Received: 20 December 2023

Revised: 4 March 2024

W) Check for updates

Accepted: 25 March 2024

DOI: 10.1002/ijc.34957

RESEARCH ARTICLE

Tumor Markers and Signatures

INTERNATIONAL
JOURNAL of CANCER

Cancer-associated fibroblast activation predicts progression,
metastasis, and prognosis of cutaneous squamous

cell carcinoma

Jaakko S. Knuutila??® |
Lauri Heiskanen? © |
Veli-Matti Kihari 12

Pilvi Riihila 2 ® |
Roosa E. Kallionpaa

Liisa Nissinen 2 |

333© | Teijo Pellinen*® |

1Department of Dermatology, University of Turku and Turku University Hospital, Turku, Finland

2FICAN West Cancer Research Laboratory, University of Turku and Turku University Hospital, Turku, Finland

3Auria Biobank, Turku University Hospital and University of Turku, Turku, Finland

4Institute for Molecular Medicine Finland (FIMM), Helsinki Institute of Life Science (HiLIFE), Helsinki, Finland

Correspondence

Veli-Matti K&hari, Department of
Dermatology, University of Turku and Turku
University Hospital, Himeentie 11 TES, Fl-
20520 Turku, Finland.

Email: veli-matti.kahari@utu.fi

Teijo Pellinen, Institute for Molecular Medicine
Finland (FIMM), Helsinki Institute of Life
Science, University of Helsinki, Tukholmankatu
8, FI-00290 Helsinki, Finland.

Email: teijo.pellinen@helsinki.fi

Funding information

Varsinais-Suomen Sairaanhoitopiiri; Suomen
Ladketieteen Saatio; Sigrid Juséliuksen Saatio;
Maud Kuistilan Muistos&atio; Syopasaatio;
Jane ja Aatos Erkon S3atio; Suomen
Ihotautildadkariyhdistys; Lounais-Suomen
Syopayhdistys; Paivikki ja Sakari Sohlbergin
Saatio; Ida Montinin Saatio

Abstract

Cutaneous squamous cell carcinoma (cSCC) is the most common metastatic skin can-
cer and the metastatic disease is associated with poor prognosis. Cancer-associated
fibroblasts (CAFs) promote progression of cancer, but their role in cSCC is largely
unknown. We examined the potential of CAF markers in the assessment of metasta-
sis risk and prognosis of primary cSCC. We utilized multiplexed fluorescence immu-
nohistochemistry for profiling CAF landscape in metastatic and non-metastatic
primary human cSCCs, in metastases, and in premalignant epidermal lesions.
Quantitative high-resolution image analysis was performed with two separate panels
of antibodies for CAF markers and results were correlated with clinical and histopath-
ological parameters including disease-specific mortality. Increased stromal expression
of fibroblast activation protein (FAP), a-smooth muscle actin, and secreted protein
acidic and rich in cysteine (SPARC) were associated with progression to invasive
cSCC. Elevation of FAP and platelet-derived growth factor receptor-p (PDGFRp)
expression was associated with metastasis risk of primary cSCCs. High expression of
PDGFRp and periostin correlated with poor prognosis. Multimarker combination
defined CAF subset, PDGFRa—/PDGFRp+/FAP+, was associated with invasion
and metastasis, and independently predicted poor disease-specific survival. These

results identify high PDGFRB expression alone and multimarker combination
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and poor prognosis.
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What's new?

1 | INTRODUCTION

Cutaneous squamous cell carcinoma (cSCC) is the most common met-
astatic skin cancer with increasing incidence globally.*? The metasta-
sis rate of primary cSCCs has been estimated at 1%-4%, accounting
for ~20% of skin cancer-related mortality.?~* Disease-specific mortal-
ity in ¢SCC is primarily associated with metastasis and prognosis of
patients with metastatic disease is generally poor with 3-year overall
survival (OS) of 29%-46%.27> The most important risk factor for the
development of c¢SCC is long term exposure to solar ultraviolet
(UV) radiation.® UV-induced premalignant epidermal lesions, actinic
keratoses (AK) and preinvasive in situ cSCC (cSCCIS), progress to inva-
sive ¢SCC.” Other risk factors for cSCC include immunosuppression
and chronic ulceration.®

Established tumor staging systems by American Joint Committee
on Cancer (AJCC) and Brigham and Women's Hospital (BWH) are uti-
lized in the clinical risk assessment of cSCC patients. Tumor diameter,
invasion depth, and perineural invasion are associated with the risk of
metastasis and are pivotal factors in both the BWH and the 8th edi-
tion of AJCC (AJCC-8) staging systems.” However, these systems are
suboptimal in predicting the metastasis risk of primary cSCCs.° At
present, no clinically established biomarkers are available for the
assessment of metastasis risk or prognosis of patients with cSCC.

There is increasing evidence for the important role of tumor
microenvironment (TME) in the development and progression of can-
cer.!* TME consists of extracellular matrix (ECM) components and
cells including cancer-associated fibroblasts (CAFs).12 CAFs constitute
a major component of TME also in ¢SCC, where they promote tumor
initiation, progression, and metastasis.’®> CAFs are heterogeneous and
plastic cells, which exert both pro- and antitumorigenic properties and
the activation profile of CAFs evolves during cancer progression
resulting in functional heterogeneity.'® Several biomarkers have been
used to identify and classify CAFs, but none of them are specific, sug-

gesting that application of multiple markers could result in more

progression and metastasis.

