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Epidemiological studies indicate that the vast majority of human can-
cers are associated with environmental and occupational exposures1. 
SCCs in various locations and tissues such as head and neck, lung, 
esophagus and skin can be induced by carcinogens such as tobacco, 
alcohol and ultraviolet radiation2. Mouse models of carcinogen-
induced SCCs have been used since the early 20th century and have 
become the most extensively used model for studying cancer in vivo1. 
The procedure most frequently used to induce carcinogenesis is topical 
application of DMBA, a polycyclic aromatic hydrocarbon that induces 
DNA alterations, followed by tetradecanoyl-phorbol acetate (TPA), 
which stimulates inflammation and epidermal proliferation3. In this 
model, during the course of TPA administration, benign tumors (pap-
illomas) arise, some of which progress to invasive SCCs. It is generally  
thought that during the course of TPA administration, additional 
genomic alterations occur that lead to malignant progression3.

Balmain and colleagues discovered that the majority of DMBA-
induced papillomas and mouse skin SCCs (msSCCs) contained  
the same point mutation in Hras, HrasQ61L, which is frequently  
associated with Hras gene amplification. This suggested that Hras was 
an early and key driver in the transformation of msSCCs4–6. In addi-
tion, Trp53 mutations are found in 25%–50% of malignant SCCs, but 
not in papillomas7,8. Cytogenetic analysis and low-resolution compar-
ative genomic hybridization array revealed trisomy of chromosomes 6  
and 7 in most msSCCs9 and focal amplification of the distal region 
in chromosome 7 containing Hras and Ccnd1 (ref. 10). However, it 
remains unknown whether additional somatic mutations besides 
those in Hras and Trp53 or additional gene copy-number alterations 

(CNAs) are responsible for the initiation and progression of DMBA-
induced msSCCs. Also, the extent of the similarity between mouse 
models of chemically induced cancers and their human counterparts 
in terms of the mutational landscape remains unclear.

In addition to mouse models of carcinogen-induced cancer,  
genetically engineered mouse models of cancer are widely used 
to study skin SCC. The combination of KrasG12D expression and 
Trp53 deletion is required for malignant progression of msSCC11,12. 
However, the additional genomic alterations that promote tumori-
genesis in this genetic model remain unknown.

Here we defined the genomic landscape of both genetically induced 
and DMBA-induced msSCCs at different stages of tumor evolution 
ranging from benign papillomas to fully malignant SCCs and their 
metastases. We uncovered a characteristic mutational signature asso-
ciated with DMBA-induced skin tumorigenesis and identified several 
recurrently mutated genes that are likely drivers of tumorigenesis, 
and our findings demonstrate the importance of chromosomal altera-
tions during malignant progression. The identification of the key 
genetic events during mouse skin tumorigenesis will be useful for 
rationalizing future functional mouse genetic studies and determin-
ing which genes are most likely to present conserved functions in 
mouse and human cancers.

RESULTS
Whole-exome sequencing of DMBA-induced skin msSCC
To determine the somatic changes underlying msSCC develop-
ment, we used FACS to isolate tumor epithelial cells (TECs) with 
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Mouse models of cancers are routinely used to study cancer biology. However, it remains unclear whether carcinogenesis in mice 
is driven by the same spectrum of genomic alterations found in humans. Here we conducted a comprehensive genomic analysis of 
9,10-dimethyl-1,2-benzanthracene (DMBA)-induced skin cancer, the most commonly used skin cancer model, which appears as 
benign papillomas that progress into squamous cell carcinomas (SCCs). We also studied genetically induced SCCs that expressed 
G12D mutant Kras (Kras G12D) but were deficient for p53. Using whole-exome sequencing, we uncovered a characteristic 
mutational signature of DMBA-induced SCCs. We found that the vast majority of DMBA-induced SCCs presented recurrent 
mutations in Hras, Kras or Rras2 and mutations in several additional putative oncogenes and tumor-suppressor genes. Similar 
genes were recurrently mutated in mouse and human SCCs that were from different organs or had been exposed to different 
carcinogens. Invasive SCCs, but not papillomas, presented substantial chromosomal aberrations, especially in DMBA-induced 
and genetically induced Trp53-mutated SCCs. Metastasis occurred through sequential spreading, with relatively few additional 
genetic events. This study provides a framework for future functional cancer genomic studies in mice.
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high purity13 from DMBA-induced msSCCs in the tumor-sensitive 
FVB/N inbred mouse strain and performed whole-exome sequenc-
ing (WES) and low-depth whole-genome sequencing (shallow  
WGS) (Supplementary Fig. 1a). WES was done on 27 primary 
DMBA-induced msSCCs, 20 of which were induced by a single DMBA 
application and 7 by multiple DMBA applications (Fig. 1a,b). We also 
sequenced six matched bone marrow samples. After completing map-
ping and variant calling relative to the GRCm38/mm10 mouse refer-
ence genome, we selected somatic mutations by removing all variants 
reported in the FVBN/NJ variant database or detected in one of the 
six FVB/N bone marrow samples. Overall, we identified 17,395 non-
synonymous somatic mutations in the exomes of 27 DMBA msSCCs.  
A random selection of these was validated independently with 
Sequenom MassARRAY, which showed a true positive rate of 94% 
(Supplementary Data). Notably, the number of nonsynonymous 
somatic events per tumor in msSCCs that arose from a single DMBA 
application (mean, 431 mutations per tumor; n = 20) was less than the 
number in tumors arising from multiple DMBA applications (mean, 
1,253 mutations per tumor; n = 7, P < 1 × 10−4). The cancer cell 
fraction (CCF), which is the percentage of cancer cells carrying a 
given mutation, was ≥80% for ≥80% of mutations as determined by 
ABSOLUTE; this indicated that the vast majority of mutations were 
present in the majority of cancer cells (Supplementary Fig. 2a).

msSCCs with a unique mutational signature
Different cancers present with different mutational signatures 
depending on the types of carcinogens to which they have been 
exposed14. Here we assessed the mutational 
signature of DMBA-induced msSCCs. DMBA 
has been reported to induce substitutions 
affecting adenine (A) and guanine (G) resi-
dues15, inducing the A-to-T (A>T) hotspot 
transversion in Hras5. Our WES analysis 
showed that A>T transversions were by far 
the most common type of event, contributing 
to >60% of all detected mutations (Fig. 1c,d). 
This signature was different from any other 
signature observed in human cancer14. G>T 
transversions accounted for another 15% of 
the mutations detected in DMBA-induced 
msSCC (Fig. 1c,d). Together, A>T and G>T 
substitutions represented nearly 80% of all 

somatic mutations. We found that A>T transversions occurred more 
frequently when the A (or T) was preceded by a C (or G) and followed 
by a G (or C) (Fig. 1e–g). Notably, this context-dependent effect on 
the mutation signature was identical in mice receiving one DMBA 
application and mice receiving more than one (Fig. 1e–g). This effect 
can possibly be explained by the fact that CAG (or GTC) trinucleo-
tides are more accessible to mutagens or by the lower efficiency of  
the base excision-repair machinery that repairs lesions in this specific 
nucleotide context16. The characteristic and rather unusual mutation 
signature of DMBA-induced tumors further indicated that most non-
synonymous mutations occurred at the time of DMBA application, 
even when DMBA was applied only once.

