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Abstract

Snail2 is a zinc finger transcription factor involved in driving epithelial to mesenchymal transitions. Snail2 null mice are
viable, but display defects in melanogenesis, gametogenesis and hematopoiesis, and are markedly radiosensitive. Here,
using mouse genetics, we have studied the contributions of Snail2 to epidermal homeostasis and skin carcinogenesis.
Snail2~- mice presented a defective epidermal terminal differentiation and, unexpectedly, an increase in number, size and
malignancy of tumor lesions when subjected to the two-stage mouse skin chemical carcinogenesis protocol, compared
with controls. Additionally, tumor lesions from Snail2-~ mice presented a high inflammatory component with an elevated
percentage of myeloid precursors in tumor lesions that was further increased in the presence of the anti-inflammatory
agent dexamethasone. In vitro studies in Snail2 null keratinocytes showed that loss of Snail2 leads to a decrease in
proliferation indicating a non-cell autonomous role for Snail2 in the skin carcinogenic response observed in vivo. Bone
marrow (BM) cross-reconstitution assays between Snail2 wild-type and null mice showed that Snail2 absence in the
hematopoietic system fully reproduces the tumor behavior of the Snail2 null mice and triggers the accumulation of myeloid
precursors in the BM, blood and tumor lesions. These results indicate a new role for Snail2 in preventing myeloid precursors
recruitment impairing skin chemical carcinogenesis progression.

Introduction

The Snail2 (Slug) protein belongs to the Snail superfamily of
zinc finger transcription factors, characterized by their abil-
ity to induce epithelial to mesenchymal transition (EMT) (1-3).
This developmental program is characterized by the loss of
apico-basal polarity, decreased expression of epithelial mark-
ers such as E-cadherin and the acquisition of mesenchymal

properties, including expression of vimentin and an increase
in invasive capability (1,3). In development, both EMT and the
reverse process, mesenchymal to epithelial transition, are
essential for cells to retain their plasticity and the ability to
switch between different morphological states in response to
physiological cues (2).
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Abbreviations:

BM bone marrow

BrdU Bromodeoxyuridine

DMBA 7,12-dimethylbenzanthracene

EMT epithelial to mesenchymal transition
H&E hematoxylin and eosin

HF hair follicle

IMC immature myeloid cell

OCT optimal cutting temperature

PBS phosphate-buffered saline

SCC squamous cell carcinoma

TPA 12-O-tetradecanoylphorbol-13-acetate

Snail factors play differential roles in the development of
different species (4). In the mouse embryo, Snaill expression is
restricted to specific EMT areas, whereas Snail2 is expressed at
high levels in several tissues like craniofacial mesenchyme and
the stomach wall (4,5). In addition, Snail2 is expressed in adult
tissues (6), such as basal cells of various stratified, and pseu-
dostratified epithelia including hair follicles (HFs) and the inter-
follicular epidermis (7). Snail2 also has an important role in skin
homeostasis and in wound healing, where its expression rises
at the border of the injury (8,9). Furthermore, keratinocyte out-
growth is impaired in skin explants derived from Snail2- mice
(10). These data support a role for Snail2 in re-epithelialization
(8,10), a process reminiscent of a partial EMT (3). Moreover, after
ultraviolet radiation, Snail2 is able to induce an acute response
in keratinocytes (11).

In contrast to Snaill null mice that are embryonic lethal
(12), Snail2 null mice are viable, although they display some
abnormalities like small body size, reduced fertility, craniofa-
cial defects, pigmentary alterations, macrocytic anemia and
increased apoptosis in the thymic cortex (13). In addition, Snail2
null mice are born below the expected Mendelian ration due to
embryonic defects in palatal closure and low perinatal survival
(unpublished observations). Furthermore, Snail2-- mice are much
more radiosensitive than wild-type mice, showing a decrease in
peripheral blood cells, increase in microhemorrhages and bacte-
rial microabcesses under ultraviolet light (14-16). The absence of
Snail2 does not modify the physiological homeostasis of bone
marrow (BM) stem cells; however, extramedullary repopulation
is enhanced under hematopoietic stress in Snail2 null mice (17).
In addition, Snail2 is a target of the stem cell factor/c-kit path-
way (15,16), which is essential for hematopoiesis, melanogen-
esis and gametogenesis.

The pro-migratory and pro-invasive properties acquired by
cells that have undergone an EMT have established this process
as a key mechanism by which tumor cells achieve properties
that allow them to leave the primary tumor site, thus favoring
the initiation of the metastatic process (3,18,19). Snail2 pro-
motes EMT by binding to the E-cadherin promoter and repress-
ing its expression in epithelial cells, accompanied by changes in
cell morphology (20-22). Snail2 has been involved in different
cancer types and is considered a marker of malignancy (23,24).
In human tumor samples, Snail2 expression has been associ-
ated with breast carcinoma recurrence and metastasis (25), and
with lymph node metastasis and poor prognosis in squamous
cell carcinoma (SCC) (26). Moreover, Snail2 has been related with
mammary cancer stem cell function (27,28) and survival during
metastasis (29). However, in vivo data concerning Snail2 function
are scarce, despite the relevance of Snail2 in tumor progression.

In the present work, we have analyzed in detail the in vivo role
of Snail2 in skin homeostasis and skin chemical carcinogenesis

in mice with constitutive Snail2 deletion. We show that Snail2
is required for proliferation and terminal differentiation of
keratinocytes but, unexpectedly, impairs skin tumor progression
and inflammation. To assess the specific contribution of hemat-
opoietic precursors to tumor progression, hematopoietic cross-
reconstitution was performed between Snail2 wild-type and null
mice. Our results show that Snail2 deletion in the hematopoietic
system triggers tumor progression through accumulation of mye-
loid precursors in the lesions, concomitant to activation of the
Wnt/B-catenin pathway. Our results suggest that Snail2 prevents
inflammation-dependent malignant progression in skin tumors.