PDGFRa—/PDGFRp+/FAP+ by CAFs as potential biomarkers for risk of metastasis

epidermolysis bullosa, fibroblast, metastasis, squamous cell carcinoma

Assessing metastatic risk and prognosis of cutaneous squamous cell carcinoma (cSCC) is hin-
dered by a lack of biomarkers. Cancer-associated fibroblasts (CAFs), however, may yield markers
relevant to prognosis, owing to their possible association with cSCC progression. Here, CAFs
were investigated for associations with cSCC metastasis and prognosis using multiplexed fluo-
rescence immunohistochemistry. The proportion of CAFs expressing platelet-derived growth
factor receptor-p (PDGFRp) was elevated in metastatic cSCC. Likewise, metastasis and poor
prognosis were associated with CAF PDGFR} positivity, PDGFRa negativity, and fibroblast acti-
vation protein (FAP) expression. The findings offer novel insight into the role of CAFs in ¢SCC

accurate CAF classification.'® These markers include a-smooth muscle
actin (aSMA), fibroblast activation protein (FAP), platelet-derived
growth factor receptor-o (PDGFRa), PDGFRB, and vimentin (VIM).12
CAFs are often classified as subtypes with ECM producing contractile
phenotype (myCAFs), which typically express aSMA, and as subtypes
with immunomodulating secretome (iCAFs), in addition to numerous
other subtypes.*®'* Secreted protein acidic and rich in cysteine
(SPARC) or osteonectin and periostin (POSTN) are ECM proteins
expressed by fibroblasts that reflect changes in tumor stroma and
CAF activation during cancer progression.?>*¢ Type | collagen (Col1)
is a fibroblast-derived fibrillar collagen and the most abundant ECM
component in skin.*’

At present, there is limited evidence for the role of CAFs in the
progression of cSCC, but three to four major fibroblast subtypes have
been identified already in healthy human skin.*®° Here, we have
evaluated the potential of CAF markers as biomarkers for progression,
metastasis and prognosis in ¢cSCC using multiplexed fluorescence
immunohistochemistry (mfIHC), which enables simultaneous detec-
tion of multiple protein markers.2° The results show, that elevated
expression of FAP and PDGFR is associated with the risk of metasta-
sis and high expression of PDGFRB and POSTN correlates with poor
prognosis. Furthermore, a multimarker (PDGFRa—/PDGFRpB+/FAP+)
CAF subset is associated with invasion and metastasis and indepen-

dently predicts poor disease-specific survival.

2 | MATERIALS AND METHODS

21 |
profiling

Tissue RNA and NanoString expression

Human primary non-metastatic (n = 3) and metastatic (n = 2) cSCC
samples were obtained from surgically removed tumors in Turku Univer-

sity Hospital after informed consent.?* Total RNA was isolated from the
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tissue samples as previously described.?* RNA (100 ng) was hybridized
overnight at 65°C with the Human Fibrosis Panel, Cancer Progression
Panel and Cancer Pathways Panel (NanoString Technologies, Seattle,
WA). nCounter Prep Station was used for purification and binding of
the hybridized probes to the cartridge. The scanning of the cartridge
was prepared with the nCounter Digital Analyzer (NanoString Technolo-
gies). The data analysis was prepared by using nSolver 4.0 (NanoString
Technologies, Seattle, WA). The quality of the data was confirmed and

normalization was done by using the default QC settings.

2.2 | Tissue material

Tissue microarrays (TMAs) representing study cohorts consisting of
formalin-fixed, paraffin-embedded (FFPE) human tissue specimens
obtained by resection or biopsy were constructed, as previously
described.?? TMAs contain cores representing normal skin (n = 73),
benign epidermal tumors: seborrheic keratoses (SKs) (n = 17), prema-
lignant lesions: AKs (n = 67), cSCCISs (n = 59), UV-cSCCs (n = 217,
143 individual tumors) including non-mcSCCs (n = 146, 110 individual
tumors) and mcSCCs, (n = 71, 33 individual tumors), and metastases
of UV-cSCCs (n = 16, 11 individual metastases). In addition, recessive
dystrophic  epidermolysis  bullosa  (RDEB)-associated c¢SCCs
(RDEBSCCs) (n = 77, 12 individual tumors) were included.?? Above-
mentioned numbers represent the number of TMA cores with
approved high-quality mfIHC stainings. Normal skin specimens repre-
sent specimens from both sun-protected and sun-exposed skin. In
analyses, mean value of the expression of all TMA cores representing
each individual UV-cSCC (non-mcSCC and mcSCC), RDEBSCC and
metastasis were utilized. There were 1-4 TMA cores representing
each non-mcSCC, 1-9 for each mcSCC, 1-11 for each RDEBSCC, and
1-2 TMA cores for each metastasis. For premalignant and benign
lesions each TMA core represents individual lesion.

Clinical and histopathological data corresponding to individual
UV-cSCCs were manually obtained from patient records, as described
previously.* All mcSCCs developed at least one nodal metastasis and
part also extranodal metastases. Patients with non-mcSCCs did not
develop metastases during at least 5-year follow-up.* The 5-year
c¢SCC-specific survival of patients with UV-induced non-mcSCC or
mcSCC was deduced from the patient records and calculated from the
date of initial diagnosis of the primary UV-cSCC. Baseline characteris-
tics of UV-induced non-mcSCCs and mcSCCs, validation cohort
mcSCCs and RDEBSCCs are shown in Table S1.

