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Abstract

Squamous cell carcinoma (SCC) of the skin is a keratinocyte malignancy characterized by tumors presenting on sun-
exposed areas with surgery being the mainstay treatment. Despite advances in targeted therapy in other skin cancers,
such as basal cell carcinoma and melanoma, there have been no such advances in the treatment of SCC. This is partly due
to an incomplete knowledge of the pathogenesis of SCC. We have recently identified a protein kinase C-associated kinase
(PKK) as a potential tumor suppressor in SCC. We now describe a novel conditional PKK knockout mouse model, which
demonstrates that PKK deficiency promotes SCC formation during chemically induced tumorigenesis. Our results further
support that PKK functions as a tumor suppressor in skin keratinocytes and is important in the pathogenesis of SCC of the
skin. We further define the interactions of keratinocyte PKK with TP63 and NF-«B signaling, highlighting the importance of

this protein as a tumor suppressor in SCC development.

Introduction

Protein kinase C-associated kinase (PKK), also known as the
receptor-interacting protein kinase 4 (RIP4), is a serine threo-
nine kinase (1,2). RIP kinases share a conserved N-terminal
kinase domain but have different C-terminal protein:protein
interaction motifs. PKK has C-terminal ankyrin repeats simi-
lar to RIPS (3). RIP kinases are widely expressed and function
in signaling activated by cell stressors: RIP kinases have a
crucial role in both signaling to the NF-xB family of transcrip-
tion factors and the induction of programmed cell death (4-6).
In contrast, PKK has been found to have unique functions in
the epidermis. Genetic deletion of PKK in mice results in neo-
natal lethality secondary to defects in keratinized stratified
epithelium that includes anal, oral and esophageal atresia
(7). PKK knockout mice had thickened epidermis with upregu-
lation of K14 expression in the granular layer and increased

expression of K1 in the thickened epidermis. Filaggrin, loric-
rin and involucrin were aberrantly expressed in the spinous
and granular layers, suggesting keratinocyte terminal differ-
entiation is delayed (7). Consistent with this important role in
epidermal development, mutations in PKK cause Bartsocas—
Papas syndrome, a disorder defined by multiple skin webs
and craniofacial defects (8-10). Mutations in PKK associated
with Bartsocas-Papas syndrome have been shown to alter
NF-xB signaling (8). In some studies with humans, it has
also been suggested that ANp63a regulates NF-xB proteins,
and PKK and NF-kB subunits are both critical components in
controlling epidermal development (8,11). Given the role of
PKK in epidermal differentiation and NF-kB and TP63 signal-
ing, we hypothesized that PKK might also regulate keratino-
cyte transformation. However, neonatal lethality of the PKK
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Abbreviations

cSCC cutaneous squamous cell carcinoma
DAPI 4’,6-diamidino-2-phenylindole

DMBA dimethylbenz(a)anthracene

P intraperitoneal

PKK protein kinase C-associated kinase
RIP receptor-interacting protein kinase
RT-PCR reverse transcription-polymerase chain reaction
SCC squamous cell carcinoma

TPA/PMA 12-O-tetradecanoylphorbol 13-acetate
4-OHT 4-hydroxytamoxifen

knockout mouse has limited our ability to study the function
of PKK in vivo.

Squamous cell carcinoma (SCC) is a malignant tumor with
an incidence of 2-4% of the European population (12). Multiple
risk factors have been identified for SCC, including ultra-
violet light exposure, chronic inflammatory disease of the
skin, chronic immunosuppression, burns, radiotherapy and
decreased skin melanin (12-14). Although most patients who
have early diagnosis and surgical excision have a good prog-
nosis, patients with more advanced disease (e.g. tumors >4 cm
in diameter) (15) and those with metastatic disease have a
3 years survival of only 33% (15,16). We found that tumor tissue
from patients undergoing Mohs surgery contained decreased
levels of PKK mRNA compared with normal, adjacent skin (17).
Furthermore, depletion of PKK in keratinocytes using RNA
interference increased proliferation in vitro, promoting the cell
cycle, without affecting the levels of apoptosis (17). In add-
ition, increased tumor size was observed in PKK knockdown
keratinocytes in xenotransplantation models (17). It has also
been reported that PKK expression is decreased in aggressive
SCCs of the tongue (18). PKK expression was also decreased in
hepatocellular carcinoma, and overexpression of PKK in trans-
formed fetal hepatocytes led to cessation of anchorage inde-
pendent growth (19). In contrast, increased PKK expression in
ovarian and cervical tumors is thought to promote tumorigen-
esis (20,21). Thus, the role of PKK in tumorigenesis is probably
tissue-specific.

