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Loss of endogenous Nfatc1 reduces the rate 
of DMBA/TPA-induced skin tumorigenesis

ABSTRACT Immunosuppressive therapies using calcineurin inhibitors, such as cyclosporine 
A, are associated with a higher incidence of squamous cell carcinoma formation in mice and 
humans. Calcineurin is believed to suppress tumorigenesis in part through Nfatc1, a transcrip-
tion factor expressed primarily in hair follicle bulge stem cells in mice. However, mice overex-
pressing a constitutively active Nfatc1 isoform in the skin epithelium developed increased 
spontaneous skin squamous cell carcinomas. Because follicular stem cells can contribute to 
skin tumorigenesis, whether the endogenous expression of Nfatc1 inhibits or enhances skin 
tumorigenesis is unclear. Here we show that loss of the endogenous expression of Nfatc1 
suppresses the rate of DMBA/TPA-induced skin tumorigenesis. Inducible deletion of Nfatc1 
in follicular stem cells before tumor initiation significantly reduces the rate of tumorigenesis 
and the contribution of follicular stem cells to skin tumors. We find that skin tumors from mice 
lacking Nfatc1 display reduced Hras codon 61 mutations. Furthermore, Nfatc1 enhances the 
expression of genes involved in DMBA metabolism and increases DMBA-induced DNA dam-
age in keratinocytes. Together these data implicate Nfatc1 in the regulation of skin stem 
cell–initiated tumorigenesis via the regulation of DMBA metabolism.

INTRODUCTION
Stem cells reside within tissues to govern organ homeostasis and 
regeneration through the coordinated regulation of proliferation 
and differentiation. When these processes go awry, stem cells can 
contribute to diseases such as cancer. Indeed, tissue-resident stem 
cells can initiate tumorigenesis in the mammary gland, intestine, 
and skin (Barker et al., 2009; Lapouge et al., 2011; Visvader, 2011; 
White et al., 2011), and cancer stem cells can maintain tumor 

growth in the epidermis (Schober and Fuchs, 2011; Driessens 
et al., 2012; Boumahdi et al., 2014). However, the mechanisms 
controlling the contribution of stem cells to tumors remain largely 
unknown.

The skin provides an excellent model to explore stem cell func-
tion during tumorigenesis. Follicular stem cells are slow-cycling 
cells that reside within the bulge compartment, express the cell 
surface marker CD34, and become activated to regenerate the 
hair follicle during the native hair cycle (Cotsarelis et al., 1990; 
Blanpain et al., 2004; Morris et al., 2004; Tumbar et al., 2004). 
Bulge stem cells can contribute to cutaneous keratoacanthomas 
(Zito et al., 2014) and can also act as cells of origin in squamous 
cell carcinomas (SCCs; Lapouge et al., 2011; White et al., 2011; Li 
et al., 2013) during their activated state in a Pten-dependent man-
ner (White et al., 2014). However, additional mechanisms that con-
trol the ability of stem cells to contribute to skin tumors are poorly 
understood.

We and others have shown that the transcription factor Nfatc1 
is expressed within bulge stem cells in mice and that Nfatc1 
and its upstream phosphatase calcineurin regulate bulge stem cell 
activity during native hair cycling (Horsley et al., 2008), aging 
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RESULTS
Reduced skin papilloma formation in the absence 
of epidermal Nfatc1
To determine whether endogenous expression of Nfatc1 influences 
skin tumor susceptibility, we examined the response of Nfatc1 cKO 
mice and heterozygous littermates to DMBA/TPA carcinogenesis 
(Figure 1B). Treating 7-wk-old mice in the telogen stage of the hair 
cycle with a single dose of DMBA followed by a biweekly dose of 
TPA for 20 wk (Abel et al., 2009) resulted in papilloma formation in 
control mice after 6 wk (Figure 1C). However, the majority of Nfatc1 
cKO mice treated with DMBA/TPA developed tumors after 8–10 wk 
(Figure 1C). Analysis of the number of tumors in control and Nfatc1 
cKO mice during a 20-wk time course using mixed-effect models 
revealed that Nfatc1 cKO mice developed fewer tumors at multiple 
time points after week 8 and that the profiles for tumor formation 
between the control and cKO mice were significantly different 
(Figure 1D).

Because tumor formation increased for both control and Nfatc1 
cKO mice over time, we used a mixed-effect model with higher sta-
tistical power by maintaining time as a continuous variable to deter-
mine whether the rate of tumor formation or tumor number per 
week was altered in Nfatc1 cKO mice. After week 5, Nfatc1 cKO 
mice developed 20% fewer tumors per week than control mice 
(Figure 1E). Thus the rate of tumor formation was significantly re-
duced in Nfatc1 cKO mice compared with control mice. Character-
ization of papillomas from control and Nfatc1 cKO mice 8–10 wk 

(Keyes et al., 2013), and pregnancy (Goldstein et al., 2014). Of in-
terest, patients receiving immunosuppressive treatment with calci-
neurin inhibitors, such as cyclosporine A and FK506, experience a 
significantly elevated risk of developing SCCs over the normal 
population (Euvrard et al., 2003).

