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Abstract

TRAF1 is a member of the TRAF protein family, which regulates the canonical and noncanonical
NF-xB signaling cascades. Although aberrant TRAF1 expression in tumors has been reported, the
role of TRAF1 remains elusive. Here, we report that TRAF1 is required for solar UV-induced skin
carcinogenesis. Immunohistochemical analysis showed that TRAF1 expression is up-regulated in
human actinic keratosis and squamous cell carcinoma. In vivo studies indicated that TRAF1
expression levels in mouse skin are induced by short-term solar UV irradiation, and a long-term
skin carcinogenesis study showed that deletion of TRAFL1 in mice results in a significant inhibition
of skin tumor formation. Moreover, we show that TRAF1 is required for solar UV-induced
extracellular signal-regulated kinase-5 (ERKS5) phosphorylation and the expression of AP-1
family members (c-Fos/c-Jun). Mechanistic studies showed that TRAF1 expression enhances the
ubiquitination of ERKS5 on lysine 184, which is necessary for its kinase activity and AP-1
activation. Overall, our results suggest that TRAF1 mediates ERKD5 activity by regulating the
upstream effectors of ERKS5 and also by modulating its ubiquitination status. Targeting TRAF1
function might lead to strategies for preventing and treating skin cancer.

INTRODUCTION

Nonmelanoma skin cancer is the most frequently diagnosed cancer in the United States.
Nonmelanoma skin cancers comprise basal cell carcinoma and squamous cell carcinoma
(SCC) and most develop on skin exposed to sunlight. The International Agency for Research
on Cancer concluded in 1992 that sufficient evidence existed in humans supporting the idea
that solar radiation causes cancer, and UVR was classified as a group 1 carcinogen
(International Agency for Research on Cancer, 1992). The actual number of nonmelanoma
skin cancers is very difficult to estimate because reporting these cases to cancer registries is
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not required. However, the most recent assessment of occurrence for these skin carcinomas
was estimated at 5.4 million cases diagnosed among 3.3 million people in 2012 (American
Cancer Society, 2016). Previous epidemiologic evidence suggests that solar UVR is the most
important risk factor for skin carcinogenesis (Berwick et al., 2008; Fartasch et al., 2012;
Milon et al., 2014). Therefore, understanding the mechanisms of solar UV-induced skin
carcinogenesis might lead to effective strategies for preventing and treating skin cancer.

The extracellular signal-regulated kinase (ERK)-5 is a member of the conventional MAPKs
consisting of ERK1/2; c-Jun N-terminal kinases 1-3; and p38-a, -, -y, and -6 and is
similar to ERK1/2, which contain the Thr-Glu-Tyr activation motif (Nishimoto and Nishida,
2006). ERKS5 activity is up-regulated by ERK kinase 5 (MEKS) phosphorylation on the Thr-
Glu-Tyr motif, and the activation of the MEK5/ERKS5 pathway results in AP-1 activation
through the induction of c-Fos, c-Jun, and Fral, which can form AP-1 complexes (Amano et
al., 2015; Kayahara et al., 2005; Morimoto et al., 2007; Ren et al., 2007; Terasawa et al.,
2003). ERKS5 has been shown to be important for human cancers including breast, prostate,
liver, and colon cancer (Lochhead et al., 2012; Ortiz-Ruiz et al., 2014; Ramsay et al., 2011,
Simoes et al., 2015; Zen et al., 2009). The ERK5 pathway was more recently reported to be
involved in keratinocyte proliferation and skin tumorigenesis (Finegan et al., 2015; Wu et al.,
2015). Although the ERKS signaling cascade is activated by various stimuli including
cytokines, mitogens, and cellular stresses (Kamakura et al., 1999; Kato et al., 1998;
Kayahara et al., 2005; Nakaoka et al., 2003; Nicol et al., 2001; Wang and Tournier, 2006),
UVR reportedly failed to induce ERKS5 activation (Kamakura et al., 1999; Kato et al., 1997).

The TRAF family includes seven TRAF member proteins (TRAF1-7), and these proteins
regulate the canonical and noncanonical NF-xB signaling cascades. TRAF1 is unique
among the TRAF proteins because it lacks the RING finger domain (Lee and Choi, 2007),
which is associated with E3 ubiquitin ligase activity. TRAF1 expression is detected in a
limited number of normal tissues such as lung, spleen, thymus, testis, and skin (Mosialos et
al., 1995; Rothe et al., 1994; Zapata et al., 2000). Aberrant expression has been observed in
blood and solid tumors including stomach, ovary, kidney, and skin cancers (Guo et al., 2009;
Kang et al., 2014; Kiaii et al., 2013; Muehleisen et al., 2012; Rajandram et al., 2012; Wang
et al., 2014). Although previous reports suggest that TRAF1 might function and be
associated with various cancers, the role of TRAF1 in carcinogenesis remains elusive.

