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RESEARCH ARTICLE COLLECTION: CANCER PROTEOMICS
Biomarkers Found in the Tumor Interstitial Fluid
may Help Explain the Differential Behavior
Among Keratinocyte Carcinomas
Clara Matas-Nadal1,2,* , Joan J. Bech-Serra3,*, Sònia Gatius1,4, Xavier Gomez5 ,
Marina Ribes-Santolaria1,5, Marta Guasch-Vallés1,5, Neus Pedraza1,5,
Josep M. Casanova1,5,6, Carolina de la Torre Gómez3,‡, Eloi Garí1,5,‡, and
Rafael S. Aguayo-Ortiz1,5,6,‡
Basal cell carcinomas (BCCs) and cutaneous squamous
cell carcinomas (SCCs) are the most frequent types of
cancer, and both originate from the keratinocyte trans-
formation, giving rise to the group of tumors called kera-
tinocyte carcinomas (KCs). The invasive behavior is
different in each group of KC and may be influenced by
their tumor microenvironment. The principal aim of the
study is to characterize the protein profile of the tumor
interstitial fluid (TIF) of KC to evaluate changes in the
microenvironment that could be associated with their
different invasive and metastatic capabilities. We obtained
TIF from 27 skin biopsies and conducted a label-free
quantitative proteomic analysis comparing seven BCCs,
16 SCCs, and four normal skins. A total of 2945 proteins
were identified, 511 of them quantified in more than half of
the samples of each tumoral type. The proteomic analysis
revealed differentially expressed TIF proteins that could
explain the different metastatic behavior in both KCs. In
detail, the SCC samples disclosed an enrichment of pro-
teins related to cytoskeleton, such as Stratafin and
Ladinin-1. Previous studies found their upregulation posi-
tively correlated with tumor progression. Furthermore, the
TIF of SCC samples was enriched with the cytokines
S100A8/S100A9. These cytokines influence the metastatic
output in other tumors through the activation of NF-kB
signaling. According to this, we observed a significant
increase in nuclear NF-kB subunit p65 in SCCs but not in
BCCs. In addition, the TIF of both tumors was enriched
with proteins involved in the immune response, high-
lighting the relevance of this process in the composition of
the tumor environment. Thus, the comparison of the TIF
composition of both KCs provides the discovery of a new
set of differential biomarkers. Among them, secreted
cytokines such as S100A9 may help explain the higher
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aggressiveness of SCCs, while Cornulin is a specific
biomarker for BCCs. Finally, the proteomic landscape of
TIF provides key information on tumor growth and
metastasis, which can contribute to the identification of
clinically applicable biomarkers that may be used in the
diagnosis of KC, as well as therapeutic targets.

Keratinocyte carcinomas (KCs) are the most common
malignancy worldwide. Moreover, a sharp increase in their
incidence has been reported in all age groups (1, 2). KCs
group basal cell carcinoma (BCC) and squamous cell carci-
noma (SCC), both originated from skin keratinocytes. BCC
rarely metastasizes (0.03–0.55%) (3), but when grown locally,
it often destroys surrounding tissues. In contrast, SCC may
associate with a substantial risk of local recurrence, metas-
tasis, and death (1.5–4%) (4). Taken together, KCs pose an
enormous impact on global health problem in terms of
morbidity and health expenditure. Their diagnosis is visual and
confirmed by histology and immunohistochemistry (IHC) on
the surgically removed tissue.
Extracellular signals from tumor cells are involved in most

of the steps triggering metastasis. This prometastatic
signaling is mediated by proteins secreted by cancer cells,
which constitute the tumor secretome and can be obtained
in vivo from tumor interstitial fluid (TIF). This fluid baths the
tumor and stromal cells and characterizes the tumor micro-
environment (5). The proteomic quantitative study of TIF can
help to understand all biologicals process dysregulated in
both skin cancers, as well as to identify new biomarkers
associated with metastatic potential of SCC tumor. However,
there is little data regarding TIF directly from melanoma or KC
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Tumor Interstitial Fluid in Keratinocyte Carcinomas
skin biopsies. Alternatively, in melanoma, the role of the tu-
mor microenvironment has been extensively studied from
plasma components (6–12), providing evidence of the
secretome and exosomes affecting the course of tumori-
genesis, metastasis, and responsiveness to therapy (10). In
contrast, the tumor microenvironment from KC has been
poorly studied. It has been described the profile of cytokines
and miRNAs in the exosomes from SCC cell lines (13, 14).
The plasmatic profile of LncRNAs and miRNAs from patients
with cutaneous SCC has also been reported (15, 16). In a
previous report, we published a protocol to isolate TIF from
skin biopsies (17) that allows us to analyze the protein
composition of TIF from KC.
A better understanding of the molecular alterations leading

to local invasion, aggressiveness, and metastasis is needed in
KC. There are still many questions concerning BCC and SCC,
such as their differential ability to invade and cause metas-
tasis, despite both originating from the same cell type. The
first and most important step in the treatment of BCCs and
SCCs is the radical surgical excision, when possible. How-
ever, it is difficult to control recurrences (even with unaffected
surgical margins) and aggressive behaviors. For these tumors,
there are no effective local biomarkers to routinely classify
aggressiveness, although they have been profusely studied.
Since the tumor microenvironment is a relevant factor in the
ability of tumors to spread and occasionally metastasize, we
thought that the description of the proteomic pattern of TIF
could be a source for detecting biomarkers. The search for
biomarkers among the secreted proteins present in the tumor
microenvironment of BCC and SCC had not yet been
addressed.
In this paper, we have analyzed the proteomic composition

of the TIF from BCC and SCC tumor biopsies and discovered
a new set of extracellular proteins that could be useful as
differential biomarkers. In addition, these proteins may help
to understand the distinct invasive and metastatic abilities of
the KC.
EXPERIMENTAL PROCEDURES

Sample Information

The study follows the principles of the Declaration of Helsinki.
Samples came from a diagnostic tissue surplus and were collected
after obtaining the written informed consent of the patient and with the
approval of the Ethics Committee for Scientific Research of HUAV-
UdL (CEIC-1958). The samples were managed by the Biobank of
IRB Lleida, authorized by the Department of Health of Catalonia dated
29 April, 2013 and registered in the National Register of Biobanks of
the Carlos III Institute of Health with B.0000682 reference number.

