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REPORT

Activating FGFR3 mutations cause mild
hyperplasia in human skin, but are insufficient
to drive benign or malignant skin tumors

Elizabeth K Duperret'?, Seung Ja Oh', Andrew McNeal', Stephen M Prouty', and Todd W Ridky'*

'Department of Dermatology; Perelman School of Medicine at the University of Pennsylvania; Philadelphia, PA USA; 2Cancer Biology Graduate Program; Perelman School of

Medicine at the University of Pennsylvania; Philadelphia, PA USA

Keywords: extracellular signal-regulated kinase, fibroblast growth factor receptor 3, seborrheic keratosis, skin, squamous cell

carcinoma

Abbreviations: EN, epidermal nevi; ERK, extracellular signal-regulated kinase; FGFR3, fibroblast growth factor receptor 3; PI3K,
phosphatidylinositide 3-kinase; PLCy, phospholipase C y; SCID, severe combined immunodeficiency; SK, seborrheic keratosis;

SCC, squamous cell carcinoma; STAT, signal transducer and activator of transcription

Fibroblast growth factor receptor 3 (FGFR3) activating mutations are drivers of malignancy in several human tissues,
including bladder, lung, cervix, and blood. However, in skin, these mutations are associated predominantly with benign,
common epidermal growths called seborrheic keratoses (SKs). How epidermis resists FGFR3 mediated transformation is
unclear, but previous studies have suggested that FGFR3 activation in skin keratinocytes may serve a tumor-suppressive
role by driving differentiation and antagonizing Ras signaling. To define the role of FGFR3 in human normal and neoplas-
tic epidermis, and to directly test the hypothesis that FGFR3 antagonizes Ras, we engineered human skin grafts in vivo
with mutant active FGFR3 or shRNA FGFR3 knockdown. We show that FGFR3 active mutants drive mild hyperprolifera-
tion, but are insufficient to support benign or malignant tumorigenesis, either alone, or in combination with G,-S check-
point release. This suggests that additional cell-intrinsic or stromal cues are required for formation of benign SKs with
FGFR3 mutations. Further, FGFR3 activation does not alter the growth kinetics or differentiation status of engineered
human epidermal SCCs driven by Ras, and FGFR3 protein itself is dispensable for Ras-driven SCC. To extend these findings
to patients, we examined a uniquely informative human tumor in which SCC developed in continuity with a SK, raising
the hypothesis that one of the tumors evolved from the other. However, mutational analysis from each tumor indicates
that the overlapping SK and SCC evolved independently and supports our conclusion that FGFR3 activation is insufficient

to drive SCC.

Introduction

Seborrheic keratoses (SKs) are the most common benign
tumor of elderly humans, present in 88% of people over age 64.!
Although the tumors are hyperproliferative, they respect the
underlying basement membrane, are well-differentiated, rarely
exhibit cytological abnormalities that are common to squamous
cell carcinomas (SCCs), and are thought to rarely progress to
malignancy.>? 39—-85% of clinical SK tumors harbor a mutation
in the fibroblast growth factor receptor 3 (FGFR3) gene, depend-
ing on the histological sub-type and patient demographic.”*”
Most FGFR3 mutations in SKs, as well as malignant tumors in
other organs, are localized to positions 248 or 249, where cysteine
substitutions lead to increased FGFR3 dimer stability and con-
stitutive receptor activation in the absence of ligand.® This results
in increased downstream activation of Shp2, PLCy, ERK1/2,
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STAT3, and PI3K.® FGFR3 R248C and S249C mutations have
been reported with a frequency ranging from 8-37% and 7-15%
in seborrheic keratoses, respectively.>*”

An additional less common FGFR3 mutation (G697C) was
found in a large group (62%) of keratinocyte-derived oral SCC
tumors from Japan. This FGFR3 mutant was determined to
cause increased FGFR3 auto-phosphorylation, and presumed to
serve as a driver oncogene in this setting.” While these 3 FGFR3
mutations are associated with both benign and malignant human
tumors, it has not been established whether FGFR3 activation is
sufficient to drive SK formation, or has the capacity to serve as a
bona fide oncogene in human skin. Whether FGFR3 is required
for epidermal SCC has also not been explored previously.