In this study, we showed that TRAF1 is a crucial component of 7, 12-
dimethylbenz[&]anthracene (DMBA)/solar UV-induced skin carcinogenesis. Solar UV
resulted in ERKS activation followed by the induction of c-Fos and c-Jun expression, which
can form an AP-1 complex in mouse skin. The activation of the ERK5/AP-1 signaling
cascade by solar UV was inhibited by the deletion of TRAF1. Moreover, we showed that
TRAF1 functions as a modulator of ERKS5 ubiquitination, which is required for ERK5
kinase activity.
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RESULTS
TRAFL1is up-regulated in actinic keratoses (AKs), SCCs, and solar UVR-irradiated skin

We first examined the protein expression of TRAF1 in human skin tissues, including normal
skin, AK, and cutaneous SCC. The mRNA expression of 7RAF1 is reportedly increased in
human SCC (Muehleisen et al., 2012). Consistent with previous findings, we observed that
the protein expression of TRAF1 was up-regulated in both AK and SCC compared with
normal skin (Figure 1a), suggesting that the induction of TRAF1 expression might be
associated with tumorigenesis. Because the most important risk factor for nonmelanoma
skin cancer is UV irradiation (Diepgen et al., 2012; International Agency for Research on
Cancer, 2005), we next determined whether solar UV irradiation could induce TRAF1
expression. Mice were subjected to a short-term exposure to solar UV as described in the
Materials and Methods. The results showed that TRAF1 expression was up-regulated and
sustained after a third irradiation (Figure 1b).

TRAF1 is required for DMBA/solar UVR-induced skin carcinogenesis

The traditional two-stage skin carcinogenesis model comprises a single administration of a
carcinogen, DMBA, followed by promotion with 12-O-tetradecanoylphorbol-13-acetate
(TPA) and induces an irreversible H-Ras mutation at the second nucleotide of codon 61
(Fujiki et al., 1989). On the other hand, the UVA and/or UVB-induced skin carcinogenesis
model gives rise to mutations of the 7253 gene and has been established to understand the
mechanism of skin cancer development (Brash et al., 1991; Liu et al., 2013; Oi et al., 2012).
We previously determined whether the BALB/c mouse strain was susceptible to UVR to
develop skin tumorigenesis when exposed to chronic solar UVR. The results showed that
this mouse model failed to generate any tumors (data not shown). In general, mutations of
RAS genes are not frequently observed in actinic keratosis or cutaneous SCCs, and ras genes
are rarely mutated in mice skin exposed to UVB radiation (Khan et al., 1996). However, a
more recent report showed that 20.5% of patients with aggressive cutaneous SCCs have
mutations in the HRAS gene (Pickering et al., 2014). Therefore, mice were subjected to a
two-stage carcinogenesis protocol, which consisted of initiation with DMBA and promotion
with solar UVR, as described in the Materials and Methods. This protocol resulted in the
development of SCC, but not papillomas, on mouse dorsal skin exposed to solar UVR
(Figure 2a). However, mice required long-term exposure to solar UVR for tumor
development, indicating that this mouse strain is somewhat resistant to UVR. Moreover, we
evaluated the requirement for TRAF1 in DMBA/solar UV-induced skin carcinogenesis.
Results showed that the incidence, volume, and number of tumors were markedly inhibited
in TRAF1-null mice (Figure 2b—d) compared with wild-type mice. Consistent with the
results shown in Figure 1a, TRAF1 was strongly expressed in skin tumor samples (Figure
2e). These results suggest that TRAF1 is required for solar UV-induced skin cancer
formation with a mutation of the HRAS gene.

