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Seborrheic keratoses (SKs) are common, benign epithelial tumors of the skin that do not, or very rarely, prog-
ress into malignancy, for reasons that are not understood. We investigated this by gene expression profiling
of human SKs and cutaneous squamous cell carcinomas (SCCs) and found that several genes previously con-
nected with keratinocyte tumor development were similarly modulated in SKs and SCCs, whereas the expres-
sion of others differed by only a few fold. In contrast, the tyrosine kinase receptor FGF receptor-3 (FGFR3) and
the transcription factor forkhead box N1 (FOXN1) were highly expressed in SKs, and close to undetectable in
SCCs. We also showed that increased FGFR3 activity was sufficient to induce FOXN1 expression, counteract
the inhibitory effect of EGFR signaling on FOXN1 expression and differentiation, and induce differentiation
in a FOXN1-dependent manner. Knockdown of FOXN1 expression in primary human keratinocytes cooper-
ated with oncogenic RAS in the induction of SCC-like tumors, whereas increased FOXN1 expression triggered
the SCC cells to shift to a benign SK-like tumor phenotype, which included increased FGFR3 expression. Thus,
we have uncovered a positive regulatory loop between FGFR3 and FOXN1 that underlies a benign versus malig-

nant skin tumor phenotype.

Introduction

In both clinical and experimental situations, the majority of benign
tumors fail to progress into malignancy for reasons that are poorly
understood. The skin provides an intensely studied model of self-
renewing epithelial tissues, with distinct stem cell populations giv-
ing rise to tumors with different behavior (1). Among these, skin
squamous cell carcinomas (SCCs) are among the most frequent
human cancers (2, 3). Several genetic events have been implicated
in the development and progression of this disease, including
mutations and/or downmodulation of the tumor suppressor p53
(4, 5), upregulation of its homolog p63 (6), and amplification
and/or overexpression of the gene for EGFR (7, 8). Downstream of
EGEFR and p53, the Notch1 gene, which plays an important func-
tion in promoting keratinocyte differentiation and suppressing
tumorigenesis, is downmodulated (9-11).

Besides malignant tumors, keratinocyte subpopulations can
give rise to benign skin tumors like seborrheic keratoses (SKs),
which are not precursor lesions of malignant SCCs. SKs are very
common lesions that develop with age in the vast majority of the
human population. Common histological features are acanthosis,
papillomatosis, and hyperkeratosis, along with varying degrees of
pigmentation (12, 13). SKs have clinical similarities to the com-
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mon wart. While human papillomaviruses have been implicated
in the origin of these lesions (14), recent analyses have generally
discounted a role for such viruses in the majority of cases (15).
Patients can often have several independent SKs, and individuals
developing a great number of these lesions (i.e., greater than 50) on
a familial basis have been described previously (16). In spite of this
multiplicity, SKs appear to be clonal in origin, which indicates that
they do not result from a reactive epidermal hyperplasia, but from
clonal expansion of somatically mutated cells (17). In fact, recent
work has shown the presence of activating mutations in a specific
transmembrane tyrosine kinase receptor, FGF receptor-3 (FGFR3;
ref. 18-20), and/or in PI3K, a downstream effector of FGFR sig-
naling (21), in a large fraction of sporadic SKs. A causative role of
FGFR3 mutations is suggested by the fact that transgenic mice
with keratinocyte-specific expression of an activated form of the
receptor produce skin lesions histologically similar to SKs (20).
The FGFR family is composed of 4 tyrosine kinase receptors
(FGFR1-FGFR4), each with several isoforms (22). A large num-
ber of FGF ligands have also been identified, some of which have
restricted binding specificity for individual FGFR family mem-
bers, while others have a more diverse spectrum of binding and
activation (23). In the skin, FGFR1, FGFR2, and FGFR3 have all
been implicated in the genesis of neoplastic lesions. The FGFR1
gene is amplified in SCCs, and its increased expression promotes
keratinocyte proliferation and tumor progression (24). Levels of
FGFR2 do not appear to change in SCCs. However, mice with
keratinocyte-specific deletion of the FGFR2 gene show enhanced
Volume 119 3127

Number 10 October 2009



research article

A p63
50 1 6 -
% 40 % 21
> >
@ )
1 = 44
< 30 4 <<
=z Z 3]
[ @
£ 20 4 £
2 g
101 1 4
0 0
Norm. 1 2 3 4 5 6 7 Norm. _1 2 3 4
Epid SK Epid scc
B EGFR
40 35 4
— 5 30 4
[
= 30 4 >
g g 251
< <C
= 204
& 20 g
E E 15 4
& 10 & 10 4
54
0+ 0 4
Norm. 1 2 3 4 5 6 7 Norm. 1 2 3 4
Epid SK Epid. scC
C Notch1
1.2 9