Mutations in three Ras family members are the most common 
drivers in msSCC
To identify putative driver mutations in msSCC, we searched for genes 
mutated more frequently than expected given the average observed 
mutation frequency and the length of a given gene (χ2 analysis). We 
also used the Genome Mutational Significance in Cancer (Genome 
MuSiC) suite of tools, which uses the observed mutation signature 
and background mutation rates to identify significantly mutated 
genes. To further select driver genes, we eliminated genes that were 
not expressed in DMBA msSCC (n = 6) or in normal epidermis (n = 5) 
and considered only genes that were expressed in at least six samples 
(msSCCs or normal epidermis). Overall, χ2 analysis identified 279 
significantly mutated genes at a false discovery rate (FDR) of <0.1, 
78 of which were expressed in either msSCC or normal epidermis 
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Figure 1 Mutational signature of DMBA-TPA–
induced msSCCs. (a,b) msSCCs were induced  
in FVB/N mice by single (n = 7; a) and multiple 
(n = 20; b) DMBA applications. (c,d) Frequency 
of the different nonsynonymous single-
nucleotide substitutions found in msSCCs 
arising from single (c) and multiple (d) DMBA 
applications. (e,f) The mutation signature 
retrieved for msSCCs arising from single (e) or 
multiple (f) DMBA applications. Frequencies 
for each of the six substitutions are displayed 
in different colors and broken into 16 different 
permutations according to the neighboring 
5′ and 3′ bases. The predominant nucleotide 
context for the A>T transversion is highlighted 
on the histograms. (g) Heat map representing 
the frequency of each substitution stratified 
for the preceding (adjacent 5′) and following 
(adjacent 3′) bases in DMBA-induced msSCCs.
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(Supplementary Data). Genome MuSiC identified 26 genes with  
FDR < 0.1 (Supplementary Data); 16 of these were also identified in the  
χ2 analysis (FDR < 0.1). Like in previous studies involving mouse 
tumor WES data17, MutSigCV was too stringent, identifying Hras as the 
only significantly mutated gene (FDR = 1.5 × 10−5) (Supplementary 
Data). Kras and Trp53 were among the ten highest-ranking genes in 
MutSigCV analysis but did not remain in the list after correction for 
multiple testing. We therefore considered 81 expressed genes, contain-
ing 477 mutations in total, that were identified by either GenomeMuSiC 
or χ2 analysis (FDR < 0.1) as significantly mutated. Functional 
prediction with PROVEAN showed that more than 60%–80% 
of the mutations in expressed genes with FDR < 0.1 according to χ2 
analysis or Genome MuSiC were predicted to be functionally dis-
ruptive, as compared to 45% of mutations in a gene with FDR > 0.2  
(Supplementary Fig. 2b–e). Moreover, the ratio of synonymous muta-
tions to nonsynonymous mutations in genes identified with FDR < 0.2  
was strongly enriched for nonsynonymous mutations, further sup-
porting the idea that these mutations are more likely to act as drivers 
than as passenger mutations (Supplementary Fig. 2f,g).

The highest-ranked gene was Hras, which was mutated in 67% of 
DMBA msSCCs, with all tumors presenting the activating mutation 
Q61L5 (Fig. 2a). Kras mutations were found in 19% of the DMBA 
msSCCs, representing >50% of Hras mutation–negative tumors (five 
out of nine tumors). All detected Kras mutations (i.e., G13R, Q61L 
and Q61H; Fig. 2a) have been previously identified in DMBA msSCCs 
and shown to confer constitutive activation of the Ras pathway18. In 
addition, we identified a substitution in another Ras member (Rras2) 
that induced a similar mutation (Rras2Q72L). That mutation had not 
previously been found in msSCC but exhibited oncogenic potential  
in vitro similar to that of HrasQ61L (ref. 19) (Fig. 2a,b). Although 
mutations in Kras and Rras2 were not identified as significantly 
enriched by Genome MuSiC (FDR = 0.30 and 1.0, respectively) and 
those in Rras2 were not enriched according to χ2 analysis (FDR = 1.0)  
(Fig. 2c) because of the high frequency of mutations in DMBA-
induced msSCCs, these mutations are clearly biologically relevant, 
as previously demonstrated by their oncogenic properties in vitro 
and in vivo18,19. Furthermore, mutual-exclusivity analysis identified 
Hras and Kras mutations as the most significant pair (P = 6 × 10−4) 
(Fig. 2c and Supplementary Data). Overall, these data indicate that 
activating mutations are found in Hras, Kras or Rras2 in a mutually 
exclusive manner in 90% of DMBA-induced msSCCs.

Novel putative drivers of msSCC
In addition to Hras mutations, mutations in the tumor-suppressor 
gene (TSG) Trp53 have been reported in msSCC7,8. In our study, 
Trp53 was the second most significantly mutated gene (Fig. 2c). Point 
mutations in Trp53 were found in 30% of msSCCs, with an additional 
deletion inducing Trp53 loss of heterozygosity in 25% of those tumors. 
All Trp53 mutations occurred in conserved amino acids located in 
the gene’s DNA-binding domain, including truncating mutations and 
mutations located at previously identified hotspots such as R273H 
(R270H in humans). The majority (70%) of Trp53 mutations did not 
have the DMBA signature, which suggested that Trp53 mutations 
occurred later in tumor progression (Supplementary Fig. 3a).

We identified recurrent mutations with FDR < 0.1 by χ2 analysis 
and FDR < 0.25 by Genome MuSiC in several functionally demon-
strated TSGs, including Myh9 (ref. 20) (22%), Blm21 (22%), Notch1 
(ref. 22) (30%), Ptprm23 (22%) and Rpl36 (ref. 24) (7%). These muta-
tions often affected functional domains previously noted in human 
SCC (Fig. 2c, Supplementary Fig. 3a–e and Supplementary Data). 

Histone modifiers and epigenetic regulators including Gltscr1 (26%), 
Nsd1 (ref. 25) (7%) and Vprbp (22%) were recurrently mutated in 
msSCCs in similar functional domains as in human cancers (Fig. 2c, 
Supplementary Fig. 3f–h and Supplementary Data). Genes regulat-
ing cell adhesion, polarity and cytoskeleton and implicated in cancer, 
such as Nav3 (ref. 26) (26%), Slit3 (ref. 27) (26%), Ap1m2 (ref. 28) 
(26%), Wwc1 (ref. 29) (26%) and Palld30 (26%), were also recurrently 
mutated in msSCCs, as were genes regulating drug resistance (Abcb1a, 
Sult1a1 and Gsto2) and RNA metabolism (Sf3a3 and Rexo1) (Fig. 2c, 
Supplementary Fig. 3i and Supplementary Data).