TRAF1 regulates the ERK5/AP-1 pathway

Reportedly, ERKS is not activated by UV irradiation in COS7 and CHO-K1 cells (Kamakura
etal., 1999; Kato et al., 1997). We determined whether solar UVR could induce the
phosphorylation of ERK5, and we found that treatment of adult human epidermal
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keratinocyte (HEKa) cells with solar UVR or EGF resulted in strong phosphorylation of
ERKS5 and phosphorylation of ERK1/2 (Figure 3a, left), followed by the induction of c-Fos
(Figure 3a, right, and see Supplementary Figure Sl1a online). Total ERK5 and ERK1/2 were
not changed (Figure 3a, middle, and see Supplementary Figure S1a). We also determined
whether TNF-a treatment affected the ERK5 pathway, because two transcription factor
complexes, AP-1 and NF-xB, are strongly implicated in mediating the UVR response. The
results showed that TNFa could induce a weak ERK5 phosphorylation resulting in no c-Fos
accumulation (see Supplementary Figure S2 online). Because solar UVR could induce the
phosphorylation of both ERK5 and ERK1/2, we determined whether the induction of c-Fos
by solar UV is affected by inhibition of the MEK5/ERKS5 pathway. The results showed that
the induction of c-Fos in HEKa cells was suppressed by treatment with PD98059, a specific
inhibitor of MEK1, or B1X02188, a specific inhibitor of MEKS5 (Figure 3b, and see
Supplementary Figure S1b), suggesting that the ERKS5, as well as the ERK1/2, signaling
pathway independently affected the induction of c-Fos by solar UVR. We next examined
whether the genetic loss of TRAF1 influences the activation of the solar UVR-induced
ERK1/2 or ERK5/AP-1 pathway. Mice were subjected to a short-term exposure to solar
UVR, and then epidermal lysates were analyzed by immunoblotting. The deletion of TRAF1
reduced ERKS, but not ERK1/2, phosphorylation and inhibited c-Fos and c-Jun induction by
solar UV irradiation (Figure 3c and d, and see Supplementary Figure S1c and d). These
results show that TRAFL1 is involved in the solar UVR-induced ERK5/AP-1 pathway.

TRAF1 mediates ERK5 ubiquitination

We found that when TRAF1-V5 and hemagglutinin (HA)-ERKS5 were co-transfected into
human embryonic kidney 293 (HEK293)T cells, TRAF1 expression increased ubiquitination
of ERKS5 (Figure 4a and b). To identify the sites of ERKS5 that are responsible for
ubiquitination, we generated a series of ERK5 plasmids containing a lysine residue mutation
on lysine (K) 171, K184, or K349 to arginine based on mass spectrometry analysis (Table 1)
and then examined the susceptibility of these ERK5 mutants to ubiquitination. The results
showed that TRAF1-mediated ERK5 ubiquitination was significantly decreased in the
K184R mutant but not the K171R or K349R mutant (Figure 4c). These results indicate that
TRAF1 expression induces ubiquitination of ERK5 on K184.

Ubiquitination of ERK5 on K184 is required for kinase activity and AP-1 activation

To examine the role of ERKS5 ubiquitination, we next determined how the mutant ERK5
K171R, K184R, or K349R affects AP-1 activity, which is induced by a constitutively active
mutant of MEK5 (MEKS5 DD). The results clearly showed that K184R failed to induce AP-1
activation when K184R was expressed with the MEKS DD protein under conditions in
which the respective proteins were expressed at similar levels in HEK293T cells (Figure 5a,
upper and lower panels). These results indicate that ubiquitination of ERK5 on K184 is
necessary for AP-1 activation induced by MEK5 DD. We then determined how ERK5
ubiquitination on K184 affects AP-1 activity. Wild-type (WT) HA-ERKS5, K171R, K184R,
or K349R and MEK5 DD-V5 were co-expressed in HEK293T cells, and then the
phosphorylation of HA-ERKS5 or co-immunoprecipitation of HA-ERK5 and MEK5DD-V5
was detected by immunoblotting. We observed that both the phosphorylation of ERK5 and
its interaction with MEKS5 DD were not impaired in the K184R mutant compared with WT
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(Figure 5b and c), indicating that K184 ubiquitination is not required for its phosphorylation
by or interaction with MEK5. Moreover, to understand how the K184R mutant affects the
interaction of ERK5 with c-Fos, a substrate of ERK5, anti-HA immunoprecipitates of
HEK293T cell lysates, expressing HA-ERKS5 WT or K184R along with c-Fos-V5, were
subjected to anti-V5 immunoblotting. The results showed that WT, but not K184R,
interacted with c-Fos, indicating that ERKS5 ubiquitination on K184 is required for its
interaction with c-Fos (Figure 5d). Furthermore, we determined whether TRAF1-induced
ubiquitination of ERKS5 contributes to its kinase activity. Anti-HA immunoprecipitates of
HEK?293T cell lysates, expressing HA-ERKS5 and/or FLAG-TRAF1 along with FLAG-
ubiquitin, were subjected to an in vitro kinase assay with or without His-tagged c-Fos
proteins, which were purified from Escherichia coli. We found that both the
autophosphorylation of ERK5 and the phosphorylation of c-Fos were increased when ERK5
was expressed with TRAF1 (Figure 5e), suggesting that the ubiquitination of ERK5
enhances its kinase activity. Moreover, we evaluated the effects of a series of mutants with
another known substrate, c-Myc. Results showed that K184R exhibited decreased kinase
activity (Figure 5f). Overall, these results suggest that ERKS5 kinase activity is not only
regulated by MEKS5 but also depends on its ubiquitination status.