The identification of activating FGFR3 mutations only in
benign epidermal lesions is surprising, given that the same muta-
tions have been identified in subsets of malignant tumors in
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Figure 1 (See opposite page). FGFR3, R248C, and S249C, but not G697C, induce MAPK activation and hyperproliferation in human skin grafts, but are
not sufficient to drive SKs. (A) Immunoblot of HEK293T cells transfected with WT, R248C, S249C or G697C FGFR3 or H-Ras G12V. (B) Engineered human
tissue xenograft model. Transduced human keratinocytes are seeded onto devitalized human dermis and grafted onto SCID mice. (C) H&E, Ki67, and
phospho-ERK 1/2 IHC, and Keratin 10 and collagen VIl immunofluorescence from in vivo human tissue expressing the indicated FGFR3 mutants. (D)
Epidermal thickness of tissues displayed in panel (C). Error bars indicate + SD *P < 0.05. Scale bar = 100 pm.

many other tissues.'”' Small-molecule tyrosine kinase inhibitors
targeting FGFR3 or shRNA knockdown of mutant FGFR3 have
been shown to be effective in reducing tumor burden in mouse
models of multiple myeloma and bladder carcinoma, indicating
that mutant FGFR3 likely serves as an oncogene in these tumor
types.”" Despite an oncogenic role in some malignancies, recent
data suggests that FGFR3 activation may prevent SCC develop-
ment in the skin through upregulation of FOXN1, a transcription
factor that may antagonize Ras activity by promoting differentia-
tion.?” However, this study did not directly link mutant FGFR3
expression to inhibition of SCC formation.

Here we present data defining the role of FGFR3 in normal
and neoplastic human epidermis by determining: (1) the role of
disease-associated FGFR3 mutations (R248C, S249C, G697C)
in human skin; (2) the ability of FGFR3 mutants to serve as
oncodrivers of epidermal squamous cell carcinoma (SCC) either
alone or in combination with other common tumor-associated
genetic changes; (3) whether FGFR3 activation antagonizes
oncogenic Ras activity; (4) whether FGFR3 is necessary for Ras-
driven epidermal SCC; and (5) whether FGFR3 activation plays
an oncogenic role in the occasionally encountered clinical speci-
men in which SCC appears to develop with a previously existing
benign SK.

Results

FGFR3 mutations R248C and S249C, but not G697C, acti-
vate MAPK and drive mild epidermal hyperplasia

