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Inflammation and Hras signaling control
epithelial–mesenchymal transition
during skin tumor progression

Christine E. Wong,1 Jennifer S. Yu,2,3 David A. Quigley,1 Minh D. To,1 Kuang-Yu Jen,4

Phillips Y. Huang,1 Reyno Del Rosario,1 and Allan Balmain1,5

1Helen Diller Family Comprehensive Cancer Center, University of California at San Francisco, San Francisco, California 94158,
USA; 2Department of Radiation Oncology, 3Department of Stem Cell Biology and Regenerative Medicine, Cleveland Clinic,
Cleveland, Ohio 44195, USA; 4Department of Pathology, University of California at San Francisco, San Francisco, California
94143, USA

Epithelial–mesenchymal transition (EMT) is thought to be an important, possibly essential, component of the
process of tumor dissemination and metastasis. About 20%–30% of Hras mutant mouse skin carcinomas induced
by chemical initiation/promotion protocols have undergone EMT. Reduced exposure to TPA-induced chronic
inflammation causes a dramatic reduction in classical papillomas and squamous cell carcinomas (SCCs), but the
mice still develop highly invasive carcinomas with EMT properties, reduced levels of Hras and Egfr signaling, and
frequent Ink4/Arf deletions. Deletion of Hras from the mouse germline also leads to a strong reduction in
squamous tumor development, but tumors now acquire activating Kras mutations and exhibit more aggressive
metastatic properties. We propose that invasive carcinomas can arise by different genetic and biological routes
dependent on exposure to chronic inflammation and possibly from different target cell populations within the
skin. Our data have implications for the use of inhibitors of inflammation or of Ras/Egfr pathway signaling for
prevention or treatment of invasive cancers.
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The propensity of tumor cells to undergo widespread
dissemination to distant sites is the major cause of cancer
mortality. Consequently, this process has been exten-
sively studied, but the exact nature of the events that may
contribute to, or are essential for, metastasis remains
controversial. Epithelial–mesenchymal transition (EMT)
has been variously proposed to be a necessary prerequi-
site for metastasis or to simply promote local invasion
without playing a major causal role in tumor spread to
secondary sites (Cardiff 2010; Chaffer and Weinberg
2011). In particular, much of what we have learned about
the process of EMT has come from elegant studies of
tumor cell lines, while the characterization of the path-
ways leading to EMT in vivo is much less clear. Cells that
have undergone EMT can clearly be seen in vitro, but
most human metastases derived from epithelial primary
tumors display morphologic and immunophenotypic
characteristics that are similar to the original tumor
and rarely display mesenchymal morphology. This has

been interpreted as evidence that EMT either is not
required for metastasis or is reversible and is followed
by mesenchymal–epithelial transition (MET) after dis-
semination (Thiery et al. 2009; Chaffer and Weinberg
2011).

The clinical importance of metastasis has prompted
many investigations into the mechanisms of this transi-
tion. Studies of cell lines and mouse models of cancer
have demonstrated an important role for the TGFb signal-
ing pathway in promoting EMT, leading to increased
tumor invasion (Hosobuchi and Stampfer 1989; Caulin
et al. 1995; Cui et al. 1996; Derynck and Akhurst 2007;
Padua and Massague 2009; Thiery et al. 2009). Causal
roles in promoting EMT have been proposed for Ras (Oft
et al. 1996) and p53 mutations (Adorno et al. 2009) in
addition to a range of transcription factors—including
Smads, Twist, Snail (Snai1), Slug (Snai2), and Zeb1/2—that
either activate or repress components of the EMT pathway
(Peinado et al. 2007). Parallels have also been drawn
between the properties of tissue stem cells and cells that
have undergone EMT, due to co-expression of several
putative stem cell markers (Polyak and Weinberg 2009;
Chaffer and Weinberg 2011). A major unanswered ques-
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tion in cancer biology is whether tumors with some
characteristics of stem cells arise from a normal stem
cell population (Bonnet and Dick 1997) or whether these
properties are acquired due to accumulation of genetic
events leading to a process similar to EMT in vivo. The
latter scenario has been supported by evidence linking
changes in the microenvironment—particularly induc-
tion of inflammatory cytokines—with expression of EMT
and stem cell markers (Gonzalez-Suarez et al. 2010;
Schramek et al. 2010). How these processes are coordi-
nated and whether there is heterogeneity in the cellular
and molecular routes to EMT that depend on the presence
of prior genetic events have not been clarified.

Mouse models of cancer have been crucial for our
understanding of the causal genetic and biological events
in the initiation, promotion, and progression of tumors.
Studies of skin models demonstrated an important pro-
moting role for inflammatory agents in squamous cell
carcinoma (SCC) development (Viaje et al. 1977). Similar
conclusions were reached using other models of human
cancer, including the colon (Tanaka et al. 2003) and
pancreas (Guerra et al. 2011). Collectively, these obser-
vations have led to strategies targeting inflammation for
cancer prevention or treatment (for review, see Balkwill
and Mantovani 2012).

Skin carcinogenesis is presumed to proceed in a linear
fashion through distinct stages from inflammation-
dependent benign papillomas to malignant carcinomas,
some of which undergo EMT and progress to undifferen-
tiated spindle cell carcinomas (Klein-Szanto 1989). Mu-
tation analysis has demonstrated that squamous and
spindle carcinomas arising through this classical path-
way (henceforth class A carcinomas) are clonally related
(Burns et al. 1991) and that this transition can be driven
by elevated Ras and Tgfb signaling (Cui et al. 1996; Oft
et al. 2002). We demonstrate here that most malignant
carcinomas with EMT-like characteristics (henceforth
class B carcinomas) arise by a route that is distinct from
the classical pathway, as they show reduced dependence
on the duration of exposure to the tumor promoter TPA
and on the presence of an intact functional Hras gene. We
propose that these tumors may arise from a target cell
that does not require such extensive reprogramming by
inflammatory and tumor-promoting stimuli.