DISCUSSION

The AP-1 transcription factors are key regulators of epidermal keratinocyte survival and
differentiation and important drivers of skin cancer development (Briso et al., 2013; Eckert
et al., 2013). According to a report, inducible expression of c-Fos in mouse epidermis was
shown to promote skin inflammation through chronic CD4 T-cell recruitment, resulting in
the acceleration of DMBA-induced papilloma and SCC development (Briso et al., 2013).
Although mechanistic studies regarding UVR have suggested that AP-1 activity is increased
by UVA, UVB, or UVC through the activation of the MAPK signaling cascades (Bode and
Dong, 2003), the role of solar UVR (approximately 95% UVA and 5% UVB) on the MAPK/
AP-1 signaling cascade is less known (Liu et al., 2013). In this study, we discovered that
solar UV stimulates not only ERK1/2 but also the ERKS5 signaling cascade, resulting in the
increase of AP-1 components in HEKa cells (primary human keratinocytes) and also in
mouse skin. The induction of c-Fos is inhibited by either MEK1 or a MEKS5 inhibitor in
HEKa cells. These results suggest that not only ERK1/2 but also ERKS activation are
required for AP-1 induction by solar UVR. Remarkably, we found that the deletion or the
depletion of TRAF1 results in the inhibition of ERK5 phosphorylation and AP-1 activity.
The deletion or the inhibition of ERKS5 has been reported to result in the inhibition of
DMBAJ/TPA-induced skin tumor formation (Finegan et al., 2015), suggesting that ERK5
kinase activity is important for a carcinogen-induced skin tumorigenesis. Another report
indicated that TRAF4 acts as an adaptor protein for the Actl-mediated MAPK kinase
kinase-3—-ERKS5 pathway, and TRAF4 has been shown to be required for IL-1 7—induced
ERKS5 phosphorylation and DMBA/TPA-induced skin carcinogenesis (Wu et al., 2015). Our
results showed that TRAF1 also regulates ERK5 phosphorylation. These findings lead to the
idea that TRAF1 and TRAF4 might form a complex and regulate ERKS5 activity. More
mechanistic studies are needed for not only TPA- or IL-1 7—induced skin cancer but also
solar UVR-induced skin carcinogenesis. Collectively, these results suggest that the TRAF1/
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ERK5/AP-1 signaling cascade might be important for solar UVR-induced cutaneous SCC
formation.

Ubiquitin is a highly evolutionarily-conserved protein consisting of 76 amino acids. The
ubiquitination cascade comprises three enzymes referred to as E1, E2, and E3 (Yang et al.,
2010). Seven lysine residues in ubiquitin have been identified, and the roles of K48-linked
and K63-linked poly-ubiquitination are well-studied. K48-linked ubiquitination triggers
protein degradation, whereas K63-linked ubiquitination regulates a variety of nonproteolytic
cellular functions, including DNA damage repair, stress responses, and inflammatory
pathways (Zhang et al., 2013). Although ERK1/2 are ubiquitinated by MEKK1, resulting in
their degradation (Lu et al., 2002), no group has reported ERKS5 ubiquitination and its role.
We found that TRAF1, which lacks a RING finger domain needed for E3 ligase activity,
induces ERKS5 ubiquitination on K184, where the kinase domain is located. Mechanistic
studies showed that a K184R ERKS5 mutant, which prevents ubiquitination at that site,
permits MEKS phosphorylation of ERK5 on the Thr-Glu-Tyr activation motif. Our results
have shown that the phosphorylatable ERK5 mutant with K184R failed to induce AP-1
activity. Our findings provide evidence supporting a regulation of MAPKSs in skin
carcinogenesis.