The relative oncogenic activities of the 3 mutant tumor-
associated FGFR3 proteins (R248C, S249C, G697C) were
determined by measuring downstream activation of the mito-
gen-activated protein kinase (MAPK) pathway (Fig. 1A). While
the R248C and $249C FGFR3 mutants stimulated ERK phos-
phorylation, intermediate between that of control and oncogenic
H-RasG12V, the G697C mutant did not differ from WT con-
trol (Fig. 1A). As increased MEK-ERK signaling is a near ubiq-
uitous feature of epidermal SCC, these results suggested that the
R248C/S249C mutants may drive a subset of the Ras-associated
tumor-oncogenic changes, while the G697C mutant is likely not
an oncodriver. To determine the effects of these FGFR3 pro-
teins in an architecturally faithful 3-dimensional human skin
model, we used retroviral transduction to stably introduce each
mutant FGFR3 protein into primary human keratinocytes, and
then used the transduced keratinocytes to generate organotypic
human skin xenografts on the backs of SCID mice (Fig. 1B).2"%
On histologic examination, epidermis expressing FGFR3
R248C or S249C had approximately 2-fold increased tissue
thickness, contained suprabasal Ki67+ keratinocytes, and dis-
played increased MAPK activation (Fig. 1C and D). Epidermis
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expressing FGFR3, R248C, or S249C also had expansion of
the Keratin 10-positive tissue compartment, consistent with the
increased tissue thickness in these grafts (Fig. 1C). These tis-
sues did not display premature expression of this differentiation
marker, since all basal keratinocytes in contact with the base-
ment membrane remained Keratin 10-negative. Despite this
hyperplasia, the tissues lacked many of the hallmark features
of typical SKs, including prominent epidermal hyperplasia and
pseudohorn cysts (keratin containing cystic structures within
the expanded epidermis). This suggests that human SKs require
additional genetic changes or stromal cues lacking in our system
that cooperate with FGFR3 activation to promote formation
of the epidermal cancer. In contrast to the mild hyperprolif-
eration seen in the R248C or S249C xenografts, the G697C-
expressing tissue appeared unremarkable and did not manifest
epidermal hyperplasia (Fig. 1C and D). These results suggest
that the G697C mutation, despite its presence in a large fraction
of Japanese oral SCCs, does not contribute to hyperprolifera-
tion in the human epidermis.” Subsequent follow-up studies on
oral SCC from other countries failed to find the G697C muta-
tion, indicating that this mutation might be a geographically
restricted variant not widely associated with the pathogenesis of
this tumor.”® Given the high mutation rate in head and neck
squamous cell carcinoma, it is likely that this particular FGFR3
mutation is simply a passenger mutation, or perhaps can only act
in the context of additional driver mutations.?

FGFR3 activation does not cooperate with G,—S checkpoint
release to drive neoplasia

While the FGFR3 mutants alone are not sufficient to drive
epidermal cancer, we determined whether they could cooperate
with other common SCC-associated genetic changes to drive
tumorigenesis. Each FGFR3 mutant was expressed in epidermis
with activated Cdk4 (R24C) and dominant-negative p53 (dnp53,
R248W).?"> The Cdk4"*¢ and p53 ****¥ promote release of the
Rb-mediated G,-S cell cycle checkpoint control and inhibit anti-
proliferative signals preventing malignant transformation. When
Cdk4R*¢ and dnp53 are expressed with oncogenic H-Ras®'?V in
the human xenograft model, invasive neoplasia recapitulating
human SCC develops (Fig. 2A, bottom panels). However, none
of the FGFR3 mutants was able to drive SK or SCC formation in
the permissive tissue environment created by Cdk4**“ and dnp53
(Fig. 2A). Somewhat surprisingly, addition of Cdk4"*“ and
dnp53 did not increase epidermal thickness beyond that observed
with the FGFR3 mutants alone (Figs. 1D and 2B). Therefore,
while the FGFR3 R248C/S249C mutants activate the MEK-
ERK pathway, the level of activation falls short of the threshold
necessary to support benign or malignant tumor growth. These
mutant FGFR3 proteins are thus unlikely to function as primary
oncogenes in epidermis, but may cooperate with stromal cues,
or additional somatic mutations, that potentiate these otherwise
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relatively weak mitogenic drivers
to support the benign SK tumor
growth seen clinically.
FGFR3 activation does
inhibit SCC tumorigenesis
While the level of MAPK activity
may not be sufficient to drive tumor
formation, we thought it formally
possible that additional FGFR3-
activated signaling pathways oper-

