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detection of individual cutaneous SCCs with a high risk of
progression and metastasis.

Serine protease inhibitors (serpins) constitute the larg-
est and most broadly distributed superfamily of protease
inhibitors described in humans, with the two largest
clades of the 36 serpins consisting of extracellular mol-
ecules “clade A” and intracellular serpins “clade B.”7,8

Serpin peptidase inhibitor clade A member 1 (SerpinA1),
also known as �1-proteinase inhibitor or �1-antitrypsin
(AAT), is a highly effective inhibitor of neutrophil elastase,
which also inhibits the activity of plasmin, thrombin, tryp-
sin, chymotrypsin, and plasminogen activator.7,8 Patients
with AAT deficiency carry an increased risk of emphy-
sema and liver disease.9 Another member of the serpin
superfamily with medical importance is serpin peptidase
inhibitor clade A member 3 (SerpinA3), also known as
�1-antichymotrypsin (ACT), which displays inhibitory
function toward neutrophil cathepsin G and mast cell
chymase and serves as an inflammatory response mol-
ecule and an acute-phase reactant protein.7,8 Structural
variants of ACT protein have been implicated in Alzhei-
mer’s disease,10,11 and combined deficiency of AAT and
ACT increases the risk of chronic liver disease.12 Ele-
vated expression of AAT is associated with the invasive
and metastatic potential and poor prognosis in lung,
colorectal, and gastric carcinoma.13–16 In addition, ACT
is expressed at high levels in gastric and salivary gland
cancer and in malignant melanoma.16–18

Herein, we examined Serpin expression in cutaneous
SCCs. The results show that SerpinA1 is expressed by
cutaneous SCC cells in culture and by tumor cells in
SCCs of the skin. The level of expression is low in pre-
malignant lesions of skin (actinic keratoses) and is clearly
elevated in invasive cutaneous SCCs. In addition, tumor
cell–associated SerpinA1 staining was detected in
mouse skin SCCs. These results identify SerpinA1 as a
novel tumor cell–associated diagnostic biomarker for
progression of cutaneous SCC.

Materials and Methods

Ethical Issues

The use of archival tissue specimens and the collection of
normal skin and SCC tissues was approved by the Ethics
Committee of the Hospital District of Southwest Finland,
Turku, Finland. Before surgery, each patient gave their
informed consent, and the study was conducted accord-
ing to the Declaration of Helsinki.

The animal experiments were approved by the State
Provincial Office of Southern Finland.

Cell Cultures

Human cutaneous SCC cell lines (n � 8) were estab-
lished from surgically removed SCCs of skin.19–21 SCC
cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 6 mmol/L glutamine, nonessen-
tial amino acids, and 10% fetal calf serum.20,21 HaCaT, a
spontaneously immortalized, nontumorigenic human epi-

dermal keratinocyte–derived cell line,22 and the Ha-ras–
transformed tumorigenic HaCaT cell lines A5, II4, and
RT323,24 (a gift from Dr. Norbert E. Fusenig, German
Cancer Research Center, Heidelberg, Germany) were cul-
tured in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum. G418 (200 �g/mL) was added to the
medium of the Ha-ras–transformed HaCaT cell lines.23,24

Normal human epidermal keratinocytes (NHEKs) were cul-
tured from nonmalignant skin of patients (n � 4) undergoing
surgery for mammoplasty at Turku University Hospital,
Turku, Finland. In addition, normal keratinocytes were pur-
chased from PromoCell (Heidelberg, Germany). Keratino-
cytes were cultured in keratinocyte basal medium 2, sup-
plemented with SingleQuots (Cambrex Bioscience,
Walkersville, MD), as previously described.20,21

Human Tissue Samples

Tissue collection was performed at the Department of
Pathology, Turku University Hospital.6,25