Overall, our results clearly show a role of TRAF1 in solar UVR-induced skin carcinogenesis
mediated through the ERK5/AP-1 signaling cascade. TRAF1 functions as a regulator of
ERKS by modulating its ubiquitination. Clarifying how ERKS5 kinase activity is regulated
other than by its phosphorylation on the Thr-Glu-Tyr activation motif by upstream kinase
MEKS5 will be interesting. In conclusion, inhibiting ERK5/AP-1 by targeting TRAF1 might
be a strategy for preventing and treating skin cancer.

MATERIALS AND METHODS

Cell culture and transfection

Primary HEKa cells were obtained from Thermo Fisher Scientific (Waltham, MA) and
cultured at 37 °C in a humidified incubator with 5% CO> in EpiLife medium (Thermo Fisher
Scientific) supplemented with 60 pM CaCl, and human keratinocyte growth supplement
(Thermo Fisher Scientific). The second passage of HEKa cells was used in these studies.
HEK?293 cells and HEK293T cells (stably expressing the SV40 large Tantigen in HEK293
cells) from the American Type Culture Collection (Manassas, VVA) were cultured at 37 °C in
a humidified incubator with 5% CO5 according to American Type Culture Collection
protocols in DMEM (Corning, Manassas, VA), supplemented with 10% (volume/volume)
fetal bovine serum (Corning) and 1% penicillin/streptomycin (GenDEPOT, Barker, TX).
Cells were cytogenetically tested and authenticated before being frozen. Each vial of frozen
cells was thawed and maintained for 2 months (10 passages). Cells were transfected using
iMFectin poly DNA transfection reagent (GenDEPQT) according to the manufacturer’s
instructions.
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Animal studies

All animal procedures were performed following guidelines approved by the University of
Minnesota Institutional Animal Care and Use Committee. BALB/c WT (*/*) and BALB/c-
TRAF1 knockout (/=) mice were purchased from Jackson Laboratory (Bar Harbor, ME) and
TRAF1~/~ mice were genotyped by PCR analysis with the primers 5’-
GCCAGAGGCCACTTGTGTAG-3’, 5"-CAGAACCCCTTGCCTAATCC-3",and 5'-
TCCTAGAGGCCTGCTGCTAA-3". Only male mice were included for solar UV irradiation
using UVA-340 lamps (Q-Lab Corporation, Westlake, OH). The animals were housed in
climate-controlled quarters with a 12-hour light/dark cycle and allowed full access to food
and water.

For skin carcinogenesis, the shaved backs of mice (6—7 weeks old) were subjected to a
single application of DMBA (50 pg in 0.25 ml of acetone). Two weeks after DMBA
application, the dorsal skin was irradiated with solar UVR. The solar UVR irradiation was
administered 3 times a week for 35 weeks, as will be described. At week 1, mice were
irradiated with solar UVR at a dose of 36 kJ/m2 UVA and 1.8 kJ/m? UVB 3 times a week.
The dose of solar UVR was progressively increased (10% each week). At week 6, the dose
of solar UV reached 60 kJ/m2 UVA and 2.9 kJ/m2 UVB, and this dose was maintained from
weeks 6 through 35. Mice were weighed and tumors measured by caliper once a week until
week 39 or until tumors reached 1 cm?3 total volume, at which time mice were killed, and
then skin was collected for further analysis.

For short-term exposure to solar UVR irradiation, the shaved backs of the mice (6-8 weeks
old) were irradiated with solar UVR at a dosage of 149 kJ/m? UVA and 7.2 kJ/m2 UVB per
day for 2 to 4 days. Mice were Killed at the required time point, and then skin was collected
for further analysis.

Preparation of epidermal samples

The epidermis from each mouse skin was scraped onto a dish on dry ice. Each epidermis
was homogenized with RIPA buffer (50 mmol/L Tris-HCI pH 7.4, 150 mmol/L NaCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 1 mmol/L EDTA, and a protease
inhibitor mixture).