The mouse SCC mutational landscape is similar to that of 
human SCC
We then assessed whether the somatic mutations identified in DMBA-
induced msSCC were similar to the mutations found in human SCCs 
from different body locations such as skin31–34, head and neck25,35,36, 
lung37, esophagus38,39, mouth40, cervix41 and nasopharynx42. Many 
mouse genes with human counterparts reported to be recurrently 
mutated in human SCCs from different organs and exposed to dif-
ferent carcinogens, such as Hras, Kras, Trp53, Fat1, Notch1, Notch2, 
Unc13c, Ash1l, Kmt2d, Kmt2c, Ep300, Setd2, Usp9x, Arid1a, Arid2, 
Smg1, Nsd1, Nfe2l2, Syne1-2 and Tgfbr2 (refs. 25,31–42), were also 
frequently mutated in DMBA msSCCs (Fig. 2d).

Next we assessed more systematically whether genes that are 
mutated in human SCC are indeed significantly enriched in DMBA 
msSCC. Specifically, we calculated the overlap between genes recur-
rently (>10%) mutated in msSCC and human SCCs such as head and 
neck SCC25, esophageal SCC39, lung SCC37 and cervical SCC (http://
www.cbioportal.org/study.do?cancer_study_id=cesc_tcga) while con-
sidering three unrelated cancers (acute myeloid leukemia (http://www.
cbioportal.org/study.do?cancer_study_id=laml_tcga), melanoma 
(http://www.cbioportal.org/study.do?cancer_study_id=skcm_tcga) 
and lung adenocarcinoma43) (Supplementary Data). We observed 
significantly more overlapping genes between msSCCs and human 
SCCs than between msSCCs and unrelated cancers; specifically, 35%, 
44%, 25% and 18% of genes overlapped between msSCC and human 
SCC from head and neck (P = 5.8 × 10−5), cervix (P = 2.6 × 10−5),  
esophagus (P = 0.026) and lung (P = 5.9 × 10−5), respectively, as com-
pared to 0% overlap with acute myeloid leukemia (P = 1), 14% overlap 
with melanoma (P = 0.015) and 17% overlap with lung adenocarci-
noma (P = 3.1 × 10−5), with the last two cancers induced by similar 
carcinogens. These data suggest significant similarity between recur-
rently mutated genes in DMBA-induced msSCC and human SCCs of 
different origins and exposed to different carcinogens.

Recurrent CNAs in msSCC
To define the role of chromosomal aberrations in DMBA msSCCs, 
we assessed somatic DNA CNAs via shallow WGS of nine prema-
lignant papillomas and 24 out of 27 msSCCs (comparative genomic 
hybridization array data were available for the remaining 3 msSCCs). 
Although 80% of the benign papillomas did not contain any CNAs,  
all msSCCs were aneuploid with frequent whole-arm or whole- 
chromosome gains or losses, as well as focal CNAs (Fig. 3a,b).

At the arm level, GISTIC analysis showed that chromosomes 6  
(harboring Kras) and 15 (harboring Myc) were the most frequently 
amplified chromosomes in 48% and 44% of tumors, respectively  
(Fig. 3c and Supplementary Data). Chromosome 9, which con-
tains Atm, Atr and Cdkn2d (p19), was significantly deleted in 26% of  
msSCCs (Fig. 3c and Supplementary Data). GISTIC analysis of focal 
CNAs identified amplified regions on 7qB5, containing Herc2, a gene 
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Figure 2 Recurrent somatic mutations in DMBA-induced msSCCs. (a,b) Prevalence and localization of somatic mutations in Hras, Kras and Rras2.  
(a) Previously described HrasQ61L, KrasQ61L, KrasQ61H and KrasG13R activating mutations were identified in 23 of 27 msSCCs. A newly identified Rras2Q72L 
mutation was found that corresponded to amino acid position 61 in the Ras domain of Hras and Kras, as shown by protein sequence alignment (b).  
(c) Data matrix showing Ras mutations occurring in msSCCs in a mutually exclusive manner and significantly mutated genes in msSCCs classified 
according to their function. Somatic mutations are presented according to the type of mutation (missense, stop-gain, insertion or deletion; colors defined 
in key). The proportion of msSCC tumors exhibiting mutations in the corresponding gene is shown on the right, along with FDR q values as determined 
by Genome MuSiC (gray bars) and χ2 (black bars) statistical tests. Genes with an FDR q < 0.1 for χ2 and q < 0.25 for Genome MuSiC were considered 
significant. The number of synonymous and nonsynonymous mutations for each gene is shown to the left of the histogram. (d) Data matrix showing 
the nonsynonymous substitutions found in DMBA-induced msSCCs and recurrently mutated genes in human SCCs. The proportion of msSCCs showing 
mutations of the corresponding gene is plotted on the right, along with the mutation frequency (%) in human SCCs from different organs. SKSCC, skin 
SCCs 1 (refs. 31–34), 2 (ref. 32), 3 (ref. 33) and 4 (ref. 34); HNSCC, head and neck SCCs 1 (ref. 25), 2 (ref. 35) and 3 (ref. 36); LUSCC, lung SCC37; 
ESSC, esophageal SCCs 1 (ref. 38) and 2 (ref. 39); OSCC, oral SCC40; CSCC, cervical SCC 1 (ref. 41); NPC, nasopharyngeal carcinoma42.

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



RESOURCE

950	 VOLUME 21 | NUMBER 8 | AUGUST 2015 nAture medicine

–1 0 1

1

2

3

4

5
6

7
8

10
9

11
12
13
14
15

17

19

16

18

Chr. D
17

T
5

T
4

T
3

T
2

T
1

D
94

D
93

D
92

D
91

D
89

D
88

D
87

D
76

D
64

D
60

D
55

D
53

D
33

D
32

D
10

0
D

10
2

D
10

3
D

78
D

80
D

81
D

86

G
2T

2
G

6T
1

G
18

7-
1

G
18

7-
2

G
18

7-
3

G
18

7-
5

G
18

8-
7

G
2T

1
G

3T
1

G
5T

1
G

4T
1

D
69

P
1

D
69

P
2

D
71

P
4

D
73

P
2

D
73

P
3

D
75

P
2

D
75

P
3

D
75

P
4

D
76

P
1

DMBA msSCCs KrasG12D/Trp53-KO
msSCCs

DMBA
paps

KrasG12D/
Trp53-KO
msSCC

DMBA
pap

a b

DMBA
msSCC

Chr. 1 2

1.0

3 4 5 6 7 8 9 10 11 12 13 14 151617 1918

0.5

0

–0.5

–1.0 1

1.0

0.5

0

–0.5

–1.0

1.0

0.5

0

–0.5

–1.0

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1

2

3

4

5
6

7
8

10
9

11
12
13
14
15

17

19

16

18

Chr.c d e

10–4 10–6 10–80.25 0.25
q value

C

10–2 10–2 10–4 10–60.25 0.25

15qD1
(Myc)

7qF5

17qB1

DMBA SCCs KrasG12D/Trp53-KO
msSCCs

Hras
Myc

Crisp3
Ccnd2

Atm, Atr

Hras
Kras

Rras2

Missense DeletionAmpli�cation

q value

G
2T

2
G

6T
1

G
18

7-
1

G
18

7-
2

G
18

7-
3

G
18

7-
5

G
18

8-
7

G
2T

1
G

3T
1

G
5T

1
G

4T
1

D
87

/1
D

60
/1

D
33

/2
D

17
/1

T
5

T
1

T
4

D
55

/1
D

81
/1

D
53

/1
D

89
/1

T
3

D
10

0/
1

D
10

3/
1

D
86

/1
D

76
/1

D
10

2/
1

D
88

/1
D

32
/2

T
2

D
91

/1
D

80
/1

D
93

D
64

/1
D

78
/1

D
92

/1
D

94
/1

(Hras)

(Crisp3)

10–8 0.25 0.25 10–410–4

1

2

3

4

5
6

7
8

10
9

11
12
13
14
15

17

19

16

18

Chr.