Preparation of Tissue Interstitial Fluid Samples

The interstitial fluid extraction by centrifugation was performed
following the protocol that we previously published (17). Briefly, the
biopsies were obtained after surgical resection and extensively
washed with a sterile dressing to eliminate blood clots. The size of the
2 Mol Cell Proteomics (2023) 22(6) 100547
biopsies was 4 mm. The tumor samples were from the tumor surface,
in an area with no apparent necrosis or inflammation. Immediately, the
tissue was collected with sterile forceps and put on a plate (6-well)
with 1 ml of PBS. The forceps was used to shake the tissue in the PBS
and the washing was repeated three times. The biopsy was blotted
gently with tissue paper to remove excess PBS and transferred to 2 ml
centrifuge tubes (Sterile ClearLine, ref 007859ACL). Immediately, the
samples were centrifuged at 10,000g for 20 min at 4 ◦C (Eppendorf,
5415R), recovering 5 to 15 μl accumulated at the bottom of the tube.
PBSi (PBS containing protease and phosphatase inhibitors) was
added for a final volume of 50 μl. This last sample was stored
at −80 ◦C until the proteomic analysis.

Proteomic Analyses

Experimental Design and Statistical Rationale–A label-free quan-
titative proteomic analysis was applied to characterize the proteomic
composition of the TIF from 27 skin samples included in this study
(16 SCCs, seven BCCs, and four Normal/Healthy skins (NS)). Fea-
tures of the patients and tumors are summarized in supplemental
Table S1.

The data processing and statistical analysis was assessed in R in
different sequential steps (see “Data Processing and Bioinformatics
Analysis”). The imputation of missing values was addressed using
the kNN algorithm (‘impute’ R-package) which assumes that the
missing values can be approximated by the real values that are
closest to it, based on other variables (proteins). As we consider that
different proteins but closely related one to each other should
behave similar, we decided to use this approximation to treat the
missing values.

To determine the differentially expressed proteins, we used the
‘limma’ R-package to look for a linear relationship between the
response variable (disease) and predictor variables (proteins). A
p-value was calculated to determine whether the linear relations were
significantly different among the experimental groups (NS, SCC, and
BCC). The multiple testing problem was addressed by adjusting the
p-values using the Benjamini–Hochberg algorithm which introduces
less false negatives than other, more restrictive methods such as the
Bonferroni correction.

Samples Quantification and Digestion–A total of 27 TIF fluid
samples were supplemented with urea to reach a final concentration
of 6 mol/l and then quantified with the colorimetric RC DCTM protein
assay quantification kit. Twelve micrograms of protein of each
sample were digested with Lys-C and Trypsin. Prior to digestion,
samples were reduced with 10 mM DL-DTT (Sigma-Aldrich, P/N
D9163-25G) and alkylated with 55 mM IAA (Sigma-Aldrich, P/N
C0267); then the samples were diluted with Tris 0.1 M to reach urea
2 mol/l. Lys-C (Wako Chemicals) was added at 1:25 (w/w) (enzyme-
to-protein ratio), and protein digestion was carried out at 30 ◦C for 16
h. The samples were subsequently diluted again with Tris 0.1 M to
reach urea 0.8 mol/l. Trypsin (Promega, P/N V5117) was added at
1:25 (w/w) (enzyme-to-protein ratio), and protein digestion was car-
ried out at 30 ◦C for 8 h. The enzymatic reaction was stopped with
formic acid (FA; Sigma-Aldrich, P/M 1.00264.0100) (10% (v/v) final
concentration). The digested samples were desalted using C18
microspin column (The Nestgroup). Desalted peptides were dried in
the speedvac.

Mass Spectrometry Analysis–A total of one microgram of each
sample was loaded to a 300 μm × 5 mm C18 PepMap100, 5 mm,
100 Å (Thermo Fisher Scientific) at a flow rate of 15 μl/min using a
Thermo Scientific Dionex Ultimate 3000 chromatographic system
(Thermo Fisher Scientific). Peptides were separated using a C18
analytical column (nanoEaseTM M/Z HSS C18 T3 (75 μm × 25 cm,
100 Å, Waters)) with a 90 min run, comprising three consecutive
steps with linear gradients from 3% to 35% B in 120 min, from 35%
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to 50% B in 5 min, from 50% to 85% B in 2 min, followed by isocratic
elution at 85% B in 5 min and stabilization to initial conditions (A =
0.1% FA in water, B = 0.1% FA in CH3CN) at 250 nl/min flow rate.
The column outlets were directly connected to an Advion TriVersa
NanoMate (Advion) fitted on an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific). The mass spectrometer was
operated in the data-dependent acquisition (DDA) mode. Survey MS
scans were acquired in the orbitrap with the resolution (defined at
200 m/z) set to 120,000. The lock mass was user-defined at
445.12 m/z in each orbitrap scan. The top speed (most intense) ions
per scan were fragmented by collision-induced dissociation. The
MS/MS was detected in the Ion Trap (with Max Injection time of
35 ms). The ion count target value was 400,000 for the survey scan
and 10,000 (collision-induced dissociation) for the MS/MS scan.
Target ions already selected for MS/MS were dynamically excluded
for 15 s. Spray voltage in the NanoMate source was set to 1.70 kV.
RF Lens were tuned to 30%. The minimal signal required to trigger
MS to MS/MS switch was set to 5000 and activation Q was 0.250.
The spectrometer was working in positive polarity mode, and singly
charge state precursors were rejected for fragmentation. Data was
acquired with Xcalibur software versus 4.0.27.10 (Thermo Fisher
Scientific; https://thermo.flexnetoperations.com/control/thmo/login).
All the samples were injected consecutively in one single batch with
quality controls (tryptic BSA digest) in between, every three samples.