Materials and methods

Snail2 null mice

Snail2*- heterozygous mice were generated and provided by T. Gridley
(13) on the C57BL6 genetic background. Due to the poor postnatal sur-
vival of Snail2~- null mice on this background, Snail2*- heterozygotes
were backcrossed onto the Friend virus B-type background for three
generations before being intercrossed to generate Snail2-/-, Snail2*/-
and Snail2** mice. Survival of Snail2”- mice in the mixed background
slightly increased to 2-5% of pups from heterozygous breedings. The
Snail2 null allele contains a substitution of the zinc finger region by the
reporter gene LacZ, so the transgene expression encodes a functional
B-galactosidase enzyme (13). Snail2”-, Snail2*~ and Snail2** mice were
used for all the experiments at 6-8 weeks of age. All experiments were
performed according to the institutional proceedings for animal exper-
imentation approved by the Universidad Auténoma de Madrid ethics
committee (CEI-25-587).

12-O-tetradecanoylphorbol-13-acetate-induced
hyperproliferation and wound healing assays

Six-week-old Snail2**, Snail2”~ and Snail2”~ mice were shaved in
the dorsal skin the day prior to treatment. Topical applications of
12-O-tetradecanoylphorbol-13-acetate (TPA) (P8139; Sigma) (20nM in 200 ul
of acetone) were administered on the dorsal skin of the mouse every 2 days
for 1 week, then the dorsal skin was removed, fixed in formaldehyde, sec-
tioned and the slides obtained were stained with hematoxylin and eosin
(H&E). For wound healing assays, an incision with a 10mm diameter punch
was performed on the dorsal skin, and the diameter of the wound was
measured everyday during 2 weeks until it was completely closed.

Bromodeoxyuridine labeling

Three-day-old mice were injected twice daily for 3 days with bromod-
eoxyuridine (BrdU) at 50 pg/dose, for a cumulative daily dose of 100 pg.
Skins were collected 7 weeks after administering the last dose to assess
the localization of label retaining cells under steady-state conditions.
The localization of label retaining cells in the BrdU-stained tissues was
assessed using fluorescent microscopy.

‘Clipping’ assay

Snail2++, Snail2*- and Snail2~- mice at P20, P50 and P90 were shaved and
observed daily until the hair appeared again in at least one of the mouse
genotypes. At the end of the experiment, the dorsal skin was collected
and divided in several portions for freezing and RNA extraction or fixed
in formaldehyde. Paraffin and optimal cutting temperature (OCT) sections
were obtained to analyze the samples by H&E and immunofluorescence.

7,12-Dimethylbenzanthracene/TPA and
dexamethasone treatment

The mice dorsal skin was shaved 1 day before topical application of a sin-
gle dose of 7,12-dimethylbenzanthracene (DMBA) (Sigma-Aldrich) (200 ul
of a dilution at 160 pg/ml). Seven days after initiation, the dorsal skin
was treated twice weekly with the tumor promoter TPA (20nM in 200 pl
of acetone) for 16 weeks and the mice were followed for 18-22 weeks.
When indicated mice were daily injected with dexamethasone [0.05mg/
kg diluted in phosphate-buffered saline (PBS) from a 100x stock solution
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in ethanol] from 12 weeks post-initiation to the end of the carcinogen-
esis experiment. Control groups were treated with PBS. The number of
skin lesions per mouse was measured with a caliper once a week. All the
lesions were examined histologically on H&E-stained paraffin sections for
detailed diagnosis.

BM reconstitution

For BM reconstitution, mice with the different Snail2 genotypes were
irradiated with 10 Gy (lethal dose, wild-type and heterozygous ani-
mals) or 6 Gy (sublethal dose, homozygous Snail2”- mice) using a
Cs-137 Shepherd Mark I-30 gamma-irradiator and injected with 5x10°
total BM cells isolated from mice with the corresponding genotypes:
Snail2**_BMSnail2++, Snail2**_BMSnail2~/~, Snail2~-_BMSnail2+*, Snail2~/-_
BMSnail2+~, Snail2”-_BMSnail2~-. One month later, blood samples were
obtained to perform PCR analyses of Snail2 and LacZ genes to assess
the occurrence of an effective hematopoietic repopulation. DMBA/TPA
treatment was then started.

Histological procedures, H&E staining and
immunohistochemistry

Samples obtained from in vivo assays were fixed in 3.7% formaldehyde or
frozen with liquid nitrogen to generate paraffin and OCT (Takara) blocks,
respectively, as described previously (30).

H&E stainings were performed using paraffin sections as described
previously (30). Immunohistochemical stainings on 4 pm paraffin sec-
tions with the indicated antibodies (Supplementary Table S1, available at
Carcinogenesis Online) were performed using the LSAB (Dako) method with
a heat-induced antigen retrieval step (30).

B-Galactosidase assay

B-Galactosidase activity was determined in 5 pm OCT skin sections.
Briefly, samples were treated with 1% paraformaldehyde pH 7.4, 0.2% glut-
araldehyde and 0.02% NP-40 for 1h at 4°C, followed by washing (x2) 20min
in PBS/0.02% NP-40. Samples were then incubated in 5mM CN.FeK, 2mM
MgCl,, 0.02% NP-40 and 1mg/ml X-gal for 24h at room temperature and
viewed under an Olympus microscope equipped with a CCD Olympus
DP70 digital camera.

Western blot

Cell extracts were obtained from skin of 8-week-old mice from the three
Snail2 genotypes. Briefly, tissue disaggregation was performed with an
electric homogenizer and 500 pl of RIPA buffer (0.1% sodium dodecyl
sulfate, 0.5% sodium deoxycholate, 1% NP-40, 150 mM NaCl, 50 mM Tris—
HCI pH 8.0) containing protease inhibitors. Extracts were centrifuged for
20min at 13000 r.p.m. at 4°C, and supernatants were collected. Protein
samples were resolved on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to nitrocellulose Immobilon-P membranes
(Millipore) and analyzed by western blot as described (30). Briefly, mem-
branes were blocked using 5% non-fat dry milk in 0.5% Tween-Tris
glycine buffer and then incubated at 4°C overnight with anti-Snail2
antibody (Santa Cruz, 1:1000) followed by 1h incubation at room tem-
perature with horseradish peroxidase-coupled goat anti-rabbit (Pierce,
1:10000). After washings, proteins were resolved with ECL detection rea-
gent (Amershan).