Chemical carcinogenesis studies using 7,12-dimethylbenz[a]
anthracene (DMBA), a tumor initiator that induces oncogenic 
Hras mutations, and 12-O-tetradecanoylphorbol 13-acetate 
(TPA), a phorbol ester that promotes cell proliferation (Abel et al., 
2009), have enabled researchers to further characterize the role 
of calcineurin signaling in epidermal tumorigenesis. Mice lacking 
calcineurin B in the skin epithelium developed more tumors than 
controls when treated with DMBA/TPA, and Nfat proteins were 
implicated in the repression of tumor formation (Wu et al., 2010). 
However, mice overexpressing a constitutively active Nfatc1 iso-
form driven by the Hoxb7 promoter in the skin epithelium devel-
oped spontaneous skin SCCs (Tripathi et al., 2013). Thus it is 
unclear whether endogenous Nfatc1 in bulge stem cells inhibits 
or enhances skin tumorigenesis. To clarify the role of Nfatc1 in 
skin tumor formation, we subjected mice lacking Nfatc1 in the 
epidermis (Keratin14-Cre; Nfatc1fl/fl: Nfatc1, conditional knock-
out [cKO]; Figure 1A; Horsley et al., 2008) to chemical carcino-
genesis with DMBA/TPA (Abel et al., 2009). Our comprehensive 
study suggests that Nfatc1 increases skin tumor initiation by reg-
ulating DMBA metabolism and enhancing stem cell contribution 
to tumorigenesis.

FIGURE 1: Epidermal Nfatc1 deletion decreases DMBA/TPA tumorigenesis. (A) Schematic of K14-specific Nfatc1 
deletion. (B) DMBA/TPA tumorigenesis regime. (C) Percentage of tumor-free cKO/control mice during DMBA/TPA 
tumorigenesis (16 mice/genotype). *p = 0.03; log-rank test. (D) Average tumor number in cKO/control mice. Data: mean 
± SEM. The profiles (p = 0.03) and several time points were significantly different (*); mixed-effect model. (E) Tumor 
formation rate between cKO/control mice is significantly different, p = 0.0006; mixed-effect model; time: continuous 
variable. (F) Real-time PCR for K14 and K10 in cKO/control tumors. Data: mean ± SEM (3 mice/genotype). 
(G, H) Immunostaining for (G) BrdU (red) and (H) K14 (red) and K10 (green) in cross sections of cKO/control tumors 
8–10 wk post-DMBA. DAPI, blue. Scale bar, 50 μm.
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tamoxifen treatment reduced Nfatc1 expression within hair follicle 
bulge cells in Nfatc1 iKO mice relative to vehicle-treated controls 
(Figure 2B). To test whether Nfatc1 regulates tumor initiation, we 
treated Nfatc1 iKO mice with tamoxifen to induce Cre recombinase 
activity and subsequent Nfatc1 deletion before DMBA treatment 
(ODT; Figure 2C). In contrast, to determine whether Nfatc1 controls 
tumor promotion, we treated Nfatc1 iKO mice with tamoxifen after 
DMBA treatment (DOT; Figure 2C).

When Nfatc1 was deleted before DMBA treatment (ODT; 
Figure 2C), Nfatc1 iKO mice and control mice developed tumors 

after DMBA treatment indicated similarities in tumor size (unpub-
lished data), proliferation (Figure 1G), and K14 and K10 mRNA and 
protein expression (Figure 1, F and H).

Nfatc1 enhances the rate of skin tumor initiation 
but not promotion
To determine whether Nfatc1 affects skin tumorigenesis before or 
after DMBA initiation (Zoumpourlis et al., 2003), we crossed K19Cre-
ERT mice (Means et al., 2008) with Nfatc1fl/fl mice to generate Nfatc1 
inducible knockout (Nfatc1 iKO mice; Figure 2A). We confirmed that 

FIGURE 2: Nfatc1 deletion decreases the rate of tumor initiation but not tumor promotion. (A) Schematic of inducible 
K19-specific Nfatc1 deletion. (B) Nfatc1 immunostaining (green) in iKO mice 5 d after tamoxifen/vehicle. (C) DMBA/TPA 
initiation (ODT) and promotion (DOT) regimes. (D, G) Percentage of tumor-free iKO/control mice in (D) ODT or (G) DOT 
regime (n = 16 mice/genotype). (E, H) Average tumor number during (E) ODT or (H) DOT regime. Data: mean ± SEM 
(seven mice/genotype). Several time points were significantly different (*); mixed-effect model. (F, I) Tumor formation 
rate during (F) ODT regime is significantly different but not during (I) DOT regime (mixed-effect model; time: continuous 
variable). (J) Real-time PCR of Nfatc1 in tumor cells relative to FACS-sorted bulge cells. Data: mean ± SD (six mice/
group). Immunostaining for (K) CD45 (red) and (L) Tcrδ (red) in cKO/control tumors 8–10 wk post-DMBA. 
(M) Quantification of Tcrδ+ cells in cKO/control tumors. Data: mean ± SEM (three mice/genotype). DAPI, blue; 
dotted line, epithelial–stromal barrier; white dots, hair shaft autofluorescence. Scale bar, 25 μm (B), 50 μm (K, L).
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rate of tumor initiation and does not affect 
tumor promotion.