10–2 0.110–4 0.25 0.25

9qE1
(Atm, Atr)

6qF3

15qD1

p53
WT

p53
mut

KrasG12D/
Trp53-KO
msSCCs

DMBA
paps

N
um

be
r 

of
 w

ho
le

-
ch

ro
m

os
om

e 
C

N
A

s

DMBA
msSCCs

*

0

5

10

15

f g h i

**
*

**

p53
WT

p53
mut

KrasG12D/
Trp53-KO
msSCCs

DMBA
paps

DMBA
msSCCs

N
um

be
r 

of
 fo

ca
l C

N
A

s

0

5

10

15

20

25

q value q value

(Myc)

(Ccnd2)

Figure 3 Recurrent CNAs in DMBA-induced and genetically induced msSCC. (a) Shallow WGS plots for a representative papilloma (pap; n = 9),  
DMBA msSCC (n = 27) and genetic KrasG12D expression with Trp53 knockout (KrasG12D/Trp53-KO) msSCC (n = 11). (b) Heat map of copy-number 
gains and losses identified in DMBA-induced papillomas and msSCCs and in genetically induced KrasG12D-expressing Trp53-knockout msSCCs. Red 
denotes a copy-number gain, and blue denotes a copy-number loss. Chromosome numbers are shown on the left. (c) GISTIC analysis for recurrent whole-
chromosome amplification or deletion in DMBA msSCCs identified statistically significant recurrent amplification of chromosomes 6 (Kras) and 15 (Myc) 
and deletion of chromosome 9 (Atm, Atr, Cdkn2d). (d) GISTIC analysis of recurrent focal CNAs identified statistically significant recurrent copy-number 
amplifications on 7qB5, 7qF5 containing Hras, 15qD1 containing c-Myc and 17qB1 containing Crisp3. (e) Matrix showing focal CNAs in DMBA-induced 
and genetically induced msSCC tumors. (f,g) Number of whole-chromosome (f) and focal (g) CNAs per tumor found in DMBA-induced papillomas  
(n = 9), DMBA-induced msSCCs expressing wild-type (WT) p53 (n = 18), DMBA-induced msSCCs expressing mutant (mut) p53 (n = 9) and genetic 
KrasG12D Trp53-knockout msSCCs (n = 11) (black bars denote mean ± s.e.m.; *P < 0.05, **P < 0.01, Student’s t-test). (h) GISTIC analysis for  
recurrent whole-chromosome CNAs in genetic KrasG12D Trp53-knockout msSCCs identified statistically significant deletions of chromosomes 3 and  
9 and amplification of chromosome 5. (i) GISTIC analysis of focal CNAs in genetic KrasG12D Trp53-knockout msSCCs identified statistically  
significant amplification of 15qD1 (Myc) and 6qF3 (Ccnd2), as well as deletion in 9qE1 (Atm, Atr).
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encoding a ubiquitin ligase that degrades Brca1 (ref. 44) (60%); 7qF5, 
containing Hras (44%); and 15qD1, containing the Myc oncogene 
(41%) (Fig. 3d,e and Supplementary Data). Amplifications of Hras 
affected 10 out of 19 msSCCs with HrasQ61L mutations. In two tumors 
the amplification specifically involved the mutated allele, supporting 
the idea that focal Hras amplifications occur after DMBA administra-
tion and control tumor progression5. c-Myc amplification has been 
reported in human skin SCC45 and is associated with poorly differ-
entiated tumors45. In addition, we identified a recurrent amplification 
of region 17qB1 (30%) containing Crisp3 (Fig. 3d,e), a gene expressed 
in a subset of prostate cancers with poor prognosis46, and Pgk2, which 
expresses an enzyme of the glycolytic pathway. Overall, these data 
indicate that whole-chromosome amplifications and focal CNAs are 
likely to influence the progression of DMBA-induced tumors by affect-
ing regions harboring well-established and putative oncogenes.

Interestingly, the number of whole-chromosome events, but not 
of focal CNAs, was higher in Trp53-mutated tumors than in Trp53 
wild-type tumors (Fig. 3f,g and Supplementary Data). To validate 
this observation, we performed WES and shallow WGS of geneti-
cally induced msSCCs expressing KrasG12D and deficient for p53 
(refs. 11,12). WES showed that these tumors had very few additional 
somatic mutations besides the initial KrasG12D mutation (four muta-
tions per tumor on average) (Supplementary Data). However, the 
number of whole-chromosome events in genetically p53-deficient 
msSCCs was significantly higher than that in DMBA msSCCs express-
ing wild-type Trp53, but it was comparable to that in Trp53-mutated 
DMBA msSCCs (Fig. 3f–h and Supplementary Data), supporting the 
notion that p53 deficiency promotes aneuploidy in skin SCCs.

Correlation between mutational landscape and tumor histology
To assess whether the mutational landscape influences the tumor 
phenotype, we conducted detailed histological analysis of the 
sequenced tumors. We stained 18 tumors with various markers to 
assess their differentiation, invasion and proliferation status (Fig. 4a–j  
and Supplementary Fig. 4). All tumors were invasive carcinomas 
containing zones where tumor cells invaded the underlying mesen-
chyme. All but one tumor were histologically classified as moder-
ately differentiated to well-differentiated SCCs with keratin pearls 
(Fig. 4a–d,g–j and Supplementary Fig. 4a,b). The remaining tumor 
was a spindle cell carcinoma showing loss of epithelial markers such 
as E-cadherin and strong expression of vimentin (Fig. 4e,f and 
Supplementary Fig. 4a).

Hras- and Rras2-mutated tumors presented with very similar his-
tology and consisted of well-differentiated to moderately differenti-
ated SCC (Fig. 4a,b,g,h and Supplementary Fig. 4a,b). Kras-mutated 
tumors were composed of smaller epithelial sheets that were more 
intermingled with mesenchymal cells (Fig. 4i–j), suggesting that Kras 
tumors are usually more invasive. However, the only spindle cell car-
cinoma was mutated for HrasQ61L (Fig. 4e–f), which suggested that 
Hras mutation can lead to very invasive tumors as well. The other 
tumors that did not have mutated Ras genes consisted of moderately 
differentiated SCCs expressing K14 (Supplementary Fig. 4a,c).