Results

Gene expression analysis of mouse skin tumors

We previously described a strategy involving crosses
between different strains and species of mice to recapit-
ulate the genetic heterogeneity that is more typically
seen in outbred mouse and human populations (Nagase
et al. 1995). Histological analysis of 60 carcinomas from
an interspecific [SPRET/Ei 3 FVB/N] 3 FVB/N backcross
population (FVBBX) demonstrated a range of morphol-
ogies from well to poorly differentiated SCCs and spindle
cell carcinomas with differing proportions of SCC nests
within the tumors (Fig. 1A–F). Unsupervised clustering of
the gene expression profiles generated from these carci-

nomas (Quigley et al. 2011) identified two distinct mo-
lecular categories (Fig. 1G). The class A carcinomas
included the pure SCCs and those with a smaller but
variable spindle component. Class B carcinomas mainly
comprised the pure spindle cell carcinomas and those
tumors with only small numbers of neoplastic cells with
squamous/epithelial morphology.

A number of features of EMT have been characterized
in multiple tumor types, including loss of E-cadherin,
epidermal keratins, and transcription factors such as p63,
with gain of Vimentin. We examined expression of these
markers in both tumor classes and confirmed by im-
munohistochemistry (IHC) that epithelial markers p63,
E-cadherin (Fig. 1H–K), and Keratin 14 (data not shown)
were highly expressed in class A tumors but were very
low in class B tumors, while the opposite was seen for the
mesenchymal marker Vimentin (Fig. 1L,M). Although
negative for the epidermal keratins 5 and 14 (data not
shown), the class B spindle tumors stained positively for
Krt8/18 (Fig. 1N,O), indicative of their epithelial origin.
This observation is compatible with a model where class
B tumors have undergone EMT.

Further evidence linking the class B carcinomas to
EMT came from gene expression correlation analysis of
the complete panel of carcinomas. The Snai1 transcrip-
tion factor has been positively linked with invasion and
EMT, together with a panel of other genes, including
Zeb1, Vimentin, and Vcan (Ricciardelli et al. 2009). These
genes are positively correlated with Snai1 (r > 0.8) in
the carcinomas as well as with components of the TGFb

signaling pathway (Tgfbr3 and Tgfb1i1) and are also rel-
atively overexpressed in class B compared with class A
tumors (Supplemental Table 1). Interestingly, while Snai1
and Snai2 (Slug) are both commonly thought to function
as activators of EMT, only Snai1 is up-regulated in the
class B carcinomas, while Snai2 is relatively overex-
pressed in the class A tumors (Fig. 1P–S) and is positively
correlated in expression with epithelial markers, in-
cluding Krt14 and p63 (Supplemental Table 2). While
Snai1 is linked to this major class of tumors that have
undergone EMT, Snai2 may play a different role or be
involved in transformation of rare cells within the class
A carcinoma that adopt a mesenchymal cell fate (Burns
et al. 1991).

Several studies have proposed that induction of EMT
is associated with expression of markers of normal
tissue stem cells (Chaffer and Weinberg 2011; Scheel and
Weinberg 2011). A range of markers of different stem cell
populations has been identified in mouse skin, including
the hair follicle bulge markers CD34 (Trempus et al.
2003; Blanpain et al. 2004), NfatC1 (Horsley et al. 2008),
Tcf3/4 (Nguyen et al. 2006, 2009), and Krt15 (Liu et al.
2003) as well as markers located mostly outside the bulge,
such as Sox9 (Vidal et al. 2005; Nowak et al. 2008), Sox2
(Driskell et al. 2011) Lgr5 (Jaks et al. 2008), Lgr6 (Snippert
et al. 2010), and Lrig1 (Jensen et al. 2009). We examined
the expression of these and other putative stem cell
markers in the carcinomas and found that a subset of
stem cell markers found in the hair follicle bulge—e.g.,
CD34, Tcf3, and Nfatc1 as well as Lrig1, which was
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proposed to be a marker of epidermal stem cell fate lo-
cated in the infundibulum—is expressed at significantly
higher levels in the class B spindle cell tumors (Fig. 2A;
Supplemental Table 3). Expression of CD34 was also
verified by immunohistochemical analysis of class A and
B tumors (Supplemental Fig. 1). Staining in SCCs was
seen mainly in basal cells or small clusters of cells
throughout the tumors, as previously demonstrated by
others (Malanchi et al. 2008; Lapouge et al. 2012), but was
quite extensive in certain cases (e.g., Supplemental Fig. 1,
top right panel). The pattern in class B spindle carcinomas
was variable between individual tumors, but on average,
the CD34 expression was higher and more uniform, with
a larger proportion of tumor cells staining positively.