not

ating downstream serve to inhibit
oncogenesis. This possibility is sug-
gested by 2 previous experimental
observations from other laboratories.
First, while activating mutations in
FGFR3 and Ras are both seen in
bladder carcinoma, they are mutu-
ally exclusive.” This suggests that
there is either no selective advantage
to cells harboring both mutations,
or that there is active antagonism
between the two. Second, upregu-
lation of FOXNI1 was shown to be
associated with seborrheic keratoses,
and overexpression of FOXNI in
oncogenic Ras-expressing SCC cells
slowed tumor growth.” Whether
FGFR3 activation antagonizes onco-
genic Ras was not directly exam-
ined. Intrigued by the possibility
that FGFR3 could possibly inhibit
Ras-mediated transformation, we
established human skin xenografts
expressing active H-Ras®'?¥ and
mutant Cdk4R*€, with and without
active FGFR3 (Fig. 3B). In these
grafts, FGFR3 did not affect tumor
growth, degree of invasiveness,
mitotic index, or differentiation sta-
tus (Fig. 3A). Additionally, we found
that expression of each FGFR3
mutant in human primary keratino-
cytes did not result in an increase in
expression of FOXNT1 at the protein
level (Fig. 3C). This suggests that
FGFR3 activation may not be suf-
ficient for the increase in FOXNI1
protein expression seen in human
SKs, and that additional genetic or
changes are
responsible for its upregulation.?

FGFR3 is not necessary for SCC
progression

While FGFR3 activity was not
sufficient to drive or inhibit epider-
mal tumorigenesis in our human

microenvironmental
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system, we next conducted experiments to determine whether
FGFR3 is necessary for maintenance of malignant human skin
tissue. This is particularly germane, as FGFR3 inhibitors are cur-
rently under development as potential anti-cancer therapeutics.
Constitutive FGFR3 knockdown in keratinocytes was achieved
using lentiviral-delivered shRNA (Fig. 4B). FGFR3 proved to be
dispensable for normal keratinocyte growth in vitro and in vivo.
Keratinocytes transduced with non-targeting shRNA or FGFR3
shRNA were then used to establish tumors expressing consti-
tutively active Cdk4"*“ and oncogenic H-Ras“'? (Fig. 4B).
Tumors lacking FGFR3 expression showed no difference in

size, proliferative index, invasion, or MAPK activation (Fig. 4A,
quantified in 4C and D), indicating that FGFR3 is not neces-
sary for human SCC. This result also indicates that, despite their
potential utility in myeloma, FGFR3 small-molecule inhibitors
and blocking antibodies are not likely to be useful therapeutics
for Ras-driven epidermal cancers."”'®

Clinical case of contiguous SK-SCC contains distinct
tumors with mutually exclusive genetic aberrations

In order to directly extend our findings to human clinical
specimens, we obtained formalin-fixed, paraffin-embedded tis-
sue from a uniquely informative case in which a patient har-

bored a histologically classic SCC that developed in
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continuity with a pre-existing SK, suggesting that the
overlapping tumors were genetically related (Fig. 5A).
In this specimen, proliferation index and MAPK
activation are elevated in the benign tumor, and to a
higher degree in the invasive squamous cell carcinoma
(Fig. 5B). We performed laser capture microdissection
(LCM) to separate the SK, SCC, adjacent histologi-
cally normal epidermis, and obtained DNA and RNA
from each region (Fig. 5C). PCR amplification from
genomic DNA, followed by Sanger sequencing showed
the typical FGFR3 R248C mutation (CGC®*TGC)
in the SK, but not in the adjacent epidermis or SCC
(Fig. 5D). This indicates that, despite the histologi-
cal appearance, the SCC did not arise directly from
the SK. We also identified the common dominant-
negative TP53 R248W (CGG®TGG) mutation pres-
ent in the SCC, but not in the adjacent epidermis or
SK (Fig. 5E), indicating that the SK did not arise
directly from the SCC. This clinical example suggests
that the occasionally encountered case in which an SK
appears to progress into an SCC are in fact collisional
lesions of 2 common genetically distinct tumors of
sun-damaged, aged skin. To date, FGFR3 mutations
have not been observed in SCC. This is perhaps a bit

unexpected, given that SK lesions are hyperprolifera-
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tive, with elevated MAPK activity, which would seem
to make them more prone to malignant transforma-
tion. While we have demonstrated that the FGFR3
mutation itself does not prevent progression to SCC,
it is possible that other mechanisms work to minimize
the development of additional mutations.