Consistent with the inability of Nfatc1 to 
affect tumor promotion, Nfatc1 mRNA was 
not detected within papillomas of control 
mice as compared with its high enrichment 
in bulge stem cells isolated by fluorescence 
activated cell sorting (FACS; Figure 2J). 
These results are similar to previous studies 
demonstrating that Nfatc1 mRNA and pro-
tein levels are highly down-regulated in skin 
cancer stem cells relative to hair follicle stem 
cells (Schober and Fuchs, 2011). Because 
immune cells have been implicated as regu-
lators of skin tumor formation (de Visser 
et al., 2006; Ostrand-Rosenberg, 2008; 
Demehri et al., 2009; Zamarron and Chen, 
2011), we investigated whether epidermal 
deletion of Nfatc1 modulated the presence 
of immune cells in skin tumors. Immunofluo-
rescence staining for the pan–immune cell 
marker CD45 revealed the presence of he-
matopoietic cells in tumors from both 
Nfatc1 cKO and control mice (Figure 2K). 
We also examined the presence of dendritic 
epidermal T-cells (DETCs), a subpopulation 
of T-cells that resides within the skin and ex-
presses the γδ T-cell receptor (Tcr; Stingl 
et al., 1987). Immunofluorescence staining 
and quantification of Tcrδ+ cells in papillo-
mas from Nfatc1 cKO mice and littermate 
controls revealed similar numbers of DETCs 
within the tumor (Figure 2, L and M). These 
data suggest that Nfatc1 regulates tumor 
formation at the earliest stages of develop-
ment rather than by affecting tumor promo-
tion via alterations in the tumor immune cell 
stroma.

Nfatc1 enhances bulge cell 
contribution to tumors in vivo
We next analyzed whether Nfatc1 could 
regulate follicular stem cell contribution to 
tumors. To this end, we used a genetic lin-
eage tracing approach to trace bulge stem 
cells and their progeny during tumorigen-
esis in control and Nfatc1 iKO mice. Spe-
cifically, we crossed Nfatc1 iKO mice to 
mice ubiquitously expressing a fluorescent 
membrane Tomato/membrane enhanced 

green fluorescent protein GFP (GFP; mTmG) reporter construct 
(Muzumdar et al., 2007; Figure 3A). In the absence of Cre activity, 
all cells express mT. However, treatment with tamoxifen induces 
K19CreERT activity, resulting in a heritable loss of mT expression 
and the induction of mG expression in K19-expressing bulge stem 
cells and their progeny. These mice were subjected to both the 
initiation and promotion tumorigenesis regimes (Figure 2C). After 
tamoxifen treatment, a similar percentage of hair follicles in both 
genotypes contained mG+ cells (Figure 3, B and C). Furthermore, 
we observed the contribution of K19-expressing bulge cells to skin 
tumors after 8–12 wk of the carcinogenesis regime (Figure 3D), and 
quantification of skin tumor labeling revealed a decrease in bulge 

between 6 and 8 wk (Figure 2D). However, Nfatc1 iKO mice devel-
oped fewer papillomas than littermate controls at several time 
points during TPA treatment (Figure 2E). In addition, the rate of 
tumor formation was significantly reduced in Nfatc1 iKO mice 
when Nfatc1 was deleted before DMBA treatment (Figure 2F). Re-
duced Cre activity in the inducible K19CreERT mouse model may 
explain why the reduction in skin tumorigenesis is not as signifi-
cantly reduced as with the K14Cre model. However, when Nfatc1 
was deleted after DMBA treatment but before TPA treatment 
(DOT; Figure 2C), Nfatc1 iKO mice developed a similar number of 
papillomas at the same rate as littermate control mice (Figure 2, 
G–I). Collectively these data suggest that Nfatc1 regulates the 