In contrast, alternative stem cell markers, including
Lgr5, Lgr6, and Krt15, are preferentially expressed in the
class A SCCs. Interestingly, class B tumors show the
expression pattern of CD44hi/CD24lo/Epcam� (Fig. 2B),
previously used for enrichment of cells with tumor-
propagating characteristics (Al-Hajj et al. 2003; Al-Hajj and
Clarke 2004; Ponti et al. 2005; Fillmore and Kuperwasser
2008), and have a molecular profile very similar to the
subset of human breast cancers with a ‘‘claudin low
signature’’ (Supplemental Fig. 2; Prat et al. 2010) that
have previously been proposed to exhibit stem cell fea-
tures, including EMT (Visvader 2009). We conclude that
the class B carcinomas recapitulate many features of ag-

gressive human cancers that have undergone EMT.
Whether these tumors arise from a specific subpopulation
of cells within one of the known stem cell compartments
is unknown.

Suppression of Egfr autocrine signaling in class B
carcinomas

Overexpression of mutant Ras has previously been shown
to induce EMT, particularly in the context of elevated
Tgfb/Smad signaling (Oft et al. 1996, 2002). We therefore
investigated the expression levels of genes known to be
involved in the Ras pathway in this panel of primary
mouse skin tumors. Tumor expression profiles were
clustered using a panel of genes known to be involved
positively or negatively in Ras signaling collected from
the literature. This analysis clearly demonstrated a signif-
icant difference in the patterns of Ras pathway signaling
between class A and class B tumors (Fig. 3A). Paradoxi-
cally, Hras1 mRNA levels were lower in the more
aggressive class B carcinomas than in the class A SCCs,
as were several well-characterized EGF receptor ligands,
including Hbegf, Tgfa, Areg, and Epgn (Schneider et al.
2008). The EGF family receptor ErbB2 was also down-
regulated in the class B tumors, as were the downstream
pathway mediator Grb7 and the Rac exchange factor Tiam1.
In contrast, negative regulators of the EGF receptor/Ras

Figure 1. FVB/Spret backcross carcinomas can be sep-
arated into two different categories. (A) Low-power
representative view of well-differentiated SCC demon-
strating invasive nests of squamous cells showing heavy
keratinization and surrounded by a stromal desmo-
plastic response. (Insert) High-power view of well-differ-
entiated SCC with ample cytoplasm (low N:C ratio) and
well-defined cell borders. Intercellular bridges are evi-
dent. (B) Medium-power example of poorly differentiated
SCC without spindle morphology. Note the lack of
keratinization; however, the tumor cells retain an epi-
thelioid appearance consisting of abundant eosinophilic
cytoplasm with defined cellular borders. (Insert) At high
power, intercellular bridges are not readily identified.
(C,D) Examples of poorly differentiated SCCs with a
mixture of epithelioid tumor cells and tumor cells ac-
quiring subtle spindled morphology. (E) Low-power view
of poorly differentiated SCCs demonstrating nests of
epithelioid squamous cells transitioning into a focus of
infiltrating malignant spindle cells. (F) Low-power views
of pure malignant spindle cells consistent with spindle
cell carcinoma (the insert shows a high-power view of
spindle cells). Carcinoma category is shown at the top

right corner of the pictures (bars, 100 mm). (G) Unsuper-
vised hierarchical clustering of all microarray probe sets
expressed above background separates the carcinomas
into two categories. Class A (44 carcinomas) is shown on
the left, and class B (16 carcinomas) is shown on the right.
IHC on carcinoma sections using antibodies against p63
(H,I), E-cadherin (J,K), Vimentin (L,M), Keratin 8/18 (N,O),
Slug (P,Q), and Snail (R,S), with class A carcinomas
depicted on the right, and class B carcinomas depicted
on the left (bar, 100 mm).
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pathway such as Lrig1 (Gur et al. 2004; Laederich et al.
2004) Errfi1 (Fiorentino et al. 2000; Hackel et al. 2001;
Anastasi et al. 2003; Xu et al. 2005), Sprouty family
members 1 and 4, and Spred1 (Guy et al. 2009) as well
as the Ras GTPase-activating proteins Nf1 and Rasa1
(RasGap) (Iwashita and Song 2008) were overexpressed
relatively in class B tumors. Staining of class A and B
tumors with antibodies recognizing ErbB2 and Lrig1 con-
firmed the patterns predicted from mRNA analysis (Sup-
plemental Fig. 3A–D). This coordinated down-regulation
of positive activators of Egfr signaling and up-regulation of
negative regulators may be linked to the progressive loss of
differentiation capacity of the class B tumors, as the Egfr
pathway is associated with commitment to the epidermal
lineage and differentiation (Schneider et al. 2008).

Although the class B tumors show reduced levels of
Egfr signaling components, other classical Ras-activated
pathways were strongly stimulated. Immunohistochemical
analysis of both class A and B tumors showed that most
expressed P-Erk1/2, some at high levels (Fig. 3B–E). Similar
conclusions were reached from analysis of Ras signaling in
cell lines derived from different stages of skin carcinogen-
esis (Bremner and Balmain 1990; Quintanilla et al. 1991;
Linardopoulos et al. 1995).The cell lines B9 (squamous)
and A5 and D3 (spindle) are single-cell clones derived
from the same squamous carcinoma with a spindle com-
ponent (Burns et al. 1991). The CarB and CarC cells are
independent spindle cell lines derived from primary spindle

carcinomas from NIH/Swiss mice (Linardopoulos et al.
1995). Although the Hras codon 61 mutations in both
CarB and CarC cell lines are homozygous, the levels of
mutant Hras protein are very low in comparison with
other less malignant cell lines (Fig. 3F, first lane), con-
firming the general picture described for the primary class
B spindle cell tumors above.