We have found that cutaneous SCC (cSCC) exhibits a com-
paratively high rate of potentially deleterious mutations in
PKK. Furthermore, the rate of PKK mutation in ¢SCC is higher
than that in other tumor types. This suggests that PKK function
may be particularly important in the suppression of keratino-
cyte transformation or cSCC development. Therefore, because
germline PKK deletion is lethal, we have developed a strategy
allowing selective ablation of PKK in keratinocytes. Using this
mouse model, in combination with a well-established two-
stage chemical carcinogenesis protocol, we have found that skin
tumor development is increased in the absence of keratinocyte
PKK. Furthermore, loss of PKK results in decreased canonical
NF-xB signaling and increased nuclear TP63. The feedback loop
between TP63 and NF-«B is complex with each member regulat-
ing the apoptotic activities of the other (22). This study provides
genetic evidence to support the idea that PKK functions as a
tumor suppressor in cSCC.

Materials and methods

Reverse transcription—-polymerase chain reaction

Due to unavailability of commercial, efficient anti-mouse PKK
antibody, reverse transcription-polymerase chain reaction (RT-
PCR) was performed for PKK expression.

L.Chenetal. | 419

After TRIzol (Invitrogen, CA) extraction of total keratino-
cyte RNAs, quantitative RT-PCR was performed as previously
described (51). Template cDNAs was generated using using
oligo (dT) and superscript II reverse transcriptase (Invitrogen).
The sequences for real-time quantitative RT-PCR primers used
were PKK 5-(Forward) CGACAGGGAACGAATGGAGC, 5'-(Reverse)
AGACATGCAATGCAGGAAGTT; Keratin 1 5’-(Forward) ATT TCT
GAG CTG AAT CGT GTG ATC, 5'-(Reverse) CTT GGC ATC CTT
GAG GGC ATT;, Keratin 10 5’-(Forward) TGA TGT GAA TGT GGA
AAT GAA TGC, 5’ (Reverse) GTA GTC AGT TCC TTG CTC TTT
TCA; Involucrin 5’-(Forward) GGG TGG TTA TTT ATG TTT GGG
TGG, 5’(Reverse)-GCC AGG TCC AAG ACA TTC AAC; GAPDH
5’-(Forward) GAA ATC CCA TCA CCA TCT TCC AGG, 5'-(Reverse)
GAG CCC CAG CCT TCT CCA.

Quantitative real-time quantitative RT-PCR was performed
using an ABI System Detector 7300 (Applied Biosystems, Foster
City, CA) under the following thermocycler conditions: stage
1, 95°C for 30 s, 1 cycle; stage 2: 95°C for 5 s and 58°C for 31 s,
40 cycles. GAPDH was used as an internal control for the
expression levels of target genes. Relative mRNA levels were
calculated in terms of the average cycle number of PCR ampli-
fication (CT value) for the target gene, where A = CT (PKK gene
sample) — CT (GAPDH sample). The formula: 2-AACt was used
to calculate relative expression fold in each sample relative to
the control, which was set as 1.

Conditional PKK knockout mouse

PKK"? mouse has previously been described (27). A targeting
construct was generated in which exon 2 of the PKK gene was
flanked by loxP sites. The knockout mice were genotyped by gen-
omic PCR with primers: For: TGGTAGAGATGATTCCACCCATTTG
and Rev: CTAACTATCCAAGGGCCGTCACTCT. For detection of PKK
deletion, the primers: For 5’-GGGTCTAGTGGGTGGTTAATGGGTA
and Rev 5’-CCAAAGCCATACAACCTGGTACAAA were used. To
generate PKK¥™°, PKK¥® mice were mated with the Keratin14-
ER-Cre transgenic mice (Jackson Laboratory, Bar Harbor, ME.
Cat. #005107). For deletion, (PKK™°) mice were treated twice
with tamoxifen [intraperitoneal (IP) injection]. PKK deletion was
assessed using curetted back skin and PCR as above. Mice were
housed in the University of Rochester and Rochester General
Hospital Research Institute in compliance with Institutional
Animal Care and Use Committee guidelines at each institution
(Protocol #2015-004, RGH IACUC).

Epidermal thickness

Three different locations on two representative mice from a
group of 20 or more were measured using a micrometer. The
average thickness in microns was calculated and presented in
the bar graph. Standard error of means is shown.

Immunohistochemistry and immunofluorescence

Immunofluorescence studies were performed as described pre-
viously (49). Four micrometer sections of formalin-fixed and
paraffin-embedded tumor samples were used for IF and H&E
staining. Following deparaffinization and rehydration, the sec-
tions were antigen retrieval with 0.01 M citrate buffer (pH 6.0)
for 20 min. The primary antibodies such as cytokeratin 5 (1:250
dilution), cytokeratin 10 (1:200 dilution), cytokeratin 14 (1:250
dilution), involucrin (1:300 dilution) and cyclin D antibody
(1:300), from Santa Cruz Biotechnology, then were added and
the slides were incubated for overnight. After wash with PBS for
three times (each for 5 min), the sections were incubated with
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secondary antibodies (Alexa Fluor 568-contugated or Alexa Fluor
488-contugated IgG, Invitrogen. 1:400 dilution) for 1 h. After the
sections were counterstained with 4’,6-diamidino-2-phenylin-
dole (DAPI) for 5 min, the cover slips were mounted and imaged.