Immunofluorescence and terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling assays

Five micrometer OCT sections were treated with 1% paraformaldehyde
for 20min at room temperature and then permeabilized for 15min at
room temperature with 0.05%Triton X-100 and washed with PBS. Samples
were then blocked with 2% bovine serum albumin in PBS, incubated
with primary antibodies for 1h, washed and incubated with the cor-
respondent secondary antibodies. Antibody information is supplied in
Supplementary Table S1, available at Carcinogenesis Online. For terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling assays,
OCT sections were fixed with 4% paraformaldehyde for 20 min, washed
with PBS for 30min and permeabilized with 0.1% sodium citrate, 0.1%
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Triton X-100 for 2min at 4°C and stained with In situ cell death detec-
tion kit (Roche), following the manufacturer’s instructions. Nuclei were
stained with 4/,6-diamidino-2-phenylindole (Molecular Probes, 1:5000)
and samples were mounted with Mowiol (Sigma-Aldrich). Images were
acquired with a Nikon 90i microscope equipped with a CCD Olympus
DP70 camera or in a Leica LSP confocal microscope and processed with
Adobe Photoshop CS.

Keratinocyte culture

The skin from newborn mice was treated with trypsin 0.25% at 4°C for
16h to separate the epidermis from the dermis. The epidermis was dis-
aggregated and filtered through a 40 um filter (BD Falcon) and primary
keratinocytes were seeded in MW96 plates (Falcon), previously covered
with NIH3T3 feeder cells and grown in DMEM:F12 (3:1) pH 7.2 medium,
containing 15% fetal bovine serum (Gibco) treated with CHELEX (Bio-Rad),
hydrocortisone, choleric toxin, transferrin, insulin, thyronine (Sigma),
0.3mM CaCl,, 100 pg/ml ampicillin and 32 pg/ml gentamicin (Gibco).
Primary cultures were maintained for 10 days until colony formation and
were classified by size and morphology.

Flow cytometry

Blood and BM samples were collected, centrifuged at 150g for 5min and
washed with PBS. Tumor samples were disaggregated mechanically and
filtered through 40 pm filters. Then, cells were incubated with the indi-
cated antibodies (Supplementary Table S1, available at Carcinogenesis
Online) and washed with 1x PBS. Propidium iodide was added to discard
dead cells. Samples were acquired in a Cytomics FC 500 MPL equipment,
and data analyzed with the CXP software (Beckman-Coulter).

PCR and quantitative PCR analyses

Blood DNA was isolated from BM transplanted animals 1 month after
transplantation by extraction with organic extraction method. Twenty
nanograms of DNA was analyzed by PCR for Snail2 and LacZ detection.
cDNA from the different samples was obtained from 1 pg of total RNA
using random primers and Superscript II system (Life Technologies Inc.)
as described previously (29). Quantitative real-time PCR was performed
with an iQ5 BIORAD machine (Bio-Rad Laboratories SA), using Sybergreen
and the manufacturer's recommended conditions. The comparative
threshold cycle (Ct) method was used to calculate the amplification fac-
tor. Primer sequences are detailed in Supplementary Table S2, available at
Carcinogenesis Online.

Statistics

Error bars in the graphical data represent mean + SD. P values of P < 0.05
were considered statistically significant by two-tailed Student’s t-test. To
test associations between categorical variables, we used the y%? or Fisher’s
exact test. Values of P < 0.05 were considered statistically significant.
Statistical analysis was performed using SPSS 17.0 program (SPSS Inc.,
Chicago, IL).

Results

In vivo Snail2 function in epidermal proliferation
and differentiation

Snail2 ablation in skin of null and heterozygous mice was
confirmed by analyzing p-galactosidase activity (Figure 1A)
also showing that Snail2 is expressed in the interfollicular
epidermis and prominently in the HFs, including the bulge
region where epidermal stem cells are located (Figure 1A).
Immunohistochemical analysis confirmed Snail2 protein
nuclear expression in those epidermal areas in control
mice, whereas no expression was detected in Snail2”/- mice
(Figure 1B). Western blot and quantitative PCR assays further
confirmed the absence of Snail2 at protein and mRNA level
in skin from Snail2- mice and intermediate levels in Snail*~
compared with wild-type mice (Figure 1C and Supplementary
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Figure 1. Analysis of Snail2 in skin homeostasis. (A) Skin p-galactosidase staining as an indicator of Snail2 ablation in Snail2*- (b) and Snail2~- (c and d) mice; skin from
Snail2** mice (a) is shown as a negative control. Bar, 500 pm. (B) Snail2 immunohistochemistry from Snail2** and Snail2~- mice skin. (C) Snail2 western blot in skin from
the indicated Snail2 genotypes; f-tubulin was used as loading control. Quantitation of the relative Snail2 levels is shown in the lower diagram. (D) H&E images from
TPA-treated and control skin. Bar, 200 pm. Quantitation of epidermal thickness in the three Snail2 genotypes after TPA treatment is shown in the right diagram. (E)
Proliferating cell nuclear antigen immunohistochemistry from untreated Snail2*+, Snail2*- and Snail2~- mice skin. (F) Immunofluorescence analysis for the expression
of E-cadherin, CK10, loricrin and involucrin in Snail2*+, Snail2*- and Snail2-- skin after TPA treatment. Nuclei were stained with 4’,6-diamidino-2-phenylindole (blue).
Bar, 200 pm. Vertical white bars in panels g-1 denote the extension of loricrin and involucrin stain in TPA-treated skins from the indicated Snail2 genotypes. ***P < 0.001.

Figure S1A, available at Carcinogenesis Online). To analyze was analyzed in H&E sections (Figure 1D). The hyperplasia of
the in vivo proliferative capacity of keratinocytes, Snail2-, the skin caused by the TPA treatment was less prominent in
Snail2*- and control wild-type mice were treated with TPA on Snail2~- compared with Snail2** and Snail2¥- mice (Figure 1D,

the dorsal skin for 1 week and the thickness of the epidermis right panel). Proliferating cell nuclear antigen staining of skins
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from untreated mice revealed no significant differences in the
epidermal proliferative capacity of Snail2~- compared with the
other two genotypes (Figure 1E). On the other hand, in vivo
wounding assays showed that the time required for healing
was significantly delayed during the first 2 days in Snail2~-
regarding control and Snail2*~ mice (Supplementary Figure S2,
available at Carcinogenesis Online), in agreement with previous
observations (8,10). We then analyzed whether Snail2 deletion
affects the differentiation of TPA-treated skin by staining for
E-cadherin, suprabasal (CK10) and terminal differentiation
markers (loricrin and involucrin) (Figure 1F). No major differ-
ences in the expression of E-cadherin (Figure 1F, a—c) and CK10
(Figure 1F, d-f) could be detected among the different Snail2
genotypes, but the loricrin and involucrin expression patterns
were altered in the Snail2”/--treated skin. Loricrin expression
was apparently decreased and restricted to the most external
layer, whereas involucrin was expanded to additional supra-
basal layers, with a more diffuse pattern in Snail2/- compared
with Snail2*+ and Snail2*- mice (Figure 1F, g-1).