FIGURE 3: Nfatc1 deletion decreases stem cell contribution to papillomas during tumor 
initiation. (A) Schematic of inducible K19-specific Nfatc1 deletion and mTmG labeling. 
(B) Representative images of K19CreERT;mTmG follicles after tamoxifen. Images show unlabeled 
(only mT+ cells) or labeled (containing mG+ cells) follicles. (C) Percentage of mG+ hair follicles 
8–12 wk post-DMBA (initiation, ODT; promotion, DOT). Data are mean ± SEM for 50–100 hair 
follicles from four individual mice/group. (D) Representative sagittal section of a tumor 
containing mG+ cells derived from K19-expressing bulge cells. (E) Percentage of tumors 
containing mG+ cells in iKO mice and littermate controls from sagittally sectioned tumors during 
ODT and DOT regimes. Data are mean ± SEM of three or four individual mice/genotype for 
8–15 tumors from each mouse. Tumors were harvested 8–12 wk post-DMBA. DAPI, blue. White 
dots denote hair shaft autofluorescence. Scale bar, 25 μm.
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microsomal epoxide hydrolase (Epxh1) after 
engagement of the aryl hydrocarbon recep-
tor (Ahr) and the aryl hydrocarbon receptor 
nuclear translocator (Arnt) within keratino-
cytes and epidermal Langerhans cells (Modi 
et al., 2012).

To determine whether the reduced rate 
of tumor initiation in Nfatc1 cKO mice re-
sults from alterations in DMBA metabolism, 
we analyzed Langerhans cells, which me-
tabolize DMBA and enhance chemical carci-
nogenesis (Modi et al., 2012). To this end, 
we immunostained epidermal sheets from 
Nfatc1 cKO mice (Figure 1A) with antibod-
ies against major histocompatibility com-
plex (MHC) class II, which marks Langerhans 
cells within the skin epithelium. No changes 
in the presence of MHC class II+ Langerhans 
cells were observed between Nfatc1 cKO 
and control mice (Figure 4A).

DNA damage occurs in keratinocytes af-
ter DMBA treatment (Hennings et al., 1993). 
To analyze the response of keratinocytes to 
DMBA in Nfatc1 cKO mice (Figure 1A), we 
treated mice with a single topical dose of 
carcinogen and analyzed DNA damage af-
ter 24 h by immunostaining for γH2A.X, a 
histone variant induced by DNA damage. 
No global differences in the presence of 
γH2A.X+ cells were observed between con-
trol and Nfatc1 cKO mice after either vehicle 
or DMBA treatment (Figure 4B). To deter-
mine whether a difference in TPA respon-
siveness could account for the decreased 
tumor formation observed in Nfatc1 cKO 
mice, we pulsed mice with 5-bromo-2′-
deoxyuridine (BrdU) to mark proliferating 
cells after one application of TPA or a vehi-
cle control. Quantification of BrdU+ cells in 
the epidermis revealed equivalent levels of 
proliferation between Nfatc1 cKO mice and 
littermate controls 24 h after either vehicle 
or TPA treatment (Figure 4C). Similarly, no 
significant differences in epidermal thick-
ness were observed between Nfatc1 cKO 
mice and littermate controls under vehicle 
or TPA-treated conditions (Figure 4D).

To further examine the response of 
Nfatc1 cKO mice to DMBA-induced tumori-

genesis, we analyzed tumors from control and Nfatc1 cKO mice for 
the presence of DMBA-induced mutations in Hras codon 61 from 
CAA to CTA, which creates a new Xba1 restriction enzyme site 
(Sachs et al., 2012). Whereas the mutant Hras codon was detected 
in a majority of tumors in control mice, few tumors from Nfatc1 cKO 
mice displayed detectable Hras mutations (Figure 4E). These data 
indicate that DMBA-induced skin tumors from Nfatc1 cKO mice ex-
hibit fewer Hras codon 61 mutations than littermate controls.

Nfatc1 regulates expression of DMBA-metabolizing 
enzymes
Because DMBA metabolism is responsible for the induction of mu-
tations in Hras during chemically induced tumorigenesis, we next 

cell contribution to tumors in Nfatc1 iKO mice during the initiation 
regime (Figure 3E). However, Nfatc1 deletion after tumor initiation 
(DOT) did not affect bulge stem cell contribution to tumors 
(Figure 3E). Together these findings indicate that Nfatc1 expres-
sion in hair follicle stem cells enhances their ability to contribute to 
skin papillomas during tumor initiation.

Loss of Nfatc1 alters Hras codon mutations in response 
to DMBA
The initiating events for mouse skin tumors induced by DMBA 
largely involve mutation of the Hras gene at codon 61 (Balmain 
et al., 1984). These mutations are caused by metabolites generated 
by cytochrome P-450 enzymes such as Cyp1a1 and Cyp1b1 and 