Rel. mRNA Level

© o o o
o N M O o -
P S S S

Rel. mRNA Level

o = N w
oW = N O w o
P S S S U SR S|

Norm. 1 2 3 4 5 6 7 Norm. 1 2 3 4
Epid SK Epid. scc
p53
71 1.2 1
_ 81 14
(3 [
g 51 %os
g 208
< 4/ =<
Z Z 06
E 31 [
T < 0.4 4
& 29 &
14 0.2
0 4 0 4
Norm. 1 2 3 4 5 6 7 Norm. 1 2 3 4
Epid SK Epid. scc
E Integrin o,
14 o
5 1.2 E)7
> >
& 1 @6
- -
< os <5
x x4
E 06 E,
2 o0a e,
02 1
o 0
Norm. 1 2 3 4 5 6 7 Norm. 1 2 3 4
Epid SK Epid. scc
F MRCKa
1.6 i
_ 14 =
@
3 12 P w0
— -
< 1 z 8
& g
£ 08 £ ®
— 08 =
@« D 4
& 04 x
0.2 2
0 0
“E‘°f{," 12 SSK 4 5 6 7 Norm. 12 3 4
P! Epid. scc
3128 The Journal of Clinical Investigation  http://www.jci.org

Figure 1

Expression profile of genes previously connected with keratino-
cyte tumor formation in SK versus SCC lesions. RNAs extracted
from 7 separate SK lesions, 4 separate surgically excised SCC
lesions, and 3 normal, age-matched control epidermis were sub-
jected to real-time RT-PCR for the indicated genes, with p-actin
for internal normalization. SK and SCC values are expressed as
folds of expression relative to the average of the 3 normal con-
trols. Error bars denote SEM.
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Figure 2

FOXN1 and FGFR3 mRNA levels are differentially modulated in SK versus SCC lesions. (A) RNAs extracted from 7 separate SK lesions, 7
separate surgically excised SCC lesions, and 3 normal, age-matched control epidermis specimens were subjected to real-time RT-PCR with
oligonucleotide primers for gene expression levels of FOXN1. The p-actin mRNA level was used for internal normalization. Similar results were
obtained after normalization to 36B4 in this and other experiments. Gene expression values in SK and SCC specimens are expressed as fold
expression relative to the average of the 3 normal controls. We similarly analyzed 4 other SCC samples obtained by laser capture microdissec-
tion (LCM) along with surrounding control epidermis. (B) Samples as in A were analyzed for FGFR3 mRNA expression by real-time RT-PCR,
with corresponding specific primers and p3-actin normalization. Error bars denote SEM.

sensitivity to chemical carcinogenesis, pointing to a possible
tumor suppression function (25). As mentioned, activating
FGFR3 mutations have been linked to the development of SKs
as well as, more recently, epidermal nevi, another type of benign
lesions characterized mainly by epidermal thickening with hyper-
pigmentation (26). Importantly, identical FGFR3 mutations have
also been associated, in other epithelial tumors including bladder
carcinomas, with good prognosis and lack of malignant progres-
sion (27-29). Conversely, the same FGFR3 activations have been
linked with disease progression of some hematopoietic malignan-
cies, including multiple myeloma (30, 31). The basis for these cell
type-specific consequences of FGFR3 activation on tumor devel-
opment remains to be clarified.

FOXN1 is a forkhead transcription factor family member that
plays an essential function in keratinocyte differentiation (32-35)
and thymic epithelium development (36), with mutations of the
FOXNT1 gene resulting in the nude phenotype in mice, rats, and
humans (37-39). FOXN1 functions as a transcriptional activa-
tor, as it contains a sequence-specific DNA-binding domain and
a negatively charged transactivation motif (35, 40). FOXN1 pro-
motes the early steps of the keratinocyte terminal differentiation
program and suppresses the later steps, through an interplay with
the PKC and/or Akt signaling pathways (32-35). Another novel
function of FOXN1 in keratinocytes is its role as modulator of
skin pigmentation (41). In contrast to the normal differentiation
program of keratinocytes, nothing is known about the role of this
transcription factor in tumor development. Using a combination
of biochemical and functional approaches, we report the existence
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of a double-positive regulatory loop between FOXN1 expression
and FGFR3 activation that lies at the basis of a benign versus
malignant skin tumor phenotype.