These results suggest a defect in the terminal differentiation
of Snail2~- epidermis in response to proliferative stresses and
point to a potential involvement of Snail2 in the in vivo prolifera-
tion of epidermal keratinocytes under those conditions.

Snail2 deletion promotes skin tumor progression

SNAI2 has been proposed as a prognostic marker in esopha-
geal SCC (26). Therefore, we decided to study the functional
implication of Snail2 in epidermal tumor formation and pro-
gression by analyzing the response of Snail2*+, Snail2~- and
Snail2*- mice to the classical chemical skin carcinogenesis
protocol (DMBA/TPA). The results showed that mice from
all genotypes have a similar tumor incidence although the
Snail2*- mice showed a delayed time to reach 100% incidence
compared with Snail2 wild-type and null mice (Figure 2A).
One prominent difference in the tumor behavior among the
three Snail2 genotypes concerned the emergence and number
of lesions. Snail2~- and Snail2*- mice developed fewer lesions
than Snail2** mice at the initial stages of skin carcinogenesis
(up to 12 weeks), denoting relevant differences in the latency
period in the partial or total absence of Snail2. Unexpectedly,
after 13 weeks post-initiation, the number of lesions in
Snail2~- mice was markedly and progressively increased com-
pared with Snail2*+ and Snail2*~ mice (Figure 2B). At week
20, the number of lesions in Snail2~- mice were significantly
increased reaching an average of 20 lesions/mouse compared
with Snail2** and Snail2*- with an average of 10 and 5 lesions/
mouse, respectively (Figure 2B). Moreover, Snail2~- mice devel-
oped significantly larger lesions than wild-type and Snail2+/~
mice all along the experimental time course (Figure 2C and
Supplementary Table S3, available at Carcinogenesis Online).

Histopathological analysis revealed that DMBA/TPA treat-
ment mostly triggers the development of papillomas and some
hyperplasias in the three Snail2 genotypes. Surprisingly, the per-
centage of SCC in Snail2- mice was markedly increased (31%)
compared with Snail2*+ (7%) and Snail2*- (4%) mice (Figure 2D).
The increase in SCC in Snail2~~ mice is related with the decrease
in papillomas (63% in Snail2”- versus 82% in Snail2** and 96%
in Snail2*- mice). These results suggest that Snail2 ablation has
a dual role in tumors, in one hand it delays tumor initiation,
and in the other one, it increases the tumor burden and malig-
nancy of the lesions at late carcinogenic stages. Interestingly,
the absence of a single Snail2 allele impairs both tumor initia-
tion and progression.
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Snail2 deletion modifies the expression pattern of
papilloma markers toward a pre-malignant profile

To investigate the potential role of Snail2 in the proliferation
status of tumor lesions, we first examined the expression of
proliferation (cyclin D1) and basal progenitor cells (p63) mark-
ers by immunohistochemistry as well as apoptosis (termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end
labeling) in papillomas and SCCs. Snail2~- lesions showed
increased cyclin D1 (Figure 2E, panels a-c and g-i) and p63
staining (Figure 2E, d-f) compared with the other two geno-
types, suggesting a higher proliferative potential and less dif-
ferentiated status of lesions derived from Snail2 null mice.
Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling assay indicated the presence of an increased
number of apoptotic cells in papillomas from Snail2- and
Snail2*- compared with wild-type lesions (Figure 2F, a-c), in
agreement with Snail2 protective action against cell death
after genotoxic stress (14,16). These data, nevertheless, indi-
cated that the increased proliferation observed in Snail2/-
lesions is not compensated by apoptosis. Because of the key
role ascribed to the Wnt/B-catenin pathway in skin tumor pro-
gression (31,32) and the reported correlation between p63 and
f3-catenin levels (33), we speculated that f-catenin expression/
activation could be altered in tumor lesions from Snail2 defi-
cient mice. Immunofluorescence analyses showed that Snail2-/~
papillomas displayed cytoplasmic f-catenin in contrast to
Snail2*- and Snail2*+ lesions (Figure 2F, d—f). Complementary,
immunohistochemical analyses indicated that only Snail2~-
papillomas show p-catenin nuclear localization and more
cytoplasmic presence compared with Snail2** and Snail2+-
papillomas (Figure 2F, g-i). Analysis of different components
of the Wnt/fB-catenin pathway in Snail2** and Snail2~- papil-
lomas showed increased expression of Wnt ligands, mainly
Wnt4, and periostin (POSTN), a Wnt agonist (34), in Snail2~~
lesions (Supplementary Figure S3, available at Carcinogenesis
Online). Together, these data suggest an increased activation
of the Wnt/B-catenin pathway, which may contribute to the
progression of Snail2”- papilloma to a premalignant state.