Cultured cells were plated on cover slips for 24 h and then
fixed with cold 4% paraformaldehyde. Keratin 1/10 antibody
(LH1, sc-53251), keratin 5 antibody (RCK-103, sc-32721), kera-
tin 14 antibody (C-14, sc-17104), keratin 17 antibody (H-41,
sc-366511), involucrin (H-20,sc-28557), phospho-p65 antibody
(Cell Signaling #8214), p63 antibody (H-137, sc-8343), Ki-67
antibody (Cell Signaling, #12075), p65 antibody (Cell Signaling,
#8242), cyclin D (M-20,sc-718) and staining were performed with
a standard IF stain protocol. Nuclei were counterstained with
DAPI. All studies were repeated on at least two samples of any
piece of tissue and confirmed on at least two different samples
(e.g. different cell culture plates and different mice).

Western blots and immunofluorescence

Epidermis of back skin from the control and PKK mutant mice
treated with 12-O-tetradecanoylphorbol 13-acetate (TPA) for dif-
ferent time points or treated with dimethylbenz(a)anthracene
(DMBA)/TPA for 13 weeks were used for western blot analysis:
P21 (C-19, Santa Cruz), cdk4 (Santa Cruz, c-22), p63 antibody
(4A4, sc-8431), IkBa antibody (Abcam, E130, ab32518), p-P65 anti-
body (Cell Signaling, #8214) and c-Rel (Santa Cruz, sc-70). GAPDH
(Santa Cruz, G-9) was used as a loading control. Nuclei or whole
cell extracts were isolated and evaluated by western blotting as
described previously (52).

Retrovirus constructs and transduction

Knockdown was assessed by both RT-PCR and western blot-
ting of PKK. Keratinocytes derived from SCCs of mice or
immortalized cell lines (HaCaT) were grown in keratino-
cyte growth medium without calcium and transduced with
retroviral vectors exactly as described previously (17). HaCaT
cells were provided by Lisa Buck. The histology of the HaCaT
were closely monitored to ensure that there was no contam-
ination of the cell cultures with other cell types. Short tan-
dem repeat profiling is performed every few years (or sooner
if necessary) to authenticate the cell lines in our labora-
tory. This utilizes PowerPlex 18D System by Promega. The
cells were last tested in the past year. Targeting sequences:
shPKK-1, 5-GGCCCACCTTCCAAGAAATTA; shPKK-2, 5'-
CGTTCGTTTCTCGTTGCCTAA; and control sequence,
5-GTTCTCCGAACGTGTCACG. Calcium was added to a final
concentration of 1.2 mM to induce differentiation of HaCat
cells. Cells were treated for 24 h and then harvested for immu-
nohistochemistry and quantitative PCR.

Chemical carcinogenesis

Experiments were performed as described previously (51). In
brief, the backs of 6-week-old mice were shaved and, after 1
week, mice, which were observed to have a resting hair cycle,
were treated with 25 pg 7,12-dimethyl-1,2-benzanthracene
(DMBA; Sigma, St. Louis, MO) dissolved in 100 microliters of acet-
one. One week after initiation, mice were treated topically with
10 pg phorbol ester (TPA; Sigma) twice a week. Papilloma devel-
opment was recorded biweekly. Numbers of papilloma were
compared using standard of means analysis. The data were
examined by a Fisher’s exact test. The data present represent
eight PKK*° and seven control mice. One of the controls died
early due to anesthesia toxicity. It had developed no more pap-
illoma at that point in time than mice in both groups. The white

CD-1 (Tg(KRT14-cre/Esrl) was from a single founder mouse
and backcrossed to the black C57BL/6 (C57BL6;129F10-PKK™?)
founder mouse.

Keratinocyte proliferation assays from SCC

This assay was adapted as described previously (32,53). Primary
keratinocytes were cultured after isolation by dispase treatment
of shaved mouse skin. Cells were maintained in Ca*-free kera-
tinocyte medium (Lonza, CC-3112) at 32°C in a 5% CO, incuba-
tor. When cultures reached at least 75% confluence, they were
replated into 96 well plates at 2 x 10* cells per well. The MTT
assay was performed as described previously. Cells were treated
at different concentrations with DMBA for 2 days. MTT reagent
was added to each well followed by incubation for 2 h. Then,
DMSO was added to each well. Spectrophotometric absorbance
of each sample was measured at 540 nm using a microplate
reader (Bio-Rad, Hercules, CA). MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide and DMBA were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

DNA sequencing for H-ras mutation

Total genomic DNA was isolated from 40 um sections of forma-
lin-fixed and paraffin-embedded tumor samples using a gen-
omic DNA isolation kit (Catalog number AM1975, Invitrogen).
Standard PCR reactions to identify mutation at codon 61 of
H-ras were performed using mouse H-ras specific primers:
P1for5! ctaagccgtgttgttttgcagg, P2rev5’ cacctatggctagececegtgag,
P3forS'ctectaccggaaacaggtggt and P4rev cttcgaggacatccatcag-
tac. The purified PCR product was directly sequenced at the core
facility at the medical center of the University of Rochester.