Clonal evolution during metastasis
It is still unclear whether the metastatic process requires the acquisi-
tion of additional genetic events or whether metastasis is mainly con-
trolled by epigenetic and transcriptional changes. It is also not known 
at which stage metastasis occurs and how lymph node (LN) and lung 
metastasis are connected in the DMBA model. To address these ques-
tions, we compared the mutational landscape of five primary tumors 
and their metastases (four LN metastases and two lung metastases) 
sequenced at high depth. Most mutations were common between the 
primary tumor and the metastasis, and only very few nonsynonymous 
mutations or CNA changes were unique to the metastasis (Fig. 5a and 
Supplementary Data), which suggested that metastasis is a relatively 
late event and that few additional genetic changes are associated with 
it. Mutations unique to metastases indeed had a different mutational 
signature, confirming the DMBA-independent appearance of the 
metastatic clone (Fig. 5b and Supplementary Data). Assessment of 
CCFs showed that primary tumors and paired metastases consisted 
of a predominant clone in which shared mutations had a CCF > 95% 
(Fig. 5c). In contrast, mutations unique to the primary SCC or metas-
tasis had a much lower CCF (~50%) (Fig. 5c,d), which enabled us to 
define the clonal-lineage relationship between the primary tumor and 
paired metastases and confirmed the late occurrence of the metastatic 
clone. One mouse presented with a primary SCC, a positive LN and 
a lung metastasis (Fig. 5e). The primary tumor and its metastases 
contained 397 shared mutations, demonstrating their common ori-
gin. The lung metastasis contained 12 mutations that were shared 
with the primary tumor but not with the LN. The LN metastasis did 
not present mutations shared exclusively with the primary tumor 
(i.e., that were not found in the lung metastasis) and contained only  
one additional mutation relative to the primary tumor (Fig. 5f). 
Overall, this suggested an early metastatic seeding event from the 
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primary SCC tumor to the LN and a later 
independent seeding event to the lung from 
a subclone of the primary tumor during lung 
metastasis (Fig. 5g).

DISCUSSION
Our study provides the first comprehensive 
analysis of the mutational landscape in the 
frequently used DMBA-induced skin SCC 
mouse model. DMBA induced a distinctive 
mutational signature suggesting that most 
mutations occurred at the time of DMBA 
administration. The mutational signature 
of DMBA-induced skin SCCs is very differ-
ent from the mutational signature of other 
human cancers14 and of mouse lung tumors induced by carcinogens 
such as N-methyl-N-nitrosourea (MNU)17. Strikingly, despite this 
difference in DNA assault, the mutational heterogeneity induced by 
these different carcinogens results in the selection of different activat-
ing variants of the same gene. For instance, MNU induces KrasG12D 
mutations, urethane leads to KrasQ61R mutations and DMBA induces 
KrasQ61L mutations17.

Our analysis showed that 90% of msSCCs were driven by activating 
mutations in three different Ras genes; the most frequently mutated 
was Hras, followed by Kras and Rras2. In addition to activating Ras 
mutations, these tumors contained inactivating mutations in well-
known TSGs such as Trp53 and Myh9, or in other DNA-repair genes. 
A sizable proportion of tumors presented mutations in epigenetic and 
chromatin regulators, which could be important for reprogramming 
of the targeted oncogene and potentially could explain the relatively 
long delay between DMBA application (about 16 weeks) or geneti-
cally induced KrasG12D expression with Trp53 knockout (2 months) 

and the appearance of skin SCC. Many genes uncovered in functional 
screens of skin tumorigenesis, by either whole-genome shRNA silenc-
ing (e.g., Myh9)20 or transposon-induced mutagenesis (e.g., Notch1, 
Nsd1 and Fat1)47, were also frequently mutated in the DMBA-induced 
msSCCs, which served as functional validation of some of the genes 
found to be recurrently mutated in DMBA msSCC and showed that 
these genes are indeed bona fide TSGs in DMBA-induced SCC car-
cinogenesis. Interestingly, we found considerable similarity in the 
genes frequently mutated in mouse and human SCCs, suggesting that 
chemical-induced skin carcinogenesis, despite its completely different 
mutational landscape, selects for mutations in the same genes that 
are mutated in human SCCs. The relative frequency of these mutated 
genes differed between mouse and human SCCs; for example, Trp53 
mutations were more frequently found in human SCCs, whereas Ras 
mutations were more frequent in msSCCs.

In addition to somatic mutations, msSCCs also contained frequent 
and recurrent focal amplifications of Hras and c-Myc oncogenes, as 
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Figure 5 Clonal evolution in primary and  
metastatic DMBA-induced msSCC. WES  
was performed on primary msSCCs (n = 5)  
and paired lung or LN metastases (n = 6).  
ABSOLUTE was used to assess the mutation 
CCF and to model clonal evolution. (a) Venn  
diagrams representing numbers of shared  
and tumor-specific mutations in four primary 
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well as whole-chromosome duplications or deletions. Most prema-
lignant papillomas were devoid of such CNAs, suggesting that the 
acquisition of chromosomal aberrations is associated with malignant 
progression. The whole-chromosome CNA events were strongly asso-
ciated with the presence of Trp53 mutations in the DMBA-induced 
msSCCs. Likewise, in KrasG12D-expressing Trp53-knockout SCCs, 
we identified very few additional somatic mutations but noted sub-
stantial chromosomal rearrangements, as observed in p53-deficient 
lung tumors48 and lymphoma49, and this seems to be a hallmark of 
genetically induced p53-deficient mouse tumors.

Genomic analysis of LN and lung metastases from msSCCs showed 
that SCC metastasis involved very few additional mutations and/or 
chromosomal rearrangements compared to the primary tumors; this 
suggested that epigenetic, transcriptional and environmental changes 
could be the major determinants of the metastatic process. Future 
studies will be required to determine whether metastasis-associated 
mutations have a functional role and which mechanisms aside from 
genetic tumor heterogeneity control the metastatic process.

In summary, this study delineated the mutational landscape of the 
most common carcinogen-induced mouse tumors and the genetic 
changes that control tumor heterogeneity and accompany tumor 
initiation, progression and metastasis. This study can serve as an 
important resource for establishing the framework for future cancer 
genomics studies in mice that better mimic the genetic heterogene-
ity found in human cancers and that will be essential to define the 
mechanisms by which the newly identified recurrently mutated genes 
in human cancer promote tumor initiation and progression.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. The raw data from whole-exome sequencing, 
whole-genome sequencing and RNA sequencing are available in the 
ArrayExpress database under accession numbers E-MTAB-2887,  
E-MTAB-2888 and E-MTAB-2889, respectively.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Mouse strains. FVB/N mice, an inbred strain sensitive to DMBA- 
induced skin SCCs50, were obtained from Charles River Laboratories. 
Lgr5CREER/KrasLSL-G12D/Trp53fl/fl/Rosa-YFP mice51 were maintained on 
a mixed genetic background. Both male and female mice were used in the 
experiments. Mouse colonies were maintained in a certified animal facility in 
accordance with European guidelines. The experimental protocol (483N) was 
approved by the ethical committee of the Université Libre de Bruxelles.