Mouse Skin Chemical Carcinogenesis

Normal (n � 5), acetone-treated (n � 2), and hyperplastic
skin (n � 6) and SCC (n � 17) samples were collected
from skin of FVB/N HanHsd mice (maintained at the Lab-
oratory Animal Centre, University of Oulu, Oulu, Finland).
Mouse skin carcinogenesis was induced as previously
described.26 Briefly, to induce hyperplasia, the shaved
dorsal skin was treated four times, at 2-day intervals, with
5 �g of 12-O-tetradecanoylphorbol-13-acetate (TPA; Sig-
ma-Aldrich, St Louis, MO,) in 100 �L of acetone. The
control mice were treated in a similar way four times with
acetone. To induce skin tumors, a single dose of 100 �g of
7,12-dimethylbenz[�]anthracene (DMBA, Sigma-Aldrich) in
100 �L of acetone was administered topically on the
shaved dorsal skin, followed by weekly TPA treatments (5
�g in 100 �L of acetone) for 20 weeks. Mice were monitored
weekly for the appearance of tumors and were sacrificed at
the end of the experiment at week 32 or earlier when the
tumor load was excessive, invasive carcinomas appeared,
or the diameter of an individual tumor exceeded 10 mm.
Approximately 10% of the benign papillomas progress to
malignant SCCs in this model. Tumors and skin samples
were removed and fixed in fresh phosphate-buffered 4%
paraformaldehyde for 24 hours at 4°C and were embedded
in paraffin. The TPA-treated skin and SCC samples were
evaluated on the basis of H&E-stained sections.

RNA Extraction and cDNA Preparation

Twenty-four hours before the RNA extraction, the culture
media of cells was replaced by serum-free culture media.
Total RNA was isolated from cultured cells and tissue
samples using the RNeasy kit (Qiagen, Chatworth, CA)
according to the manufacturer’s protocol. cDNA was re-
verse transcribed from 1 �g of RNA using reverse trans-
criptase M-MLV RNase H without reverse transcriptase

and random hexamers (Promega, Helsinki, Finland).20,21
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Affymetrix Microarray Analysis

The gene expression profiling of cutaneous SCC cell
lines (n � 8) and NHEKs from healthy individuals (n � 5)
for the entire serpin family was performed using Af-
fymetrix Human U133 Plus 2.0 GeneChips (Affymetrix
Inc., Santa Clara, CA) at the Finnish Microarray and Se-
quencing Centre, Turku Center for Biotechnology. Nor-
malization of the arrays was performed using robust mul-
tiarray average assay, Chipster software (CSC, Espoo,
Finland). The mean signal level of NHEKs was used as
the control for the signal level of each cell line. The
sequence specificity of Affymetrix probes was verified by
Basic Local Alignment Search Tool search.

Quantitative Real-Time PCR

The primers and probes were designed based on human
sequences for the genes tested and purchased from
Oligomer (Helsinki, Finland): SerpinA1 forward primer,
5=-CACCGTGAAGGTGCCTATGATG-3=; SerpinA1 re-
verse primer, 5=-GGCATTGCCCAGGTATTTCATC-3=;
SerpinA1 probe, 5=-Fam-TAGGCATGTTTAACATCCAG-
CACTGTA-Tamra-3=; SerpinA3 forward primer, 5=-GCAT-
CACCTGACTATACCT-3=; SerpinA3 reverse primer,
5=-GCATTGCCTGTGTACTTC-3=; and SerpinA3 probe, 5=-
Fam-TACTTCCGGGACGAGGAGCTGTC-BHQ1-3=. One
set of primers and probe were designed for murine Ser-
pinA1 mRNAs based on homologous sequence in the cod-
ing regions of five murine SerpinA1 genes (a-e): murine
SerpinA1 forward primer, 5=-CCTCAACAGACCAGA-
CAGTGA-3=; murine SerpinA1 reverse primer, 5=-CTCCAC-
CAGCTTCAGGTCAT-3=; and murine SerpinA1 probe, 5=-
Fam-CTGCAGCTGAGCACAGGCAATGG-BHQ1-3=.