Results

Mutation of PKK in human ¢SCC

We previously reported that PKK expression is decreased in cSCC
of humans and that shRNA-mediated depletion of PKK increases
tumor growth in xenograft models of cSCC (17). Therefore, we
analyzed The Cancer Genome Atlas (TCGA) through the cBIO
Portal for Cancer Genomics (23,24). We queried the 145 available
datasets (http://www.cbioportal.org/data_sets.jsp) for mutations
in PKK (RIPK4). Interestingly, PKK (RIPK4) was most frequently
mutated in cSCC, with a mutation frequency that was more than
twice that of any other cancer dataset analyzed (Supplementary
Figure Sla, available at Carcinogenesis Online). In cSCC, 24%
of tumors had missense mutations in RIPK4 (Supplementary
Figure S1b, available at Carcinogenesis Online). Furthermore, most
mutations were located within the kinase and ankyrin repeat
domains (Supplementary Figure Slc, available at Carcinogenesis
Online). Mutations in these domains of PKK have previously
been shown to cause loss of function in patients with Bartsocas—
Papas syndrome (8). The cSCC data deposited in TCGA (25) are
consistent with another analysis of aggressive metastatic cSCC
that reported a similar PKK mutation rate with changes clustered
within the kinase and ankyrin repeat domains (26). Although the
analysis of existing sequencing data suggests that PKK is signifi-
cantly mutated in cSCC, it remains unclear, especially given the
high rate of mutagenesis in cSCC, whether loss of PKK function
contributes to keratinocyte transformation or SCC progression.

Creation of the PKK conditional knockout mouse

In order to study the role of PKK specifically in the skin, a
conditional genetic model was developed. The homozygous
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PKK" mouse (27) was bred onto a Keratin-14-ER-Cre transgenic
mouse Tgkf4aesr (28) in which the Cre-ER fusion protein is
under the control of the keratin 14 (K14) promoter and acti-
vated upon administration of 4-OHT or the prodrug tamoxifen.
Mice with floxed-PKK alleles were born at normal Mendelian
ratios (Figure 1A) and efficient, specific deletion of the PKK
locus in epidermis and loss of PKK protein in isolated keratino-
cytes was achieved by IP treatment with tamoxifen (Figure 1B
and C).

Knockout of PKK in keratinocytes leads to increased
epidermal thickness but does not affect keratinocyte
differentiation

Targeted knockout of PKK in keratinocytes (PKK®°) by IP injection
of tamoxifen (25 mg/kg) twice over 1 week resulted in mice of
the same size, with skin that phenotypically appeared normal.
However, hematoxylin and eosin (H&E) staining revealed signifi-
cant epidermal thickening in PKKE® mice (Figure 1D and E) simi-
lar to that in the PKK knockout mouse (7). PKK®™° mouse skin had
an expanded basal layer with expression of the basal keratinocyte
marker K14 expression extending above the basal layer (Figure
1E and F). Similar results were found with the basal keratinocyte
marker Keratin 5 (not shown). However, keratin 1, which is found
in suprabasal keratinocytes of the spinous and granular layer,
showed a similar expression pattern in PKK®*° and control skin.
This was confirmed with H&E analysis showing acanthosis with
basal, spinous, granular and stratum corneum layers present in
the thickened epidermis (Figure 1E). Involucrin, a late marker of
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keratinocyte differentiation typically present in the upper granu-
lar layer, was similar in the control and in PKK! skin (Figure 1F).

Similarly, loss of PKK by siRNA knockdown of PKK in the
HaCaT keratinocyte cell line, cultured in calcium-free medium,
did not affect differentiation (Supplementary Figure S2, avail-
able at Carcinogenesis Online). Expression levels of keratins, 5,
10, 14, or involucrin were similar in normal and PKK-deficient
HaCaT keratinocytes. (Supplementary Figure S2a, available at
Carcinogenesis Online) mRNA expression levels of differenti-
ation markers after calcium-induced differentiation were also
unaffected by PKK knockdown (Supplementary Figure S2b,
available at Carcinogenesis Online). These results suggest that
keratinocyte intrinsic PKK is not required for suprabasal differ-
entiation, but supports a role for PKK in regulation of keratino-
cyte proliferation.

