G

Cluster

2

GO:0002376 Immune system process 2.84E-

08

ANXA1, BPGM, C10orf99, C5AR1, CLEC4E, CXCL13, CXCL8, DEFB103A, DEFB4A, DEFB4B,

EGR1, FABP5, FCGR1A, FPR1, GBP6, GNLY, GPR15, HIF1A, HRNR, IL6, INHBA, KYNU,

MMP1, MT2A, NR4A3, PLAUR, PNP, POLR3G, S100A12, SELE, SLC7A11, TCN1, TXNDC5

GO:0006952 Defense response 2.40E-

07

ANXA1, C10orf99, C5AR1, CLEC4E, CXCL13, CXCL8, DEFB103A, DEFB4A, DEFB4B, EGR1,

FCGR1A, FPR1, GBP6, GNLY, HIF1A, IL6, INHBA, KYNU, MT2A, POLR3G, PTGS2, S100A12,

SELE

GO:0006950 Response to stress 4.70E-

07

ANXA1, C10orf99, C5AR1, CDH3, CLEC4E, CXCL13, CXCL8, DEFB103A, DEFB4A, DEFB4B,

EGR1, ERRFI1, FCGR1A, FPR1, GBP6, GNLY, GPX2, HIF1A, IL6, INHBA, KYNU, MT2A,

MYC, NR4A2, NR4A3, PLAUR, POLR3G, PTGS2, S100A12, SELE, SGK1, SLC7A11, SPRR3,

STC1, TXNDC5, ZFP36

GO:0006955 Immune response 4.70E-

07

ANXA1, C5AR1, CLEC4E, CXCL13, CXCL8, DEFB103A, DEFB4A, DEFB4B, EGR1, FABP5,

FCGR1A, FPR1, GBP6, GNLY, HRNR, IL6, KYNU, MT2A, NR4A3, PLAUR, PNP, POLR3G,

S100A12, TCN1, TXNDC5

GO:0050900 Leukocyte migration 1.18E-

06

ANXA1, C10orf99, C5AR1, CXCL13, CXCL8, FPR1, GPR15, IL6, MMP1, S100A12, SELE,

SLC7A11

Reactome pathways

Cluster GO-term Description FDR Matching proteins

Cluster

1

HSA-

6809371

Formation of the cornified

envelope

5.33E-

24

DSC2, KLK13, KRT17, KRT19, KRT6A, KRT6B, KRT6C, LCE3A, LCE3C, LCE3D, LCE3E, PI3,

SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G

HSA-

1266738

Developmental Biology 7.02E-

09

CD24, DSC2, KLK13, KRT17, KRT19, KRT6A, KRT6B, KRT6C, LCE3A, LCE3C, LCE3D,

LCE3E, PI3, SPRR1A, SPRR1B, SPRR2A, SPRR2B, SPRR2D, SPRR2E, SPRR2F, SPRR2G

HSA-

6799990

Metal sequestration by

antimicrobial proteins

2.20E-

06

S100A7, S100A7A, S100A8, S100A9

HSA-69278 Cell cycle, mitotic 1.15E-

05

AURKA, CCNB1, CDC20, CDKN2A, CENPN, KIF20A, KIF23, NCAPG, NCAPG2, NDC80,

PTTG1, RRM2

HSA-68886 M Phase 2.00E-

04

CCNB1, CDC20, CENPN, KIF20A, KIF23, NCAPG, NCAPG2, NDC80, PTTG1

Cluster

2

HSA-168256 Immune system 2.14E-

06

ANXA1, C5AR1, CD22, CLEC4E, CXCL8, DEFB4B, EGR1, FABP5, FCGR1A, FPR1, GBP6,

GNLY, HIF1A, HRNR, IL20, IL6, MMP1, MT2A, MYC, PLAUR, PNP, POLR3G, PTGS2,

S100A12, TCN1, TXNDC5

HSA-

1280215

Cytokine signaling in immune

system

3.22E-

05

ANXA1, CXCL8, EGR1, FCGR1A, FPR1, GBP6, HIF1A, IL20, IL6, MMP1, MT2A, MYC,

PTGS2, S100A12

HSA-

6785807

Interleukin-4 and Interleukin-

13 signaling

3.22E-

05

ANXA1, CXCL8, HIF1A, IL6, MMP1, MYC, PTGS2

HSA-449147 Signaling by interleukins 5.90E-

04

ANXA1, CXCL8, FPR1, HIF1A, IL20, IL6, MMP1, MYC, PTGS2, S100A12

HSA-168249 Innate Immune System 1.90E-

03

C5AR1, CLEC4E, DEFB4B, FABP5, FCGR1A, FPR1, GNLY, HRNR, PLAUR, PNP, POLR3G,

S100A12, TCN1, TXNDC5

GO: Gene Ontology; FDR: false discovery rate.

https://doi.org/10.1371/journal.pone.0232146.t004
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epidermal response to tissue injury, inflammation and disease [45], SERPINB genes, which are

important in inflammation and immune system function [46], and interleukin genes, have

been previously seen to be overexpressed in pretreatment AK lesions [43].