Data Processing and Bioinformatic Analysis–The .RAW files were
processed using the Maxquant 1.6.3.4 software (http://www.
maxquant.org). The peaks lists were searched against a SwissProt
Human Database downloaded in March 2018 (20,316 entries) with the
help of the MaxQuant built-in search engine Andromeda. The false
discovery rate was assessed by using a decoy database. Trypsin was
selected as enzyme and a maximum of two missed cleavages were
allowed. Carbamidomethylation in cysteines was set as a fixed
modification, whereas oxidation in methionines and acetylation at the
protein N-terminal were used as variable modifications. Searches
were performed using 20 ppm and 4 ppm peptide tolerances for the
first and main searches and MS/MS match tolerance of 0.5 Da. The
quantification of the proteins was performed with the MaxLFQ algo-
rithm integrated into the MaxQuant software. A minimum ratio count of
two unique peptides was required for quantification. Finally, the pro-
tein list was filtered at a false discovery rate <1%.

The output generated by the Maxquant software (‘proteinGroups.txt’
file) was then filtered to remove the ‘reverse’, ‘potential contaminant’,
and ‘only identified by site’ proteins obtaining a list of 2945 proteins.
Among them, only 511 proteins showed valid quantification values in
more than half of the samples of each tumoral type (BCC, SCC, and
NS). This list of proteins was imputated using the KNN algorithm to
obtain the final dataset used in the subsequent analyses.

The statistical analysis was achieved in R (https://cran.r-project.org/)
and Rstudio (https://www.rstudio.com/) with the help of ‘limma’ (18) and
‘impute’ (https://bioconductor.org/packages/release/bioc/html/impute.
html) packages. Both the p-values and Benjamini-Hochberg–adjusted
p-values (for multiple testing correction) were obtained with limma by
fitting the dataset to a linear model. We chose this method for p-values
correction as it introduces less false negatives than other more restrictive
methods such as Bonferroni correction. Only the proteins with an
adjusted p-value below 0.05 were considered statistically significant. For
a deeper analysis of our dataset, we performed a functional enrichment
analysis using the ‘ClusterProfiler’ (19) and ‘ReactomePA’ (20) packages
in R. Only the upregulated or downregulated statistically significant
proteins (adjusted p-value < 0.05) from a pairwise comparison were
included in these analyses. The raw data and the processed files were
uploaded to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository (21) with the
project accession code PXD036900.
Immunohistochemistry

To estimate the minimum number of samples needed for the IHC
assays, we used the GRANMO sample size calculator (version 7.12
April 2012). Previously published works on the expression of the
selected proteins in various tumors were taken as reference, using the
most conservative data. Accepting an alpha risk of 0.05 and a beta
risk of less than 0.2, in a bilateral contrast, 22 subjects are needed in
the first group and 22 in the second to detect statistically significant
differences between two proportions (expected to be of 0.8 for group
1 and of 0.4 for group 2). A rate of loss to follow-up of 0% was esti-
mated. The ARCSINUS approximation was used. In addition, to study
by IHC the expression of proteins in the tissues using the histoscore,
comparing their means, accepting an alpha risk of 0.05 and a beta risk
of less than 0.2, in a bilateral contrast, 23 subjects are needed in the
first group and 23 in the second group, to detect a difference equal to
or greater than 50 histoscore units. The SD was assumed to be 60. A
loss of follow-up rate of 0% was estimated.

Tissue microarray blocks were sectioned at a thickness of 3 mm
and dried for 1 h at 65 ◦C before being dewaxed in xylene and rehy-
drated through a graded ethanol series and washed with PBS. Epitope
retrieval was performed in the pretreatment module, PT-LINK (Dako),
at 95 ◦C for 20 min in 50× Tris/EDTA buffer, pH 9. Before staining the
sections, endogenous peroxidase was blocked. The antibodies used
were 14-3-3 sigma/Stratafin (SFN) (mouse monoclonal, Abcam),
Ladinin-1 (LAD1, rabbit polyclonal, Sigma-Aldrich, #HPA028732),
Cornulin (CRNN, rabbit polyclonal, Proteintech#11799-1-AP),
Calgranulin A (mouse monoclonal, Santa Cruz Biotechnology#SC-
48352), Calgranulin B (mouse monoclonal, Santa Cruz Biotech-
nology, #SC-376772). After incubation, the reaction was visualized
with the EnVision Flex Detection Kit (Dako), using diaminobenzidine
chromogen as a substrate. Sections were counterstained with he-
matoxylin. Positive and negative controls were also tested.

A histological score (“histoscore” HSC) was obtained for each
sample, ranging from 0 (no immunoreactivity) to 300 (maximum
immunoreactivity). The intensity of the staining (1–3) and the % of
positive cells (x) were both recorded by applying the following formula:
histoscore = 1 × (% light staining) + 2 × (% moderate staining) + 3 ×
(% strong staining). The histoscore was determined by two indepen-
dent investigators, and the mean was used for the statistical analysis.