Discussion

FGFR3 is not a primary driver of epidermal
tumors

While FGFR3 mutations have been identified in

benign human epidermal tumors, they have not pre-

viously been functionally characterized in human

Figure 2. FGFR3 R248C and S249C in combination with G,-S checkpoint release
are insufficient to drive SK formation. (A) H&E, Ki67, and phospho-ERK Y2 IHC from
in vivo human tissue expressing the indicated FGFR3 mutants, Cdk4%%¢ and dnp53.
(B) Epidermal thickness of tissues displayed in (A). Error bars indicate + SD *P < 0.05.
Scale bar =100 pm.
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tissue. In this report, we use an in vivo human skin
model to demonstrate that the most common acti-
vating FGFR3 mutations, R248C and $249C, drive

mild epidermal hyperplasia, but are insufficient alone

Volume 13 Issue 10

. Do not distribute.

loscience

©2014 Landes B



or in combination with G,—S checkpoint release to drive benign
or malignant epidermal tumors. These findings are consistent
with a murine study in which FGFR3 (R249C) was targeted to
epidermis using the K5 promoter.” In this model, all epidermal
tissue expresses active FGFR3 from E13.5, and mice are born
with normal skin.” Over several months these animals develop
a limited number of small hyperproliferative epidermal papules
in specific areas subject to mechanical trauma and scratching,
including nose and eyelids, suggesting that FGFR3 activation in
this murine context is also not sufficient to support SK formation.

In addition to SKs, FGFR3-activating mutations are also seen
in epidermal nevi—benign hyperproliferative epidermal lesions
resulting from a developmentally acquired mosaic FGFR3 muta-
tion in epidermal keratinocytes. Our results and conclusions are
consistent with the clinical observation that EN are often not
clinically visible until late childhood or adolescence, despite the
fact that keratinocytes in the epidermis contain the mutation at
birth. This indicates that, while FGFR3 certainly plays a role in
benign tumorigenesis, additional genetic, hormonal, or micro-
environmental changes are required for epidermis containing
mutant FGFR3 to progress to neoplasia. Consistent with this
notion is the fact that SKs are typically associated with an under-
lying inflammatory reaction, and the lesions are often itchy for
patients. In our case, the inflammatory cells were more promi-
nent under the SK than in the surrounding normal epidermis
(Fig. 5B).

It is currently unknown what additional oncogenic or epigen-
etic alterations occur alongside FGFR3 mutation to drive benign
epidermal tumorigenesis. It has been shown that loss of one
allele of the tumor suppressor PTEN in combination with UVA

irradiation leads to both SK and SCC tumor formation in mice.”

It is therefore possible that additional Akt signaling is required in
combination with FGFR3-induced phosphorylation of ERK 1/2
for full formation of SKs. Mutations in the PI3K~Akt pathway
have been found in SKs, but at a very low frequency.?*%

It is also not well understood why FGFR3 activation may play
an oncogenic role in certain cell types—as is the case in multiple
myeloma or urothelial carcinoma—obut has restricted oncogenic
capacity in keratinocytes. This is likely due to differential activa-
tion of the different pathways downstream of FGFR3, including
Shp2, PLCy, ERK1/2, STAT3, or PI3K. Alternatively, additional
mutations in other oncodrivers or signals from tissue stress, per-
haps due to injury or inflammation, may be required to potentiate
FGFR3 signaling capacity and drive malignant tumorigenesis.
Interestingly, a patient who exhibited mosaicism for an activating
HRAS mutation presented with multiple urothelial cell carcino-
mas and an epidermal nevus, but no malignant skin tumors.*®
This indicates that signaling through other MAPK activators
may also display restricted oncogenic capacity in keratinocytes,
and that this is not a unique feature of FGFR3.