2.3 | Validation cohort

For validation purposes another cohort of UV-induced primary
mcSCCs was created of our tumor material characterized previously.*
This cohort comprised of 37 TMA cores representing 18 additional
individual primary mcSCCs, which were stained and analyzed with
panel 1 and compared to the cohort of UV-induced non-mcSCCs

described above.

24 | RDEBSCC dataset

RDEBSCC gene expression profile dataset GSE1115822% was down-
loaded from the publicly available Gene Expression Omnibus (GEO)
and utilized to analyze the expression of CAF markers in RDEBSCC
samples (n = 8) investigated in our study.

2.5 | Multiplexed fluorescence
immunohistochemistry and panels

CAF markers and their distribution in stromal and epithelial compart-
ments were defined using two mflHC panels containing PDGFRS,
PDGFRa, aSMA, and FAP in panel 1, and SPARC, PDGFRB, POSTN,
Col1, and VIM in panel 2 (Table S2). PanEpi cocktail was used to
detect epithelial cells (Table S2). The mRNAs for these markers are
expressed in tumor tissue of UV-induced cSCCs and RDEBSCCs
(Figure S1, Tables S3-S5).

2.6 | Imaging and image analysis

The whole-slide TMA imaging (to achieve 5-channel fluorescence
images) was implemented using Axio Scan.Z1 Digital Slide Scanner
(The Zeiss™, Germany) equipped with x20 (0.8NA) Plan-Apochromat
objective (The Zeiss™, Germany), ORCA-Flash 4.0 V2 Digital CMOS
camera (Hamamatsu Photonics K.K., Japan) and Colibri.7 LED light
source (The Zeiss™, Germany). DAPI, FITC, Cy3, Cy5, and Cy7 filters
were used.

Following the whole-slide TMA imaging, the 5-channel fluorescence
images were exported as single-channel grayscale images (64 Bit, Big Tiff
Format) and resized to a quarter of the original image size. The images
were cropped to individual TMA cores using ImageJ (version 1.53M for
Windows) with Roil 1-Click Tools. The TMA core images from the sec-
ond staining round were registered (overlaid) with the first-round images
using nuclei (DAPI) as the reference. Registering was performed using
MATLAB and Statistics Toolbox Release 2020b (The MathWorks Inc.,
Natick, MA). llastik (version 1.3.3post1 for Windows)?* was used to
detect autofluorescence (e.g., red blood cells and empty areas (back-
ground)) from the images, generating final tissue mask.

The final image analysis pipeline was performed using CellProfiler
(version 4.2.1).2° Tasked tissue was classified into epithelium and stro-
mal compartments by thresholding the epithelial channel (epithelial
compartment) and subtracting the epithelium from the total final tis-
sue (stroma compartment). Each marker was set as negative or posi-
tive for every single pixel by careful visual determination of the
positivity threshold. Different marker combinations were defined by
using “mask image” module. The total number of marker classified
pixels was measured in both the epithelial and stromal compartments.
Fractions of positive marker and marker combinations were counted
by dividing them with total either epithelial or stromal pixels, generat-
ing results for relative cell areas. Mean intensities of channels were

also measured in the different compartments.
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Expression level of every marker in both panels was analyzed
independently in both stromal and epithelial compartments for both
the relative cell area and intensity (Table S6). Furthermore for panel
1, 18 CAF subsets based on combination of two markers (CAFa-r),
28 CAF subsets based on combination of three markers
(CAF101-128) and 15 CAF subsets based on combination of four
markers (CAF1-15) were generated (Table S6). For panel 2 additional
nine CAF subsets based on combination of two markers (CAF1a-1i)
were created (Table Sé). Multimarker subsets were analyzed only for

stromal compartment.

2.7 | Statistical analysis

Two different analysis paths were followed: one for all different tissue
types (normal skin, SKs, AKs, cSCCISs, UV-cSCCs, metastases, and
RDEBSCCs) and another for UV-induced non-mcSCCs and mcSCCs. All
statistical analyses were conducted using IBM SPSS Statistics for Win-
dows, version 25.0 (IBM Corp., Armonk, NY) and/or R statistical Soft-
ware 4.1.1 (Foundation for Statistical Computing, Vienna, Austria).
Statistical significance was based on the 95% confidence level and all the
tests were two-tailed. Independent samples Kruskal-Wallis H-test with
Dunn-Bonferroni post hoc method was used to test differences of ordi-
nal and continuous variables between the seven tissue cohorts. Mann-
Whitney U test was used in comparison of non-metastatic and meta-
static UV-cSCC tumor cohorts. Binary logistic regression analyses were
performed in order to determine crude ORs (cORs) with 95% Cls for the
risk of metastasis. The Kaplan-Meier method with Log-Rank (Mantel-
Cox) test was applied to generate survival curves and define survival esti-
mates. Proportional hazards assumption was tested and univariate and
multivariate Cox regression analyses were conducted to further visualize
the prognostic influences with test for PH assumption. Statistically signif-
icant clinical binary variables in univariate Cox regression analysis were
included into multivariate analysis except invasion beyond fat and staging
systems (AJCC-8, BWH), which were excluded due to multicollinearity.
Individual marker or marker combination was included one at a time to
the model. Median, quartile, and highest quartile versus rest distributions
were tested in the Kaplan-Meier and Cox regression analyses but with-
out exception highest quartile versus rest approach resulted in best
results. The reported Kaplan-Meier survivals and hazard ratios (HRs) are
based on stratification between the highest quartile of values (denoted
below as high and +) versus the lowest three quartiles (denoted below
as low and —) with respect to markers and marker combinations. In logis-
tic regression analyses the numerical marker values were multiplied by
100 to represent the percentage of marker or marker combination posi-

tive cells within named compartment and to make ORs more relevant.