To ascertain the differentiation status of the lesions,
we next investigated the expression pattern of the estab-
lished differentiation markers loricrin, CK10, CK13 and CK8
in papillomas and SCC from the three Snail2 genotypes by
immunohistochemistry. Loricrin was expressed in the upper
suprabasal layers of papillomas with a more extended pattern
in Snail2~- lesions (Figure 3A, d-f) and maintained at low lev-
els in Snail2~- SCC in contrast to its absence in Snail2*+ and
Snail2*- SCC (Figure 3B, d-f), suggesting that terminal differ-
entiation of Snail2-- lesions is altered, consistent with the
results previously observed upon treating the skin with TPA.
CK10, a marker of papilloma differentiation, is expressed in
the suprabasal layers of papillomas and at low levels in SCC
from Snail2*+ mice (Figure 3A and B, panel g) while strongly
decreased or absent in Snail2*/- (Figure 3A and B, h) and Snail2-/-
lesions (Figure 3A and B, i). CK13, an early marker of papilloma
progression (35), was highly expressed even in well-differenti-
ated papillomas from Snail2*- (Figure 3A, k) and Snail2~~ mice
(Figure 3A, 1), in contrast to its almost complete absence in
wild-type papillomas (Figure 34, j). Moreover, high expression
levels of CK13 were maintained in SCC from Snail2~/- compared
with SCC from Snail2*- and Snail2** mice (Figure 3B, j-1). On the
other hand, the expression of CK8, a marker of progression
from papilloma to SCC (36), showed a similar pattern to CK13
being expressed in papillomas from Snail2-- and Snail2*- mice
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Figure 2. Effect of Snail2 constitutive deletion in DMBA/TPA skin carcinogenesis. (A) Incidence and time of appearance of first lesions in Snail2*+ (n = 13), Snail2*- (n = 10)
and Snail2”~ (n = 13) mice. (B) Tumor burden indicated as the mean number of lesions/mouse in the three Snail2 genotypes. (C) Tumor size represented as the mean
number of lesions per mouse reaching the indicated diameter at week 8, 12, 16 and 22 post-initiation. (D) Distribution in percentage of lesions in Snail2**, Snail2*- and
Snail2~- mice classified as hyperplasia, papilloma or SCC. (E) Immunohistochemical analysis of cyclin D1 and p63 of Snail2*+, Snail2*- and Snail2~- papillomas (a—f) and
SCC (g-i). Bar, 500 pm. Amplified images of the indicated areas (squares) are included as insets. (F) Apoptosis (a-c) measured by terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling assay and p-catenin immunofluorescence (d-f) and immunohistochemical (g-i panels) staining of Snail2**, Snail2*- and Snail2~- papil-
lomas. Nuclei were stained with 4’,6-diamidino-2-phenylindole (blue). White arrows (f) and arrowheads (i) denote cytoplasmic and/or nuclear localization of $-catenin

in Snail2-- papillomas. Bar, 100 pm.

(Figure 3A, n, o) and at higher levels in SCCs from Snail2-~
mice (Figure 3B, o). Collectively, these data indicate that
Snail2~- papillomas are less differentiated and more prone to
progress to SCC than those generated from the Snail2*- and
Snail2+* mice, in agreement with the increased number of SCC
observed in the Snail2 null phenotype. Interestingly, although
Snail2+*~ papillomas show a marker expression consistent with
low differentiation, they hardly progress into SCC, suggesting

that absence of a single Snail2 allele prevents additional events
required for tumor progression.

Snail2 deletion promotes tumor progression by
non-cell autonomous mechanisms

The increased proliferation and malignant progression of skin
lesions from Snail2 null mice could be caused by keratino-
cyte intrinsic mechanisms and/or interactions with the
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microenvironment. To discriminate between those options,
we first analyzed the in vitro proliferative potential of pri-
mary keratinocytes by clonogenic assays. Results showed that
Snail2- primary keratinocyte cultures were not clonogenic
(Figure 3C, g and D), whereas primary keratinocytes from
Snail2** and Snail2*- mice were able to form the three types
of colonies: paraclones, meroclones and holoclones (Figure 3C,
a-f and D). These data suggest that epidermal keratinocytes
alone are not responsible for increased tumor burden and
malignancy of Snail2~- lesions. Because stem cells from the HF
at the bulge region have been proposed as competent in the
formation of epidermal tumors in response to environmen-
tal cues (32,37), we then investigated the influence of Snail2
in the HF stem cell compartment. To this end, analysis of the
label retaining cells population in Snail2- and Snail2** mice
was performed. BrdU labeling, together with analyses of K15
and a6 integrin, markers of HF stem cells (32,37) showed that
Snail2~- mice displayed an increased stem cell population not
only restricted to the bulge but also extending to additional HF
regions (Figure 3E, a, b, white double-head arrows). Extended
expression of K15 and a6 integrin stem cell markers was also
observed in Snail2~/- HF (Figure 3E, c—f). These data suggest that
Snail2 deficiency alters the HF stem cell compartment that
could be more prone to be mobilized and expanded under a
proliferative or carcinogenic stimulus. In fact, analyses of the
HF cycle by a classical clipping assay indicated that Snail2
deletion markedly accelerates HF growth at the refractory
telogen phase (P50); increased -catenin expression in Snail2-/~
HFs was also observed, together with higher expression of
proliferation markers and diminished expression of stem cell
markers (Supplementary Figure S4, available at Carcinogenesis
Online) supporting the induction of the anagen phase by Snail2
deletion. Collectively, these data suggest that epidermal stem
or progenitor cells are more prone to respond to carcinogenic
and proliferative stimuli in the absence of Snail2 in vivo.

Snail2 deletion promotes inflammation in tumor
lesions

In order to gain insight into the environmental factors respon-
sible for the increased malignancy of Snail2~- lesions, a deeper
histopathological analysis of skin tumors was performed.
Snail2~- lesions displayed abundant infiltrations of inflamma-
tory cells that were not observed in wild-type mice (Figure 4A,
upper, white arrowheads). This event prompted us to study the
potential role of inflammation in tumor progression in Snail2~~
mice; to this end, we first analyzed the effect of dexamethasone
treatment on skin tumor progression. Snail2** and Snail2-- mice
were subjected to the DMBA/TPA chemical carcinogenesis
protocol, and when all the animals developed tumors (week
12), dexamethasone, or control PBS, was injected daily until
the end of the experiment (week 18) (Figure 4B). Snail2** mice
developed lower number of lesions (four versus nine at the end
of the experiment) of smaller size and decreased malignant
progression after dexamethasone treatment compared with
controls (Figure 4B-D and Supplementary Table S4, available
at Carcinogenesis Online). In contrast, the treatment of Snail2/-
mice with dexamethasone increased the number (36 lesions/
mice) and size of lesions compared with control-treated mice
(16 lesions/mice) (Figure 4B and C and Supplementary Table
S4, available at Carcinogenesis Online). However, despite of this
increase, histopathological analyses revealed that these lesions
were mostly papillomas. Thus, this anti-inflammatory treat-
ment resulted in a significant decrease in the incidence of SCC

in both Snail2- and wild-type mice (Figure 4D). These results
led us to hypothesize that progression of Snail2 null skin tumors
to malignancy is inflammation-driven since the treatment with
dexamethasone significantly decreased the percentage of SCC,
without affecting the latency of the lesions. On the other hand,
and unexpectedly, these blockade in the progression to SCCs
in Snail2”- resulted in an increase in the number of hyperplas-
tic lesions or papillomas. Overall, these results uncovered that
loss of Snail2 leads to the recruitment of inflammatory cells in
response to the skin carcinogenesis treatment that contribute to
the progression to SCC.