Altered signaling and proliferation in PKK deficient
epidermis

The thickening of the epidermis in mice with conditional dele-
tion of PKK in keratinocytes (Figure 1D) suggests an increase
in cell proliferation. Therefore, we sought to confirm the role
of PKK in regulating keratinocyte proliferation using the con-
ditional knockout model. To directly examine keratinocyte
proliferation, we performed Ki-67 staining in PKKE© skin. We
previously reported that siRNA-mediated suppression of PKK
promotes keratinocyte proliferation without altering apopto-
sis (17). Consistent with these findings, we observed increased
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Figure 1. Conditional deletion of PKK in keratinocytes. (A) Genotyping of tail DNA identifies the C57BL6;129F10-PKK"™! floxed allele (F) as 413 base pairs compared with the
wild-type 330 base pair allele. (B) Genomic DNA from C57BL6;129F10-PKK ™ (TekrTi4-cre/isrt) hack skin that was either untreated or painted with 4-hydroxytamoxifen (4-OHT).
Deletion of PKK is confirmed by a 471 base pair transcript. (C) PCR of PKK and GAPDH from dispase-derived epidermis from C57BL6;129F10-PKK ™ (TekkT14-cre/Esrl) hack skin that
was either untreated or treated with tamoxifen IP. (D) Hemotoxylin and eosin stained back skin from C57BL6;129F10-PKK ™ (TekrTi4-cre/isrt) tregted with tamoxifen or vehicle
only. Bar graph quantifying increased epidermal thickness in C57BL6;129F10-PKKm\(TekrTié-cre/Esrl hack skin compared with control. S.C., stratum corneum; S.G., stratum
granulosum; S.S., stratum spinosum. Scale bar is 25 pm. (E) and (F) Immunofluoresence microscopy of C57BL6;129F10-PKKm1(TekrTi4-cre/esrl) hack skin treated with vehicle or
tamoxifen and stained against keratinocyte differentiation markers. DAPI is a nuclear counterstain. Scale bar is 50 pm.
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Ki-67 staining in the interfolllicular epidermis of PKK™° skin
compared with control skin (Figure 2A and B). Thus, cell intrinsic
PKK suppresses proliferation of keratinocytes in intact murine
epidermis.

We have previously shown that reducing PKK expression with
siRNA altered signaling through TP63 and NF-kB and increased
keratinocyte proliferation (17). Keratinocyte overexpression of
TP63 induces epidermal hyperproliferation (29). Therefore, we
examined expression and nuclear localization of TP63 in PKK®°
epidermis. PKK deletion in keratinocytes leads to increased TP63
expression and nuclear localization compared with normal
mouse keratinocytes (Figure 2C and D). Consistent with the K14
staining, nuclear TP63 staining was seen in multiple supraba-
sal layers. We also investigated canonical NF-«B in PKK deficient
keratinocytes. siRNA knockdown of PKK in cultured human SCC
keratinocytes led to decreased TPA-induced NF-kB activity and
decreased IKK activity (17). Staining for phosphorylated p65
showed that PKK®© skin had decreased total and nuclear p-p65
levels compared with control skin (Figure 2E and F). Therefore,
similar to what we have previously shown in vitro, and consist-
ent with the observed hyperplasia (Figure 1D), skin from PKK®°
mice shows increased nuclear TP63 and decreased nuclear
phospho-p65. Increased proliferation, decreased canonical
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NF-xB signaling and increased nuclear TP63 all suggest that
keratinocyte tumorigenesis might be increased in PKK®¥° mice.

Deletion of PKK in basal keratinocytes promotes
tumors after DMBA/TPA induced carcinogenesis

The high rate of PKK mutagenesis in c¢SCC (25,26) increased
tumor growth in PKK-depleted SCC (17) and decreased PKK
expression in human cSCC (17); all suggest that PKK may be
a bona fide, and perhaps tissue specific, tumor suppressor.
Therefore, we examined chemical-induced tumorigenesis in
PKKE© mice. Mice were treated with DMBA once and then TPA
twice weekly for 27 weeks. PKK!° mice showed increased pap-
illoma formation compared with controls (Figure 3A). Over 27
weeks of study, nine squamous cell carcinomas were observed
in PKK®° skin, with tumors in five of eight PKK-deficient mice
compared with none in the control group (Figure 3B). The papil-
lomas were grossly larger in the PKK®° mice (Figure 3C). Even by
week 54, only one control mouse had developed SCC. We har-
vested week 27 papillomas and SCC from PKK®° mice and week
27 papillomas and week 54 SCC from wild-type mice. Similar
to our observations in PKK-deficient epidermis, we found
that papillomas and SCC excised from PKKH° mice showed
increased Ki-67 staining (Figure 3D). Counting positive nuclei at
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Figure 2. Deletion of PKK alters epidermal keratinocyte proliferation and signaling. (A) Immunofluoresence microscopy of C57BL6;129F10-PKK™1(TekkI14-cie/tsrl) hack skin
treated with vehicle or tamoxifen and stained against the basal keratinocyte differentiation marker keratin 14 and the proliferation marker Ki-67. Scale bar is 25 pm.
(B) Ki-67 nuclear staining from three representative areas from WT and PKK®° mouse skin was calculated. Standard error of means is shown. P < 0.005. (C) and (D)
Immunofluoresence microscopy of C57BL6;129F10-PKKmi(TekRTit-cre/Esrl) hack skin treated with vehicle or tamoxifen stained against the basal keratinocyte differentiation
marker keratin 5 or 14 and (c) TP63 or (e) phospho-p65. (D) and (F) TP63 and phospho-pé65 staining from three representative areas from WT and PKK**° mouse skin was

calculated. Standard error of means is shown. P < 0.01.