2.8 | Bioinformatics analysis

The online Gene Expression Profiling Interactive Analysis (GEPIA;
http://gepia.cancer-pku.cn/) survival analysis tool was utilized to ana-
lyze the relationship between PDGFRB, FAP, and PDGFRA mRNA

expression and prognosis of head and neck SCC (HNSCC) and lung
SCC (LUSCC) in The Cancer Genome Atlas (TCGA) data.%”

3 | RESULTS

3.1 | Expression of FAP, xSMA, and SPARC is
associated with invasion of cSCC

The expression of CAF markers in vivo was examined by mflHC in
TMAs containing tissue samples representing different stages of pro-
gression of UV-induced cSCC, that is, AKs (n = 67), cSCCISs (n = 59),
sporadic UV-cSCCs (n = 143), and metastases of UV-cSCCs (n = 11).
In comparison, the expression of CAF markers was also analyzed in
tissue samples from RDEBSCCs (n = 12), normal skin (n = 73), and SK
(n = 17). Representative images of the mfIHC stained CAF markers
and their relative frequency distributions in different tissue sample
types are shown in Figures 1 and 2A. Heterogeneity in the expression
of CAF markers within individual tissue samples was evident
(Figure 1). The cells with strong PDGFRB, FAP, and POSTN expression
were more abundant in the stroma adjacent to invasive tumor cell
islets than in stroma adjacent to normal skin (Figure 1).

Stromal cells positive for FAP, aSMA, and SPARC were more preva-
lent in invasive primary UV-cSCCs than in AKs or cSCCISs, indicating
that these markers are associated with invasion of cSCC (Figure 2A,B). In
addition, proportion of stromal cells positive for POSTN was higher in
UV-cSCCs than in ¢SCCISs (Figure 2B). In comparison, proportion of
PDGFRp positive stromal cells was similar in AKs, cSCCISs, and UV-
cSCCs, whereas stromal PDGFRa positivity was more prevalent in nor-
mal skin than in UV-cSCCs (Figure 2B). Comparisons of cohorts for stro-
mal marker expression are shown in Table S7.

Prominent stromal expression of CAF markers was noted in metas-
tases at the same level as in UV-cSCCs except POSTN, which was more
frequently noted in metastases than in primary UV-cSCCs, and VIM,
which was less prevalent in metastases than in UV-cSCCs (Figure 2B).

In general, the expression of CAF markers was lower in the epi-
thelial compartments of the tumors than in stromal tissue (Figure S2,
Table S8). Mean percentages of marker and marker combination posi-
tive cells for each tissue cohort are shown in Table S8. FAP, aSMA,
and PDGFR positive epithelial cells were more prevalent in invasive
UV-cSCCs than in AKs or cSCCISs and SPARC and POSTN positive
epithelial cells more prevalent in UV-cSCCs than in c¢SCCISs
(Figure S2, Table S8). POSTN positive epithelial cells were more abun-
dant in metastases than in UV-cSCCs and PDGFRa positive cells more
prevalent in normal skin than in UV-cSCCs.

In comparison, tissue samples of cSCCs from patients with RDEB
were examined. RDEBSCC is an aggressive form of cSCC, which
develops in chronic ulcers of RDEB patients, and its mutation profile dif-
fers from UV-cSCC.2%28 Our results show prominent stromal staining for
FAP, aSMA, SPARC, POSTN, and VIM in RDEBSCCs (Figure 2A,B). Inter-
estingly, the abundance of PDGFRp and Col1l positive stromal cells was
significantly lower in RDEBSCCs than in primary UV-cSCCs indicating
the presence of a distinct CAF subset in this type of cSCC (Figure 2B).
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Panel 1 Panel 2

PDGFRB aSMA FAP PanEpi PARC POSTN VIM PanEpi Col1

Panel 1 Panel 2

(E) PDGFRB! aSMA FAP PanEpi (F) SPARC POSTN VIM PanEpi Col1

aSMA FAP

FIGURE 1 Representative multiplexed fluorescence immunohistochemistry (mfIHC) stainings of UV-induced cSCC for CAF markers. (A,B) and
(E,F) mfIHC stainings of UV-cSCC tissue microarray cores with panel 1 (A,E) and panel 2 (B,F) antibodies for CAF markers. Scale bar = 100 pm.
(C,D) and (G,H) High power magnifications show more prevalent stromal PDGFRp, FAP, and POSTN expression adjacent to invasive tumor cell
islets (C,D) than in the proximity of normal skin (G,H). Scale bar = 100 um.