To identify the inflammatory component modified in Snail2~~
mice, we explored if there were any changes in the populations
of different immune cells in blood, BM and tumors by flow
cytometry at the end of the standard carcinogenesis experi-
ment. The results showed a significant higher proportion of
myeloid (CD11b*/Gr-1*) cells in all samples from Snail2”- mice
compared with those from Snail2*- and Snail2** mice (Figure 4E).
Although not statistically significant, higher numbers of cyto-
toxic T (CD8+) and B (CD19+) lymphocytes were also detected in
Snail2~- lesions (Figure 4F).

Altogether, these data point to the involvement of the
inflammatory response in Snail2”- mice under the carcinogen-
esis treatment as a positive input to tumor progression.

Loss of Snail2 induces the mobilization of
hematopoietic cells during tumor progression

Because of the previous implication of Snail2 in hematopoi-
etic system homeostasis (14,15,17), we next decided to inves-
tigate whether Snail2 deletion in the hematopoietic system
could account for the observed alterations in tumor progres-
sion. To this end, BM cross-reconstitutions experiments were
carried out generating Snail2** mice reconstituted with BM
from null mutant mice or from wild-type mice as control (ref-
ereed as Snail2**_BMSnail2~-, Snail2**_BMSnail2***, respectively)
(Supplementary Figure SS5A, available at Carcinogenesis Online).

The results showed that the incidence of lesions did not
change between both groups of animals (data not shown), but
the tumor burden exhibited two different phases. At early stages,
no differences were observed between both groups of recon-
stituted mice, but following 14 weeks post-initiation, Snail2*+_
BMSnail2”~ mice developed increased number and larger
lesions compared with Snail2**_BMSnail2** mice (average of 30
versus 20 lesions/mouse at 20 weeks). The difference between
the two groups was statistically significant between 16 and 20
weeks (Figure 5A and B and Supplementary Table S5, available
at Carcinogenesis Online). The incidence of SCCs in the recon-
stituted mice, although not as evident as we observed for the
parental null mice, was also higher in Snail2**_BMSnail2~~ (12%
of SCC) compared with Snail2**_BMSnail2** mice (6% of SCC)
(Supplementary Figure S5B and S5C, available at Carcinogenesis
Online). Therefore, the reconstituted Snail2**_BMSnail2- mice
mirror the tumor behavior of Snail2- mice (Figure 2B and C),
strongly suggesting a link between Snail2 deletion in the hemat-
opoietic system and increased malignant progression.

Analysis of the myeloid component indicated that the CD11b*/
Gr-1* cell population was significantly increased in blood, BM
and tumors from Snail2*_BMSnail2”- compared with control
Snail2**_BMSnail2** mice (Figure 5C). Additionally, a significant
increase in CD8+ T cells and an increased content, although not
statistically significant, of CD19+ B lymphocytes and F4/80+ mac-
rophage populations were also detected in Snail2**_BMSnail2~/~
tumor lesions (Figure 5D). To confirm the Snail2 influence in the
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Figure 4. Snail2 deletion induces a high inflammatory response in DMBA/TPA skin carcinogenesis. (A) H&E of Snail2** and Snail2-- lesions from control (a and b) and
after dexamethasone (Dex) treatment (c and d) of Snail2** and Snail2-- mice subjected to skin carcinogenesis. White arrowheads denote the inflammatory component
in untreated Snail2”- lesions. (B) Tumor burden of Snail2*+ and Snail2~- mice control (dimethyl sulfoxide) and treated with Dex at 12 weeks post-initiation; n = 7 per
genotype. Only one mouse survived up to 18 weeks from the Dex-treated Snail2- group. (C) Tumor size at the indicated times post-initiation represented as the mean
number of lesions per mouse with the indicated diameter for each condition in Snail2** and Snail2~- mice. (D) Distribution of the lesions generated by DMBA/TPA treat-
ment classified as hyperplasia, papillomas and SCC in Snail2** and Snail2~- treated or untreated with Dex. (E) Analysis of the CD11b*/Gr-1* myeloid population in blood,
BM and tumors from mice treated with DMBA/TPA (n = 6 per each genotype). Double positive cells are significantly increased in Snail2~- mice. (F) Analysis of CD4+, CD8+
and CD19+ populations in tumor lesions. CD8+ and CD19+ population were increased in Snail2”~ tumors. *P < 0.05.

inflammatory component observed in these results, we performed
a reverse BM cross-reconstitution assay generating Snail2-- mice
transplanted with BM from Snail2*, Snail2”~ or Snail2*- mice
(Snail2~-_BMSnail2++, Snail2~-_BMSnail2*- and Snail2~-_BMSnail2-/-)
(Supplementary Figure S5D, available at Carcinogenesis Online)
and subjected to skin chemical carcinogenesis. The sensitivity of
Snail2~ mice to radiation (14-16) strongly decreased the survival
of transplanted mice throughout the carcinogenesis experiment,
even when those mice were irradiated at a sublethal dosage.
Only 3-4 out of 6-8 mice from the different cross-reconstituted