The 62 upregulated genes after IM-treatment in responder patients were predominantly

involved in extracellular structure and matrix organization, and collagen fibril organization,

which are indicators of wound healing in the skin [47,48]. These results suggest a potential

contribution of IM to the remodeling of the extracellular matrix, favoring AKs healing process.

In fact, one of the main collagen-stimulating factors during the wound healing process (TGF-

β) has previously been shown to be significantly increased after treatment with IM gel, result-

ing in anti-aging effects for patients with multiple AK lesions [49]. In our study, we observed

an increased expression of the LOX gene, which is known to play a critical role in skin tumor

progression [50]

Altogether, these findings show that IM-treatment of AKs primarily results in global down-

regulation of gene expression impacting various biological processes, being epidermal develop-

ment, keratinocyte differentiation and cornification the major processes represented.

The cluster analysis was performed to identify group of genes that clearly expressed differ-

ences in behavior between responder and non-responder patients among the four analyzed

biopsy samples (AK-PRE, AK-POST, NSES and SES). This analysis revealed two relevant clus-

ters that showed upregulated profile patterns in AK-PRE samples of IM-responder patients as

compared to non-responder patients. Again, DEGs were mainly associated with cornification,

keratinization, keratinocyte differentiation, peptide cross-linking and formation of the corni-

fied envelope. In particular, associated genes to these pathways involved small proline-rich

protein genes, the peptidase inhibitor 3 gene, a late cornified envelope gene, keratin genes, and

a kallikrein-related peptidase gene. These genes have been found to be overexpressed in AK

lesions [43]. In addition, KLK13 has been considered an independent favorable prognosis bio-

marker for several cancers, including skin cancer [51]. Other upregulated DEGs were related

to the immune system category, including defense response, immune response and leukocyte

migration. DEGs associated to these processes included S100, CXCL and DEFB genes. The

increased expression of certain S100 and DEFB4 genes in AK samples has been previously doc-

umented [43]. Interestingly, the overexpression of chemokine CXCL8, which plays a central

role in recruiting immune cells to inflamed skin, has been also observed after IM-treatment

[44]. Overexpression of these genes evidences a higher induced immune response in AK

lesions of responder patients as compared to non-responder patients. Thereby, patients with a

higher immune response may be potentially more reactive to ingenol.

The results of this study should be considered in the context of the limitations, including

the small number of samples employed in the microarray analysis, which could generate biased

results. On the other side, although qRT-PCR is a sensitive and precise tool for microarray val-

idation, the limitation of biopsy material that could be extracted from the skin tissues was low,

which restricted the number of target genes that were validated. Therefore, further investiga-

tions with larger sample sizes would be required to confirm our findings.

Conclusions

The results herein presented provide insight into the gene expression profile of AK samples

after treatment with topical IM, as well as the biological processes involved. In addition, this is

the first comparison of untreated skin samples (non-sun-exposed skin, sun-exposed skin, and

lesional skin) and AK lesions treated with IM between responder and non-responder patients,

leading to the identification of genetic signatures that could be correlated with the treatment

response.
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patients (cluster 2). Nodes represent proteins and different line intensities denote the type of

evidence for the interaction. Statistical analysis results for the network: number of nodes: 76,

number of edges: 116; average node degree: 3.05; average local clustering coefficient: 0.44;

expected number of edges: 37; PPI enrichment p-value < 1E-16.

(TIF)

S4 Fig. RT-qPCR validation experiments of selected genes (EPGN, PI3, GJB2 and SER-

PINB4). The box plots show the log2 expression levels in responder and non-responder

patients (p-values <0.05). Empty circles indicate mild outliers and asterisks extreme outliers.

(TIF)
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18. Rajadhyaksha M, González S, Zavislan JM, Anderson RR, Webb RH. In vivo confocal scanning laser

microscopy of human skin II: advances in instrumentation and comparison with histology. J Invest Der-

matol. 1999 Sep; 113(3):293–303. https://doi.org/10.1046/j.1523-1747.1999.00690.x PMID: 10469324

19. Pellacani G, Peris K, Guillen C, Clonier F, Larsson T, Venkata R, et al. A randomized trial comparing

simultaneous vs. sequential field treatment of actinic keratosis with ingenol mebutate on two separate

areas of the head and body. J Eur Acad Dermatol Venereol. 2015 Nov; 29(11):2192–8. https://doi.org/

10.1111/jdv.13211 PMID: 26300464

20. R Development Core Team (2012). R: A language and environment for statistical computing. R Foun-

dation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org/.

21. Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, Speed TP. Summaries of Affymetrix GeneChip

probe level data. Nucleic Acids Res. 2003; 31(4):e15. https://doi.org/10.1093/nar/gng015 PMID:

12582260

22. Bengtsson H., Simpson K., Bullard J. & Hansen K., aroma.affymetrix: A generic framework in R for ana-

lyzing small to very large Affymetrix data sets in bounded memory, Tech Report #745, Department of

Statistics, University of California, Berkeley, February 2008.

23. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-

ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015 Apr 20; 43(7):e47. https://

doi.org/10.1093/nar/gkv007 PMID: 25605792

24. Benjamini Yoav and Hochberg Yosef. Controlling the False Discovery Rate: A Practical and Powerful

Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B (Methodological). Vol.

57, No. 1 (1995), pp. 289–300.

25. Conesa A, Nueda MJ. 2017maSigPro: significant gene expression profile differences in time course

gene expression data. R package version 1.52.0. (available at: http://bioinfo.cipf.es/).

26. von Mering C, Huynen M, Jaeggi D, Schmidt S, Bork P and Snel B: STRING: A database of predicted

functional associations between proteins. Nucleic Acids Res 2003; 31: 258–261. https://doi.org/10.

1093/nar/gkg034 PMID: 12519996

27. Franceschini A, Szklarczyk D, Frankild S, et al. STRING v9.1: protein-protein interaction networks, with

increased coverage and integration. Nucleic Acids Res. 2013; 41(Database issue):D808–D815. https://

doi.org/10.1093/nar/gks1094 PMID: 23203871

28. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene Ontology: Tool for the uni-

fication of biology. Nat Genet. 2000; 25:25–29. https://doi.org/10.1038/75556 PMID: 10802651

29. Croft D, O’Kelly G, Wu G, Haw R, Gillespie M, Matthews L, et al. Reactome: a database of reactions,

pathways and biological processes. Nucleic Acids Res. 2011; 39(Database issue):D691–697. https://

doi.org/10.1093/nar/gkq1018 PMID: 21067998

30. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2(-Delta Delta C(T)) Method. Methods. 2001 Dec; 25(4):402–8. https://doi.org/10.1006/meth.

2001.1262 PMID: 11846609

PLOS ONE Gene profiles of ingenol-treated actinic keratoses

PLOS ONE | https://doi.org/10.1371/journal.pone.0232146 May 15, 2020 18 / 20

https://doi.org/10.2147/TCRM.S145779
http://www.ncbi.nlm.nih.gov/pubmed/30323610
https://doi.org/10.1517/14740338.2015.1108962
http://www.ncbi.nlm.nih.gov/pubmed/26524598
https://doi.org/10.1016/0190-9622(91)70113-g
https://doi.org/10.1016/0190-9622(91)70113-g
http://www.ncbi.nlm.nih.gov/pubmed/1869646
https://doi.org/10.1056/NEJMoa1111170
http://www.ncbi.nlm.nih.gov/pubmed/22417254
https://doi.org/10.1016/j.clindermatol.2013.05.028
https://doi.org/10.1016/j.clindermatol.2013.05.028
http://www.ncbi.nlm.nih.gov/pubmed/24314380
https://doi.org/10.1046/j.1523-1747.1999.00690.x
http://www.ncbi.nlm.nih.gov/pubmed/10469324
https://doi.org/10.1111/jdv.13211
https://doi.org/10.1111/jdv.13211
http://www.ncbi.nlm.nih.gov/pubmed/26300464
http://www.R-project.org/
https://doi.org/10.1093/nar/gng015
http://www.ncbi.nlm.nih.gov/pubmed/12582260
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://bioinfo.cipf.es/
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkg034
http://www.ncbi.nlm.nih.gov/pubmed/12519996
https://doi.org/10.1093/nar/gks1094
https://doi.org/10.1093/nar/gks1094
http://www.ncbi.nlm.nih.gov/pubmed/23203871
https://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/nar/gkq1018
https://doi.org/10.1093/nar/gkq1018
http://www.ncbi.nlm.nih.gov/pubmed/21067998
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.pone.0232146


31. Berman B, Cockerell CJ. Pathobiology of actinic keratosis: ultraviolet-dependent keratinocyte prolifera-

tion. J Am Acad Dermatol. 2013 Jan; 68(1 Suppl 1):S10–9. https://doi.org/10.1016/j.jaad.2012.09.053

PMID: 23228301

32. Murakami T, Fujimoto M, Ohtsuki M, Nakagawa H. Expression profiling of cancer-related genes in

human keratinocytes following non-lethal ultraviolet B irradiation. J Dermatol Sci 2001; 27:121–9. 6

Wertz K, Hunziker PB, Seifert N et al. b-carotene interferes with ultraviolet light A-induced gene expres-

sion by multiple pathways. J Invest Dermatol 2005; 124:428–34. https://doi.org/10.1016/s0923-1811

(01)00124-4 PMID: 11532376

33. Dodds A, Chia A, Shumack S. Actinic keratosis: rationale and management. Dermatol Ther (Heidelb).

2014; 4(1):11–31. Published 2014 Mar 14.