FIGURE 4: Epidermal Nfatc1 deletion reduces DMBA-induced Hras codon mutations. (A) MHC 
class II immunostaining (red) from cKO/control epidermal sheets. (B) γH2A.X immunostaining 
(green) in cKO/control mice 24 h post-DMBA/vehicle. (C) Percentage of BrdU+ epidermal cells 
normalized to total basal cells 24 post-TPA/vehicle. Data: mean ± SEM (three or four mice/
group; >4000 cells quantified/ mouse). (D) Epidermal thickness 24 h post-TPA/vehicle. Data: 
mean ± SEM (four mice/group). (E) Hras codon 61 mutations from cKO/control tumors 8–10 wk 
post-DMBA. +, CarC DNA. Optical density of CTA mutant bands. Chi-squared test. DAPI, blue. 
Scale bar, 50 μm.
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analyzed expression of genes involved in 
DMBA metabolism by real-time PCR. We 
found that expression of Ahr, Arntl, Gsta1, 
and Nqo1 is significantly down-regulated in 
bulge cells from Nfatc1 cKO mice relative to 
littermate controls (Figure 5A). To probe 
whether Nfatc1 could drive expression of 
these DMBA-metabolizing enzymes, we in-
fected mouse keratinocytes with retrovirus 
expressing either a constitutively active 
form of NFATc1 (caNFATc1; Horsley et al., 
2008) or an empty vector GFP control 
(Figure 5B). From these analyses, we ob-
served a significant increase in Ahr and 
Cyp1b1 expression and a decrease in Arntl 
and Gsta1 expression (Figure 5B). We next 
investigated whether caNFATc1 influenced 
expression of these DMBA-metabolizing 
enzymes 1, 4, and 24 h after DMBA treat-
ment. Four of these genes (Ahr, Cyp1a1, 
Cyp1b1, and Nqo1) were significantly more 
highly expressed in caNFATc1-expressing 
keratinocytes after DMBA treatment relative 
to controls. caNFATc1 expression also in-
creased the percentage of DMBA-treated 
keratinocytes with γH2Ax nuclear foci, indi-
cating that Nfatc1 expression promotes 
DNA damage after DMBA treatment (Figure 
5, G and H). Taken together, these data sug-
gest that Nfatc1 controls the expression of 
genes involved in DMBA metabolism, lead-
ing to enhanced DNA damage after DMBA 
exposure.

DISCUSSION
Here we identify a role for Nfatc1 during 
the initiation of chemically induced epider-
mal tumorigenesis. The tumor-enhancing 
roles for Nfatc1 in the skin are distinct from 
the role of calcineurin, the upstream phos-
phatase that regulates Nfat’s nuclear local-
ization, which inhibits skin tumorigenesis 
(Wu et al., 2010). Patients treated with cal-
cineurin inhibitors have an increased dispo-
sition for developing SCCs (Euvrard et al., 
2003), and mouse and human cell studies 
have revealed that genetic and pharmaco-
logical inhibition of calcineurin/Nfat signal-
ing increases chemically induced skin tu-
mor onset (Wu et al., 2010). Using the same 
chemical tumorigenesis paradigm as Wu 
et al. (2010), we find that mice lacking 
Nfatc1 in the epidermis do not display en-
hanced tumor formation but instead have 
reduced tumor formation, suggesting that 
calcineurin may inhibit skin tumorigenesis 
through its regulation of additional Nfat 
isoforms or other proteins, such as Atf3 or 
p53.

Our data and those of others (Li et al., 
2013) are consistent with cells from the 
bulge and outside the bulge contributing to 

FIGURE 5: Nfatc1 regulates expression of DMBA-metabolizing enzymes. (A) Real-time PCR 
analysis of mRNA expression for DMBA-metabolizing enzymes in FACS-purified sorted cKO 
bulge cells compared with control bulge cells. Data are mean ± SD (three or four mice/
genotype). *p < 0.05; one-way ANOVA. (B) Real-time PCR for DMBA-metabolizing enzymes in 
caNFATc1 compared with control-infected keratinocytes. *p < 0.05; one-way ANOVA. 
(C–F) Real-time PCR for (C) Ahr, (D) Cyp1a1, (E) Cyp1b1, and (F) Nqo1 mRNA in caNFATc1- and 
control-infected keratinocytes at 0, 1, 4, and 24 h. The p value reflects two-way ANOVA for the 
effect of Nfatc1 expression. (G) γH2A.X immunostaining (red) in GFP- and caNFATc1-infected 
keratinocytes 24 h post-DMBA/vehicle. DAPI, blue. Scale bar, 50 μm. (H) Quantification of γH2A.
X+ GFP- and caNFATc1-infected keratinocytes after 24 h in vehicle or DMBA. Data: mean ± SEM 
(three or four replicates for each treatment in two independent experiments; >179–1435 cells 
analyzed). One-way ANOVA.
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2015). Of interest, Nfatc1 can directly regulate the expression of the 
cytochrome P450 superfamily member CYP2E1 (Wang et al., 2010), 
which metabolizes ethanol and other small polar molecules, sug-
gesting that Nfatc1 may be involved broadly in metabolism of xeno-
biotics. Defining whether Nfatc1 directly or indirectly regulates the 
expression of P450 family members to affect skin tumorigenesis may 
reveal novel mechanisms involved in skin tumor initiation.