The anonymized databases were assimilated and analyzed with
SPSS v20.0 (IBM Corporation). Categorical variables were described
using absolute and relative frequencies and continuous variables using
mean and SD. Categorical variables were analyzed using the χ2-test or
Fisher’s exact test when the expected observations were <5. The
normal distribution of the variables was studied with the Shapiro–Wilks
test. The comparison of two means was analyzed using Student t test
when normally distributed data or Mann-Whitney U test when non-
normally distributed data. Comparison of multiple means (>2) was
studied using the ANOVA test when normal variables or Kruskal–Wallis
test when non-normal variables. As variables were non-normally
distributed, multiple comparisons to a reference category were per-
formed using Scheffé test, Mann-Whitney U test, and Wilcoxon test,
adjusting the p-value with the Holm method. The Spearman test was
used to analyze the relationship betweenS100A9 and nuclear p65. In all
analyses, the selected p-value for considering differences as statisti-
cally significant was p < 0.05. The “Bluesky statistics" program was
used to create the box plots showing the individual data points.

Immunoblot

The proteins from the TIF samples were resolved by 10% SDS-
PAGE), transferred to PVDF membrane (Millipore), and analyzed by
immunoblotting. The primary antibodies used were the same as for
IHC. Appropriate peroxidase-linked secondary antibodies (GE
Mol Cell Proteomics (2023) 22(6) 100547 3
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Healthcare UK Ltd) were detected using the chemiluminescent
horseradish peroxidase substrate Immobilon Western (Millipore).
Chemiluminescence originated from Western blots was recorded with
the aid of a charge-coupled device-based camera (Chemidoc; Bio-
Rad). Band quantification was performed using the Image Lab soft-
ware (Bio-Rad; https://www.bio-rad.com/es-es/product/image-lab-
software?ID=KRE6P5E8Z). The results were expressed as relative
values.
RESULTS

Proteomic Analyses of the TIF From KC Biopsies

A total of 27 TIF samples have been analyzed by label-free
quantitative proteomics to obtain the protein profiles of BCC
and SCC. The mean of proteins detected per sample was 944,
ranging from264 to 1426 (Fig. 1A). The sampleswith the highest
number of proteinswere those of the BCC, followed by the SCC
and healthy skin (Fig. 1B). Interestingly, the total intensity
observed in all three tissue types was similar, suggesting that
the differences in protein number can be explained by changes
in its composition (supplemental Fig. S1). As we had three
samples with a very low number of identified proteins, we
decided to remove them from the final analysis. These samples
wereNS14 (264proteins), SSC7 (452proteins), andSSC23 (399
proteins). The principal component analysis showed how the
samples cluster in the three different groups (SCC, BCC, NS)
strengthening the quality of the experiment (Fig. 1C). The raw
data of all the proteins obtained from the sampleswasuploaded
to the PRIDE repository with the project accession code
PXD036900. When comparing with NS, we detected 199 and
137 proteins significantly enriched (adjusted p-value < 0.05) in
BCCs and SCCs, respectively (supplemental Table S2). More-
over, we detected 354 and 118 additional proteins which were
quantified only in BCC and SCC, respectively (supplemental
Table S3). Therefore, we gathered two lists of proteins
enriched in SCC and BCC containing 553 and 255 proteins
each. Of these proteins, 196 were common between BCC and
SCC, however, 59 were distinctive of SCC and 357 of BCC
(supplemental Fig. S2A). These data show that BCC and SCC
have different profiles of secreted proteins (supplemental
Fig. S2, B and C).
The principal aim of this work was to compare the proteome

TIF profiling of SCC and BCC tumors. TIF proteins are
secreted principally from different tumor cells, thus, the TIF
proteome in both KC could explain their pathophysiology and
differences. Therefore, a direct comparison was made be-
tween the 14 SCC and the seven BCC samples. The specific
protein profile comparing SCC and BCC is shown in the heat
map in Figure 1D. We have obtained a list of 36 proteins
significantly upregulated in SCC versus BCC (adjusted p-value
< 0.05) plus three additional proteins only quantified in the
SCC samples, giving a final list of 39 proteins enriched in SCC.
In addition, we obtained another list of 104 proteins signifi-
cantly upregulated in BCC versus SCC (adjusted p-value
< 0.05) plus 32 proteins only quantified in the BCC samples,
4 Mol Cell Proteomics (2023) 22(6) 100547
giving a second final list of 136 proteins enriched in BCC. To
investigate specific biological features of both groups, we
performed a Gene Ontology analysis (Fig. 2) from these lists of
proteins identified.
As expected, cellular component analysis (Fig. 2) showed

that both SCC and BCC were enriched in extracellular pro-
teins. However, the protein patterns observed were clearly
different between these two skin tumors. We can highlight two
main components of these patterns, those involved in the
immune response and those related to the actin cytoskeleton
function. Regarding the immune response, the TIFs of BCC
and SCC samples were enriched with proteins localized in the
lumen of secretory and ficolin granules. This is consistent with
the Reactome analysis where neutrophil degranulation is
highlighted also in both SCC and BCC (supplemental Fig. S3).
Neutrophil degranulation is a relevant step in cancer devel-
opment where the secretion of different kinds of granules
(vesicles) modifies the tumor microenvironment. Nevertheless,
in contrast to the BCCs, the SCCs samples were enriched in
granule proteins associated with tumor-induced immunosup-
pression and metastatic response such as CD44 (22)
(supplemental Table S4). Consistently, previous results show
that immune response differs in SCC versus BCC (23).
Gene Ontology analysis also revealed other meaningful dif-