Results

Deregulated gene expression in benign versus malignant skin tumors. SCC
of the skin is among the most frequent cancers in the Western
world (1). Besides malignant tumors, keratinocyte subpopula-
tions can give rise to benign skin tumors like SKs, which prog-
ress very rarely, if ever, into malignancy. By comparing patterns of
gene expression, we found a number of genes involved in positive
control of keratinocyte growth and carcinogenesis, like those for
EGFR and p63 (6, 7), to be upregulated in both SKs and SCCs
(Figure 1, A and B). Conversely, other important regulatory genes
were differentially expressed in SKs versus SCCs. These include
Notch1 (Figure 1C), which we have previously shown to be down-
modulated in SCCs (9) but was instead upregulated in SKs, and
p53 (Figure 1D), a key positive regulator of Notch1 expression in
keratinocytes (9, 10, 42). Integrin o and CDC42 binding protein
kinase oo (MRCKa), 2 key negative Notch targets in these cells (9),
were also upregulated in SCCs, yet exhibited normal or reduced
levels in SKs (Figure 1, E and F).

Although our previous work points to the functional importance
of Notch1 and p53 in negative control of keratinocyte tumor devel-
opment (9, 11), their expression in SKs was increased only a few
fold. Upstream of these genes, we hypothesized that there may be
others with more profound upregulation in these lesions. In fact,
c¢DNA microarray analysis of multiple independent SK lesions ver-
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sus normal epidermis controls pointed to a limited subset of genes
with drastically increased expression in SKs (Supplemental Tables
1 and 2; supplemental material available online with this article;
doi:10.1172/JCI38543DS1). Besides genes of unknown or uncer-
tain function in the skin, these included FGFR3, which has been
previously implicated in the pathogenesis of SK (20), and FOXN1,
a transcription factor with a key role in keratinocyte differentiation
control (32,33, 35). Real-time RT-PCR confirmed that these genes
were strongly upregulated in SKs and showed that, in contrast,
FOXN1 and FGFR3 were suppressed in SCCs (Figure 2, A and B).
Paralleling the mRNA expression results, immunofluorescence
analysis with an anti-FOXN1 antibody confirmed that SKs
express high levels of this protein, which was instead detected
in very few cells in SCCs (Figure 3 and Supplemental Figure 1).
Immunofluorescence with FGFR3-specific antibodies produced a
similarly high signal in SKs, while staining in SCCs was close to
undetectable (Figure 3 and Supplemental Figure 1).

Opposite control of FOXN1 expression by EGFRversus FGFR3 activation.
Little is known about the control of FOXN1 gene expression.
Given that development of skin SCC is associated with an eleva-
tion of EGFR/ERK signaling (43), an attractive possibility was
that suppressed FOXN1 expression in these lesions is linked,
3130
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Figure 3

Different expression levels of FOXN1 and
FGFR3 in SK versus SCC tissue samples.
Frozen sections from 3 different surgically
obtained SK and SCC tissue samples were
stained with H&E or analyzed for expression of
FGFR3 and FOXN1 by immunofluorescence
analysis with corresponding primary anti-
bodies and using FITC- (green) and rhoda-
mine-conjugated (red) secondary antibod-
ies, respectively, for detection. Concomitant
staining patterns of FOXN1 and FGFR3 or
of FGFR3 and DAPI (used for overall nuclear
counterstaining) were visualized by image
overlay. Fluorescent images correspond to
the areas of the H&E sections indicated by
arrows. No positive fluorescence signal was
obtained when primary antibodies were prein-
cubated with corresponding blocking peptides
for 2 hours prior to incubation on sections (not
shown). Scale bars: 200 um (H&E); 20 um
(fluorescence).

at least in part, to activation of the EGFR pathway. Conversely,
a hallmark of SKs is activation and/or increased expression of
FGFR3 (20), which suggested that elevated FOXN1 expression
in SKs is caused, at least in part, by increased FGFR3 signaling.
Consistent with these possibilities, FOXNT1 expression in human
keratinocytes was substantially induced by siRNA-mediated
knockdown of the EGFR gene or its downstream effector ERKI,
whereas it was suppressed by knockdown of FGFR3 (Figure 4,
A and B). Mirroring these results, expression of FOXN1 was
downmodulated by treatment with EGF, while it was markedly
induced by FGF9, a FGFR ligand with highest affinity for FGFR3
(Figure 4, C and D, and refs. 44, 45). Importantly, when human
keratinocytes were treated with EGF and FGF9 together, sup-
pression of FOXN1 expression by EGFR was overcome by con-
comitant FGFR3 activation (Figure 4, C and D). These findings
were further validated by treatment of cultured human primary
keratinocytes or intact human skin explants with the FGFR- and
EGFR-specific inhibitors SU5402 and AG1478, respectively:
FOXNT1 expression was reduced upon FGFR inhibition, while
EGFR inhibition caused an induction (Figure 4E).