3.2 | Expression of PDGFRp and FAP is associated (n = 110) and mcSCCs (n = 33) were compared at tumor level. Rep-
with metastasis risk of cSCC resentative mfIHC images demonstrate the proportion and distribu-

tion of CAF marker positive cells in non-mcSCCs and mcSCCs
To elucidate the feasibility of CAF markers in the assessment of (Figure 3A). Stromal cells positive for PDGFRB were more commonly
metastasis risk of cSCC, invasive UV-induced primary non-mcSCCs detected in mcSCCs than in non-mcSCCs examined with both panel
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FIGURE 2 Stromal expression of CAF markers in cSCC. (A) Representative images of mfIHC stainings of normal skin, seborrheic keratosis
(SK), actinic keratosis (AK), in situ cutaneous squamous cell carcinoma (cSCCIS), ultraviolet-induced invasive cutaneous squamous cell carcinoma
(UV-cSCC), recessive dystrophic epidermolysis bullosa-associated cutaneous squamous cell carcinoma (RDEBSCC), and metastasis of UV-cSCC
for CAF markers. Scale bar = 100 um. (B) quantitation of the prevalence of CAF marker positive cells in stromal compartment of specimens
representing above mentioned cohorts. FAP, aSMA, and SPARC positive stromal cells are more prevalent in invasive UV-cSCCs (n = 143) than in
premalignant lesions AKs (n = 67) or cSCCISs (n = 59). Stromal PDGFRp and Col1 expression is less frequent in RDEBSCCs (n = 12) than in UV-
cSCCs. POSTN positive stromal cells are more abundant in UV-cSCCs than cSCCISs and in metastases (n = 11) than UV-cSCCs. In contrast, VIM
positive stromal cells are more abundant in cSCCISs than UV-cSCCs and in UV-cSCCs than metastases. PDGFRa positive stromal cells are more
frequently detected in normal skin (n = 73) than in UV-cSCCs. *: P < .05, **: P < .01, ***: P < .001 with Dunn-Bonferroni post hoc test. Clinically
relevant statistical significances are shown. All statistical significances are shown in Table S7.

1 (P = .004) and panel 2 (P = .006) (Figures 3B and S3C). Similarly, SPARC, POSTN, VIM, or Col1l revealed no statistically significant
stromal cells positive for FAP were more prevalent in mcSCCs than differences (Figure S3A). In epithelial compartments, PDGFRp and
in non-mcSCCs (P = .026) (Figure 3B). In contrast, comparison of FAP positive cells were more abundant in mcSCCs than in non-
the two patient subgroups with respect to stromal PDGFR«, aSMA, mcSCC (Figure S3B,D). Additionally, cells positive for POSTN were
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FIGURE 3 Stromal
expression of CAF markers in
metastatic and non-metastatic
UV-induced cSCC.

(A) representative images of
mflHC stainings of non-
metastatic primary cSCCs (non-
mcSCCs) and metastatic primary
¢SCC (mcSCCs). Scale

bar = 100 um. (B) PDGFRB and
FAP positive stromal cells are
more prevalent in mcSCCs

(n = 33) than in non-mcSCCs
(h = 110). P-values calculated
with Mann-Whitney U test.

(C) High prevalence of PDGFRp
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more prevalent in the epithelial compartments of mcSCCs compared 3.3 | PDGFRp and POSTN expression in cSCC is

to non-mcSCCs (Figure S3B).

Binary logistic regression analysis was carried out to compare the
value of distinct CAF markers to clinicohistopathological parameters in
predicting the metastasis risk of primary ¢cSCCs (Tables 1 and S9). The
results validated with both mfIHC panels supported the observation, that
higher prevalence of stromal fibroblasts positive for PDGFR is associ-
ated with increased metastasis risk of primary cSCCs (Table 1). In addi-
tion, elevated FAP in the stromal and epithelial compartments was
associated with elevated risk of metastasis, while POSTN in the epithelial
compartment only was associated with metastasis risk (Table 1).

Positive correlation between FAP, stromal PDGFRp, epithelial
POSTN, and Clark's level was noted (Table S10). On the other hand,
statistically significant negative correlation between stromal PDGFRa
expression and tumor diameter, invasion beyond fat and more
advanced BWH tumor stage was noted (Table S10).

associated with poor prognosis

The prognostic power of CAF markers and clinicohistopathological
parameters was evaluated with Cox regression analysis and
Kaplan-Meier survival estimates for patients with primary UV-
¢SCCs (non-mcSCCs and mcSCCs) at tumor level. High frequencies
of either PDGFRp positive or POSTN positive stromal cells corre-
lated with worse prognosis in univariate Cox regression analysis
(Tables 2 and S11). Accordingly, the prognosis of patients with pri-
mary UV-cSCC with high stromal PDGFRB or POSTN expression
was worse as determined with log-rank (Mantel-Cox) test
(Figures 3C and S4A-C). While the expression of PDGFRp in the
stromal compartment was associated with worse prognosis, POSTN
expression in both epithelial and stromal compartments was associ-