Role of FGFR3 in established tumors

FGFR3 inhibitors have shown preclinical success in various
mouse models, and one inhibitor, Dovitinib, is currently being
used in clinical trials for breast, prostate, gastric, urogenital, and
lung carcinomas.””’® In addition, previous literature suggested
that FGFR3 activation antagonizes Ras and is therefore actu-
ally a tumor suppressor in the skin.? This would suggest that
patients treated with Dovitinib may be predicted to develop
increased numbers of skin cancers, as the supposed tumor-sup-
pressor function of FGFR3 might be inhibited by this drug. In
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Figure 4. FGFR3 is dispensable for SCC tumor formation. (A) H&E, Ki67, and phospho-ERK IHC of skin grafts
and a scrambled shRNA or FGFR3 shRNA. (B) Western blot showing efficient knock
down of FGFR3 expression in keratinocytes by lentiviral transduction of shRNAs. (C) Average cross-sectional area
of tumors depicted in (A). (D) Ki67 quantification of tumors depicted in (A). Error bars indicate + SD *P < 0.05. Scale

genetically distinct, and most
likely arose independently. It
is possible that the increased
tissue thickness, hyperpig-

mentation, and hyperkera-

contrast to this literature, we have shown in human skin tissue
that FGFR3 activation does not block Ras-driven tumorigenesis,
nor does it upregulate FOXNI1 protein expression. We have also
demonstrated that FGFR3 protein is not necessary for squamous
cell carcinoma formation, which suggests that inhibitors such as
Dovitinib may have limited clinical use for epidermal tumors.
While we have demonstrated that FGFR3 is not required for
SCC formation, we have not shown whether FGFR3 activity
is required for SK formation. Direct testing of this hypothesis
would require development of a tissue model for SKs, based ide-
ally on SK-derived keratinocytes harboring FGFR3 mutations.
Even these cells, however, may not recapitulate the lesions in
xenografts, if critical stromal elements are missing in the model
system. We have attempted to establish primary keratinocyte cul-
tures from 10 fresh human SK lesions, but were unsuccessful.
While we occasionally obtain viable keratinocyte cultures from
these lesions, genetic analysis has so far failed to show FGFR3
mutation, indicating that the cultures are likely derived from
normal contaminating keratinocytes obtained in the biopsies.
SK keratinocytes may have specific requirements for growth in
vivo that are lacking in vitro. Interestingly, the same technical
challenge is observed with primary SCC cells, as it is extremely
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tosis associated with typical

SK lesions prevent additional
UV-related mutations in the proliferative basilar keratinocytes
and, in so doing, minimize the risk of malignant transforma-
tion. Alternatively, FGFR3-mediated MAPK activation may alter
the KC response to UV radiation, promoting either apoptosis or
DNA damage repair pathways, making progression to SCC an
unlikely event.

Materials and Methods

Cell culture

Human keratinocytes were isolated from neonatal foreskins
obtained from the Hospital of the University of Pennsylvania as
described in detail previously.?? Briefly, foreskins were incubated
in 50:50 dispase:DMEM mixture overnight at 4 °C. The epider-
mis was peeled from the underlying stroma and incubated in tryp-
sin at 37 °C for 10 min. The trypsin was quenched with DMEM
containing FBS and spun at 300 g for 5 min. The supernatant
was removed, and the pellet was plated in keratinocyte media.
Keratinocytes were cultured in 50% Gibco Keratinocyte-SFM +
L-glutamine + EGF and BPE, 50% Gibco Cascade Biologics 154
medium for keratinocytes and 1% penicillin/streptomycin. 293T
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cells and Phoenix cells were pur-
chased from ATCC and cultured in
Dulbecco modified Eagle medium
(DMEM) supplemented with 5%
fetal bovine serum (FBS) and 1%
antibiotic/antimycotic.