40x magnification in at least three representative areas of each
tumor showed that papillomas and SCC in control mice stained
positive for Ki-67 in 40% and 50% of counted nuclei, respectively,
whereas papillomas and SCCs from PKK®° mice stain positive
for nuclear Ki-67 in 63% and 70% of cells, respectively (Figure 3E).

We have previously shown that reducing PKK levels
in keratinocytes results in upregulation of cyclin D1 (17).
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Therefore, we also examined cyclin D1 staining in papillo-
mas and SCC excised from PKK™° and control mice (Figure
3F). Cyclin D1 expression was increased, especially in mutant
papillomas (Figure 3G). A marked increase in the expression
of keratin 17 (K17), another marker of keratinocyte prolifera-
tion (30), was also observed in PKK®° SCC and papillomas com-
pared with control (Figure 3H).
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Figure 3. Chemical carcinogenesis in the PKK knockout mouse. (A) Chemical carcinogenesis studies with C57BL6;129F10-PKK ! (TekRT14-cre/Esr) mijce that were either wild-
type (non-floxed PKK allele) (WT) or containing the floxed PKK allele and treated with tamoxifen (IP) (KO). Papillomas >3 mm in diameter were counted through 27
weeks of the study. There were eight mice in each group. (B) Squamous cell carcinomas were counted through 27 weeks in the knockout and through 54 weeks in the
wild-type. There were no squamous cell carcinomas observed in the wild-type mice at weeks 27 and 9 observed in the knockout. (C) Wild-type compared with knockout
mice at week 27 during chemical carcinogenesis. (D) Immunofluorescence microscopy staining of Ki-67 of papillomas and SCC from wild-type and PKK®© skin. (E) Ki-67
nuclear staining was quantitated by counting at three representative areas of papillomas or SCCs at 40x magnification. (F) Immunofluorescence microscopy staining
of cyclin D1 of papillomas and SCC from wild-type and PKK™® skin. (G) Quantification of cyclin D1 staining was performed by counting at three representative areas of
papillomas or SCCs at 40x magnification. (H) Immunofluorescence microscopy staining of keratin 17 of papillomas and SCC from wild-type and knockout mouse skin.
(i) Mutational analysis of Hras gene at codon 61 of papilloma and SCC from wild-type or knockout keratinocytes. Scale bar is 50 um.
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DMBA treatment of mouse skin leads to activating mutations
in H-ras at codon 61 and codons 12/13 (31). Therefore, we tested
samples of papillomas and SCCs from the DMBA/TPA treated
knockout and control mice in order to determine whether they
contained H-ras mutations at codon 61 (CAA — CTA). Seven of
eight PKK®° and one of one control mice had SCCs with codon
61 mutations of H-ras. Most papillomas also had codon 61 muta-
tions (Figure 3I). Thus, loss of PKK increases papilloma and SCC
formation in a two-stage model of chemical carcinogenesis.

PKK deletion in keratinocytes promotes
tumorigenesis in mouse skin

Given that PKK deficiency did not cause spontaneous cSCC but
did promote tumor formation in two-staged chemical carcino-
genesis, we next wanted to determine which stage of tumorigen-
esis is inhibited by PKK. Therefore, we investigated the effects of
loss of PKK on treatment of mice with the tumor initiator DMBA
alone (Figure 4A). DMBA treatment alone does not typically lead
to papilloma or SCC formation in mice, and we did not observe
any papilloma (Figure 4B) or SCC (Figure 4C) formation in control
mice (10 mice) under our experimental condition. In contrast,
in PKK®© mice (10 mice), we observed both papilloma (Figure
4B) and SCC (Figure 4C and D) tumor formation after treatment
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with DMBA alone. To assess whether PKK loss can replace the
tumor initiator DMBA in chemical carcinogenesis experiments,
we treated both PKK-deficient (10 mice) or control mice (10 mice)
with the tumor promoter TPA alone twice weekly. No SCCs or
papillomas were observed in PKK®° or control mice after 27
weeks of continuous treatment with TPA alone (data not shown).
Therefore, loss of PKK function alone does not cause tumor ini-
tiation, whereas loss does lead to tumor promotion.