Protein kinase assay

At 36 hours after transfection, cells were disrupted with lysis buffer (50 mmol/L Tris-HCI
pH 7.4, 1% (volume/volume) Nonidet P-40, 150 mmol/L NaCl, 5 mmol/L EDTA, and
protease inhibitor mixture) with 20 mmol/L A-ethylmaleimide (Alfa Aesar, Ward Hill, MA).
Whole cell lysates were immunoprecipitated with anti-HA. The immunoprecipitates were
washed 3 times with lysis buffer, then once with kinase buffer (25 mmol/L Tris-HCI pH 7.5,
5 mmol/L B-glycerophosphate, 2 mmol/L dithiothreitol, 0.1 mmol/L NazVQOy,, and 10
mmol/L MgCl). The immunoprecipitates were resuspended in 30 pl of kinase buffer
containing 10 pmol/L unlabeled ATP and 10 uCi y[32P]ATP in the presence or absence of
0.5 pg of recombinant His-c-Fos protein and incubated for 20 minutes at 30 °C The reaction
was terminated by the addition of Laemmli sample buffer, and samples were separated by
SDS-PAGE (9%). Subsequently, the gels were subjected to autoradiography.
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Ubiquitination assay

The in vivo ubiquitination assay was performed as described previously (Choo and Zhang,
2009). Briefly, transfected cells were disrupted in lysis buffer (2% SDS, 150 mmol/L NacCl,
10 mmol/L Tris-HCI pH 8.0, 20 mmol/L A-ethylmaleimide, and a protease inhibitor
mixture). Lysates were boiled for 10 minutes immediately and then sonicated. Sonicated
lysates were diluted with buffer (10 mmol/L Tris-HCI pH 8.0, 150 mmol/L NaCl, 2 mmol/L
EDTA, and 1% Triton X-100). The lysates were immunoprecipitated as described, and then
the immunoprecipitates were washed 4 times with washing buffer (10 mmol/L Tris-HCI pH
8.0, 1 mol/L NaCl, 1 mmol/L EDTA, and 1% Nonidet P-40). The respective specific
antibodies were used for detection of ubiquitinated proteins by Western blotting.

Liquid chromatography-mass spectrometry/mass spectrometry analysis to identify
ubiquitination of ERK5

HA-ERKS5 was co-expressed with or without Flag-TRAF1, along with Flag-ubiquitin, into
HEK?293T cells. Cells were solubilized with lysis buffer, and then cell lysates were
immunoprecipitated with anti-HA. The immunoprecipitates was denatured by urea buffer (7
mol/L urea, 2 mol/L thiourea, 2% 3-[(3-Cholamidopropyl dimethylammonio]
propanesulfonate (CHAPS), reduced with 4 mmol/L dithiothreitol for 1 hour at 37 °C, and
then alkylated with 14 mmol/L iodoacetamide for 45 minutes at room temperature under
dark conditions. Excess iodoacetamide was quenched with excess dithiothreitol to provide a
final concentration of 7 mmol/L. Subsequently, the sample was diluted with 25 mmaol/L
ammonium bicarbonate to ensure less than 1 mol/L urea content, and digested with trypsin
(Promega, Madison, WI) at an enzyme content of 2% (weight/weight) for 16 hours at 37 °C.
These tryptic peptides were dried by vacuum evaporation using a speed vacuum and then
cleaned up with a Sep-Pak C18 cartridge (Waters, Milford, MA). The ABSciex TripleTOF
5600 system (AB Sciex, Framingham, MA) coupled with Eksigent 1D + nano LC system
(AB Sciex) was used to identify ERK5 ubiquitination. The mass spectrometry was calibrated
by acquisition of [Glul] fibrinopeptide (25 fmole/pl). The raw data were processed and
searched with ProteinPliot software (version 4.0) (AB Sciex) using the Paragon algorithm.
Proteins were identified by searching the UniProtkKB mouse database (www.uniprot.org).

Statistical analysis

All quantitative data are expressed as mean value + standard deviation of at least three
independent experiments or samples. Significant differences were determined by Student ¢
test or by one-way analysis of variance. A probability value of Pless than 0.05 or Pless than
0.01 was used as the criterion for statistical significance.

Additional detailed materials and methods are described in Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AK actinic keratosis

DMBA 7,12-dimethylbenz[ g]lanthracene

ERK extracellular signal-regulated protein kinase
HA hemagglutinin

HEKa adult human epidermal keratinocyte

HEK human embryonic kidney

K keratin

MAPK mitogen-activated protein kinase

MEKS5 ERK kinase 5

SCC squamous cell carcinoma
TPA 12-O-tetradecanoylphorbol-13-acetate
WT wild type
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Figure 1. TRAFL1 is up-regulated in AKs, SCCs, and solar UV-irradiated skin
(a) TRAF1 protein expression levels in human skin were analyzed by