A key AP-1 family member and mediator of EGFR/ERK
effects on gene expression, c-Jun functions as either inducer or
Volume 119
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Figure 4

Opposite control of FOXN1 expression by EGFR and FGFRS3. (A and B) Human keratinocytes were transfected with siRNAs for EGFR, ERK1
(A), FGFR3 (B), or control siRNAs, and levels of FOXN1 mRNA were measured by real-time RT-PCR. For internal normalization, here and in all
subsequent analyses, 36B4 was used. (C and D) Human keratinocytes were treated with 1 ng/ml EGF or 5 ng/ml FGF9 for 24 hours, followed
by real-time RT-PCR analysis (C) or immunoblotting for FOXN1 expression (D). (E) Human keratinocytes (left) and fresh human skin explants
(right) were treated with DMSO or with FGFR (SU5402) or EGFR (AG478) inhibitors and analyzed by real-time RT-PCR for FOXN1. (F) Human
keratinocytes were transfected with siRNAs for the indicated genes or with control siRNA. Levels of FOXN1 mRNA were assessed by real-time
RT-PCR. (G) Human keratinocytes were processed for ChIP with an antibody against c-Jun and control rabbit IgG. Real-time PCR was used to
amplify regions of the human FOXN1 promoter using specific primers (Supplemental Table 3). (H) Human keratinocytes were cotransfected with
a FOXN1 reporter together with a c-Jun plasmid (c-Jun—CMV; ref. 60) or empty vector control (CMV). Luciferase activity was determined using
Renilla for normalization. (I) Human keratinocytes were cotransfected with a FOXN1 reporter with or without expression vectors for wild-type
FGFRS3, a constitutively active (CA) mutant (61), or control. Promoter activity was measured as described above. (J) Human keratinocytes were
treated as in C and D, followed by immunoblot for phosphorylated (p) and total (t) c-Jun and ERK1/2. All error bars denote SEM.

repressor of transcription, depending on target genes (46). We
observed induction of endogenous FOXN1 expression similar to
that caused by EGFR suppression after siRNA-mediated knock-
down of c-Jun as well as c-Fos, which functions in association
with c-Jun (47); however, little or no effect was observed after
knockdown of other AP-1 family members, nor of Elk-1, a tran-
scription factor activated by EGFR activation though an AP-1-
independent mechanism (Figure 4F and ref. 48). The human
FOXN1 promoter region contains a putative c-Jun binding site
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at positions -2.8 kb from the transcription initiation site to
which, by chromatin immunoprecipitation (ChIP) experiments,
endogenous c-Jun was found to bind (Figure 4G). Transcription-
al activity of the FOXN1 promoter was substantially reduced
by c-Jun overexpression, whereas it was increased in cells trans-
fected with an expression vector for wild-type FGFR3 and, to a
greater extent, vector for FGFR3 bearing an activating mutation
G380R found in SKs (Figure 4, H and I, and ref. 20). Parallel-
ing these results, levels of phospho-c-Jun as well as activated
October 2009 3131
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Figure 5

FGFRS3 activation induces keratinocyte differentiation through a FOXN1-dependent mechanism. (A and B) Human keratinocytes were treated
with 1 ng/ml EGF or 5 ng/ml FGF9 separately or in combination for 24 hours followed by real-time RT-PCR analysis of keratin1 (A) and involucrin
(B). (C) Human keratinocytes treated as in A and B were analyzed for involucrin expression by immunoblotting with y-tubulin as equal loading
control. (D) Human keratinocytes were transfected with anti-FOXN1 siRNAs or scrambled siRNA control followed 48 hours later by real-time
RT-PCR analysis to verify efficacy of gene knockdown. (E) Keratinocytes transfected with anti-FOXN1 siRNAs or scrambled siRNA control as
in D were left untreated or treated with 5 ng/ml FGF9 for the last 24 hours of the experiment. Expression levels of keratin1 and involucrin were
determined by real-time RT-PCR. (F) Primary human keratinocytes transfected with FOXN1 siRNA were left untreated or treated with FGF9 as
in E, followed by immunoblot analysis of involucrin expression with y-tubulin as equal loading control. Results were quantified by densitometric
scanning of the immunoblots and normalization for y-tubulin. All error bars denote SEM.

phospho-Erk1 were increased in human keratinocytes by EGF
treatment and reduced by FGF9 (Figure 4]).