ated with worse prognosis (Table 2).
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Markers (continuous)
Panel 1 Area
Stroma
Epi
PDGFRp+ Stroma
PDGFRp+ Epi
PDGFRa+ Stroma
PDGFRa+ Epi
FAP+ Stroma
FAP+ Epi
aSMA+ Stroma
aSMA+ Epi
PDGFRp-+/FAP+ Stroma (CAFd)
PDGFRp-+/aSMA+ Stroma (CAFf)
PDGFRp-+/PDGFRa— Stroma (CAFk)
PDGFRpB-+/aSMA— Stroma (CAFI)
FAP+/PDGFRa— Stroma (CAFr)
PDGFRp+/FAP+/aSMA+ Stroma (CAF101)
PDGFRoa—/PDGFRB+/aSMA+ Stroma (CAF103)
PDGFRa—/FAP+/PDGFRp+ Stroma (CAF107)
PDGFRp-+/FAP+/aSMA— Stroma (CAF113)
PDGFRpB+/PDGFRa—/aSMA— Stroma (CAF127)
PDGFRp-+/FAP+/PDGFRa—/aSMA— Stroma (CAF6)
PDGFRp-+/FAP+/PDGFRa—/aSMA+ Stroma (CAF7)
Panel 2 Area
Stromalmage
PanEpilmage
SPARC- Stroma
SPARC+ Epi
PDGFRp+ Stroma
PDGFRp+ Epi
POSTN+ Stroma
POSTN-+ Epi
VIM+ Stroma
VIM+ Epi
Col1+ Stroma
Col1+ Epi
PDGFRpB-+/POSTN+ Stroma
PDGFRp-/SPARC+ Stroma
VIM-+/PDGFRp+ Stroma
VIM+/POSTN+ Stroma

Logistic regression analysis of CAF markers and marker combinations in association with the risk of metastasis.

Risk of metastasis by variable cOR (95% Cl)

1.02 (1.00-1.05)
1.01 (0.99-1-02)
1.04 (1.01-1.07)
1.05(0.95-1.16)
0.95(0.87-1.03)
0.95 (0.85-1.07)
1.03 (1.00-1.05)
1.03 (1.00-1.06)
1.01 (0.98-1.05)
0.97 (0.87-1.07)
1.06 (1.02-1.10)
1.07 (1.01-1.12)
1.05(1.02-1.08)
1.05 (1.01-1.09)
1.03 (1.00-1.05)
1.07 (1.00-1.14)
1.08 (1.02-1.14)
1.07 (1.03-1.11)
1.09 (1.03-1.14)
1.06 (1.02-1.10)
1.10(1.04-1.17)
1.08 (1.01-1.16)

1.03 (1.00-1.06)
1.00 (0.98-1.02)
1.00 (0.97-1.04)
1.04 (0.99-1.09)
1.07 (1.01-1.12)
1.31(0.87-1.98)
1.01 (1.00-1.03)
1.05 (1.00-1.09)
0.99 (0.97-1.02)
1.05 (1.00-1.10)
0.99 (0.93-1.05)
0.97 (0.91-1.04)
1.14 (1.04-1.26)
1.13(1.03-1.24)
1.09 (1.02-1.16)
1.04 (1.00-1.08)

P value

.098
521
.003
.333
216
391
.029
.036
.359
493
.002
.012
.001
.014
.028
.042
.007
.001
.002
.006
.001
.035

056
973
848
091
013
201
137
044
561
056
710
424
.006
013
014
038

Note: Cancer-associated fibroblast (CAF) markers and CAF subsets, that is, marker combinations with statistically significant association with the risk of
metastasis are shown. For CAF markers and CAF subsets the variables are treated as continuous. cSCC (mcSCCs) (n = 33) and non-metastatic cSCCs (non-
mcSCCs) (n = 110) were compared.
Abbreviations: Cl, confidence interval; Col1, type | collagen; cOR, crude odds ratio; FAP, fibroblast activation protein; PDGFRa, platelet-derived growth
factor receptor-oa; PDGFRB, platelet-derived growth factor receptor-p; POSTN, periostin; SPARC, secreted protein acidic and rich in cysteine; VIM,

vimentin; aSMA, a-smooth muscle actin.
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FIGURE 4 Legend on next page.
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3.4 | Multimarker combination PDGFRo—/
PDGFRp+/FAP- is associated with invasion,
metastasis, and poor prognosis of cSCC

Multimarker combinations associated with distinct CAF subsets
(Table S6) were analyzed with respect to invasion and metastasis of
tumors and prognosis of the patients. Several CAF subsets were asso-
ciated with invasive c¢SCCs, including CAF107 (PDGFRa—/PDGFRp
+/FAP+) and CAF6  (PDGFRB+/FAP+/PDGFRa—/aSMA-)
(Figure 4A and Table S7). Furthermore, 16 CAF subsets were found to
be associated with increased metastasis risk (Table 1). The subsets
with most significant p values include CAF107 and CAF6 (Table 1 and
Figure 4B). Nine CAF subsets including CAF107 and CAF6 were
found to be associated with poor prognosis using univariate Cox
regression analysis (Table 2). Each CAF subset with statistically signifi-
cant association in univariate analysis was also analyzed separately in
multivariate setting adjusted for clinical variables associated with risk
of metastasis. Only CAF107 and CAF6 subsets were associated with
worse prognosis with statistically significant adjusted HRs (Table 2
and Figure 4C). The association between these CAF subsets and poor
prognosis is shown in Kaplan-Meier survival estimate curves
(Figure 4D).

CAF107 phenotype positively correlated with diameter, poor dif-
ferentiation and high Clark's level of the primary tumor (Table $10).
CAF6 subset positively correlated with poorer differentiation and
higher Clark's level and negatively with high age (Table S10).