In spite of the differences in mutant Hras levels, signaling
through P-Erk and P-Akt was elevated in almost all of the
cell lines that had undergone EMT (Fig. 3G, first and third
lanes). In particular, the CarB and CarC cells with the
lowest levels of mutant Hras still expressed high levels of
P-Erk. The data on total Akt, showing that the protein
levels increase with increasing degree of malignancy and
spindle cell morphology from left to right in the lower
panel (Fig. 3G, fourth lane), exactly parallel the data
obtained from the gene expression array analysis, which
identified Akt3 expression levels as being significantly up-
regulated in class B spindle cell carcinomas (Fig. 3A). In-
terestingly, levels of total Mek also increased roughly in
parallel with malignancy (Fig. 3E, third lane), but neither
Akt nor Mek showed a positive relationship to levels of
mutant Hras across the panel of cells. A similar lack of
correlation between Ras activation and stimulation of
P-Erk has been noted previously (Mao et al. 2004; Trejo
et al. 2012). We conclude that activation of Ras/Erk is pos-
itively, but autocrine Egfr signaling is negatively, correlated
with tumor progression in this model.

Figure 2. A subset of skin stem cell markers is
expressed at higher levels in class A than in class B
carcinomas. (A) Unsupervised hierarchical clustering
of skin carcinoma gene expression levels using stem
cell marker genes. Green indicates lower expression,
and red indicates higher expression. (B) Box plots of
gene expression levels of CD24a, CD44, and Epcam in
primary mouse skin carcinomas measured by micro-
array. Class A carcinomas are shown in blue, and class
B carcinomas are shown in gray.
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Ink4/Arf genetic changes distinguish class A
from class B tumors

Previously, comparative genomic hybridization (CGH)
analysis of genome-wide aberrations in skin carcinomas
identified a subset of tumors with deletions or reduced
copy number on chromosome 4 (Quigley et al. 2011). The

Ink4/Arf locus located within these deleted regions
encodes three genes: p16/Cdkn2a, p15/Cdkn2b, and
p19/Arf, from now on referred to as p16, p15, and p19,
respectively. This locus was a very good candidate driver
of these changes, as homozygous deletions have previ-
ously been seen in a small subset of invasive mouse skin
tumor cell lines (Linardopoulos et al. 1995), and inacti-

Figure 3. Components of the Ras/EGFR signaling
pathway are down-regulated in class B spindle com-
pared with class A SCCs. (A) Unsupervised hierarchical
clustering of skin carcinoma gene expression levels
using genes involved in the Ras and EGFR pathways.
Red indicates higher expression, and green indicates
lower expression. (B–E) IHC on class A (B,C) and class B
(D,E) carcinoma sections using an antibody against
P-Erk1/2 (bar, 100 mm). (F,G) Western blots using a panel
of cell lines representing different stages of skin tumor
progression: C5N immortalized keratinocytes; P6 pap-
illoma cells; PDV, PDVC57, B9, and E4 SCC cell lines;
and H11, A5, D3, CarC, and CarB spindle cell lines. (F)
Protein levels of Hras (first lane), P-Mek (second lane),
total Mek (third lane), and b-actin as loading control
(fourth lane). (G) Protein levels of P-Erk (first lane), total
Erk (second lane), P-Akt (third lane), total Akt (fourth
lane), and b-actin as loading control (fifth lane).
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vation of Ink4/Arf in the mouse germline causes an in-
creased incidence of skin carcinomas (Krimpenfort et al.
2007). Preliminary inspection of the Affymetrix array
data on carcinomas showed that expression of p16/p19
and p15 was indeed very low in most of the class B tumors
but elevated in most class A tumors (Fig. 4A). We de-
veloped specific TaqMan real-time PCR assays to mea-
sure both expression levels and gene copy number of p16,
p15, and p19 in all of the mouse skin carcinomas (Fig.
4B,C; Supplemental Fig. 4)

The data shown in Figure 4C demonstrate that de-
letions of p16/p19 and p15 genes are predominantly seen
in class B tumors compared with their class A counter-
parts (P = 0.007 and P = 0.025, respectively, Fisher exact
test). Expression levels of p16 and p15 were significantly
elevated in class A tumors (P = 0.0003 and P = 0.009,
respectively, t-test). Interestingly, copy number gains of
p16/p19 and/or p15 were also seen, particularly in the
class A tumors that had high expression of these genes,
but the significance of this observation is presently
unclear. Separate analyses using specific probes for p19
showed a picture very similar to that seen for p16
(Supplemental Fig. 4B). Although IHC using antibodies
against p16 was unsuccessful for technical reasons, an
antibody against p19/Arf clearly supported the conclu-

sion from the mRNA data, in that the class A tumors had
high expression levels, while the majority of class B
tumors were completely negative (Fig. 4E,F). We conclude
that expression of several genes in the Ink4 locus is a
major distinguishing feature of class A versus class B
tumors and may play a causal role in development of
these distinct tumor types. Of note, a range of skin tumors
arises spontaneously in p15/p16/p19 triple-knockout mice
(Krimpenfort et al. 2007). Others have shown that loss of
p19/Arf (Kelly-Spratt et al. 2004) or p16/Ink4a (Sharpless
et al. 2001, 2002, 2004) promotes skin tumor develop-
ment and progression, but comparison of these indi-
vidual studies is difficult because of the various tumor
induction protocols and genetic backgrounds used. It is
therefore not possible to deduce at present which spe-
cific combinations of these genes on chromosome 4 play
a causal role in induction of the class B carcinomas.