ferences between SCC and BCC TIFs. Samples of TIFs from
SCC were enriched in actin-cytoskeleton proteins (Fig. 2)
which are considered potential biomarkers of cancer aggres-
siveness (16). Changes in actin-cytoskeleton dynamics and the
formation of actin-rich protrusions are required by tumor cells
to disseminate and colonize other organs (24). Differing from
SCCs, the BCCs’ TIF samples exhibited significant enrichment
in focal adhesion and cell-substrate junction proteins (Fig. 2).
These proteins are functionally related to the connection be-
tween cells and the extracellular matrix. Therefore, the varia-
tions observed in the protein patterns may also reflect different
behaviors in the physiopathology of these tumors.
To corroborate the results from the proteomic approach, we

tested by immunoblot the presence of several candidates in
the TIF samples (Fig. 3). We focused the following part of our
study on the candidates enriched in SCC since these could
help explain the dissemination capacity of this tumor
compared with BCC. Based on the findings from the proteo-
mic approach, we selected among the enriched candidates
those related to cytoskeleton cell signaling and immune
response, such as LAD1, SFN, S100A8, and S100A9 (Cal-
granulins A and B, respectively). We also tested CRNN as a
specific biomarker in BCC. The immunoblot data also
confirmed that LAD1, SFN, S100A8, and S100A9 were
enriched in SCC TIFs and CRNN in BCC TIFs (Fig. 3).

Characterization of CRNN, LAD1, and SFN as Specific
Biomarkers of KC

We were interested in studying whether the expression and
secretion of specific proteins such as CRNN, LAD1, and SFN

https://www.bio-rad.com/es-es/product/image-lab-software?ID=KRE6P5E8Z
https://www.bio-rad.com/es-es/product/image-lab-software?ID=KRE6P5E8Z


FIGURE 1. Proteomic analysis of the tumor interstitial fluid from keratinocyte carcinomas. A, bar graphics representing the number of
proteins recovered per sample. B, box diagram representing the proteins recovered per each type of sample. C, PCA graphics with the proteins
quantified in at least 50% of the samples. D, heat map showing the protein profile of each sample. The expression levels of the proteins are
stated by color changes. The highest expression is stated in red and the lowest is in green. PCA, principal component analysis.

Tumor Interstitial Fluid in Keratinocyte Carcinomas
may act as differential tumoral tissue biomarkers among KC.
Although TIF proteins are secreted principally from tumor
cells, other local cell compartments may secrete proteins to
the TIF. Therefore, the origin of the candidates may be the
tumor cells, but also the stromal cells or the immune cells.
Hence, we studied the expression and localization of the
Mol Cell Proteomics (2023) 22(6) 100547 5



FIGURE 2. Gene ontology cellular component of KC. Bar graphics showing the GO cellular component of SCC- (A) and BCC- (B) enriched
proteins. BCC, basal cell carcinoma; GO, Gene Ontology; KC, keratinocyte carcinoma; SCC, squamous cell carcinoma.
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FIGURE 3. The enrichment of the TIF samples from SCC, BCC, and NS was analyzed by immunoblot. Pictures of the gels stained with
Coomassie Blue are shown as a loading control. BCC, basal cell carcinoma; SCC, squamous cell carcinoma; TIF, tumor interstitial fluid; NS,
normal skin.

Tumor Interstitial Fluid in Keratinocyte Carcinomas
candidate proteins by IHC in primary tumor samples (30
SCCs, 30 BCCs, 57 adjacent NSs). The features of the pa-
tients and tumors are summarized in supplemental Tables S5
and S6.
We found the CRNN intensely expressed in the neoplastic

cells of BCC, with a mean histoscore of 206.3 (Fig. 4). CRNN
was also expressed in the granular layer of the healthy
epidermis and mildly expressed in the neoplastic cells of SCC
(mean histoscore of 70.0). However, CRNN was not detected
in the SCC TIF (Fig. 3). Then, the data suggest that the
secretion of CRNN is characteristic of tumor cells from BCC.
LAD1 was highly expressed only in neoplastic cells from SCC

with a mean histoscore of 242.3 (Fig. 5, A–C). BCCs express
little or no LAD1 in the neoplastic or stromal cells, with a mean
histoscore of 39.2 (Fig. 5, A and B). In healthy skin, we found
LAD1 intensely expressed in all epidermic layers, with a mean
histoscore of 205.4 (Fig. 5D). Interestingly, the expression of
LAD1 was mainly in the membrane of SCC cells, but in healthy
skin appeared diffused in the cytoplasm (Fig. 5, C and D).
Regarding SFN, this protein was intensely expressed in the

neoplastic cells of SCC, with a mean histoscore of 276.0
(supplemental Fig. S4). We only found SFN at the stroma in
19% of the SCC samples. We also found an intense expres-
sion of SFN in healthy skin, with a mean histoscore of 259.5.
However, BCCs express low SFN in the neoplastic or stromal
cells, with a mean histoscore of 45.3 (supplemental Fig. S4). In
general, SFN was located in the membrane and cytoplasm. It
should be noted that, unlike healthy skin and BCC, we found
SFN also expressed in the nucleus in 66.7% (20/30) of the
SCC samples, regardless of the histological aggression of the
tumor.