3.5 | Validation of CAF markers

For validation purposes another cohort comprising of UV-induced pri-
mary mcSCCs (n = 18) was compared to UV-induced non-mcSCCs
(n = 110). The results confirmed the findings above on the association
between metastasis risk and stromal PDGFRp and FAP expression
(Figure S5A and Table S12). Additionally, the association between
metastasis risk and CAF107 subset was confirmed (Figure S5B and
Table S12).

For additional validation of the individual CAF markers, we
analyzed gene expression data from TCGA to determine, whether
PDGFRa, PDGFRp, and FAP, included in CAF107 subset, have
prognostic value in other SCCs. High expression of PDGFRf was
associated with poor prognosis in lung SCC (Figure S4D). Further-
more, analysis of HNSCC cohort in the TCGA data showed, that

high expression of FAP was associated with worse prognosis and

expression of PDGFRa was associated with better prognosis
(Figure S4D).

4 | DISCUSSION

In the present study, we have analyzed a large panel of human ¢SCC
tissue specimens with mfl[HC to elucidate whether changes in the
expression of individual CAF markers or specific marker combinations
are associated with the metastasis risk of cSCC. Our results show, that
elevated expression of FAP, aSMA, and SPARC in stromal fibroblasts
is associated with the development of invasive UV-cSCC. In addition,
we observed that the proportion of PDGFR positive CAFs is higher
in mcSCCs than in non-mcSCCs. Furthermore, analysis of different
CAF subsets revealed, that PDGFR} positivity in multimarker combi-
nations (CAF107, CAF6) was also associated with metastasis and poor
prognosis, indicating the pivotal role of PDGFRB in metastasis
of ¢SCC.

Previously, four fibroblast subtypes with distinct expression pro-
files have been identified in healthy skin: pro-inflammatory,
secretory-papillary, secretory-reticular, and mesenchymal.’®2? These
subpopulations can be observed during the entire cSCC disease con-
tinuum but their proportions change during tumor progression.?? It
has been shown, that CAFs are absent in premalignant AK and that
iCAF predominance changes to myCAF predominance, as cSCCIS pro-
gresses to invasive ¢SCCs.?? In addition, FAP and «aSMA expression
increases in cSCCIS and ¢SCC.?*

Previous studies have demonstrated that stromal fibroblasts
expressing PDGFRs promote cancer metastasis in response to para-
crine stimulation by PDGF produced by adjacent tumor cells.>°~32 |n
addition to CAFs, PDGFRp is expressed by perivascular cells.>
In colon cancer, CAFs derived from mesenchymal stem cells express
high levels of PDGFR, which is associated with vascularization and
metastatic potential.3*%? Furthermore, expression of PDGFR in stro-
mal fibroblasts is associated with worse prognosis in breast and pros-
tate cancers and correlates with clinical and histopathological markers
associated with poor prognosis.>*~3¢ These results are in accordance
with previous observations showing high expression of PDGFRp in
cscc¥

The role of PDGFRa in cancer is less well known. Our observa-
tions show, that PDGFRa expression is higher in normal skin than in
UV-cSCCs, suggesting a tumor suppressive function. In normal human
skin, the expression of PDGFRa« is high in fibroblasts in papillary der-

mis, whereas the expression in fibroblasts in reticular dermis is

FIGURE 4 CAF subsets CAF107 (PDGFRa—/PDGFRB+/FAP-+) and CAF6 (PDGFRpB+/FAP+/PDGFRa—/aSMA-) are associated with
invasion, metastasis and poor prognosis of cutaneous squamous cell carcinoma (cSCC). (A) Both CAF107 and CAF6 subsets are more frequent in
ultraviolet-induced invasive cSCCs (UV-cSCCs) (n = 143) than in actinic keratoses (AKs) (n = 67) or in situ cutaneous squamous cell carcinomas
(cSCCISs) (n = 59). Normal skin (n = 73), SK (n = 17) RDEBSCCs (n = 12), metastasis (n = 11). **: P < .01, ***: P < .001 with Dunn-Bonferroni
post hoc test. (B) CAF107 and CAF6 subsets are more frequent in metastatic cSCCs (mcSCCs) (n = 33) than in non-metastatic cSCCs (non-
mcSCCs) (n = 110). (C) Multivariate Cox regression analysis shows, that high prevalence of CAF107 and CAF6 subsets is independently
associated with worse prognosis with primary tumor diameter. (D) Kaplan-Meier survival estimate curves show, that high prevalence of CAF107
and CAF6 subsets in primary cSCC is associated with worse disease-specific survival. P-values calculated with log-rank (Mantel-Cox) test.
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lower.®® It has been shown that fewer pro-inflammatory and
secretory-reticular fibroblasts are detected in ¢SCC tumors but the
number of mesenchymal fibroblasts is significantly increased com-
pared to healthy, UV-protected skin.?? Furthermore it has been postu-
lated that mesenchymal fibroblast gene signatures are enriched in
myCAFs and pro-inflammatory fibroblast gene signatures in iCAFs.??
It is therefore likely, that the CAFs in cSCC represent the phenotype
of reticular dermal fibroblasts, and reflect the invasion of tumor to the
deeper reticular layer of the dermis. It has been shown that
the expression of PDGFRa by fibroblasts is down-regulated by trans-
forming growth factor-p (TGF-p), suggesting PDGFRa as a marker for
non-proliferating fibroblast population.>*3? In ¢SCC, both tumor cells
and fibroblasts produce TGF-f, and fibroblast-derived TGF-f
enhances proteinase expression and promotes invasion of cSCC
tumor cells.*°=#2 In the progression of ductal breast carcinoma in situ
to invasive cancer, the activation of periglandular fibroblasts takes
place and is associated with the disruption of basement membrane,
downregulation of PDGFRa, and upregulation of PDGFR in fibro-
blasts.®>* In accordance with our findings, high stromal PDGFRa
expression has been shown to be associated with more favorable
prognosis and high stromal PDGFR expression with worse prognosis
in non-small cell lung cancer.*344