immunohistochemistry. Representative photos are shown (upper panels), and a density
scores obtained from each sample were determined (lower panel). Representative TRAF1
staining is indicated by the arrowheads in the AK and SCC photographs. Statistical
significance was determined by one-way analysis of variance. Normal (n = 6), AK (h = 5),
SCC (n = 8). Scale bar = 200 pm. (b) TRAF1 expression levels in mouse skin after solar UV
irradiation. The shaved backs of BALB/c mice were irradiated with solar UV at a dosage of
149 kJ/m?2 UVA and 7.2 kJ/m2 UVB per day for 2—4 days. Mouse skin was collected at the
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indicated time point. Endogenous TRAF1 expression levels were assessed by
immunoblotting (upper) and the quantification of TRAF1 normalized to GAPDH is shown
as mean values * standard deviation (lower, n = 3; *£< 0.05 vs. untreated). Statistical
significance was determined by Student ftest. AK, actinic keratosis; D, dermis; EP,
epidermis; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hr, hour; 10D, integrated
optical density; SCC, squamous cell carcinoma.
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Figure 2. TRAFL1 is required for solar UV-induced skin carcinogenesis

(a) Mouse skin tumors were induced by chronic solar UV irradiation. One group each of
WT and TRAF1™~ mice received no solar UVR (n = 10 each) but received topical treatment
with a single dose of 7, 12-dimethyl-benzanthracene (DMBA). One group each of WT and
TRAF17~ mice were irradiated with solar UVR (n = 15 each; maximum dose = 60 kJ/m?
UVA and 2.9 kJ/m2 UVB) after treatment with a single dose of DMBA. The solar UV
irradiation was administered 3 times a week for 35 weeks. Representative photos of mice are
shown. (b) Tumor incidence was determined, and data are shown as mean values + standard
error. *P< 0.05, **P < 0.01 versus WT mice treated with solar UV (+). Statistical
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significance was determined by one-way analysis of variance. (c) Average tumor volume per
mouse was calculated according to the following formula: tumor volume (mm?3) = length x
width x 0.52. Data are shown as mean values + standard error, and statistical significance
was determined by one-way analysis of variance. The asterisk indicates a significant
decrease in tumor volume of the solar UVR-treated TRAF™~ (+) group compared to the WT
solar UVR (+)-treated group (P < 0.05). (d) Tumor number was determined, and data are
shown as mean values * standard error. Statistical significance was determined by one-way
analysis of variance. The asterisk indicates a significant decrease in tumor number of the
solar UV-treated TRAF~~ (+) group compared with the WT solar UV (+)-treated group. *P
<0.05, **P< 0.01. (e) TRAF1 expression is increased in solar UVR-induced skin tumors.
At the end of this study, mouse skin and tumor samples were collected from the WT no-solar
UV group and the WT solar UV (+) group. TRAF1 expression levels of skin and tumor
samples were assessed by immunoblotting (left), and the quantification of TRAF1
normalized to B-actin is shown as mean values * standard deviation (lower; n = 4-5, P-value
versus normal). Statistical significance was determined by Student #test. WT, wild type.
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Figure 3. TRAF1 regulates the ERK5/AP-1 pathway
(a) Solar UV irradiation induces ERKS phosphorylation. HEKa cells were cultured in

EpiLife medium (Thermo Fisher Scientific, Waltham, MA) with human keratinocyte growth
supplement and then incubated in defined keratinocyte—serum-free medium with supplement
for 24 hours before being exposed to solar UVR at a dose of 60 kJ/m? UVA and 2.9 kJ/m?
UVB. EGF (5 ng/ml) was used as a positive control. Cells were harvested at the indicated
time point after solar UVR or EGF exposure, and samples were prepared for Western blot
analysis. (b) Inhibition of the MEKS/ERKS pathway impairs solar UVR-induced c-Fos
expression. HEKa cells were incubated in defined keratinocyte—serum-free medium with
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supplement for 24 hours and then treated with 25 umol/L PD980S9 and/or 25 pmol/L
B1X02188 for 1 hour before being exposed to solar UVR at a dose of 60 kJ/m2 UVA and 2.9
kJ/m2 UVB. Cells were harvested at the indicated time point, and samples were prepared for
Western blot analysis. (¢, d) TRAF1 is required for solar UVR-induced activation of the
ERKS/AP-1 pathway in mouse skin. The shaved back of mice was irradiated with solar
UVR at a dosage of 149 kJ/m? UVA and 7.2 kJ/m? UVB per day for 2 days. Mice were
killed at the required time point (c, at 1 hour; d, at 1, 3, or 6 hours) and then skin was
collected. The epidermis from each piece of mouse skin was scraped and homogenized with
RIPA buffer and then analyzed by Western blot (left). See Supplementary Figure S2 for
quantitation. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HEKa, adult human epidermal
keratinocyte; MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase; min, minutes; p-, phosphorylated; WT, wild type.
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Figure 4. TRAF1 mediates ERKS5 ubiquitination
(a, b) TRAF1 expression induces the ubiquitination of ERKS. HA-ERKS was co-expressed