The Presence of S100A9-Dependent Signaling
Differentiates SCC From BCC

S100A8 and S100A9 are cytokines we found enriched in the
SCC TIF samples (supplemental Table S2 and supplemental
Fig. S3). These cytokines are usually coexpressed and can
form homodimers and heterodimers (25), and both proteins
regulate the behavior of cancer cells by inducing
premetastatic cascades associated with cancer spread (26).
S100A9 has been described to have a relevant role in cell
signaling and immune response in the skin and melanomas
(27). To better characterize the cytokine S100A9 as an SCC
biomarker, we analyzed its expression and localization by IHC.
We observed that S100A9 was present in the neoplastic cells
of SCC (mean histoscore of 105.9), but no expression of
S100A9 was detected in the neoplastic cells of BCC (Fig. 6A).
For this protein, we also found differences in the stromal
expression. The SCC neoplastic cells were surrounded by an
intense inflammatory infiltrate, with a mean of 19.3% of
intensely stained cells in this infiltrate (Fig. 6B). In contrast, the
BCC neoplastic cells were surrounded by a low-mild inflam-
matory infiltrate, with a mean of 11.19% of intensely stained
cells in this infiltrate. Moreover, we found a positive correlation
between the tumoral expression of S100A9 and the quantity of
inflammatory infiltrate in the KCs (Fig. 6C). Then, both the
expression of S1009A by the neoplastic cells and a high
number of infiltrating cells in the stroma could account for the
enriched presence of this cytokine in the SCC TIF.
It is well known that S100A9 promotes activation of the NF-

kB pathway (nuclear p65), altering immune response and
enhancing tumor dissemination (28). To study S100A9 activity,
we determined nuclear p65 in the primary KC samples. We
found a mean of 9.17% of nuclear-p65 cells in SCC and only
2.89% in BCC (Fig. 7, A–C). These results represent a signif-
icant increase in the number of cells with nuclear p65 in SCC
versus BCC (p = 0.000002). Consistent with the S100A9 data,
there was a positive correlation between S100A9 expression
and nuclear p65 in KCs (Fig. 7B). Overall, our results show that
the presence of S100A9 in the extracellular environment is one
crucial distinction between SCC and BCC that could explain
the differences in the amount of inflammatory infiltrate and
tumor dissemination.
DISCUSSION

Significant efforts have been focused on the characteriza-
tion of the TIF proteomes from KC samples. The proteomic
Mol Cell Proteomics (2023) 22(6) 100547 7



FIGURE 4. Cornulin expression in KCs and normal skin. A, box diagram showing CRNN expression in the neoplastic cells of BCC, SCC, and
healthy skin according to the histoscore values [0–300]. Differences in the expression were statistically significant (p < 0.001) for the three types
of samples. B, representative images of immunohistochemistry. CRNN expression in BCC, SCC, and normal skin. BCC, basal cell carcinoma;
CNN, Cornulin; KC, keratinocyte carcinoma; SCC, squamous cell carcinoma.
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analysis revealed that the samples with the highest protein
levels were those of the BCC, followed by the SCC and finally,
those of the healthy skin (Fig. 1, A and B). That fact agrees
with the already published proteomic studies carried out in
other tumors, where the authors also found more proteins in
the tumor samples than in the adjacent healthy samples (29).
These data support, as the previous authors hypothesized,
that this difference in the number of detected proteins shows
the greater variety of cell phenotypes among tumor cells and
the greater complexity of their cellular activities.
From the proteomic analysis of TIF from BCC and SCC

biopsies, we have obtained a list of differential biomarkers.
The TIF of both types of tumors was enriched with proteins
involved in the immune response, suggesting the relevance of
this process in the tumor microenvironment. According to this,
immune response proteins were also found enriched in
plasma and exosomes of melanoma samples (9, 11). Notably,
the list of proteins involved in the immune response was
different among SCC and BCC samples. For instance, the TIF
from SCC but not from BCC showed S100A8 and S100A9
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cytokines, also present in the melanoma microenvironment
(11, 12, 30) (see below). Another difference was that SCC
samples were enriched in cytoskeleton proteins, while BCC
samples were not. Most of these cytoskeleton proteins have
been previously described as present in the exosomes of
diverse tumors (ExoCarta) (31) and have been related to poor
prognoses such as LAD1, SFN, and JUP (32–35). Then, we
propound that the differences between SCC and BCC-TIF
composition could explain SCC aggressiveness and meta-
static output.
In our proteomic analysis, we found secreted LAD1 only in

the SCC-TIF samples. Nonetheless, there are no publications
regarding LAD1 secretion or expression of healthy skin or
cutaneous tumors. Indeed, LAD1 has been detected in exo-
somes from ovarian cancer (36), but the function of secreted
LAD1 is still unknown. LAD1 is a substrate of the ERK kinase
downstream of the EGFR pathway involved in cell motility and
cell cycle progression (37). The other way around, LAD1 reg-
ulates the ERK–MEK pathway through the SFN adapter pro-
tein, which we also have found in our TIF analysis. SFN acts as



FIGURE 5. Ladinin-1 expression in KCs and normal skin. A, box diagram showing LAD1 expression in the neoplastic cells of BCC, SCC, and
healthy skin according to the histoscore values. Differences in the expression were statistically significant (p < 0.01) for the three types of
samples. B–D, representative images of immunohistochemistry. LAD1 expression in BCC (B), SCC (C), and normal skin (D). BCC, basal cell
carcinoma; KC, keratinocyte carcinoma; SCC, squamous cell carcinoma.
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a soluble cytoskeleton cofactor and binds to LAD1, and their
overexpression is associated with increased MEK–ERK
pathway activity. These data could explain why in our work,
the expressions of LAD1 and SFN were low in BCC samples
but high in SCC samples, as the ERK pathway has been re-
ported activated in SCC (38), but not in BCC (39). Moreover, it
is described that SCC has epithelial-mesenchymal transition
(EMT), which confers aggressive capacities to the tumor. In
this way, Klobuclar et al. (32) detected overexpression of LAD1
in laryngeal cancer metastatic tissues but not in nonmetastatic
tumors, correlating it to EMT.
By IHC, we observed that the expression of LAD1 was