FGFR3-FOXNI cross connection in control of keratinocyte differen-
tiation. FOXN1 was previously implicated in positive control of
keratinocyte differentiation (32, 34, 49). In parallel with FOXN1
expression, real-time RT-PCR analysis showed that activation of
FGFR3 by treatment of human keratinocytes with FGF9 caused
induction of differentiation markers, like keratinl and involu-
crin, that was suppressed by EGF treatment. Concomitant treat-
ment with FGF9 and EGF showed that, as for FOXN1 expression,
FGFR3 activation had a dominant role in induction of differen-
tiation over suppression by EGFR (Figure 5, A-C). Importantly,
induction of differentiation marker expression by FGF9 treat-
ment was markedly suppressed by FOXN1 knockdown, which
indicates that the prodifferentiating function of FGFR3 activa-
tion is linked to induction of FOXN1 (Figure 5, D-F).

As in the case of cutaneous SCC from patients, FOXNT1 expres-
sion was almost undetectable in keratinocyte-derived SCC cell lines
(Supplemental Figure 2). Infection of these cells with a retroviral
vector expressing the FOXN1 protein fused to an estrogen recep-
tor (ER) domain (34) resulted in expression levels of the fusion
protein comparable to those of endogenous FOXNT1 in normal
human keratinocytes (Figure 6A). Activation of FOXN1-ER by
3132
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4-hydroxytamoxifen (4-OHT) treatment was sufficient to induce
differentiation markers as well as FGFR3 expression (Figure 6,
B-E), confirming the existence of a positive cross-talk between
FOXN1 and FGFR3 in control of keratinocyte differentiation.
Similarly, transduction of SCCO28 cells with FOXN1 adenoviral
construct resulted in positive regulation of FGFR3 and the differ-
entiation marker keratinl (Figure 6E).

FOXNI expression shifts the malignant behavior of SCC cells toward a
benign SK-like phenotype. An inverse relationship exists between dif-
ferentiation and tumor development. To assess whether suppres-
sion of FOXNT1 expression can contribute to SCC development,
expression of this gene was knocked down in human keratinocytes
by shRNA retroviral vector infection. Real-time RT-PCR analysis
confirmed efficient downmodulation of the gene by 2 different
FOXN1 shRNA vectors versus empty vector control (Supplemen-
tal Figure 3). Cells were subsequently infected with an oncogenic
RAS-expressing retrovirus followed by injection into mice at the
dermal-epidermal junction, i.e., a location approximating that of
malignant skin tumor formation. RAS-expressing control cells
formed highly keratinized cystic lesions with limited cellularity
(Figure 7A). Conversely, human keratinocytes with concomitant
RAS expression and FOXN1 knockdown produced tumors with
high cellularity and low grade of differentiation. There was also
October 2009
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Figure 6

Increased FOXN1 expression in SCC cells induces FGFR3 expression and promotes differentiation. (A) The keratinocyte-derived SCC cell lines
SCC13 and SCCO28 were infected with a retrovirus expressing FOXN1-ER fusion protein (34) or empty vector control. Cells with or without 200 nM
4-OHT treatment for 24 hours were analyzed, in parallel with control human keratinocytes, for levels of FOXN1 expression by immunoblotting,
with y-tubulin for equal loading control. Endogenous FOXN1 was detected at 69 kDa, and the higher—-molecular weight band in the SCC cells
corresponds to expression of the FOXN1-ER fusion protein. Lanes were run on the same gel but were noncontiguous (white line). (B-D) SCC13
and SCCO28 cells infected with the FOXN1-ER retrovirus or empty vector control were treated with 200 nM 4-OHT for 24 hours to induce activa-
tion of FOXN1-ER. Expression of involucrin (B), keratin1 (C), and FGFR3 (D) was analyzed by real-time RT-PCR using 36B4 for normalization.
Error bars denote SEM. (E) SCCO28 cells were transduced with a FOXN1-expressing adenovirus (41) or GFP control and analyzed for expres-
sion of FGFR3 and keratin1 by immunoblotting, with y-tubulin for equal loading control. Results were quantified by densitometric scanning of the

immunoblots and normalization for y-tubulin.

widespread positive staining for vimentin, a marker of aggressive
epithelial tumors (50), which was absent in the lesions formed by
the control cells (Figure 7A).