Plasmids

FGFR3 WT, FGFR3 R248C,
FGFR3 S249C, and FGFR3 G697C
genes were generated using PCR
overlap extension and cloned into
the LZRS retroviral vector. All con-
structs were fully sequenced.

Retrovirus

production  and

transduction

Phoenix cells were used to produce
retrovirus for infection of primary
keratinocytes as described previ-
ously.?? VSVG pseudotyped shRNA
lentivirus targeting human FGFR3
(pGIPZ vector, OpenBiosystems)
was produced in 293T cells. Primary
keratinocytes were transduced at
10—40% confluence. Lentivirus was
filtered through a 45-pum filter and
supplemented with 5 wg/mL poly-
brene. Virus was added to primary

Pre-cut Post-cut

D FGFR3 R248C: CGC —» TGC

Epldermls ~Sscc
E TP53 R248W: CGG —>TGG
Epldermls SCC

CG6 6 AG G €6 G AG G C 766 AG G

keratinocytes, and cells were spun at

300 g for 1 h at room temperature.
Keratinocyte media was replaced
after 15 min incubation at 37 °C.
Human skin xenografts
Human skin was obtained from

Figure 5. Contiguous SK-SCC specimen consists of genetically distinct tumors. (A) H&E images from
patient sample in which SCC appears to arise from a pre-existing SK, presented as contiguous frames. Epi,
normal epidermis; SK, seborrheic keratosis; TZ, transition zone; SCC, squamous cell carcinoma. (B) Ki67
and phospho-ERK 1/2 IHC in SK-SCC sample. (C) Hematoxylin-stained tissue pre- and post- laser cap-
ture microdissection. (D) Genomic DNA sequencing trace for FGFR3 in epidermis, SK, and SCC. (E) cDNA
sequencing of TP53 in epidermis, SK, and SCC. Scale bar = 200 pm.

the New York Firefighters Skin Bank
at Weill Cornell. Skin was incubated
at 37 °C in sterile PBS containing penicillin/streptomycin for
approximately 1 wk. Epidermis was then carefully peeled from
the underlying dermis. Underlying dermis was washed thor-
oughly in PBS. One square centimeter pieces of dermis were cut,
and the dermis was elevated onto a sterilized annular dermal sup-
port (ADS) with the basement membrane side up.?? Several drops
of BD matrigel were placed on the bottom of the dermis to create
a seal. One million primary keratinocytes were seeded onto the
dermis in KGM. KGM contains a 3:1 mixture of DMEM:Ham
F12, 10% FBS, 1.8 x 10-4 M adenine, 0.4 pg/mL hydrocorti-
sone, 5 pg/mL insulin, 10-10 M cholera toxin, 10 ng/mL EGF,
5 pg/mL transferrin, and 1.36 ng/mL triiodo-L-thyronine. ADS
were incubated at 37 °C for 3—4 d before being grafted onto
SCID mice. For skin grafting, SCID mice were anesthetized in
an isoflurane chamber, and 1 cm? of epidermis was removed on
the dorsal region of the mouse, down to fascia. Reconstituted
human skin was sown onto the mouse dorsal region with indi-
vidual interrupted stitches using 6-0 nylon sutures. Mice were
dressed with Bactroban ointment, Adaptic, Telfa pad, and Coban
wrap. Mice were unwrapped 2 wk after grafting. For all lucifer-
ase and FGFR3 R248C grafts, 4-10 biological replicates were
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performed. S249C and G697C grafts were repeated in duplicate.
FGFR3 knockdown experiments were also repeated in duplicate.

Immunofluorescence

Tissue was frozen using OTC. Tissue was sectioned at 8
pm thickness using a cryostat. Tissue was fixed using ice-cold
methanol for 2 min. Five% horse serum in PBS was used for
blocking (30 min), and 1% horse serum in PBS was used for pri-
mary and secondary antibody incubations (30 min each). Slides
were mounted using Prolong Gold Antifade plus DAPI. The fol-
lowing antibodies and concentrations were used: collagen VII
(Calbiochem, 1:200), Cytokeratinl0 (Covance, 1:100), Ki67
(Thermo Scientific, 1:200), Desmoglein-3 (Invitrogen, 1:200).
All immunofluorescence images were taken using an Olympus
BX61 inverted microscope.