diffused in the cytoplasm of healthy skin keratinocytes, but it
was intensely present along the cell periphery in the SCC
cells. Changes in the cellular location of LAD1 have also been
reported by other authors. Abé et al. (29) found LAD1 in both
oral in situ carcinoma samples and adjacent healthy samples,
but with different intracellular localizations. In in situ carcinoma
samples, it locates along the cell periphery, while in healthy
samples, it locates diffusely in the cytoplasm, comparable to
our results. This location change could be related to LAD1
involvement in cellular motility, as LAD1 participates in the
remodeling of actin fibers (33).
SFN is a scaffold protein present in the exosomes of urine,
thymus, and different tumors (ExoCarta) (31). Significantly, this
protein is secreted by normal keratinocytes and A431 cells
derived from a skin SCC (40, 41), and it has been proposed
that exosomes containing SFN have MMP-1 stimulatory ac-
tivity in fibroblasts (41). This fact may be relevant for the
dissemination and aggressiveness of the tumor and is
consistent with the SFN enrichment in the TIF of SCC sam-
ples. In contrast with this possibility, SFN takes part in the
terminal differentiation of keratinocytes. Under normal condi-
tions, SFN sequestrates the YAP1 transcriptional regulator in
the cytoplasm, promoting keratinocyte differentiation. SFN
mutations in mice cause a phenotype characterized by a
poorly differentiated hyperproliferative epidermis (42). In our
work, SFN was present in the cytoplasm but not in the nucleus
of healthy skin keratinocytes. However, we found SFN
intensely present in the cytoplasm but also in the nucleus of
SCC cells. As commented above, the influence of SFN on
keratinocyte differentiation depends on its cytoplasmic loca-
tion. Therefore, although SFN was present in both healthy skin
and SCC, its nuclear localization could play a crucial role in its
carcinogenesis, hindering the accurate differentiation of ker-
atinocytes in the tumor.
Mol Cell Proteomics (2023) 22(6) 100547 9



FIGURE 6. S100A9 expression in KCs and normal skin. A, box diagram and IHC comparing S100A9 expression in the neoplastic cells of
BCC, SCC, and NS (p < 0.0000001). B, box diagram and IHC showing S100A9 expression in the inflammatory infiltrate surrounding BCC and
SCC (p = 0.0002). C, graphics showing the positive correlation between the tumoral expression of S110A9 and the surrounding inflammatory
infiltrate. D, IHC showing S100A9 expression in NS. BCC, basal cell carcinoma; IHC, immunohistochemistry; KC, keratinocyte carcinoma; NS,
normal skin; SCC, squamous cell carcinoma.
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Our results also showed that the cytokines S100A8/
S100A9 were substantially enriched in the TIFs from SCC
tumors. In line with this result, it was described the expres-
sion of these cytokines in SCC biopsies (43, 44). Also, it has
been published the relevance of these cytokines in tumor
growth by using a mouse xenograft model (44). In addition,
S100A9 overexpression correlates with invasion and metas-
tasis in various cancers, among which malignant melanoma
and secreted S100A9 directly enhances tumor cell malig-
nancy by activating NF-kB p65 (nuclear p65) through TLR4-
mediated signaling (28). Consistent with this data, we have
observed expression of S100A9 in neoplastic cells of SCC
but not on BCC cells, a tumor that rarely metastasizes. We
10 Mol Cell Proteomics (2023) 22(6) 100547
have shown that the presence of S100A9 correlates with the
presence of nuclear NF-kB p65 (NF-kB activation) in KC. This
result is also consistent with previously published data (45).
In addition, S100A8 and S100A9 are secreted cytokines
involved in the nesting of disseminated tumor cells during
metastasis (26) and in promoting inflammation and immune
evasion of cancer cells (46). The cytokines S100A8/S100A9
are secreted from cultured keratinocytes (47), suggesting
that they could be secreted to the microenvironment by SCC
neoplastic cells. However, it is relevant to consider that
S100A8/S100A9 are constitutively expressed in immune cells
such as neutrophils and increase the inflammation process
(48). Accordingly, we have found a significantly more intense



FIGURE 7. NF-kB-p65 localization in KCs and NS. A, box diagram comparing nuclear p65 expression (%) in the neoplastic cells of BCC and
SCC and also in NS (p = 0.00002). B, graphics showing the positive correlation between the tumoral expression of S110A9 and their nuclear p65.
C, IHC showing nuclear p65 expression in the neoplastic cells of BCC and SCC and in NS. BCC, basal cell carcinoma; IHC, immunohisto-
chemistry; KC, keratinocyte carcinoma; NS, normal skin; SCC, squamous cell carcinoma.
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infiltrate around SCC tumors than BCC, with a higher
expression of S100A9 in this infiltrate, and a positive corre-
lation between the tumoral expression of S100A9 and the
amount of inflammatory infiltrate. Then, we consider also
relevant for the aggressive SCC behavior the presence of
S100A9-positive cells in the tumor infiltrate. Supporting this
idea, in NK/T-cell lymphomas, the overexpression of S100A9
in tumor stroma contributes to immune evasion and predicts
a poorer response rate (46). Interestingly, we have also
observed a positive correlation between the tumor expres-
sion of S100A9 and the quantity of surrounding inflammatory
infiltrate in KCs. Therefore, it could be possible that the
secretion of S100A9 by SCC neoplastic cells would promote
the recruitment of a larger inflammatory infiltrate surrounding
SCC in comparison with BCC.
Besides S100A8/S100A9, the SCC TIF samples showed