Class A and B carcinomas differ in dependence
on tumor promotion

Squamous papillomas and carcinomas are highly depen-
dent on chronic exposure to inflammatory and tumor-
promoting agents. Both the duration and frequency of
tumor promoter treatment as well as the use of anti-

Figure 4. p16 expression levels as well as p16/p19 and
p15 gene copy numbers differ between class A and class
B carcinomas. (A) Gene expression of p16 (black points)
and p15 (green points) measured by microarrays in class
A and class B carcinomas. The Y-axis shows log2 ex-
pression level. Carcinomas are sorted according to p16
array expression levels. (B) Quantitative RT–PCR (qRT–
PCR) for p16 in class A and class B carcinomas. Error
bars represent standard deviation from three replicate
measurements. Carcinomas are sorted according to p16
qRT–PCR expression levels. (C) Gene copy number anal-
ysis of p16/p19 (top row) and p15 (bottom row). Ampli-
fications of the genes are marked with blue, deletions are
marked with red, and two copies are indicated with
white boxes. (D) Western blot depicting levels of p16
(lane 1) and b-actin as loading control (lane 2) in a panel
of cell lines representing different stages of skin tumor
progression. Immunohistochemistry on class A (E) and
class B (F) carcinoma sections using an antibody against
p19/Arf (bar, 100 mm).
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inflammatory agents profoundly affect the incidence of
squamous papillomas in two-stage carcinogenesis experi-
ments (Viaje et al. 1977; Verma and Boutwell 1980).
Moreover, in transgenic mouse models of Ras-induced skin
tumor formation, papillomas often appear at body sites
(such as the ear or base of the tail) that are subject to
wounding or chronic irritation due to scratching or fighting
(Bailleul et al. 1990; Greenhalgh et al. 1993). We therefore
carried out a two-stage carcinogenesis experiment using
groups of FVB mice that were initiated with the same dose
of DMBA but treated with TPA biweekly for either 5, 10, or
20 wk. Animals were then monitored for a period of >1 yr
to document carcinoma incidence as well as the morphol-
ogy and stage of tumor progression. Papilloma formation
was drastically decreased by the reduced duration of TPA
treatment: Six of 10 animals in the 5-wk treatment group
developed no papillomas after 20 wk, and the remaining
four developed only one to two papillomas. In contrast,
the 20-wk treatment group demonstrated a significantly
increased incidence of papillomas (mean 22.4, SD 9.2; P =
3.5 3 10�5, t-test). These data are similar to the results of
previous experiments (Hennings et al. 1985) and demon-
strate the critical role of inflammation in benign papil-
loma development. Whether these observations are due
to the induction of inflammation by TPA or to some other
pathway is presently unclear. Gene expression analysis of
known markers of inflammation shows clear differences
in levels of expression between class A and B tumors
(Supplemental Fig. 5), but further studies will be required
in order to determine whether these immune system
components play a causal role in the selection and out-
growth of the different tumor classes.

Carcinomas were also strongly dependent on TPA pro-
motion, but a striking difference was seen in the ratio of
SCCs to spindle cell tumors. In the 5-wk treatment group,
the ratio of SCCs to spindle cell carcinomas was 1:2.5,
whereas in the 10-wk group, the ratio was ;1:1.2, and after
20 wk of TPA treatment, it was 4:1 (Fig. 5A). This 20-wk
ratio is very similar to historical controls as well as the
data in Figure 1, and the association between tumor ratio
and weeks of treatment was statistically highly significant
(P = 0.0004, x2 test for trend in proportions).

In order to verify that the tumor categories obtained
using inbred FVB mice reflected what was seen in the
original backcross study, we analyzed gene copy number
for p16/p19 and p15 in a total of 59 tumors from this
experiment. The results demonstrated a statistically sig-
nificant correlation between the class B tumor morphology,
as assessed by two independent investigators, and reduced
gene copy number for p16/p19 and p15 (P = 0.003 and P =
0.003, respectively, Fisher exact test) (Supplemental Fig.
6A). The most likely conclusion is that class A and B car-
cinomas arise independently from one another and that
the papillomas and class A SCCs are more dependent on
exogenous promotion by exposure to inflammatory agents.

Squamous papillomas and carcinomas are dependent
on Hras signaling

The reduced levels of mutant Hras as well as the altered
signaling through the Egfr/Ras pathway prompted us to

ask whether mice in which the Hras gene has been
deleted show an altered tumor spectrum after DMBA/
TPA treatment. Hras-null mice are viable and fertile but