To further study the effect of DMBA on the growth behav-
ior of the keratinocytes with PKK deficiency, primary keratino-
cytes were obtained from control and PKK®° mice and studied
with a yellow tetrazolium MTT proliferation assay (32,33). This
assay measures the cell viability and proliferation of cultured
cells. The reduction of tetrazolium salts during proliferation is
assayed spectrophotometrically (Figure 4E). Analysis of treated
cells using an MTT assay revealed that at lower DMBA concen-
trations, PKK®° primary mouse keratinocytes had enhanced
proliferation in response to DMBA exposure compared with the
control cells, indicating a survival advantage of PKK-deficient
keratinocytes following DMBA treatment.

Decreased NF-kB signaling in PKK®™° mice

We have previously shown that shRNA knockdown of PKK in
keratinocytes cultures leads to decreased IKK and NF-«kB activity
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Figure 4. DMBA alone induces SCC in PKK™° mice. (A) Chemical carcinogenesis study utilizing only a tumor initiator, DMBA, was performed. Mice were shaved 1 week
prior to starting DMBA treatment. After 2 weeks of once weekly DMBA treatment, mice were followed biweekly for 27 weeks. There were 10 mice per group. The percent-
age of SCC in the knockout mice were counted. (B) and (C) No papillomas or SCCs formed in the control treated mice at 27 weeks. Papillomas and SCC were observed in
the PKK*° mice. (D) Photograph showing wild-type (+/+) and knockout (F/F) mice after DMBA only treatment at 24 weeks. (e) MTT proliferation assay of wild-type and
knockout keratinocytes culture with different concentrations of DMBA. All samples were performed in triplicate. *P < 0.05, **P < 0.005.



L.Chenetal. | 425

(17). To further these findings, we examined cultured keratino- of p65, whereas SCC-1 cells expressing shPKK did not activate
cytes from human SCCs treated with the NF-kB stimulus, phor- p65 translocation (Figure 5A and B). This confirms that PKK defi-
bol ester (TPA). Both SCC-1 (Figure 5A) and SCC-2 (data not ciency leads to inhibition of NF-xB signaling in keratinocytes.
shown) have previously been described (17). Transduced SCC-1 We next treated control and PKK®¥° mouse skin with TPA for
control cells showed robust TPA-induced nuclear localization different time points and harvested keratinocytes by curettage.
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Figure 5. Altered NF-kB and TP63 signaling in PKK-deleted keratinocytes. (A) Immunofluorescence microscopy of cultured keratinocytes from human SCCs that were
treated with vehicle or 20 ng/ml of phorbol ester (TPA). p65 (red) and DAPI (blue). Scale bar is 25 pm. (b) Bar graphs show positive nuclear staining of cultured keratinocytes
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Western blotting of epidermal lysates from control and PKKE©
mice revealed increased phosphorylation of p65 after TPA treat-
ment in control mice compared with PKK° skin (Figure 5C).
Moreover, the phosphorylation persists after 2 h of TPA treat-
ment in the control epidermis compared with PKK™°. IxBa
was increased in PKK®© lysates (Figure 5D), consistent with
decreased upstream NF-kB signaling in epidermal keratinocytes
lacking PKK.

An analysis of TP63 expression was also performed. As
shown in Figure 5D, TP63 was increased in PKK®° epidermis
compared with control. CDK4 is important in cell cycle pro-
gression while p21 inhibits cell cycle. Previously, we have
shown that in cultured keratinocytes, with decreased PKK
due to shPKK, there is a decrease in p21 and increase in CDK4,
correlating with increased keratinocyte proliferation (17).
Consistent with these in vitro data, the expression of p21, which
was shown to be repressed by TP63 (34,35), was decreased in
PKKEX0 epidermis compared with control (Figure S5E). Moreover,
epidermis from PKK®° mice contains significantly increased
CDK4 (Figure 5F), which correlates well with our observation
that PKK deletion induces a thickened epidermis (Figure 1D).
As epidermis from PKK®*° mice showed elevated TP63, tumors
from PKK® mice were next examined. Papillomas and SCCs
from DMBA/TPA treated wild-type and PKK™° mice were
examined by fluorescence microscopy. Nuclear TP63 intensity
and frequency were increased in the tumors of PKK® mice
(Figure 5G and H). Staining for phospho-p65 in tumor tissue
was low and did not yield sufficient data to compare control
and PKKE®° tumors. Taken together, these results strongly sup-
port the hypothesis that PKK has tumor suppressor function
and that loss of PKK supports tumor progression in cSCC,
which is consistent with the observed dysregulation of NF-xB
and TP63 in PKK®° mice.

