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Abstract
Snail2 is a zinc �nger 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 in�ammatory component with an elevated 
percentage of myeloid precursors in tumor lesions that was further increased in the presence of the anti-in�ammatory 
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 �nger 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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Figure S1A, available at Carcinogenesis Online). To analyze 
the in vivo proliferative capacity of keratinocytes, Snail2�/�, 
Snail2+/� and control wild-type mice were treated with TPA on 
the dorsal skin for 1 week and the thickness of the epidermis 

was analyzed in H&E sections (Figure�1D). The hyperplasia of 
the skin caused by the TPA treatment was less prominent in 
Snail2�/� compared with Snail2+/+ and Snail2+/� mice (Figure�1D, 
right panel). Proliferating cell nuclear antigen staining of skins 

Figure 1.  Analysis of Snail2 in skin homeostasis. (A) Skin �-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�µm. (B) Snail2 immunohistochemistry from Snail2+/+ and Snail2�/� mice skin. (C) Snail2 western blot in skin from 
the indicated Snail2 genotypes; �-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�µm. 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) Immuno�uorescence 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�µm. Vertical white bars in panels g�l denote the extension of loricrin and involucrin stain in TPA-treated skins from the indicated Snail2 genotypes. ***P�<�0.001.
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from untreated mice revealed no signi�cant 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 signi�cantly delayed during the �rst 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�l).

 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 signi�cantly 
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 signi�cantly 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.

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 �rst 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/�-catenin pathway in skin tumor pro-
gression (31,32) and the reported correlation between p63 and 
�-catenin levels (33), we speculated that �-catenin expression/
activation could be altered in tumor lesions from Snail2 de�-
cient mice. Immuno�uorescence analyses showed that Snail2�/� 
papillomas displayed cytoplasmic �-catenin in contrast to 
Snail2+/� and Snail2+/+ lesions (Figure�2F, d�f). Complementary, 
immunohistochemical analyses indicated that only Snail2�/� 
papillomas show �-catenin nuclear localization and more 
cytoplasmic presence compared with Snail2+/+ and Snail2+/� 
papillomas (Figure� 2F, g�i). Analysis of different components 
of the Wnt/�-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/�-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, l), in contrast to its almost complete absence in 
wild-type papillomas (Figure�3A, j). Moreover, high expression 
levels of CK13 were maintained in SCC from Snail2�/� compared 
with SCC from Snail2+/� and Snail2+/+ mice (Figure�3B, j�l). 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� 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 

Figure 2.  Effect of Snail2 constitutive deletion in DMBA/TPA skin carcinogenesis. (A) Incidence and time of appearance of �rst 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 classi�ed 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�µm. Ampli�ed 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 �-catenin immuno�uorescence (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�µm.
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Figure 3.  Analysis of differentiation markers in DMBA/TPA lesions, in vitro keratinocyte proliferation and label retaining cell (LRC) distribution. (A) and (B) Immuno-
histochemical analysis of differentiation markers in papillomas (A) and SCC (B) from the three Snail2 genotypes. H&E images showing tumor histology are included in 
panels a�c. Representative images of loricrin (d�f), CK10 (g�i), CK13 (j�l) and CK8 (m�o) are presented. Bar, 500�µm. Ampli�ed images of the indicated areas (squares) are 
included as insets. (C) Representative images of the different type of colonies generated by primary keratinocyte cultures (para, mero and holoclones) from newborn 
Snail2+/+ (a�c), Snail2+/� (d�f) and Snail2�/� (g) mice. The number of colonies (n) of the indicated size in each Snail2 genotype is shown in the right side diagram. (D) Statisti-
cal analyses (t-test) of the colony number in the three Snail2 genotypes; n.s., non-signi�cant. (E) Representative images of LRC labeling with BrdU (a and b), K15 (c and 
d) and �6 integrin (e and f) from Snail2+/+ and Snail2�/� mice tail HF. The extension of LRC, and K15 and �6 expression in HF from the two Snail2 genotypes is indicated by 
white double-arrows. B, bulge region; dp, dermal papilla.
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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 S5E, 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 signi�cant, 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 in�ammatory 
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 de�ciency 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 

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.
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