34. Werner RN, Jacobs A, Rosumeck S, Erdmann R, Sporbeck B, Nast A. Methods and Results Report—

Evidence and consensus-based (S3) Guidelines for the Treatment of Actinic Keratosis -International

League of Dermatological Societies in cooperation with the European Dermatology Forum. J Eur Acad

Dermatol Venereol 2015; 29: e1–66.

35. Martin G, Swanson N. Clinical findings using ingenol mebutate gel to treat actinic keratoses. J Am Acad

Dermatol 2013; 68: S39–S48. https://doi.org/10.1016/j.jaad.2012.09.050 PMID: 23228305

36. Martin G, Swanson N. Clinical findings using ingenol mebutate gel to treat actinic keratoses. J Am Acad

Dermatol. 2013; 68(1 Suppl 1):S39–S48. https://doi.org/10.1016/j.jaad.2012.09.050 PMID: 23228305

37. Skroza N, Proietti I, Bernardini N, et al. Factors influencing response to ingenol mebutate therapy for

actinic keratosis of face and scalp. World J Clin Oncol. 2017; 8(5):405–411. https://doi.org/10.5306/

wjco.v8.i5.405 PMID: 29067277

38. Rosen R, Marmur E, Anderson L, Welburn P, Katsamas J. A new, objective, quantitative scale for mea-

suring local skin responses following topical actinic keratosis therapy with ingenol mebutate. Dermatol

Ther (Heidelb). 2014 Dec; 4(2):207–19.

39. Seyed Jafari SM, Timchik T, Hunger RE. In vivo confocal microscopy efficacy assessment of daylight

photodynamic therapy in actinic keratosis patients. Br J Dermatol. 2016 Aug; 175(2):375–81. https://

doi.org/10.1111/bjd.14517 PMID: 26949030

40. Vivar JC, Pemu P, McPherson R, Ghosh S. Redundancy control in pathway databases (ReCiPa): an

application for improving gene-set enrichment analysis in Omics studies and "Big data" biology.

OMICS. 2013; 17(8):414–422. https://doi.org/10.1089/omi.2012.0083 PMID: 23758478

41. Zhussupbekova S, Sinha R, Kuo P, Lambert PF, Frazer IH, Tuong ZK. A Mouse Model of Hyperproli-

ferative Human Epithelium Validated by Keratin Profiling Shows an Aberrant Cytoskeletal Response to

Injury. EBioMedicine. 2016 Jul; 9:314–323. https://doi.org/10.1016/j.ebiom.2016.06.011 PMID:

27333029

42. Hameetman L, Commandeur S, Bavinck JN, et al. Molecular profiling of cutaneous squamous cell carci-

nomas and actinic keratoses from organ transplant recipients. BMC Cancer. 2013; 13:58. Published

2013 Feb 5. https://doi.org/10.1186/1471-2407-13-58 PMID: 23379751

43. Torres A, Storey L, Anders M, Miller RL, Bulbulian BJ, Jin J, et al. Microarray analysis of aberrant gene

expression in actinic keratosis: effect of the Toll-like receptor-7 agonist imiquimod. Br J Dermatol. 2007

Dec; 157(6):1132–47. https://doi.org/10.1111/j.1365-2133.2007.08218.x PMID: 17944981

44. Emmert S, Haenssle HA, Zibert JR, et al. Tumor-Preferential Induction of Immune Responses and Epi-

dermal Cell Death in Actinic Keratoses by Ingenol Mebutate. PLoS One. 2016; 11(9):e0160096. Pub-

lished 2016 Sep 9. https://doi.org/10.1371/journal.pone.0160096 PMID: 27612149

45. Eckert RL, Broome AM, Ruse M, Robinson N, Ryan D, Lee K. S100 proteins in the epidermis. J Invest

Dermatol. 2004 Jul; 123(1):23–33. Review. https://doi.org/10.1111/j.0022-202X.2004.22719.x PMID:

15191538

46. Vidalino L, Doria A, Quarta S, Zen M, Gatta A, Pontisso P. SERPINB3, apoptosis and autoimmunity.

Autoimmun Rev. 2009 Dec; 9(2):108–12. https://doi.org/10.1016/j.autrev.2009.03.011 PMID:

19332150
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