Discussion

With a novel, skin-directed, inducible knockout mouse model
(PKK®°), we investigated the role of PKK in skin tumor devel-
opment using a classical DMBA/TPA, two-stage carcinogen-
esis. Although other relevant models are available, such as the
ultraviolet model utilizing genetically altered-hairless mice, the
chemical carcinogenesis model is the best defined tumor model
in mice and therefore was our choice for studying a novel tumor
suppressor (36). Our results demonstrate that PKK functions as a
tumor suppressor in keratinocytes. This extends our previous in
vitro and in vivo xenotransplant work and highlights the essen-
tial and specific role of PKK as a regulator of SCC tumor progres-
sion. Moreover, this builds on the expanding landscape showing
that PKK can function as a tumor suppressor in other keratino-
cytes tissues (18) and hepatocytes (19).

Knockout of PKK in keratinocytes leads to a hypercellular
but fully stratified epidermis, consistent with increased prolifer-
ation, which we previously documented in keratinocytes lacking
PKK (17). Genetic deletion of PKK produces a marked increase in
susceptibility to DMBA/TPA-induced skin carcinogenesis (Figure
3B). Based on our previous result (17), which demonstrated that
knockdown of PKK by shRNA promotes the cell cycle, independ-
ent of DMBA induced mutagenesis, we believe that our results
using DMBA/TPA and DMBA alone experiments support a tumor
suppressor role for PKK. However, one alternative explanation for
the DMBA experiments would be that the increased cell cycling
caused by PKK knockout leads to an increased susceptibility of
the cycling keratinocytes to DMBA-induced mutagenesis.

PKK function is cell-type dependent, as PKK deficiency is
associated with both keratinocyte and hepatocyte proliferation,

whereas PKK overexpression in ovarian cells is tumorigenic
(17,19,20). PKK is not the first protein that can function as both
a tumor promoter and a suppressor, as NF-xB exhibits a simi-
lar functional dichotomy (37). Thus, it is especially interesting
that loss of PKK has profound effects on NF-kB signaling in
keratinocytes. PKK knockdown in mouse and human keratino-
cytes makes cells less responsive to NF-«B stimuli and there is
decreased NF-kB transcriptional activity and decreased phos-
phorylation of IkBa after TPA treatment in cultured keratino-
cytes (17) and intact skin (Figure 5). It is clear that PKK is
important for NF-«xB signaling in keratinocytes and this is in
agreement with previous studies (38-40). With its effect on
NF-«B signaling and wound healing (5), it will be interesting to
determine whether PKK is a key to tumor promotion in settings
such as chronic inflammation (SCC in chronic wounds) and
viral infections (e.g. hepatocellular carcinoma). PKK has already
been shown to be decreased during wound healing, and there-
fore, chronic PKK decrease may be the tumor promoter that
leads to SCC (41).

Examination of keratins 1, 5, 14 and involucrin was nor-
mally distributed within the thickened epidermis of PKK©
skin (Figure 1E and F). Considering that PKK affects the nuclear
localization of both TP63 and NF-«xB, a lack of effect on epider-
mal differentiation was surprising (42,43). This suggests that
PKK either only affects parts of these pathways that are not
essential for epidermal differentiation or that the magnitude of
the effect of PKK loss selectively alters tumor suppression while
leaving epidermal differentiation intact. It will be important to
determine more precisely which specific parts of the NF-«B and
TP63 pathways are affected by PKK. For example, although IKKa
CARD14 and PKK are all upstream effectors of NF-«xB signaling,
they have distinct roles in NF-«B signaling and divergent effects
on keratinocyte differentiation, inflammation and tumorigen-
esis, respectively (17,44,45). Nevertheless, we observe a dramatic
increase in TP63 expression (Figure 5D) and nuclear localization
in the epidermis and epidermal tumors of PKK®° mice (Figures
3C and 5G). TP63 is over-expressed in many SCCs including skin
and those of the head and neck, and lung (46-48). Nuclear TP63
is known to negatively regulate p21 expression (34), suggesting
TP63 is important in the increased proliferation of cells after
PKK knockdown. Upregulation of cdk4 and cyclin E and down-
regulation of p21 promote an increase in S phase. In addition to
effects on S phase, PKK deficiency leads to a decreased ability
to stimulate NF-xB activity, which has previously been shown
to increase tumorigenesis in skin (49). Together with previous
reports, this work establishes that loss of PKK in keratinocytes
is associated with changes in multiple signaling pathways,
which promote keratinocyte proliferation and tumor progres-
sion (17,18,50).

Perhaps most importantly is the fact that these studies estab-
lish PKK functioning as a tumor suppressor in cSCC. Several
pieces of data support this conclusion: first, mRNA levels of PKK
are decreased in most human SCC tumors we have studied (17);
second, PKK is mutated in a significant fraction of aggressive
human cSCC (25,26); and, third, loss of PKK in keratinocytes
increases keratinocyte proliferation and dramatically increases
susceptibility to chemical carcinogenesis. Given the apparently
selective role of PKK in ¢SCC, we propose that this may repre-
sent a promising target for development of new therapeutic
approaches in metastatic disease.

Supplementary Material

Supplementary material is available at Carcinogenesis online.
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