MATERIALS AND METHODS
Animal use
All animals were housed and handled according to the institutional 
guidelines of Yale University. Nfatc1fl/fl (Aliprantis et al., 2008), 
Keratin14Cre (Vasioukhin et al., 1999), Keratin19CreERT (Means 
et al., 2008), and mTmG (Muzumdar et al., 2007) mice have been 
described previously. For K14Cre/Nfatc1 and K19CreERT/Nfatc1 
tumorigenesis studies, mice were maintained in the outbred CD-1 
background, and age- and sex-matched Cre+; Nfatc1fl/+ littermates 
were used as controls. For the K19creERT/Nfatc1/mTmG lineage 
tracing experiments, mice were in a mixed CD-1, 129×1/SvJ back-
ground. Activation of CreERT was performed by topical administra-
tion of tamoxifen (10 mg/ml in ethanol; Sigma-Aldrich, St. Louis, 
MO) for 5 d. For BrdU experiments, mice were injected intraperito-
neally with 50 mg/kg BrdU (Sigma-Aldrich) for 4 h before being 
killed.

Chemical carcinogenesis
To induce skin tumors, both control and Nfatc1 cKO mice in the 
telogen phase of the hair cycle (Horsley et al. 2008) were shaved on 
the back and administered one topical dose of DMBA (20 μg in 
100 μl acetone; Sigma-Aldrich). Mice received topical treatments of 
TPA (5 μg in 100 μl ethanol; Sigma-Aldrich) twice weekly for 20 wk, 
and tumors were counted weekly. Histological analyses of tumors 
from Nfatc1 cKO and control mice were performed by a veterinary 
pathologist and revealed the presence of skin papillomas. One con-
trol mouse developed an SCC, which metastasized to the lung and 
inguinal lymph nodes.

Histology and immunofluorescence
For epidermal thickness analyses and immunofluorescence, tissues 
were embedded in OCT compound (Tissue-Tek; Sakura Finetek, Tor-
rance, CA), frozen, sectioned, fixed in 3.7% formaldehyde, and 
stained with hematoxylin and eosin. When applicable, the M.O.M. kit 
(Vector Labs, Burlingame, CA) was used to prevent nonspecific bind-
ing of mouse secondary antibodies. The following primary antibod-
ies were used: BrdU (rat, Bu 1/75 [ICR1], 1:300; Abcam, Cambridge, 
MA); CD45 (rabbit, 30-F11, 1:250; eBioscience, San Diego, CA); 
γδTcr (hamster, GL3, 1:200; BD Biosciences, San Jose, CA); γH2A.X 
(mouse, JBW301, 1:100; Millipore, Billerica, MA); keratin 14 (chicken, 
1:500; kind gift of Julie Segre, National Institutes of Health); keratin 
10 (rabbit, 1:500; kind gift of Julie Segre), and Nfatc1 (mouse, 7A6, 
1:25; Santa Cruz Biotechnology, Santa Cruz, CA). For BrdU staining, 
tissue sections were incubated in 2 N HCl (37°C, 30 min) and 0.1 M 
sodium borate, pH 8.5 (room temperature, 10 min), before primary 
antibody incubation. The following secondary antibodies were used: 
anti-chicken, anti-rabbit, anti-mouse, anti-rat, and anti-hamster con-
jugated to rhodamine red X or Alexa 488 (1:250; Jackson Immuno-
Research, West Grove, PA). Sections were mounted in Prolong Gold 
anti-fade reagent with 4′,6′-diamidino-2-phenylindole (DAPI; Life 
Technologies, Grand Island, NY). Imaging was performed on a Zeiss 
Imager M.1 fluorescence microscope (Zeiss, Oberkochen, Germany), 
and images were acquired with an AxioCam MR3 camera and quan-
tified with ImageJ (National Institutes of Health, Bethesda, MD).

DMBA-induced tumors. Several types of keratinocytes are likely ori-
gins of SCCs, including those outside of the bulge (Lapouge et al., 
2011; White et al., 2011). Although inefficient Cre activity could 
yield heterogeneity in our lineage tracing data, loss of Nfatc1 before 
tumor initiation decreases the contribution of bulge stem cells and 
their progeny to skin tumors. The minor fraction of keratinocytes 
that express Nfatc1 in the bulge and contribute to tumors in this 
model may explain the moderate reduction in tumorigenesis in 
Nfatc1 cKO mice.