The positive connection between FGFR3 and FOXN1 expres-
sion and keratinocyte differentiation suggested that restored
expression of these genes in SCC cells may be sufficient to
counteract their malignant potential and induce a more benign
phenotype. To assess this possibility, we generated a xenograft
mouse model using the inducible FOXN1-ER SCC13 cell line.
Control SCC cells subcutaneously injected into immunocom-
promised mice formed sizeable tumors within 6 weeks, whereas
SCC cells expressing FOXN1 formed only small nodules (Figure
7B). Tumors formed by SCC13 cells, reflecting their origin from
a skin SCC (51), showed a collection of large, epithelioid cells
with striking nuclear atypia and areas of abrupt keratinization
and keratin pearls, typical of moderately differentiated SCC.
In contrast, tumors formed by these cells expressing FOXN1
showed pronounced histological features of SKs, including
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sheets of basaloid cells with large but monomorphic nuclei and
easily appreciated intercellular bridges (Figure 7C).

As described above, besides FOXN1, SK lesions were character-
ized by a concomitant increase in FGFR3, Notch1, and p53 expres-
sion, whereas the same genes were downmodulated in SCCs (Fig-
ures 1 and 2). Relative to the controls, in tumor nodules formed by
SCC cells with induced FOXN1 expression, expression of all these
genes was increased, with a parallel upregulation of keratin1 (Fig-
ure 8). Expression of integrin o and MRCKa, which are oppositely
regulated in SCCs versus SKs (Figure 1), was negatively affected by
FOXN1 expression (Figure 8).

Discussion

Many types of clinically occurring benign tumors fail to progress
and invade, for yet-unknown reasons. SKs and SCCs are both
derived from keratinocytes and provide an accessible system in
which to study the dichotomy between benign and malignant
behavior. By comparing the 2 lesions, we found that genes previ-
Volume 119 3133
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ously associated with keratinocyte tumor formation were similarly
modulated or differed only few folds, making them unlikely inde-
pendent determinants of malignant behavior. Instead, we identi-
fied a positive regulatory loop between FGFR3 and FOXN1 activity
and expression that underlies the benign skin tumor phenotype.

The impact of FGFR3 signaling on tumor growth appears to
be cell type specific. Activating FGFR3 mutations have been
implicated in the pathogenesis and progression of hematopoi-
etic malignancies like multiple myeloma (31), whereas similar
activating mutations have been linked with development of
benign tumors in the skin and with tumors with low likelihood
of malignant progression in the bladder (18, 26, 28). In the skin,
the fact that transgenic mice with keratinocyte-specific expres-
sion of activated FGFR3 develop SK-like lesions (20) indicates
that this pathway elicits a positive growth-promoting function.
However, we have shown here that FGFR activation also trig-
gers a differentiation-promoting signal through induction of
FOXNI expression, a cell type-specific transcription factor with
a positive role in the early stages of the keratinocyte differentia-
tion process (32-35). Besides its direct impact on keratinocytes,
FOXN1 plays an additional function in these cells, promoting
melanocyte migration (41), which provides a possible expla-
nation for another commonly observed feature of SKs: their
increased pigmentation (12). This is also a characteristic of epi-
dermal nevi, another type of benign lesion recently associated
with FGFR3 mutations (26), suggesting that even in this case,
FOXNI1 expression is increased.

FGFR3 activation is specifically involved in positive control of
FOXN1 expression, which is unaffected by other FGFR family mem-
bers, such as FGFR1 and FGFR2 (our unpublished observations).
Consistent with previous findings (49), we found that expression of
the FOXN1 gene was under negative control of EGFR/ERK signal-
ing. Importantly, suppression of FOXN1 expression by EGFR was
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Figure 7

FOXN1 expression controls tumor formation in primary
human keratinocytes and SCC cells. (A) Human keratino-
cytes infected with 2 shRNA constructs targeting FOXN1
expression (shFOXN1) in parallel with empty vector con-
trol, were superinfected with a H-rasV12—expressing ret-
rovirus (56). Cells (1 x 108) were injected at the dermal-
epidermal junction of the back skin of nude mice. Tissue
samples from 4 individual tumors and 2 controls were
analyzed by immunohistochemistry with anti-pan-keratin
and anti-human-specific vimentin antibodies. (B and C)
SCC13 cells infected with a FOXN1-ER—expressing ret-
rovirus or empty vector control were injected in parallel
into the right and left suprascapular areas of NOD/SCID
mice (5 x 10°% cells per injection), After 1 week, animals
were treated with 200 ug 4-OHT (see Methods) or vehicle
control by i.p. injections for 5 weeks. Tumors (7 per con-
dition) were separated from surrounding tissue for weight
determination (B), and tissue samples were processed
for H&E analysis (C). Similar results were obtained in
a second similar experiment. Error bars denote SEM.
Scale bars: 100 um.