DMBA-TPA–induced skin tumors. FVB/N mice were treated with DMBA and 
TPA (12-O-tetradecanoyl phorbol-13-acetate) as previously described3. For single  
DMBA-dose administration (n = 20 mice), DMBA (200 µl of 0.25 mg/ml  
solution in acetone) was applied to shaved skin on the backs of 28-d-old mice, when 
hair follicles are in their regenerative stage (anagen), as administration of DMBA 
during this stage promotes tumor development52. TPA (200 µl of 0.02 mg/ml 
solution in acetone) was then applied once weekly to these mice for 16 weeks.  
For the group of mice receiving multiple DMBA administrations (n = 7), DMBA 
was applied once weekly for 6 weeks, starting on postnatal day 28, and TPA 
was applied once weekly for 16 weeks. In total, 27 msSCCs, six paired lung  
or lymph node metastases, and nine premalignant tumors (papillomas) on  
30 different DMBA-treated mice were included in this study for statistical  
analysis of gene mutation enrichment and copy-number alterations. All collected 
SCCs were included, and no mice were excluded from analysis or experimenta-
tion. As all mice used for DMBA-induced carcinogenesis experiments were from 
the FVB/N inbred strain, WES was done on six bone marrow (BM) samples from 
six different FVB/N mice to provide germline DNA for use in the elimination 
of eventual single-nucleotide polymorphisms (SNPs).

Tamoxifen administration for genetic KrasG12D p53-deficient model. 
Lgr5CREER/KrasLSL-G12D/Trp53fl/fl/Rosa-YFP mice51 were treated with four  
2.5-mg doses of tamoxifen on days 28–31 after birth. Carcinomas were harvested 
2 months after tamoxifen administration. In total, 11 SCCs from seven differ-
ent mice were included in WES and shallow WGS. Because these were outbred 
strains, WES and shallow WGS were done on the BM of each mouse (n = 7) to 
provide germline DNA for the elimination of SNPs.

Histology, immunostaining and imaging. DMBA tumors were embedded 
in OCT (optimal-cutting-temperature compound), and 5-µm cryosections 
were fixed in 4% paraformaldehyde for 10 min at room temperature. Samples  
were sectioned into 4–6 mm sections with a CM3050S Leica cryostat  
(Leica Microsystems). The following primary antibodies were used: anti-Ki67 
(polyclonal rabbit, 1:200; ab15580, Abcam), anti-vimentin (rabbit, 1:2,000; 
clone EPR3776, Abcam), anti-K14 (polyclonal chicken, 1:1,000; SIG-3476-0100,  
Covance), anti-K8 (monoclonal rat, 1:1,000, TROMA-I, Developmental Studies 
Hybridoma Bank, University of Iowa) and anti–E-cadherin (rat, 1:1,000; clone 
ECCD-2, Invitrogen). Sections were incubated in blocking buffer (5% normal 
donkey serum, 1% BSA, 0.2% Triton in PBS) for 1 h at room temperature. 
Primary antibodies were incubated overnight at 4 °C. Sections were rinsed 
three times in PBS and incubated with secondary antibodies diluted at 1:400 
for 1 h at room temperature. The following secondary antibodies were used: 
anti-rabbit rhodamine Red-X (Jackson ImmunoResearch), anti-rat Cy5 (Jackson 
ImmunoResearch) and anti-chicken Alexa Fluor 488 (Molecular Probes). Nuclei 
were stained in Hoechst solution (4 mM), and slides were mounted in DAKO 
mounting medium supplemented with 2.5% Dabco (Sigma). Pictures were 
acquired with an Axio Imager M1 Microscope and an AxioCamMR3 camera 
using Axiovision software (Carl Zeiss).

FACS isolation of tumor epithelial cells. For FACS isolation of tumor  
epithelial cells, DMBA-induced and genetically induced msSCCs were minced 
and digested in collagenase I (Sigma) for 1 h at 37 °C on a rocking plate.  
EDTA (5 mM) in PBS was used to neutralize the collagenase for 30 min. The 
cell suspension was filtered through 60-µm cell strainers (BD Biosciences)  
and then rinsed in PBS supplemented with 2% FCS. For antibody labeling,  
cells were blocked for 20 min at room temperature in PBS supplemented  
with 30% FCS. Immunostaining was done with phycoerythrin (PE)-conjugated  
anti-CD31 (clone MEC13.3, 1:100, BD Pharmingen), PE-conjugated  

anti-CD140a (clone APA5, 1:100, eBiosciences), PE-conjugated anti-CD45 
(clone 30F11, 1:100, eBiosciences) and allophycocyanin-Cy7–conjugated anti-
Epcam (clone G8.8, 1:100, Biolegend) for 30 min on ice. Cell isolation was done 
with FACSAria and FACSDiva software (BD Biosciences). Living tumor cells 
were selected by forward scatter, side scatter and Hoechst dye exclusion (Life 
Technologies). For DMBA-induced msSCCs, tumor epithelial cells were isolated 
on the basis of expression of the epithelial marker Epcam after exclusion of 
fibroblasts, leukocytes and endothelial cells labeled with CD140a, CD45 and 
CD31, respectively (Supplementary Fig. 1a). For genetic KrasG12D-expressing 
Trp53-knockout Rosa-YFP msSCCs, tumor cells were isolated on the basis of 
YFP expression (Supplementary Fig. 1b). Sorted cells were collected in PBS 
and processed for nucleic acid extraction.

Isolation of normal epidermal cells. Back skin from 28-d-old FVB/N female 
mice was dissected and incubated overnight in trypsin-EDTA at 4 °C after the 
removal of subcutaneous adipose tissue as previously described53. Then the 
trypsin was neutralized and the epidermis was detached, minced, and filtered 
through 70-µM and then 40-µM pores (BD Biosciences). Single-cell suspensions 
in 2% FCS in PBS were then counted and used for RNA extraction.

DNA and RNA extraction. Genomic DNA was purified from approximately 
2 million cells isolated from tumors by FACS or from normal epidermis (see 
above) using the Qiagen DNeasy blood and tissue kit (Qiagen) according to the 
manufacturer’s recommendations. mRNA extraction (approximately 2 × 105 
cells isolated from sorted tumors of normal epidermis) and DNase treatment 
were done with the RNeasy micro kit (Qiagen) according to the manufacturer’s 
recommendations. Genomic DNA from DMBA-induced premalignant papil-
lomas and from lymph node and lung metastases was extracted from total tissues 
because of the small size of the tumors. For this, a tissue sample of approximately 
2 mm3 was dissected, minced and directly digested for genomic DNA extrac-
tion with the Qiagen DNeasy blood and tissue kit (Qiagen) according to the 
manufacturer’s recommendations.