groups survived. Despite the low number of surviving mice, the
obtained results strongly suggested that mice reconstituted with
Snail2”~ BM exhibit a behavior similar to control Snail2-- mice.
Thus, a similar tumor incidence was detected in the three cross-
reconstituted models, although tumor initiation was delayed in
Snail2~-_BMSnail2*- (data not shown) as previously observed in
Snail2*¥~ mice. Regarding tumor burden, the behavior (Figure 6A)
was reminiscent of that found in the BM donor mice (compare
with Figure 2B). Snail2”~_BMSnail2*~ mice significantly reduced
the tumor burden (average 10 lesions/mouse) and size of the
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Figure 5. Effect of Snail2 constitutive deletion in hematopoietic progenitors during skin chemical carcinogenesis. (A) Tumor burden (lesions/mouse) showing the dif-
ferences between Snail2**_BMSnail2~- and Snail2**_BMSnail2*+ mice after DMBA/TPA treatment; n = 7 mice per experimental group. *P < 0.05. (B) Tumor size comparison
between Snail2+*_BMSnail2** and Snail2++_BMSnail2~- lesions. (C) Flow cytometry analysis of CD11b*/Gr-1* population in blood, BM and tumors in Snail2**_BMSnail2++
and Snail2**_BMSnail2~- mice after DMBA/TPA treatment. (D) Flow cytometry analysis of CD4+, CD8+, CD19+ and F4/80+ cell populations of Snail2**_BMSnail2** and
Snail2**_BMSnail2~- tumors. (C) and (D) n = 4 and 5 for Snail2**_BMSnail2** and Snail2**_BMSnail2~- mice, respectively. t-Test, *P < 0.05, **0.001 < P < 0.005, **P < 0.001.

lesions as compared with Snail2~~_BMSnail2~/- (average 35 lesions/
mouse) that also showed a trend to increased number of lesions
and of larger size as compared with Snail2-~_BMSnail2** mice
(average 23 lesions/mouse) (Figure 6A and B, and Supplementary
Table S6, available at Carcinogenesis Online). A similar trend
toward increased SCC progression was detected in lesions from
Snail2--_BMSnail2”’- mice compared with the other two groups
(Supplementary Figure S5D and SSE, available at Carcinogenesis
Online). Analyses of the myeloid component in blood, BM and
tumor samples of the Snail2~- BM reconstituted mice, indicated
an increased, but not statistically significant, CD11b*/Gr-1* popu-
lation in Snail2~-_BMSnail2~- mice compared with the other two
models (Figure 6C), similar to that detected in the parental Snail2~
mice (compare with Figure 4D).

Altogether, these results support that Snail2 deletion in
the hematopoietic system leads to an elevated inflammatory
response that favors a pro-tumor microenvironment to increase
the number, size and progression of skin lesions.

Discussion

In the present work, we have characterized the role of Snail2 in
skin physiology and found that Snail2 is essential for survival

and proliferation of keratinocytes in vitro. This is in accordance
with the reported survival role of Snail2 in other cellular sys-
tems (9,29,38-41). On the other hand, the study of in vivo skin
response to wounding and TPA-induced hyperproliferation
showed that Snail2 deficiency impairs re-epithelialization, in
agreement with previous results (8,10,42), and decreases the
hyperproliferation response. Furthermore, the expression of
epidermal terminal differentiation markers was altered in Snail2
null mice, suggesting that Snail2 is a key regulator of keratino-
cyte proliferation and differentiation.

Snail2 is an EMT factor related with tumor progression,
stemness and chemoresistance among other processes (2), and
therefore it was expected that Snail2 deletion would negatively
affect tumor development and/or progression. Nevertheless,
and unexpectedly, constitutive Snail2 deletion fosters the pro-
tumorigenic response to skin chemical carcinogenesis with an
increase in the number, size and malignant progression of the
lesions. These results contrast with a previous report on the
response of Snail2 null mice to ultraviolet radiation-induced
skin carcinogenesis showing decreased tumor burden and pro-
gression than wild-type mice (43). Although these differences
could be partly explained by the different genetic backgrounds
of the null mice used in both studies, they also suggest that

120z Aenuer ¢ uo 3sanb AgQ G/ L £GE/S8G/S/9E /0101 /UIDIEd/WOD dNOoOIWapedk//:sdily Woly papeojumoq


http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv021/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv021/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv021/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv021/-/DC1

A —o—Sna2-/-_BMSna2-/- (n=4)
—a—Sna2-/_BMSna2+/- (n=3)
={—Sna2-_BMSna2+/+ (n=3)

40

AVillarejoetal. | 595

lesions/mouse

week post-initiation

Sna2-/-_BMSna2-/-

Sna2-/-_BMSna2+/-

Sna2-/-_ BMSna2+/+

L 30 30
& 25 — 25 25
2 20 - 20 20
£is ~ 15 15
510 —fi— 10 10
2 5 5 H [ 5
0 4 0 . . 0 ,
8 12 16 8 12 16 8 12 16

week post-initiation

week post-initiation

week post-initiation

B2<0,3mm 0O3-<6mm @6-<8mm m3-<10mm m=10mm

0O

40 blood bone marrow - tumor
2 30 40
ézo -
=)
) ~ 2044 | -
S 10 10
0 0

mSna2-/-_BMSna2-/-

mSna2 -/- _BMSna2+/-

0OSna2 -/- _BMSna2+/+

Figure 6. Snail2 wild-type BM reconstitution avoids the Snail2~- phenotype after chemical carcinogenesis. (A) Tumor burden (lesions/mouse) of Snail2-- mice reconsti-
tuted with BM from Snail2-- (Snail2~-_BMSnail2~~, n = 4), Snail2*~ (Snail2~-_BMSnail2*~, n = 3) and Snail2** (Snail2~-_BMSnail2***, n = 3) mice after DMBA/TPA treatment.
t-Test, *P < 0.05; n.s. not significant. (B) Tumor size at the indicated times post-initiation represented as the mean number of lesions per mouse with the indicated
diameter for each condition in Snail2~-_BMSnail2-~, Snail2~-_BMSnail2*- and Snail2~-_BMSnail2** mice. (C) Flow cytometry analysis for CD11b*/Gr-1* cells showing lower
levels of myeloid population in Snail2~-_BMSnail2** and Snail2~-_BMSnail2*- mice in blood, BM and tumors compared with control Snail2~-_BMSnail2~- mice. n = 3 per

experimental group.