Figure 5. Carcinoma incidence and dependence on inflamma-
tion. (A) Numbers of SCCs (blue bars) and spindle cell carcino-
mas (gray bars) observed in wild-type FVB/N mice after a single
dose of DMBA and subsequent biweekly TPA treatments for 5
wk (n = 10 mice), 10 wk (n = 12 mice), or 20 wk (n = 22 mice). All
groups of mice were killed when carcinomas reached a mini-
mum size of 1.5 cm in diameter. (B) Kaplan-Meier survival
curves showing carcinoma incidence of wild-type mice (blue
line; n = 23 mice) and Hras�/� mice (black line; n = 21 mice)
treated with TPA for 20 wk. The difference between the curves
was statistically significant (P = 0.0006). A very similar result
was obtained in a completely independent experiment involving
24 wild-type and 22 Hras�/� mice (P = 0.0024).
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show a reduced incidence of skin papillomas in a mixed
129/C57BL/6 background (Ise et al. 2000). Previous re-
sults on this background showed that the incidence of
skin papillomas was reduced by a factor of four to five, but
no detailed analysis was carried out of tumor progression
or the effects on carcinoma morphology or behavior. We
first bred the Hras knockout allele onto a pure FVB
background through >20 generations and carried out the
standard skin carcinogen treatment. On the FVB back-
ground, the number of papillomas after 20 wk of TPA
treatment was significantly reduced in Hras-null mice
(mean 2.2 vs. mean 22.4 in wild-type mice; P = 4.7 3 10�5,
t-test). Surprisingly, however, in spite of their very low
papilloma incidence, the majority of the Hras-null mice
developed malignant carcinomas, as seen in two inde-
pendent experiments (Fig. 5B). Histological and IHC
assessment of these carcinomas (Supplemental Fig. 7)
showed that they were primarily of the spindle type (17 of
24 tumors), classified above as class B carcinomas. Mo-
lecular analysis of these tumors showed that, in agree-
ment with a previous study for papillomas (Ise et al.
2000), most of the skin tumors, both papillomas and
carcinomas, carried mutations in the Kras gene (Supple-
mental Table 4). Although skin tumors in wild-type mice
rarely exhibit activating Kras mutations, clearly, in the
context of inactive signaling through Hras, Kras can adapt
and accomplish some but not all of the functions of Hras
in skin. Notably, conditional activation of Kras muta-
tions in mouse skin using keratin promoters to drive Cre-
recombinase results in the formation of skin papillomas,
some of which, in the absence of p53, progress to squa-
mous and, in some cases, spindle carcinomas (White et al.
2011; Lapouge et al. 2012). We propose that Hras muta-
tions in wild-type animals are essential for the develop-
ment of class A squamous papillomas and carcinomas but
dispensable for class B tumors, which can develop through
the alternative pathway driven by activation of Kras. A
further parallel between the spindle carcinomas in the
Hras knockout model and the class B carcinomas in wild-
type mice described above was confirmed by gene copy
number analysis of Ink4/Arf deletions. These were en-
riched in carcinomas from Hras knockout compared with
their wild-type FVB counterparts and in spindle tumors
versus SCCs (Supplemental Fig. 6B).

Both class A and B carcinomas give rise to distant
metastases

The mechanisms of metastasis in vivo are complex and
controversial (Cardiff 2010; Roussos et al. 2010; Chaffer
and Weinberg 2011; Chaffer et al. 2011) In the skin model,
analysis of metastasis is frequently not carried out, as the
animals have to be killed when primary tumors reach a
maximum size that is often attained before overt metas-
tases are detectable. To circumvent this problem, we in-
duced skin carcinomas in wild-type FVB and Hras knock-
out mice, surgically removed the primary tumors when
they reached a size of 1.0–1.5 cm in diameter, and mon-
itored survival of the animals over several months. Most
animals eventually succumbed to lymph node and/or

distant metastases, primarily to the lung but also to a
number of additional sites, including the spleen, liver,
kidney, adrenal cortex, soft tissue, and chest wall. A
summary of these data is shown in Supplemental Table 5.
Histological comparison of the primary and metastatic
tumors indicated that both class A and B carcinomas are
capable of metastasis, and in some but not all cases, the
morphology of the metastases was similar to that of the
primary tumor. In cases where the morphology was dis-
cordant, it is not possible to exclude the presence of ad-
ditional small carcinomas that were the true precursors
of these metastases, as some mice developed second
independent primaries of a different morphology after
surgery. From a total of 22 wild-type FVB mice that
underwent surgery, 10 metastases (not including Lymph
nodes) were detected in the lung or at distant sites. From
13 Hras knockout mice in the same study, 26 metastases
were found (mean 0.5 in wild type vs. 1.9 in knockout;
P = 0.007, Mann-Whitney test), suggesting that carcino-
mas from the Hras-deficient mice were more aggressive.
Whether this more aggressive behavior is due to the
higher frequency of spindle tumors or the presence of al-
ternative genetic events such as Kras mutations is pres-
ently unclear.

Alternative models for tumor progression in vivo

Our combined data suggest the existence of a novel
pathway leading to malignant progression that is less
dependent on inflammation and Hras signaling. In the
classical skin carcinogenesis model, papillomas and ma-
lignant carcinomas are dependent on chronic inflamma-
tion and almost all have Hras mutations. Reduction of
inflammation or loss of Hras leads to a strong reduc-
tion in overall tumor development but allows emergence
of highly malignant class B tumors that exhibit a high
frequency of Ink4 genetic alterations. These tumors could
arise by deletion or silencing of the Ink4 locus in pre-
existing class A carcinomas (Fig. 6A). However, almost all
class A SCCs express elevated levels of p16 and p19 (Fig.
4A,B; Supplemental Fig. 4B), and it seems unlikely that the
mechanisms leading to this overexpression would be re-
versed to allow progression through EMT. Class B tumors
could also arise from alternative genetic events possibly
involving Ink4A at the papilloma stage (Fig. 6B). However
p16/p19 levels were elevated in almost all papillomas
compared with normal skin, similar to the situation seen
with the class A carcinomas (Supplemental Fig. 5), sug-
gesting that the class B tumors might represent a different
category that diverges after initiation (Fig. 6C) or comes
from a different stem cell type within the skin (Fig. 6D).
The latter possibility is analogous to a model proposed for
the origin of the ‘‘triple-negative’’ category of human
breast cancers, to which the class B spindle cell carcino-
mas have many similarities (Visvader 2009).