WES, somatic mutation calling and annotation. Whole-genome DNA libraries 
were created with the Illumina TruSeq DNA sample preparation kit V2 accord-
ing to the manufacturer’s instructions, and whole-exome capture was done 
with the Nimblegen SeqCap EZ Developer Library kit (110624_MM9_Exome 
L2R_D02_EZ_HX1_9999042611). The resulting whole-exome libraries were 
then sequenced on a HiSeq2000 (Illumina) using a V3 or V4 flow cell generat-
ing two 100- or 125-bp paired-end reads. Raw sequencing reads were mapped 
to the mouse reference genome (GRCm38/mm10) using the Burrows-Wheeler 
Aligner54 and were processed further with SAMtools55. The sequencing metrics of 
the individual samples are summarized in the Supplementary Data. On average, 
samples were sequenced with a sequencing depth of 68× with 94% of the exome 
covered by >10×. Genome Analysis Toolkit 2 (GATK)56 was used to perform 
base recalibration and local realignment around insertion-deletions (indels). 
Substitutions were called by the Unified Genotyper of GATK, whereas small 
indels were detected using Dindel (v1.01)57. In the 27 DMBA-induced tumor 
samples, on average 72,330 such variants were detected, whereas in the six BM 
samples an average of 71,231 variants were detected. Similarly, on average 154,367 
and 183,145 indels were called in tumor and BM samples, respectively. There were 
fewer detected substitutions in the genetic msSCCs (60,335 variants) and a simi-
lar number for the indels (189,912). We selected somatic variants by removing  
variants present in any of the six FVB/N BM samples (for DMBA msSCCs) or 
in the corresponding BM sample from each mouse (for genetic msSCCs)58, as 
well as by removing SNPs and indels reported by the Mouse Genome Project 
of the Sanger Institute in the 129P2, 129S1, 129S5, C57BL/6NJ and/or FVB/NJ 
backgrounds. Remaining variants were annotated by ANNOVAR (v2013Jun21)59 
and the corresponding RefGene annotation track. Only nonsynonymous substi-
tutions and frameshift indels were selected. Finally, the number of reference and 
alternative reads for each remaining mutation was counted. Mutations with >5% 
alternative reads in any of the BM samples and mutations with <10% alternative 
reads in the tumor were discarded. As a result, 22,839 somatic mutations (846 per 
tumor on average) and 255 somatic indels (8 per tumor on average) were identi-
fied in the DMBA msSCCs, and 45 somatic mutations (4 per tumor on average) 
and 2 somatic indels were identified in the genetic msSCCs.
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Validation of somatic mutations in DMBA msSCC. All somatic mutations that 
were present in at least two independent tumors were considered as potential 
recurrent somatic mutations. First, all potential recurrent mutations were manu-
ally curated in IGV to exclude the possibility that they represented germline 
SNPs (Supplementary Data). Next, we subjected these 98 substitutions to an 
orthogonal validation experiment using Sequenom MassARRAY. Five muta-
tions were detected in at least one germline sample, suggesting that they were 
SNPs; 45 were detected in only one tumor, suggesting that they were unique 
substitutions; and 16 were false positive substitutions in both samples. The 
design or validation of 17 recurrent mutations failed, often because of issues 
with the primer design, as mutations were often located in highly repetitive DNA 
sequences, suggesting that they probably did not represent true positives. For 
the few mutations for which the design failed, a very careful manual inspection 
in IGV was considered as validation. Overall, 14 substitutions were confirmed 
as recurrent substitutions.

The total set of unique substitutions (i.e., substitutions detected in only one 
tumor sample) was too large to be independently validated with an orthogonal 
technology. Nevertheless, validation of a random set of 80 unique substitu-
tions showed that 73 substitutions were true positives (Supplementary Data). 
Inspection in IGV showed that the false positives were identified as somatic 
substitutions most likely because mapping issues had precluded their identifica-
tion in the FVB/N reference genome. Indeed, most false positive variants were 
located on clusters of several somatic substitutions. To resolve this, we applied 
an additional filtering strategy. We calculated the average number of mutations 
divided by the length of the exon. For small exons the minimum length was set 
at 100 bp. When assessing the 80 validated unique substitutions, we observed 
that substitutions in an exon with a mutation frequency of <0.001 and in the 
range of 0.001–0.005 represented likely true positives, whereas substitutions in 
exons with a mutation rate higher than 0.005 were less likely to be true posi-
tives. On the basis of these results, we removed somatic substitutions that were 
clustered in regions exhibiting a mutation rate exceeding 0.005. Consequently, 
17,247 somatic mutations (639 per tumor on average) were considered further 
as high-confidence true positive mutations.

Our analysis revealed 255 potential somatic indels. Manual inspection in 
IGV showed that 74 indels were also detectable in the matched germline, albeit 
in a small fraction of sequence reads, and therefore most likely represented 
SNPs. The remaining 192 potential somatic indels were subjected to orthogo-
nal validation on Sequenom. Overall, 192 indels were successfully genotyped 
(Supplementary Data): 148 indels as true positives, 43 indels as false positives 
and one in a germline sample.

The final lists of high-confidence mutations and indels in DMBA msSCC, 
metastases and genetic msSCC are provided in the Supplementary Data. The 
numbers of mutations observed in mice receiving single and multiple DMBA 
treatments were both normally distributed. On average, 1,253 ± 333 and  
431 ± 230 true positive mutations were detected in mice receiving multiple and 
single DMBA administrations, respectively. The raw data from whole-exome 
sequencing, whole-genome sequencing and RNA sequencing are available in the 
ArrayExpress database under accession numbers E-MTAB-2887, E-MTAB-2888 
and E-MTAB-2889, respectively.

Sequenom validation. The selected indels and substitutions were validated with 
Sequenom MassARRAY genotyping according to the manufacturer’s instruc-
tions. Primers were designed with MassARRAY Assay Design software v3.1. 
Automated genotyping calls were generated with MassARRAY RTTM software 
v4.0 and were validated by manual review of the raw mass spectra. Recurrent 
substitutions and indels that initially could not be successfully genotyped were 
redesigned for a second attempt using a new set of Sequenom primers (for 
example, by designing new extension primers that annealed on the opposite 
DNA strand relative to the extension primer from the first validation round). 
If they could not be genotyped in the second round, they were considered as 
false positive findings.

Significantly mutated genes in DMBA msSCCs. We used three approaches 
to identify significantly mutated genes. First we used the Genome MuSiC smg 
option60. This analysis takes the sequencing coverage, the number of vari-
ants detected, the regions of interest (exons) and the reference genome into 

account. Three statistical tests are performed by the tool: FCPT (Fisher’s com-
bined P value test), LRT (likelihood ratio test) and CT (convolution test). All 
the resulting P values are FDR corrected. Genes with a q value less than 0.1 
in at least one of the three performed statistical tests were considered signifi-
cantly mutated in this study (Supplementary Data). Second, we performed a χ2  
statistical test to identify genes with an enriched mutation load compared to the 
average mutation load per gene length and calculated corresponding q values 
(Supplementary Data). Third, we used MutSigCV61, with a modified code, as 
the original is designed for human data. The covariates we used (i.e., replication 
timing and expression) were based on mouse data; the replication time used is 
described in more detail in ref. 62. For the expression we performed RNA-Seq on 
msSCC, with the genomic properties adapted according to the mouse genome. 
MutSigCV noted only Hras as a significantly mutated gene and thus was not 
appropriate for this mouse model because of the high proportion of false nega-
tives (Supplementary Data). To select drivers, we considered only genes that 
were expressed in at least half of the samples analyzed by RNA sequencing (six 
msSCC and five normal epidermis). In total, χ2 testing reported 279 statistically 
significant genes, 78 of which were expressed in msSCCs or normal epidermis, 
and Genome MuSiC reported 26 significantly mutated genes, 6 of which were 
expressed in msSCCs or normal skin (Supplementary Data). For every mutated 
gene, mouse and human homologs were aligned using UniProt, and somatic 
mutations reported in human cancer on homologous positions were searched 
in the COSMIC database.