RT-PCR was performed using an ABI 7700 sequence
detector (Applied Biosystems, Warrington, UK) as outlined
previously.20,21 The levels of �-actin and glyceraldehyde-3-
phosphate dehydrogenase mRNA (as housekeeping
genes) were determined as described previously.21

Western Blot Analysis

SerpinA1 production by cutaneous SCC cell lines and
NHEKs was analyzed by Western blotting of conditioned
culture media after fractionation by 10% SDS-PAGE27 using
polyclonal rabbit anti-human AAT (SerpinA1; DakoCytoma-
tion, Glostrup, Denmark). Equal protein loading was en-
sured by Western blot analysis of corresponding cell lysates
with an antibody against �-actin (A1978; Sigma-Aldrich).

Regulation of SerpinA1 Expression by SCC
Cells

To investigate the regulation of SerpinA1 expression with
inflammatory cytokines and growth factors, the cutane-
ous SCC cell line (UT-SCC-118) was cultured and serum
starved for 24 hours before treatment with epidermal
growth factor (EGF; 25 ng/mL) (Roche Diagnostics
GmbH, Mannheim, Germany), tumor necrosis factor-�
(TNF-�; 20 ng/mL) (Sigma-Aldrich), interferon-� (IFN-�;

100 U/mL) (Promega), and IL-1� (10 ng/mL) (Calbio-
chem, San Diego, CA). Total RNA was isolated and cD-
NAs were prepared for quantitative real-time PCR as
described previously herein. Western blot analysis of the
conditioned media for SerpinA1 was performed as de-
scribed previously herein. As loading control, cell lysates
were analyzed for �-actin by Western blotting, as men-
tioned previously herein.

To study the role of mitogen-activated protein kinase
(MAPK) signaling on the expression of SerpinA1, SCC
cell cultures were serum starved for 24 hours and then
treated with MEK1/2 inhibitor PD98059 (30 �mol/L) or
with p38 MAPK inhibitor SB203580 (10 �mol/L) (both
from Calbiochem) for 24 hours. SerpinA1 levels in condi-
tioned medium were determined as described previously
herein. The functions of the inhibitors PD98059 and
SB203580 were verified by Western blot analysis of the
cell lysates with antibodies specific for phospho-ERK1/2
and phospho-CREB (both from Cell Signaling Technol-
ogy Inc., Beverly, MA), respectively.25,27

IHC Analysis

The tissue used for immunohistochemical (IHC) staining
consisted of archival formalin-fixed, paraffin-embedded
(FFPE) tissue samples as follows: actinic keratosis (n �
36), Bowen’s disease (n � 29), sporadic UV-induced
cutaneous SCC (n � 71), and RDEB-associated cutane-
ous SCC (n � 12).6,25 To enhance the comparability and
reliability of the IHC analysis results, we used an auto-
mated immunostaining device and the tissue microarray
(TMA) technique. TMA blocks were generated from the
original paraffin blocks using a tissue arrayer (Beecher
Instruments Inc., Sun Prairie, WI), as previously de-
scribed.28 Immunolabeling was performed on the 5-�m-
thick TMA sections using an automated immunostaining
device (Ventana Medical Systems SA, Illkirch, France) for
analysis of the human tissue samples. Mouse skin SCC
tumors and mouse control tissue samples were analyzed
as whole sections. We used, as a primary antibody, poly-
clonal rabbit anti-human SerpinA1 antibody, which cross-
reacts with rodent SerpinA1, 1:800 (ATT, code No.
A0012; DakoCytomation). The primary antibody was de-
tected using the Ventana ultraView Universal DAB detec-
tion kit and the Ventana amplification kit (Ventana Medi-
cal Systems SA). All the samples were examined
independently by light microscopy by two observers
(M.F. and A.K.). For semiquantitative evaluation of Ser-
pinA1 immunostainings, membranous and cytoplasmic
SerpinA1 stainings in tumor cells were considered posi-
tive. SerpinA1 immunostaining was scored semiquantita-
tively as follows: negative (�), weak (�), moderate (��),
and strong (���). For negative control stainings, the
primary antibody was omitted and replaced by PBS.

Statistical Analysis

To evaluate the gene expression differences between the
groups, we used Student’s t-test. Statistical analysis of
the immunostaining results was performed by comparing
the differences in immunoreactivity between different tis-

sue types using the nonparametrical Pearson �2 test. For
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statistical analysis, semiquantitative immunostaining re-
sults were regrouped in a way that negative (�) and weak
(�) staining results were considered as one group and
moderate (��) and strong (���) semiquantitative re-
sults were considered as the other group.