Our results also show, that a type-Il transmembrane serine prote-
ase FAP is associated with invasion and metastasis of primary cSCC.
Previous studies have shown that expression of FAP by endothelial,
immune and malignant epithelial cells is associated with worse prog-
nosis in colorectal, pancreatic, and gastric cancer, and in melanoma.*’
In general, FAP expression in solid tumors is associated with worse
prognosis, and FAP overexpression can also be detected in tumor
cells.*® In accordance with our results, FAP expression has been noted
in malignant epithelial tumors including cSCC, but not in benign skin
tumors.*”

High expression of POSTN has previously been shown to be
associated with poor prognosis in many cancers including
cSCC.1%*®4?  Although previous studies have suggested that
POSTN is not expressed by cSCC cells,*’ our findings show also
epithelial expression of POSTN in a subpopulation of tumors. Fur-
thermore, our results show, that high expression of POSTN both in
stromal and epithelial compartments is associated with worse prog-
nosis, in accordance with observations in ovarian and breast
cancer.’>1

Analysis of multimarker combinations for CAFs identified
CAF107 (PDGFRa—/PDGFRp+/FAP+) as a subset associated with
both metastasis and poor prognosis in cSCC. Interestingly, the
majority of CAF subsets associated with risk of metastasis or poor
prognosis were PDGFRp and also FAP positive and PDGFRa nega-
tive. A four-marker combination in CAFé6 (PDGFRp+/FAP
+/PDGFRa—/aSMA-) provided similar metastasis risk and prog-
nosis associations as CAF107, indicating, that the aSMA status
had no impact on metastasis risk or prognosis. Based on our
results, including analyses with validation cohort, we propose that
CAF107 is a potential CAF subset associated with metastasis risk
and poor prognosis in primary cSCC. In support for our findings,

validation of individual markers of the CAF107 subset in the TCGA
data confirmed their prognostic value in lung SCC and HNSCCs.

RDEBSCCs are different from primary UV-cSCCs in terms of etiology,
genomic alterations, and clinical behavior.2>?® Our results demonstrate,
that they differ from sporadic UV-cSCCs also with respect to CAFs.
RDEBSCCs show low stromal PDGFRf and Coll expression in compari-
son to UV-cSCCs. RDEB is caused by mutations in COL7A1 gene, which
codes for type VII collagen, but it has been shown, that TGF-f signaling
plays a role in modulation of disease severity, and that the activated RDEB
skin fibroblasts resemble CAFs before the development of SCC.%%®
RDEB is characterized by chronic ulceration, inflammation and fibrosis of
affected skin. The transcriptome of dermal fibroblasts in benign RDEB skin
resembles that of UV-cSCC CAFs rather than normal skin fibroblasts, sug-
gesting stromal predisposition of RDEB skin to ¢SCC development.>* In
addition, in several genodermatoses with cancer risk, including RDEB, the
transcriptional profile of dermal fibroblasts is similar and unrelated to cor-
responding genetic defect.>> Although the role of PDGFR signaling in the
pathogenesis of RDEB is not well known, it has been shown, that
PDGFR signaling is suppressed in RDEB fibroblasts.”® Our results provide
further evidence, that the CAF phenotype in RDEBSCCs is different from
that in UV-cSCCs and that low expression of PDGFRp in RDEBSCCs is a
hallmark of these differences.

Metastasis of primary cSCC results almost exclusively in poor prog-
nosis in patients with ¢cSCC and therefore metastasis risk-associated
markers tend to have prognostic power.>~ It should be noted, that part
of the tissue specimens from normal skin examined in our study were
obtained from sun exposed skin and may therefore present certain fea-
tures of the UV-induced damage of cSCC. In addition, alterations in base-
ment membrane can be detected already in premalignant lesions.>” It is
also of interest, that stromal expression of FAP, aSMA, SPARC, and
PDGFRp was observed in metastases at the same level as in UV-cSCCs,
and the POSTN positive fibroblasts were even more frequent in metasta-
ses than in primary UV-cSCCs. In addition, the stromal expression of
multimarker combinations CAF107 and CAF6 was as strong in metasta-
ses as in primary tumors. These observations provide evidence, that the
activated CAF phenotype in invasive cSCCs is also present in the stromal
compartment of cSCC metastases.

In summary, the results of our study show that alterations in stro-
mal fibroblast activation take place during the progression of cSCC.
Early changes in cSCC development include elevation in FAP, aSMA,
and SPARC expression, which promotes the development of invasive
UV-cSCC. The predominance of CAF107 subset PDGFRa—/PDGFRp
+/FAP-+ is associated with invasion and metastasis. In conclusion, we
demonstrate that a single CAF marker, PDGFRp, and especially the
CAF subset (CAF107) (PDGFRa—/PDGFRB+/FAP+) are potential

metastasis risk-associated and prognostic biomarkers in cSCC.
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