they could be related to the influence of Snail2 in the inflam-
matory response to ultraviolet radiation (11). Indeed, the ina-
bility of Snail2-- keratinocytes to proliferate in vitro suggests
that other factors from the tumor microenvironment and/or
tumor-stroma interactions could be enhancing lesion devel-
opment and progression in a non-cell autonomous fashion.
Noticeably, stem cells from the HF bulge region of Snail2 null
mice are apparently increased in number and show a wider
localization compared with wild-type mice, suggesting that

this population could contribute to the increased response to
the carcinogenic insult in Snail2 deficient mice, as observed in
other genetic contexts (32,37). Interestingly, we observed that
lesions from Snail2~- mice had a high inflammatory component
not present in those derived from Snail2*+ mice. Moreover, treat-
ment with dexamethasone during chemical skin carcinogenesis
exacerbated the number of lesions developed by Snail2-- mice
but blocked their progression to SCCs. Altogether, the data sug-
gest that dexamethasone treatment in Snail2”- mice blocks
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antitumor inflammatory processes while favoring a pro-inflam-
matory response, likely due to alterations in the Snail2- inflam-
matory system. The immune response may initially attempt to
eliminate cancer cells, but paradoxically this response can be
pro-tumorigenic (44). For example, cells of the myeloid lineage,
such as macrophages (45) and neutrophils (46), can promote
tumor growth. Immature myeloid cells (IMCs) can also promote
tumor growth directly or by acting as myeloid-derived suppres-
sor cells (47). Other inflammatory populations have also been
related with this pro-tumorigenic activity, such as a subgroup
of the CD8+ T-cell population (48). Interestingly, the analyses
of myeloid precursors (CD11b*/Gr-1* cells) in mice subjected to
skin carcinogenesis revealed an increment of this population
in Snail2- blood, BM and tumors compared with Snail2** and
Snail2+- samples. Moreover, an increase in other pro-inflamma-
tory populations like B lymphocytes and cytotoxic T cells was
also detected within Snail2~~ tumors.

The above results suggest that Snail2 deletion in hemat-
opoietic progenitors promotes the mobilization and accumula-
tion of myeloid precursors in the tumor lesions. Remarkably,
BM reconstitution assays showed that reconstituted Snail2++_
BMSnail2-- mice exhibited a similar number and larger lesions
than their Snail2**_BMSnail2*+ counterparts, mimicking the
behavior of Snail2”/- mice. Importantly, Snail2**_BMSnail2~~
mice also show an increase in myeloid precursors and other
inflammatory populations within the tumors (CD19+, CD8+ and
F4/80+ cells) compared with controls. The reverse reconstitu-
tion experiments in Snail2~- mice (Snail2-_BMSnail2***) resulted
in the complementary effect, thus mimicking the behavior of
Snail2 wild-type mice, regarding decreased tumor development
and myeloid recruitment compared with Snail2 null mice. These
data indicate that the absence of Snail2 in hematopoietic pre-
cursors is responsible of the pro-tumorigenic response of Snail2
null mice to skin chemical carcinogenesis, perhaps also due
to alteration in the barrier function. In vitro culture of Snail2~~
keratinocytes in the presence of BM-conditioned media isolated
from either control or Snail2~- mice did not rescue their inabil-
ity to grow in clonogenic assays (data not shown). These data
suggest that the pro-tumorigenic influence of Snail2 deletion
in the hematopoietic compartment is only manifested in in vivo
context rather than on in vitro proliferation. Together, the pre-
sent data support a main role of Snail2 in keratinocyte-hemat-
opoietic interactions and/or other components of the tumor
microenvironment regulating tumor progression. Myeloid pre-
cursors are a heterogeneous population of cells that consists
of myeloid progenitor cells and IMCs. In healthy individuals,
IMCs generated in the BM quickly differentiate into mature
granulocytes, macrophages and dendritic cells. In contrast, in
pathological conditions, such as cancer, a partial block in the
differentiation of IMCs into mature myeloid cells results in the
expansion of this population (46,47). Myeloid precursors can
also differentiate into tumor-associated macrophages within
the tumor microenvironment. Furthermore, signaling pathways
important for myeloid precursors expansion like the JAK/STAT
pathway (47,49) are also inducers of EMT factors, such as Snail2.
Thus, the absence of Snail2 may compromise the expected
behavior of myeloid precursors, mirroring the described effect
of Snail2 deficiency in hematopoiesis (14,16,17). The tumor-pro-
moting role of CD11b*/Gr-1* myeloid precursors has been previ-
ously reported in a variety of studies (47,49-51) and proposed
to exert this effect by increasing the Wnt/p-catenin signaling
in neighboring epithelial cells via the secretion of Wnt ligands
and the Wnt agonist POSTN by the stroma (34). Interestingly,
increased nuclear localization of f-catenin and upregulation

of several Wnt ligands, particularly Wnt4, and POSTN were
detected in Snail2~- lesions as compared with wild-type and
Snail2*- lesions, strongly suggesting that the dermal stroma of
Snail2 null mice may be primed to facilitate the pro-tumorigenic
function of CD11b*/Gr-1* myeloid cells.

In contrast to Snail2 null mice, heterozygous animals are
less prone to skin tumor development and progression than
wild-type mice, and this behavior was reproduced in recon-
stituted Snail2-_BMSnail2*~ mice. Interestingly, Snail2*~ pap-
illomas do not progress to SCC, despite the fact that they
show a pre-malignant potential according to the expression
of differentiation markers. The observed increased apoptosis
in Snail2*- papillomas in the absence of increased prolifera-
tion detected in Snail2”~ (Figure 2E and F) can, at least partly,
explain the behavior of Snail2*- lesions. On the other hand,
the observed decreased expression of some EMT transcription
factors, like Zebl in skin from Snail2*- mice (Supplementary
Figure S1, available at Carcinogenesis Online), also suggests
that Zeb1 might participate in skin carcinogenesis progression,
as reported in melanoma (52), and its partial repression con-
tribute to the decreased response of Snail2 heterozygous mice.
Noticeably, the CD11b*/ Gr-1* population is not increased in BM,
blood or tumors from Snail2*- mice, showing also no changes in
f3-catenin activation compared with wild-type mice. These data
indicate that a decrease in Snail2 dosage protects against tumor
development and progression probably by blocking myeloid
precursors recruitment and favoring their differentiation and
anti-inflammatory actions, whereas complete Snail2 absence
triggers the opposite response in the myeloid population pro-
viding a permissive environment for tumor onset and progres-
sion during chemical carcinogenesis.

Supplementary material

Supplementary Tables S1-S6 and Supplementary Figures S1-S5
can be found at http://carcin.oxfordjournals.org/
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