Discussion

Cancer of the skin is the most common form of human
cancer, and in spite of possibilities for early detection and
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intervention, incidence is still increasing (Alam and
Ratner 2001). Squamous carcinomas of the skin, head
and neck, and lung have a strong link to carcinogen
exposure, exhibit similar morphological and molecular
features, and rank among the largest causes of death from
cancer worldwide (Stransky et al. 2011; Wang et al. 2011;
Hammerman et al. 2012). Tumors of these types have
a significant frequency of Hras mutations, including the
same codon 61 mutation that is induced by DMBA in
mouse skin (Arnault et al. 2012; Oberholzer et al. 2012;
Su et al. 2012). Deletion and/or mutation of Cdkn2a has
also been specifically linked to poor survival of human
skin cancer patients (Kusters-Vandevelde et al. 2010). The
mouse skin model used here, which involves carcinogen-
induced or spontaneous mutations in many of the same
genes, may therefore provide an important approach to
the study of the cell lineages and pathways leading to
squamous carcinoma development and metastasis.

In the present study, we show that the major category
of invasive carcinomas in skin arises through a separate
pathway that is independent from the classical route.
Evidence comes from several sets of experiments. First,
gene expression (Fig. 1) and genomic analysis (p16/p19

copy number) (Fig. 4) identified major differences in the
molecular characteristics of class A and B carcinomas
arising from skin carcinogenesis studies in vivo. Second,
reduced inflammation or elimination of the Hras signaling
pathway causes a dramatic reduction in papillomas and
class A carcinomas but causes no proportional decrease in
class B carcinomas, suggesting that the latter do not arise
from pre-existing class A tumors. We conclude that di-
vergence in these two pathways must take place at an early
stage of carcinogenesis or even by separate events involving
mutations of Ras genes in distinct target cells (Fig. 6D).

Altered Ras/Egfr signaling in spindle cell carcinomas

In spite of prior evidence showing the importance of high
levels of mutant Ras in driving the spindle phenotype (Oft
et al. 1996, 2002), the class B tumors express lower levels
of Hras mRNA (Fig. 3A), and the corresponding cell lines
express lower levels of Hras protein (Fig. 3F, first lane)
than less aggressive tumor cell types. The class B tumors
also have an attenuated pattern of signaling through
autocrine pathways involving ligands and receptors of
the Egfr family. Expression levels of a number of ligands,
receptors, and other Ras pathway effector components
are significantly lower in class B spindle cell carcinomas
than in squamous tumors, while inhibitors of Egfr/Ras
signaling, including Lrig1, Errfi1, Nf1, and Rasa (RasGap),
are significantly higher in class B tumors. This suggests
that the many upstream components of the Egfr signaling
pathway are down-regulated, in conjunction with the lack
of any differentiation characteristics in this tumor type.
Either this program has been switched off in spindle cell
tumors or its absence reflects a feature of the target cell
from which these tumors arose. However, the persistence
of elevated Erk1/2 and Akt signaling in both primary class
B carcinomas and corresponding cell lines suggests that
activated Ras is still important in driving these tumors.

These observations have parallels in a number of human
tumor types. Studies of lung and pancreatic cancers driven
by Kras identified cell lines that showed differential de-
pendence on Ras signaling that correlated with a mesen-
chymal EMT morphology (Singh et al. 2009). The Kras-
independent tumor cell lines expressed several markers of
EMT, including high levels of Zeb1 and strongly reduced
E-cadherin, features also characteristic of the spindle cell
carcinomas in this study. Our data on down-regulation of
canonical Egfr signaling in spindle cell tumors are compat-
ible with the previously reported resistance of cells with
EMT properties to inhibitors of the EGFR tyrosine kinase
(Thomson et al. 2008), leading to clinical resistance of
‘‘EMT’’ tumors to inhibitors of this pathway. It is conceiv-
able that treatment of some epithelial Ras mutant tumors
with EGFR inhibitors may in fact select for less differenti-
ated EMT-like cells and thus contribute to the generally
poor prognosis noted in clinical trials of Tarceva in patients
with Kras mutant lung tumors (Eberhard et al. 2005).

EMT and stem cell markers

It has been shown that induction of EMT in mammary
epithelial cells by treatment with Tgfb or with effectors

Figure 6. Schematic models of the possible origins of class B
carcinomas. (A) Class B carcinomas could arise from class A
squamous tumors. (B) Both class A and class B carcinomas could
arise from similar papillomas that undergo separate genetic
events. (C) Class A and class B carcinomas could have the same
cell of origin but diverge at an early stage, giving rise to dif-
ferent kinds of premalignant lesions. (D) Class A and class B
carcinomas could have two completely different cells of origin in
the skin.
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of other developmental pathways (Scheel and Weinberg
2011) leads to the adoption of some cancer stem cell
properties, including ability to grow as mammospheres,
self-renewal capacity, and propensity for metastasis. The
cells that display such properties can be enriched using
a combination of markers (CD44hi/CD24lo/Epcam�),
which selects for cells with low adhesion properties and
high growth capacity (Al-Hajj et al. 2003; Al-Hajj and
Clarke 2004; Ponti et al. 2005; Fillmore and Kuperwasser
2008). This combined expression profile is enriched in the
class B spindle cell carcinomas (Fig. 2B), suggesting that
this tumor category may have a high proportion of tumor
stem/propagating cells. The high expression of CD34 in
the class B tumors (Fig. 2A; Supplemental Fig. 1) also
supports this interpretation, as Lapouge et al. (2012) have
demonstrated that skin carcinomas with high CD34 can
be serially transplanted and contain a high proportion of
tumor-propagating cells. Direct functional studies of cell
lines representing class B carcinomas (CarB and CarC
cells) have furthermore shown that they have the highest
levels of invasion and chemotaxis (Buchmann et al.
1991) and clonogenic capacity (data not shown). The ease
of generation and manipulation of these stem cell-like
tumors in vivo may provide new opportunities for de-
velopment of therapeutic strategies aimed at this aggres-
sive tumor class.