Results

SerpinA1 Expression Is Up-Regulated in
Cutaneous SCC Cells

Expression profiling of the entire Serpin gene family in
primary (n � 5) and metastatic (n � 3) cutaneous SCC
cell lines and primary NHEKs from healthy individuals
(n � 5) was performed using oligonucleotide-based mi-
croarrays. The analysis revealed expression of several dis-
tinct Serpin gene family members in NHEKs (Figure 1A). In
addition, several serpin family members (SerpinA1, Ser-
pinA3, SerpinB5, SerpinB6, SerpinE1, SerpinE2, and Ser-
pinH1) were also expressed at high levels in primary and
metastatic skin SCC cells. Comparison of the Serpin gene
expression levels between epidermal keratinocytes and
cutaneous SCC cell lines revealed elevated expression of
SerpinA1 and SerpinA3 in SCC cells compared with that in
normal keratinocytes (Figure 1A).

To verify the microarray-based results, the expression
of SerpinA1 and SerpinA3 mRNAs in cutaneous SCC cells
and NHEKs was analyzed by quantitative real-time PCR
and was corrected for �-actin mRNA levels in the same
samples. The results revealed marked and significant
(50-fold; P � 0.03) up-regulation of SerpinA1 mRNA in
cutaneous SCC cell lines compared with that in NHEKs
(Figure 1B). In contrast, most cutaneous SCC cell lines
showed low expression of SerpinA3 mRNA, whereas no-
table expression of SerpinA3 was observed in NHEKs
(Figure 1B). No significant difference in the levels of Ser-
pinA3 mRNA were detected between cutaneous SCC

Figure 1. Overexpression of SerpinA1 in cutaneous SCC cell lines. A: Oligo
5) and metastatic (n � 3) human cutaneous SCC cell lines and in primary N
SCC cell lines and normal keratinocytes, as in A, were quantified by real-tim
Horizontal bars represent the mean SerpinA1 expression level for each grou
cells and NHEKs (P � 0.66).
SerpinA1 Production Is Up-Regulated in
Cutaneous SCC Cells

Production of SerpinA1 protein by cutaneous SCC cells
and epidermal keratinocytes was also examined by
Western blot analysis of conditioned media of the cul-
tures. Presence of the specific 51-kDa band correspond-
ing to SerpinA1 was noted in aliquots of conditioned
media of all cutaneous SCC cell lines (Figure 2A). In
contrast, only one of five NHEK cell lines produced de-
tectable levels of SerpinA1 (Figure 2A).

Expression of SerpinA1 Correlates with
Tumorigenic Potential of Transformed
Keratinocytes

The previous results suggest that the expression of Ser-
pinA1 in cutaneous SCC cells is induced as a result of
malignant transformation of epidermal keratinocytes. To
further investigate this hypothesis, we examined the ex-
pression of SerpinA1 mRNA in an immortalized nontu-
morigenic cell line (HaCaT) derived from human epider-
mal keratinocytes and in three Ha-ras–transformed
HaCaT cell lines (A5, II4, and RT3), which represent an in
vitro model for different stages of SCC tumor progression.
Specifically, A5 is a benign tumorigenic HaCaT-derived
cell line, II4 forms invasive malignant tumors, and RT3
cells form metastatic tumors in vivo.23,24 Nontumorigenic
HaCaT cells, with inactivation of both alleles of p53 tumor
suppressor, express low levels of SerpinA1 mRNA (Figure
2B). In contrast, significantly higher expression of Ser-
pinA1 mRNA was noted in Ha-ras–transformed HaCaT
cell lines, and the expression correlated with tumorigenic
potential because it was lowest in the A5 cell line and
highest in the RT3 cell line (Figure 2B). These results
suggest that SerpinA1 serves as a marker for the malig-
nant transformation of NHEKs to the aggressive and met-

ide array (Affymetrix)–based analysis of Serpin expression in primary (n �
om different individuals (n � 5). B: SerpinA1 and SerpinA3 mRNA levels in
and the levels were corrected for �-actin mRNA levels in the same samples.
stical significance was determined by Student’s t-test. NS, not significant.
nucleot
HEKs fr
astatic forms of SCC.
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Expression of SerpinA1 by Cutaneous SCC
Cells Is Enhanced by EGF, TNF-�, IFN-�, and
IL-1�

The histologic features of cutaneous SCC are characterized
by infiltration of tumor microenvironment by inflammatory
cells in the peritumoral area. To elucidate the regulation of
SerpinA1 expression, we treated primary cutaneous SCC
cells in culture for 24 hours with growth factors and cyto-
kines (EGF, TNF-�, IFN-�, and IL-1�) present in the tumor
microenvironment of cutaneous SCCs. The mean expres-
sion level of SerpinA1 mRNA was markedly up-regulated in
EGF-, TNF-�–, IFN-�–, and IL-1�–treated cultures com-
pared with untreated control cells, with IFN-� showing the
most potent effect (Figure 3A). The conditioned media of the
corresponding cultures were also analyzed by Western
blotting for the production of SerpinA1. Treatment of SCC

Figure 2. SerpinA1 overexpression in cutaneous SCC cells and tumorigenic
ras-transformed HaCaT cell lines in culture. A: SerpinA1 levels in conditioned
media of NHEKs and cutaneous SCC cell lines were determined by Western
blot analysis. �-Actin levels were determined in the corresponding cell
lysates as the loading control. Migration positions of molecular weight mark-
ers (in kilodaltons) are shown on the right. B: SerpinA1 mRNA levels were
determined using quantitative real-time PCR in an immortalized nontumori-
genic cell line (HaCaT) derived from NHEKs and in three Ha-ras–transformed
HaCaT cell lines (A5, II4, and RT3). A5 is a benign tumorigenic HaCaT cell
line, II4 forms invasive malignant tumors, and RT3 cells form metastatic SCCs
in vivo. The mRNA levels were corrected for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA levels in the same samples (n � 4). Data are
given as mean � SD. Statistical difference was determined by Student’s t-test.
cells with EGF, TNF-�, IFN-�, or IL-1� resulted in potent
enhancement of SerpinA1 production compared with un-
treated control cultures (Figure 3B).

SerpinA1 Expression by Cutaneous SCC Cells
Is Regulated by p38 MAPK

To further investigate the regulation of SerpinA1 ex-
pression in cutaneous SCC cells, we treated primary
cutaneous SCC cells with the inhibitor of MEK1/2
(PD98059) or the inhibitor of p38� and p38� MAPKs
(SB203580) for 24 hours. Basal SerpinA1 expression
by the cutaneous SCC cells was potently down-regu-
lated by SB203580 compared with the untreated con-
trol cells (Figure 3C). In contrast, in parallel cultures
treated with PD98059, production of SerpinA1 was not
markedly different from that in untreated controls, although
a potent reduction in ERK1/2 activation was noted as a
marker for the effect of PD98059 (Figure 3C). These results
implicate p38� MAPK in the regulation of SerpinA1 expres-
sion in cutaneous SCC cells because p38� is not ex-
pressed in cutaneous SCC cells.20

Expression of SerpinA1 by Tumor Cells in
Human Cutaneous SCCs in Vivo Correlates
with Tumor Progression

The results presented previously herein show that the ex-
pression of SerpinA1 is specifically up-regulated by tumor
cells derived from cutaneous SCCs. To investigate the role
of SerpinA1 in progression of skin SCCs in vivo, we first
analyzed its expression in TMAs consisting of UV-induced
premalignant lesions of skin (actinic keratoses) (n � 36), in
situ SCCs of skin (Bowen’s disease) (n � 29), and UV-
induced sporadic cutaneous SCCs (n � 71) by IHC analy-
sis. Positive immunostaining for SerpinA1 was noted in all
human premalignant and malignant tissue types studied
(actinic keratosis, Bowen’s disease, and sporadic SCC),
but the staining intensities varied between the tissue types,
and the semiquantitative analysis revealed substantial up-
regulation of SerpinA1, especially in invasive sporadic
SCCs (Figure 4 and Table 1).