Immunohistochemistry

Tissue was fixed using 10% neutral-buffered formalin.
Immunostaining was performed on 5 wm formalin fixed paraf-
fin embedded (FFPE) skin sections. Briefly, tissue sections were
deparaffinized in xylene and rehydrated in alcohol. For antigen
retrieval, tissues were immersed in 10 mM citrate buffer pH 6.0
and heated at 95 °C for 10 min, cooled at RT, and washed 2
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times for 3 min. Endogenous peroxidase was quenched with 3%
H,O, and subsequently washed 2—3 times with PBS. Tissue sec-
tions were incubated with blocking buffer (1% BSA and 10%
normal goat serum in PBS) for 30 min and primary antibody at
4 °C overnight. Following multiple washes, goat anti-rabbit HRP
conjugated secondary antibodies were incubated for 20 min at
RT. The signal was further amplified with DAB mix solution
(Abcam). Slides were counterstained, dehydrated, and mounted
with a coverslip. The following antibodies were used for IHC:
phospho-ERK1/2 (Cell Signaling).

Cell lysis and western blotting

For the blots shown in Figure 1, cells were lysed in 50 mM
TRIS, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and immunob-
lotted using Li-Cor Odyssey blocking reagents and equipment.
To detect endogenous FGFR3 protein in human keratinocytes,
cells were lysed directly in 2x SDS loading buffer (3.33 mM
TRIPZ pH 7.5, 50 mM NaCl, 0.33 mM EDTA, 0.33 % NP-40)
and blotted using 5% milk and HRP detection reagents. The fol-
lowing antibodies were used for immunoblotting: B-actin (Santa
Cruz Biotechnology, 1:1000), B-actin (Cell Signaling, 1:10000),
Cdk4 (Santa Cruz Biotechnology, 1:500), FGFR3 (Santa Cruz
Biotechnology, 1:1000), FOXN1 (Abcam, 1:500), phospho-p44/
p42 MAPK (Millipore, 1:1000), MAP kinase 1/2 (Millipore,
1:1000), and H-Ras (Santa Cruz Biotechnology, 1:500).

Laser capture microscopy, genomic DNA, and RNA isola-
tion and sequencing

Human tissue was formalin-fixed and paraffin-embedded
(FFPE) according to standard protocols. Twenty-eight PEN
(polyethylene napthalate) membrane slides (Leica Microsystems)
were cut at 10 pm thickness each and stored at -20 °C. Slides
were thawed for 15 min at 4 °C, 15 min at RT and stained for

10 s with hematoxylin and eosin. After laser microdissection
(using the Leica LMD7000 Laser Microdissection microscope)
of 21 slides, material was processed using the Qiagen All Prep
DNA/RNA FFPE kit. Samples were quantitated with the Qubit
fluorometer, and then 100 ng of RNA was converted to cDNA
using the Applied Biosystems RNA to cDNAkit. FGFR3 sequences
were amplified from the genomic DNA using the following PCR
primers: FGFR3 F- 5 ”TGAAGAACGG CAGGGAGTTC-3’,
FGFR3 R- 5-ATTCACCTCC ACGTGCCTTG A-3". TP53
was amplified from the cDNA using the following PCR prim-
ers: TP53 F 5-GTGTGGTGGT GCCCTATGAG-3', TP53
R 5" TCAAAGCTGT TCCGTCCCAG-3'. PCR products
were sequenced using Sanger sequencing with the forward PCR
primer.

Statistics

All error bars represent one standard deviation from the mean.
Two-tailed Student # test was used to determine significance. A
P value of less than 0.05 was considered statistically significant.
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