The hair follicle bulge has long been thought to be a
reservoir of epidermal stem cells capable of repopulat-
ing the follicular or interfollicular epidermis, and several
genes expressed in the bulge (e.g., CD34, Nfatc1, and Tcf4)
are enriched in gene expression profiles of the spindle cell
carcinomas. However another bulge marker, Krt15, is not
expressed in these tumor cells, while a putative stem cell
marker in the infundibulum, the ErbB pathway inhibitor
Lrig1 (Wong et al. 2012), is highly expressed. The segre-
gation of these different stem cell markers across the
two categories of malignant tumors is compatible with a
model in which these tumors arise from alternative
normal stem/progenitor cell populations in the skin epi-
thelium. Detailed linage tracing experiments would, how-
ever, be required to test these possibilities. The identifica-
tion of an in vivo immunocompetent mouse model system
for reproducible development of these tumor categories
and their metastases offers new opportunities to identify
and test combinatorial approaches to therapy targeted
against malignant tumors or their component cancer stem
cell populations.

Materials and methods

Mouse breeding and induction of carcinogenesis

To obtain backcross mice, we crossed male SPRET/Ei and female
FVB/N mice from the Jackson Laboratory. Female F1 hybrids
were then mated to male FVB/N mice. Eight-week-old to 12-wk-
old mice received one dose of DMBA (25 mg per mouse in
acetone) applied to back skin. One week after initiation, tumors
were promoted by biweekly topical treatment with TPA (200 mL
of a 10�4 M solution in acetone) for 20 wk in the case of backcross
mice or 5, 10, and 20 wk in the case of FVB/N wild-type or Hras�/�

mice. Primary carcinomas from FVB/N wild-type or Hras�/�mice

that reached a size of 1.0–1.5 cm in diameter were surgically
removed, and additional carcinomas and metastases were col-
lected when the mice needed to be killed. All mouse experi-
ments were approved by the University of California at San
Francisco Laboratory Animal Resource Center.

Microarray preparation and data analysis

Microarrays (Affymetrix M430 2.0, annotation NA31) are available
at the Gene Expression Omnibus, accession number GSE21264.
Briefly, one piece of each tumor was snap-frozen, and RNA was
isolated using TRIzol (Invitrogen) according to the manufacturer’s
instructions. Residual contaminating genomic DNA was removed
by DNase treatment (Ambion). Statistical analysis was performed
with R version 2.13 (R Core Development Team., 2010), using the
affy package for RMA normalization (Gautier et al. 2004) and samr

for differential expression analysis (Tusher et al. 2001). Code and
data required to reproduce all statistical results are available on
request.

IHC

Five-micrometer tissue sections were deparaffinized and stained
(see the Supplemental Material). The following antibodies were used:
p63 4A4 (mouse; Millipore), E-cadherin (rabbit; BD Pharmingen),
Vimentin (rabbit; Abcam), K8/18 (guinea pig; Progen), Slug (rabbit;
Cell Signaling Technology), Snail (guinea pig; generous gift from
Dr. Elaine Fuchs [Rockefeller University, New York, NY]), P-p44/
42 MAPK (T202/Y204, rabbit; Cell Signaling Technology) p19/Arf
(rabbit; Abcam), and biotinylated secondary antibodies (Vector
Laboratories).

Gene expression and gene copy number assays

RNA from carcinomas was isolated as described above, and
cDNA was synthesized using random primers and the Super-
Script III First-Strand kit from Invitrogen. Primers and probes
specific for p16 and p19 were designed using Primer Express
software (Applied Biosystems), and p15 and the b-actin house-
keeping gene as an internal control were assays on demand
(Applied Biosystems). Relative expression levels of p15, p16, and
p19 were assessed using TaqMan real-time PCR and derived from
the difference in cycle time (CT) for each gene compared with
the control b-actin using the formula DCT = average CTp15, p16,
or p19 � average CTb-actin. All samples were analyzed in tripli-
cate. Genomic DNA was purified by phenol/chloroform extrac-
tion following proteinase K digestion. DNA copy number assays
for p15 and p16/p19 were performed by TaqMan real-time PCR.
The RORI gene (also on chromosome 4 and determined to have
two copies across all samples) was used as a control to normalize
DNA quantity. Deletion or gain was determined by DCT cal-
culation (described above) and analyzed by Macro program pro-
vided by Applied Biosystems. Experiments were performed using
the ABI 7900 HT System (Applied Biosystems). For probe and
primer information, see the Supplemental Material.

Western blotting

Protein samples were separated on Novex Nupage Tris-glycine
gels (Invitrogen), followed by electrophoretic transfer to poly-
vinylidene difluoride membranes (Millipore) and blocking in
5% nonfat milk in PBST. Immunodetection was performed by
enhanced chemiluminescence detection (Amersham). The fol-
lowing primary antibodies were used: p16 (M156), Hras (C-20),
Erk1 (C-16), rabbit (Santa Cruz Biotechnology), P-p44/42 MAPK

EMT and skin tumor progression

GENES & DEVELOPMENT 679



(T202/Y204), Akt (pan), P-Akt (S473), MEK1/2 (47E6), and
P-MEK1/2 (S217/221, rabbit; Cell Signaling Technology).
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