other secreted proteins associated with immune evasion and
inflammation, such as CD44, LSP1, and CD163. CD44 and
Mol Cell Proteomics (2023) 22(6) 100547 11
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LSP1 have been involved in immune suppression by regu-
lating PD-L1/PD-1 function (22, 49). CD163 is a specific
marker of M2-type macrophages. The infiltration of these
macrophages in the tumor surroundings promotes an immu-
nosuppressive environment favoring metastatic lymph nodes
in colorectal cancer (50). Overall, these data reinforce the idea
that the tumor microenvironment in SCC, unlike in BCC, may
contain particular immune infiltrate characteristics that favor
immune evasion and tumor aggressiveness.
On the other hand, we found enriched in SCC the fatty acid–

binding protein 5 (FABP5) which is part of a lipid-binding
protein family involved in transporting long-chain fatty acids
related to metastasis in breast cancer cells (51). Among the
top SCC-enriched proteins, we also have ANHAK2, SAMD9,
and the nucleotide metabolism enzymes TYMP and PNP. All
of them are also related to malignancy characteristics or
metastasis (52–55). Moreover, ANHAK2 is a giant protein
involved in cell signaling that regulates EMT response in lung
adenocarcinoma cells (56).
Regarding the top proteins enriched in the BCC TIF, many

of them have dual characteristics on tumor cell regulation. For
instance, the enzyme DDAH1 metabolizes dimethyl-Arginine,
which is an inhibitor of nitric oxide synthase (57). This
enzyme is overexpressed in prostate cancer, inducing tumor
growth and angiogenesis by regulating the oxide nitric con-
centration (58). However, DDAH1 functions as a tumor sup-
pressor and as a good prognostic marker in gastric cancer
(59). Another BCC-enriched protein is the Neddylation Acti-
vating Enzyme 1, which is a regulator of protein stability and
activity (60). This protein is a negative regulator of cell
migration, as the inhibition of Neddylation Activating Enzyme 1
reduces migration in prostate and glioblastoma cells (60). Like
these proteins, CRNN, RNA-binding protein 3, Target of Nesh-
SH3, and LHPP are correlated with favorable clinic-
pathological features in different cancers (61–65). More in
detail, we found CRNN highly expressed in BCC and low-
moderately in SCC. However, CRNN was described as
under-expressed in several tumors and considered a tumor
suppressor protein (66, 67). The difference between these
reported tumors and our cutaneous tumors, in terms of CRNN
expression, could be explained because of specific tissue
functions. For instance, Li et al. (68) published that CRNN
promotes proliferation in psoriatic keratinocytes through the
activation of the PI3K/Akt pathway. These authors hypothe-
sized that the contradiction of CRNN expression in psoriasis
versus other carcinomas could be explained by the benignity-
malignancy context. Considering that CRNN is present in our
cutaneous tumors, we propose that the expression of CRNN
would be related to the location-specific function (cutaneous
or not) rather than to the condition of the pathology studied
(benign or malignant). In our samples, CRNN was quantified
only in BCC.
Among the BCC-enriched proteins, there is also the Myosin

Light Chain 9 (MYL9), which is a regulatory protein of the
12 Mol Cell Proteomics (2023) 22(6) 100547
Myosin II complex (Fig. 2). This protein regulates muscle
contraction and actin cytoskeleton dynamics, and the
expression of MYL9 has been associated with tumor invasion
and metastasis (69). However, the overexpression of MYL9
in different cancers is not correlated with minor patient
survival (69).
Overall, the enrichment data (supplemental Tables S2 and

S3) showed that SCC samples contained many secreted
proteins associated with tumor invasion and aggressiveness,
but BCC proteins mainly relied on a good prognosis. This
result is consistent with the major aggressiveness of SCC
tumors, reinforcing the quality of our proteomic data.
To sum up, the TIF is the proteomic signature of BCC- and

SCC-associated changes on an aggregate, functional level by
determining differentially metabolic regulated processes. Most
of the processes differentially regulated showed a high
concordance with the pathophysiology of both KC. The data
revealed induction of the immune system, upregulation of cell
cycle–associated processes, metastasis process and glycan
degradation pathways, downregulation of cofactor-associated
metabolic processes, and a pronounced induction of several
signaling pathways. Hence, the results of our first proteomic
approach help to shed light on the pathophysiology of the KC
and their differences. In the IHC study, the SCC samples
revealed an enrichment of proteins related to cytoskeleton,
such as SFN and LAD-1. These proteins may help explain the
invasive behavior of SCC. LAD1 is involved in cell motility and
cell cycle progression. By IHC, we observed LAD1 diffuse in
the cytoplasm of healthy skin keratinocytes and along the cell
periphery in the SCC cells. This location change could be
related to LAD1 involvement in cellular motility and the
remodeling of actin fibers. Furthermore, SFN takes part in the
terminal differentiation of keratinocytes depending on its
cytoplasmatic location. In our work, SFN was present in the
cytoplasm but not in the nucleus of healthy skin keratinocytes.
However, we found SFN in the nucleus of SCC cells. There-
fore, although SFN was present in both healthy skin and SCC,
its nuclear localization could play a crucial role in its carci-
nogenesis, hindering the accurate differentiation of keratino-
cytes in the tumor. Finally, we propose that the expression
and secretion of S100A9 would be a landmark for metastasis
in cutaneous tumors favoring metastatic signals from the
neoplastic and infiltrate cells. The absence of S100A9
signaling may help to explain why BCC tumors rarely
metastasize.
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