To demonstrate that our strategy for identifying significantly mutated  
genes selects true cancer driver genes, we predicted the functional effect  
of each mutation on its respective proteins using Protein Variant Effect 
Analyzer (PROVEAN)63. PROVEAN predicted that up to 81.4%, 79.2% or 
69.7% of mutations in an expressed gene with a χ2-detemined FDR of <0.0001, 
<0.001 or <0.01, respectively, would be functionally disruptive, compared 
to 49.7% of mutations in a gene with an FDR of >0.1. Similarly, PROVEAN 
predicted that up to 100% or 81.6% of mutations with an FDR of <0.01 or 
<0.1 as determined by Genome MuSiC, respectively, would be functionally 
disruptive, compared to 49.9% of mutations with an FDR of >0.1. The same 
trend was seen when we stratified genes on the basis of other FDR cutoffs 
(Supplementary Fig. 2b–e), which verified that our selection methods enrich 
for genes with functional mutations.

As driver genes were shown to be enriched in nonsynonymous mutations64, 
we also calculated the ratio of nonsynonymous to synonymous mutations in 
the DMBA msSCC mutated genes. The ratio of nonsynonymous to synony-
mous mutations was 6.24 in our list of significantly mutated genes and 3.42 in 
non-significantly mutated genes, further showing that our selection method 
enriches for driver genes. When calculating these ratios for different sets of genes 
on the basis of their FDR values, we noticed that genes with a low FDR value 
were enriched for a high ratio of nonsynonymous to synonymous mutations 
(Supplementary Fig. 2f,g).

RNA sequencing, analysis and annotation. RNA sequencing was performed 
on FACS-sorted cells from six DMBA msSCCs and five normal epidermal 
samples. RNA libraries were created using the Illumina TruSeq RNA sample 
preparation kit V2 according to the manufacturer’s instructions, and result-
ing whole-exome libraries were sequenced on a HiSeq2000 (Illumina) using 
a V3 flow cell generating 50-bp reads. Raw sequencing reads were mapped to 
the transcriptome and the mouse reference genome (GRCm38/mm10) using 
TopHat 2.0 and Bowtie2.0 (ref. 59). Reads were assigned to ensemble gene I.D.s 
with the HTSeq software package. On average, 13,076,919 reads were assigned 
to genes. These reads were normalized with EDASeq65. A gene with less than 
one read per million counts in a sample was considered as not expressed in 
that sample. Only genes that showed expression in at least 6 of the 11 analyzed 
samples (msSCCs and normal skin) were considered further for mutation selec-
tion (Supplementary Data).

Similarity between msSCC and human SCC data. Genomics data from 
human data sets on squamous cell carcinomas from head and neck25, 
lung37, esophagus39 and cervix (http://www.cbioportal.org/study.do?cancer_
study_id=cesc_tcga) were explored to investigate similarities to the genes  
affected in our data set of msSCCs. Genomics data for melanoma  
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(http://www.cbioportal.org/study.do?cancer_study_id=skcm_tcga), acute mye-
loid leukemia (http://www.cbioportal.org/study.do?cancer_study_id=laml_tcga) 
and lung adenocarcinoma43 were also compared to our data set as controls. The 
human data sets were either published or assessed using cBioportal66,67. We 
compared the recurrently mutated genes (>10%) in human and DMBA msSCCs. 
Only mouse genes with corresponding human genes and vice versa were taken 
into account. The following approach was applied to statistically assess similari-
ties between the lists of genes identified in mSSCs and in human data sets. First 
the number of genes shared between the mouse and human lists was calculated; 
then 100,000 randomly generated gene lists were created with the same length 
as the human list, and the number of genes shared between the msSCCs and 
each randomly generated list was calculated. The number of overlapping genes 
obtained for each simulation was then ranked, and the percentile of the overlap 
between the mouse and human gene lists was determined, yielding an accurate  
P value. This procedure was repeated three times, and the average P value  
indicative of the similarity between msSCCs and human SCCs and controls was 
then calculated (Supplementary Data).

Mutational co-occurrence and exclusivity. To identify relationships of mutation 
co-occurrence or mutual exclusivity in genes across the msSCC cases, we per-
formed a Genome MuSiC mutation-relation analysis using 10,000 permutations 
on a list of detected significantly mutated genes (Supplementary Data).

CNA detection by shallow WGS. Shallow WGS was performed on 9 DMBA 
premalignant papillomas, 24 DMBA msSCCs, 8 paired metastases and 11 genetic 
msSCCs. Whole-genome DNA libraries were created using the Illumina TruSeq 
DNA sample preparation kit V2 according to the manufacturer’s instructions, 
and resulting whole-genome libraries were sequenced at low coverage on a 
HiSeq2000 (Illumina) using a V3 flow cell generating 50-bp reads. Raw sequenc-
ing reads were mapped to the mouse reference genome (GRCm38/mm10) using 
Burrows-Wheeler Aligner and showed 6,259,633 mapped reads on average. We 
removed PCR duplicates (8%) with Picard (v1.32 and v1.43) and obtained an 
average of 5,810,209 unique mapped reads per sample (Supplementary Data). 
Subsequently, we identified CNAs by binning the reads in 30-kb windows, cor-
recting for genomic waves using the PennCNV software package68 and trans-
forming the number of reads per 30-kb window into log R values. Resulting data 
were then segmented using the Ascat algorithm. After some modifications to 
the source code of GISTIC 2.0 (Genomic Identification of Significant Targets in 
Cancer)69, this software package was able to handle mouse data and was used 
to identify recurrent CNAs in our set of msSCCs (Supplementary Data). The 
BM samples extended with our in-house database of >25 germline samples were 
used to eliminate non-somatic copy-number events.

Modeling clonal evolution. An ABSOLUTE70 analysis was performed on  
the WGS data, in combination with the detected mutations when available.  

The detected CCFs, in combination with the shared and private mutations  
in tumors and metastases, were used to derive the clonal evolution. To be  
sure only true positive mutations were used to estimate the CCFs, all unique 
mutations were additionally validated in mice D64 and D87, with a true  
positive rate of >95%.
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Erratum: Genomic landscape of carcinogen-induced and genetically 
induced mouse skin squamous cell carcinoma
Dany Nassar, Mathilde Latil, Bram Boeckx, Diether Lambrechts & Cédric Blanpain
Nat. Med. 21, 946–954 (2015); published online 13 July 2015, corrected after print 6 August 2015

In the published article, the format was listed as Article, but this is a Resource.  The error has been corrected in the HTML and PDF versions of 
the article.
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