overcome when FGFR3 was concomitantly activated. This provides
an attractive explanation for the elevated FOXN1 expression in, as
well as the differentiated features of, benign tumors in which both
EGFR and FGFR3 activities are increased, as opposite to malignant
tumors, in which only EGFR is active. ERK kinases are critical effec-
tors of tyrosine kinase receptor function. In other cell types in which
FGFR3 signaling induces oncogenic transformation, FGF ligand
stimulation elicits ERK activation, whereas FGFR3 inhibition
causes the opposite effects (52). The opposite regulation of ERK1
activity in keratinocytes is likely to be a crucial determinant of the
cell type-specific consequences of FGFR3 in these cells, through a
mechanism possibly involving inactivating phosphatases. Down-
stream of ERK1, we found that c-Jun activation was also negatively
regulated by FGFR3 in keratinocytes. Depending on target genes
and specific promoter context, c-Jun can function as either activa-
tor or suppressor of transcription (46, 53). Our observations estab-
lish FOXN1 as a direct negative target of c-Jun, with knockdown of
this factor and its upstream regulators ERK1 and MEK1 leading
to substantial FOXN1 upregulation. Similarly increased FOXN1
expression may occur in mice with keratinocyte-specific deletion
of c-Jun, which share common phenotypic features with FOXN1-
overexpressing mice, including curly whiskers, unfused eyelids, and
increased keratin10 expression (54).

Little is known of transcriptional control of FGFR3 expression.
Our findings establish FOXNT1 as an inducer of this gene, which
parallels the enhancing effects on differentiation. The resulting
positive feedback loop — in which activating mutations of FGFR3
induce FOXN1 expression, which in turn leads to elevated FGFR3
expression — is likely to ensure that affected keratinocytes are
locked in a prodifferentiation mode that prevents their malignant
progression. This points to a possibly general approach to restrain-
ing malignant tumors by shifting their gene expression pattern
toward that seen in corresponding benign lesions.
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Methods

Microarray analysis, quantitative real-time RT PCR, promoter activity assays,
ChIP, and immunodetection techniques. Conditions for microarray analysis,
real-time RT-PCR analysis, ChIP, Western blot, immunofluorescence,
and promoter activity assays were as previously described (9). Briefly, for
microarrays, 15 ug total RNA from normal epidermis and SK and SCC
lesions (all from different patients) were used for RNA probe prepara-
tion and hybridization to gene chips (Human Genome U133A 2.0 array;
Affymetrix) according to the manufacturer’s recommendations. The list
of gene-specific primers is provided in Supplemental Table 3. For pro-
moter activity assays, a 4.5-kbp fragment containing the exon 1b (pro-
moter) region of the mouse FOXN1 gene (55) was cloned into pT7blue
vector, and the luciferase cDNA from pGL3.2 (Promega) was then insert-
ed into the unique BstEII site located about 2,900 bp from the upstream
end of the cloned genomic fragment and about 300 bp downstream from
the transcription start site. FGFR3 constructs were a gift from D. Ornitz
(Washington University School of Medicine, St. Louis, Missouri, USA;
ref. 20). We used the following antibodies: FOXN1 (Santa Cruz Biotech-
nology Inc. G-20), keratin1 (Babco AF87), involucrin (Babco PRB140C),
FGFR3 (Santa Cruz Biotechnology Inc. C-15), c-Jun (Transduction Labs),
c-Jun for ChIP (Santa Cruz Biotechnology Inc.), total and phospho ERK
(Cell Signaling), pan-Keratin (AbCam), Vimentin (DakoCytomation V9),
and y-tubulin (Sigma-Aldrich GTU87). Fluorescent images were acquired
with a Zeiss LSM510 meta laser-scanning microscope (Carl Zeiss Micro-
Imaging) using the same exposure and image capture conditions, with z
stacks of 6-8 planes (1 mm each).