Recent data reveal that follicular stem cell activation is required 
for stem cell–induced tumor initiation (White et al., 2014). Nfatc1 is 
a major driver of follicular stem cell quiescence (Horsley et al., 2008; 
Keyes et al., 2013), and the reduced rate of tumorigenesis after 
Nfatc1 deletion seems contrary to its role in stem cell activity. Be-
cause we treated both Nfatc1 cKO mice and littermate controls with 
DMBA during telogen and promoted tumorigenesis with TPA, which 
enhances proliferation throughout the skin epithelium (Figure 4C) 
and induces hair follicle stem cell activity (Stenn and Paus, 2001), our 
study did not elucidate whether Nfatc1’s role in stem cell activation 
influences tumor formation. White et al. (2014) used an inducible 
genetic mouse model to express an oncogenic Kras allele in hair 
follicle stem cells to dissect the requirement of stem cell activity dur-
ing skin tumorigenesis. Whether Nfatc1 alters SCC formation in 
other tumor induction paradigms, including a genetically activated 
Ras mouse model, will be an interesting area of future study.

Our findings are consistent with previous work demonstrating 
that Nfatc1 enhances tumorigenesis in multiple cell types (Mancini 
and Toker, 2009; Muller and Rao, 2010). In fibroblasts, constitutive 
Nfatc1 activation induces cellular transformation through disruption 
of contact-mediated cell growth (Neal and Clipstone, 2003). Nfatc1 
can also promote cancer cell invasion in breast and lung cancer cell 
lines (Oikawa et al., 2013) and promote angiogenesis in tumor-asso-
ciated vasculature (Ryeom et al., 2008). Furthermore, Nfat activation 
has been associated with lymphomas (Marafioti et al., 2005; Pham 
et al., 2005), leukemias (Medyouf et al., 2007), and pancreatic can-
cers (Buchholz et al., 2006; Koenig et al., 2010).

Our data also resonate with a recent study demonstrating that 
constitutive overexpression of a nuclear form of Nfatc1 is sufficient 
to drive the formation of SCC-like tumors in the skin (Tripathi et al., 
2013). Although Nfatc1 was implicated in the creation of a proin-
flammatory microenvironment in the skin through regulation of cy-
tokine gene expression (Tripathi et al., 2013), our studies suggest 
that endogenous Nfatc1 promotes bulge cell contribution to tumors 
in a role independent of inflammation. We do not detect overt al-
terations in skin inflammatory response (Horsley et al., 2008) or cy-
tokine gene expression during homeostasis after Nfatc1 inhibition 
(Goldstein et al., 2014) or inflammation during tumorigenesis in 
Nfatc1 cKO mice.

In our study, we discovered a link between Nfatc1 and DMBA-
induced DNA damage within follicular stem cells. Polyaromatic 
hydrocarbons such as DMBA are highly prevalent in industrial pollu-
tion and are detoxified into adducts that cause DNA damage by 
several enzymes that are induced in part by the transcription factor 
Ahr. Indeed, mice treated with extracts of airborne particles from 
industrial pollution form SCCs in an Ahr-dependent manner 
(Matsumoto et al., 2007). We show that Nfatc1 enhances the ex-
pression of Ahr and its downstream target Cyp1a in DMBA-treated 
keratinocytes and leads to an elevated DNA damage response in 
DMBA-treated keratinocytes. The role of Nfatc1 in regulating DNA 
damage is likely balanced by additional mechanisms in bulge cells 
to promote DNA repair, such as elevated expression of Bcl-2 
(Sotiropoulou et al., 2010) and stabilization of p53 (Petersson et al., 
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quantification was calculated with the ΔΔCt method using β-actin 
as a reference gene.

Cell culture
MSCV-GFP (control) and constitutively active NFATc1 (caNFATc1) 
retroviral vectors have been described previously (Neal and 
Clipstone, 2003; Horsley et al., 2008). Briefly, retroviral vectors were 
transfected with Xtremegene HD (Roche) into Phoenix cells to gen-
erate retroviral supernatants. Supernatants were filtered at 0.45 μm, 
and infections of primary mouse keratinocytes were performed by 
adding retroviral supernatant, chelexed FBS, and 4 μg/ml Poly-
brene and centrifuging at 800 × g for 30 min at 32°C. After centrifu-
gation, retroviral supernatant was removed, and keratinocytes were 
refed with growth medium. Cells were grown for 48 h before collec-
tion in TRIzol (Invitrogen) for RNA isolation. For in vitro DMBA treat-
ments, MSCV-GFP– or caNFATc1–infected cells were treated with 
0.15 μg/ml DMBA for indicated time points up to 24 h.

Statistical analysis
For tumor frequency, statistical analyses were performed using a 
log-rank test. Analysis of differences in Hras codon mutations be-
tween control and cKO mice was performed using the chi-square 
test. Statistical analyses between two groups were performed using 
a Student’s t test, between multiple groups using a one-way analysis 
of variance (ANOVA), or between groups over time with a two-way 
ANOVA. To assess the differences in tumor number over time be-
tween control and cKO mice, we used a mixed-effect model with 
genotype and week as (discrete) fixed effects and a random inter-
cept for each mouse. This model, conceptually similar to a repeated-
measures ANOVA, allows us to estimate the tumor number differ-
ence at each week taking into account the within-mouse correlation 
and can account for missing values. In addition, the weekly rate of 
tumor formation after week 5 was evaluated using the equation Nit 
= αo + β1t + β2t(GKO) + ui + εit, where Nit is the number of tumors 
per week for mouse i, αo is the intercept, ui is a random term for 
each mouse, β1 represents the rate for the control mice, t is the time 
after week 5, β2 is the difference in tumor number per week be-
tween groups, GkO = 1 for KO mice and 0 for control mice, and εit is 
the error term. The mixed-model approach using R and all other 
analyses were performed using GraphPad Prism version for Macin-
tosh (GraphPad, La Jolla, CA). For all analyses, p ≤ 0.05 was ac-
cepted for statistical significance.