The weakest SerpinA1 staining was observed in pre-
malignant epithelial cells in actinic keratosis; in 33 of
36 cases (92%), SerpinA1 staining was negative (�) or
weak (�) (Figure 4A and Table 1). Here, the immuno-
staining for SerpinA1 was analyzed in the actual pre-
malignant cells, whereas stromal staining for SerpinA1
in the dermal layer was ignored because this staining
mainly represents serum-derived AAT produced in the
liver (Figure 4, A and B). In the tumor cells of Bowen’s
disease samples, SerpinA1 staining was either nega-
tive or weak in 26 of 29 cases (90%) (Figure 4B). A
trend toward stronger SerpinA1 staining in Bowen’s
disease compared with actinic keratosis was noted
because only 24% of Bowen’s disease samples were
negative for SerpinA1 whereas 47% of actinic kerato-
ses were negative. However, there was no statistically
significant difference between actinic keratoses and
Bowen’s disease when all staining intensities were

taken into account (P � 0.05) (Table 1). In sporadic
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cutaneous SCCs, moderate (��) or strong (���) cy-
toplasmic staining for SerpinA1 was noted in the tumor
cells in 33 of 71 cases (46%) (Figure 4, C and E).
SerpinA1 staining was significantly more abundant in
invasive sporadic SCCs than in in situ Bowen’s disease
and actinic keratosis (P � 0.001) (Table 1).

SerpinA1 expression was also examined in RDEB-
associated SCCs, a subset of cutaneous SCCs char-

Figure 3. Up-regulation of SerpinA1 expression in cutaneous SCC cells b
(UT-SCC-59A) in culture were treated with EGF (25 ng/mL), TNF-� (20 ng/m
SerpinA1 mRNA were determined using quantitative RT-PCR, and the levels
mean � SD. B: The conditioned media of the cultures in A were collected,
was determined in the corresponding cell lysates as an indicator of equal load
the Western blots relative to levels in untreated control cells (1.00). Migratio
Cutaneous SCC cells (UT-SCC-59A) in culture were treated with MEK1/2 inh
The conditioned media were analyzed for SerpinA1 by Western blot analys
phosphorylated ERK1/2 (p-ERK1/2) to indicate the appropriate function of
marker of the equal protein level.
acterized by aggressive behavior. The most abundant
SerpinA1 expression of all SCCs examined was noted
in RDEB-associated SCCs because there was clear or
strong cytoplasmic staining in all 12 cases (100%)
studied (Figure 4D). Moreover, up-regulation of Ser-
pinA1 expression was significantly more abundant in
RDEB-associated SCCs than in sporadic SCCs (P �
0.002) (Table 1).

Figure 4. Expression of SerpinA1 by tumor cells in
human cutaneous SCCs in vivo correlates with tumor
progression. SerpinA1 expression was determined by
IHC analysis in sections of TMAs consisting on UV-
induced premalignant lesions (actinic keratoses), in
situ SCCs (Bowen’s disease), sporadic cutaneous SCCs,
and RDEB-associated cutaneous SCCs, which repre-
sent clinically early metastasizing and aggressive forms
of skin SCC. A: In actinic keratoses, SerpinA1 staining is
typically either absent or weak (arrow). B: In Bowen’s
disease, weak membranous SerpinA1 immunostaining
is noted (arrow). C: In sporadic UV-induced human
cutaneous SCCs, clear cytoplasmic SerpinA1 staining is
noted (arrow). D: Strongest SerpinA1 staining is de-
tected in RDEB-associated cutaneous SCCs (arrow). E:
Overview of the TMA sample of sporadic UV-induced
human cutaneous SCCs shows clear cytoplasmic Ser-
pinA1 staining in the tumor cells (arrow). Scale bars �

TNF-�, IFN-�, IL-1�, and p38 signaling pathway. A: Cutaneous SCC cells
� (100 IU/mL), and IL-1� (10 ng/mL) for 24 hours. The expression levels of
orrected for �-actin mRNA in the same samples (n � 2). Data are given as
inA1 levels were determined by Western blot analysis. The level of �-actin
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