Cell culture and viruses. Culturing of primary human keratinocytes,
SCC13 cells, and SCCO28 cells — as well as infection with the pBabepu-
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Figure 8

Increased FOXN1 expression converts the gene signature of tumors
formed by SCC cells. The 7 individual pairs of tumors, obtained as
described in Figure 7 by parallel injections of mice with FOXN1-ER—
expressing SCC13 cells versus controls, were analyzed by real-time
RT-PCR for expression of the indicated genes. In each case, gene
expression levels in the tumor formed by FOXN1-ER-expressing cells
are shown relative to those in the tumor formed by control cells in the
same mouse. Error bars denote SEM.

ro FOXNI-ER (provided by D. Prowse, Cancer Research UK, London,
United Kingdom; ref. 34), H-rasV12 (LZRS-rasV12; ref. 56), and con-
trol retroviruses; lentiviruses for FOXN1 shRNA; and adenoviruses for
FOXNT1 (41) — were as previously reported (9). Two individual shRNA
constructs in pLKO.1 vector (TRCN0000013193 and TRCN0000013195;
Open Biosystems) for FOXN1 were used to prepare lentiviruses. SCC
cells were briefly selected for puromycin resistance prior to testing. For
knockdown experiments, cells were transfected as described previously
(57) with siRNAs for human EGFR and c-Jun (Invitrogen), FGFR3 and
FOXNT1 (Santa Cruz Biotechnology Inc.), ERK1, ERK2, JNK1, JNK2,
c-Jun,JunB, JunD, c-Fos, FosB, Fral, Fra2, and Elk1 (Gene Globe; Qiagen)
in parallel with corresponding siRNA controls and analyzed 48-72 hours
after transfection. The EGFR inhibitor AG1478 (LC Labs) and FGFR
inhibitor SU5402 (Calbiochem) were dissolved in DMSO and used at
concentrations of 2 and 10 uM, respectively; and recombinant EGF and
FGF9 were purchased from R&D Systems and used at concentrations of
1.0 and 5.0 ng/ml, respectively.

SK, SCC, and normal skin samples. Human SK and SCC samples were
obtained, with Institutional Review Board approval from MGH, as mate-
rial discarded during Mohs micrographic surgery. For normal epidermis
controls, normal skin was shaved very superficially with a no. 15 scalpel
blade with minimal dermal contamination. Alternatively, samples of SCC
and surrounding normal epidermis were frozen in OCT and used for
laser capture microdissection using an AutoPix Automated Laser Capture
Microdissection System, followed by 1 round of linear RNA amplification
as we previously described (58).

Organ cultures. Discarded human skin samples from abdominoplasty
procedures were obtained from W. Austen (MGH, Boston, Massachu-
setts, USA) under patients’ agreement and institutional approval. Skin
samples, sterilized in 70% ethanol and cut — after removal of subcutane-
ous fat —into 1 x 1 cm pieces, were placed in keratinocyte serum-free
medium (Gibco; Invitrogen) supplemented with EGF and bovine pitu-
itary extract (BPE), in 0.25% agar (Sigma-Aldrich). The epidermis was
maintained at the air-medium interface. For RNA collection, skin sam-
ples were placed in preheated PBS at 60°C for 45 seconds, then chilled
(onice) in 0.1M PBS for 1 minute, followed by mechanical separation of
epidermis and dermis. The epidermis was homogenized in TRI Reagent
(Sigma-Aldrich) for RNA preparation.

Tumorigenicity assays. For in vivo tumorigenicity assays, control and
FOXN1-ER-expressing SCC13 cells were brought into suspension, admixed
with Matrigel (BD Biosciences), and injected (5 x 10° cells/injection) subcu-
taneously in 8-week-old female athymic nude mice. All studies performed
in mice were approved by the Institutional Review Board of MGH. After
1 week, animals were treated 3 times (every other day) with 4-OHT (a dose
of 200 ug in 100 ul sunflower oil) or vehicle control by i.p. injections for
5 weeks. Mice were sacrificed 2 days after the last treatment, and tumors
were processed for RNA preparation and histochemical analysis.

Human keratinocytes were infected with FOXN1 shRNA or control len-
tiviruses, followed 48 hours later by a second infection with a H-rasV12
retrovirus (LZRS-rasV12; ref. 56). Then, 16 hours later, cells were brought
Volume 119 3135
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into suspension, and 10° cells were injected at the dermal-epidermal junc-
tion of nude mice (2 side flank injections per mouse) using a technique
previously used for hair follicle reconstitution assays (59).

was assessed by unpaired 2-tailed Student’s ¢ test, with P values less than

Statistics. Statistical significance of the gene expression studies analysis

0.01 considered highly significant. All results of real-time RT-PCR, promot-

er activity assays, and tumor measurements are presented as mean + SEM,

as calculated by Excel software.
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