Quantification of Langerhans cells in epidermal sheets
Mouse ears were collected, split into dorsal and ventral sides, and 
floated epidermal side up on a Ca2+/Mg2+-free phosphate-buffered 
saline (PBS) solution containing 20 mM EDTA for 2 h at 37°C. 
Epidermal sheets were gently peeled from the dermis, washed in 
PBS containing Ca2+/Mg2+, and fixed in cold acetone for 20 min at 
−20°C. Sheets were washed in PBS, incubated for 1 h at 37°C in 2% 
(wt/vol) bovine serum albumin (BSA) in PBS, and stained overnight 
at 4°C with MHC class II (1-A/1-E) primary antibody (rat, M5/114.15.2, 
1:200; eBioscience, San Diego, CA). After being washed in PBS, 
sheets were stained overnight at 4°C with a rhodamine red X–con-
jugated anti-Rat secondary antibody (1:250; Jackson Immuno-
Research) in 1% (wt/vol) BSA in PBS. After washing in PBS, epider-
mal sheets were mounted on slides with Prolong Gold anti-fade 
reagent (Life Technologies) and visualized by confocal microscopy.

Analysis of DMBA responsiveness in vivo and Hras 
codon mutations
To analyze the response of DMBA-metabolizing enzymes to DMBA 
treatment in control and Nfatc1 iKO mice, we treated back skin with 
vehicle and DMBA and isolated mRNA after 24 h. Analysis of muta-
tions in Hras1 was performed as described previously (Sachs et al., 
2012). Briefly, genomic DNA was isolated from skin tumors 8–10 wk 
after DMBA treatment using phenol-chloroform-isoamyl alcohol 
(Life Technologies). Codon 61 of Hras1 was amplified by nested 
PCR using Hras primer pairs 1 and 2 (Supplemental Table S1). 
Amplification with Hras primer pair 1 generated a 267–base pair 
product. Subsequent nested PCR amplification with Hras primer 
pair 2 generated a 178–base pair product. A 5-μg amount of DNA 
was digested at 37°C overnight with the restriction enzyme Xba1 
and resolved on a 2% agarose gel. Genomic DNA from CarC cells 
(provided by M. Girardi, Yale University), which contains mutations 
at both Hras alleles, was used as a positive control.

FACS, RNA isolation, cDNA synthesis, and real-time PCR
For bulge stem cell isolation, subcutaneous fat was gently removed 
from skins with a scalpel. Skins were floated on 0.25% trypsin-EDTA 
overnight at 4°C and for 1 h at 37°C. Trypsin was inactivated with 
medium containing chelexed fetal bovine serum (FBS), and epider-
mal cells were gently removed from the skins with a scalpel. Cells 
were filtered and resuspended as single-cell suspensions in staining 
buffer (SB) containing PBS/4% chelexed FBS. Cells were incubated 
with the following antibodies for 30 min on ice in the dark: CD34-
biotin (1:50; eBioscience) and Cd49f-PE (1:75; BD Biosciences). 
Cells were washed, resuspended in SB, and incubated with strepta-
vidin-APC (1:200; BD Biosciences) for 30 min on ice in the dark. 
Cells were washed and resuspended at 1 × 106 cells/ml. Propidium 
iodide, 0.5 g/ml (Sigma-Aldrich), was added to the cell suspension 
immediately before sorting. Cells were sorted on a FACS Aria III 
equipped with FACS DiVA software (BD Biosciences).

For RNA isolation from FACS-sorted cells, 150,000 bulge cells 
were sorted into 600 μl of TRIzol LS (Life Technologies). For tumor 
RNA isolation, papillomas and nontumor skins from Nfatc1 cKO 
mice and littermate controls were homogenized in TRIzol (Life 
Technologies). Total RNAs were extracted according to manufac-
turer’s protocol and purified using the RNeasy kit (Qiagen, Venlo, 
Netherlands).

To generate cDNA, equal amounts of RNA were reverse tran-
scribed using oligo(dT) primers (Superscript III First-Strand Synthe-
sis Kit; Life Technologies). Real-time PCR was performed on a Light 
Cycler 480 II using SYBR GREEN reagents (Roche, Indianapolis, 
IN). Primers used are listed in Supplemental Table S1. Relative 
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