with TRAF1-VS along with Flag-ubiquitin in HEK293T cells. Cells were harvested, and
then samples were prepared for Western blot analysis. HA-ERKS or Flag-ubiquitin was
immunoprecipitated with anti-HA or anti-Flag and then ubiquitinated-ERKS was detected
by immunoblot analysis. (¢) TRAF1 expression induces the ubiquitination of ERKS on
K184. HA-ERKS WT or the K171 R, K184R, or K349R mutant protein was co-expressed

with TRAF1-VS, along with Flag-ubiquitin in HEK293T cells. HA-ERKS was

IP:HA

WCL

immunoprecipitated with anti-HA, and then ubiquitinated-ERKS was detected by
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immunoblot analysis. ERK, extracellular signal-regulated kinase; HA, hemagglutinin; HEK,

human embryonic kidney; IP, immunoprecipitation; K, keratin; KR, lysine to arginine; Ub,
ubiquitin; WCL, whole cell lysates; WT, wild type.
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Figure 5. Ubiquitination of ERK5 on K184 is required for its kinase activity and AP-1 activation
(a) Ubiquitination of ERKS on K184 is required for MEK5-induced AP-1 activation. HA-

ERK5 WT or the K171R, K184R, or K349R mutant protein was co-expressed with a MEKS
DD-VS mutant along with pGL3-AP-1-luc and pCMV-B-gal in HEK293T cells. At 24 hours
after transfection, cells were disrupted with lysis buffer, and then the lysates were used for a
reporter assay and immunoblotting. Firefly luciferase activities were normalized against p-
galactosidase activity. Data are represented as mean values + standard deviation from three
independent experiments performed with triplicate samples. The level of statistical
significance was determined by the Student ftest. The asterisk indicates a significant
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decrease in two of the MEK5 DD mutants (ERK5 K171R, ERK5 K184R) compared with
the MEK5 DD ERKS5 WT group (P< 0.01). (b) ERK5 phosphorylation is impaired in the
K171R and K349R mutant proteins. MEK5 DD-V5 was co-expressed with HA-ERK5 WT
or the mutant K171R, K184R, or K349R protein in HEK293T cells. Cells were harvested
and samples were prepared for Western blot analysis. (c) The ERKS5 interaction with MEK5
DD is impaired in the K171R and K349R mutant proteins. MEK5 DD-V5 was co-expressed
with HA-ERK5 WT or the K171R, K184R, or K349R mutant protein in HEK293T cells.
Cells were disrupted with lysis buffer, and MEK5 DD-V5 was immunoprecipitated with
anti-V5, and then HA-ERKS5 or MEK5 DD-V5 was detected by immunoblot analysis. (d)
ERKS ubiquitination on K184 is required for the interaction with c-Fos. HA-ERK5 WTor
K184R was co-expressed with c-Fos-V5 in HEK293T cells. Cells were solubilized with
lysis buffer, and HA-ERK5 WTor HA-ERKS5 K184R was immunoprecipitated with anti-HA,
and then HA-ERKS5 or c-Fos was detected by immunoblotting analysis. (e) TRAF1
expression induces the kinase activation of ERK5. Anti-HA immunoprecipitates of
HEK293T cell lysates, expressing HA-ERKS5 and/or FLAG-TRAF1 along with FLAG-
ubiquitin, were subjected to an in vitro kinase assay with or without His-tagged c-Fos
proteins. Auto-phosphorylation of ERK5 or ERKS5 phosphorylation of c-Fos was detected by
autoradiography. Protein levels of HA-ERKS5 and His-c-Fos used for an in vitro kinase assay
were assessed by Coomassie brilliant blue (CBB) staining. (f) ERK5 ubiquitination on K184
is required for its kinase activity. Anti-HA immunoprecipitates of HEK293T cell lysates,
expressing HA-ERKS5 WT or the mutant K171R, K184R, or K349R protein and/or FLAG-
TRAF1 along with FLAG-ubiquitin, were subjected to an in vitro kinase assay with or
without GST-tagged c-Myc proteins. Auto-phosphorylation of ERK5 or ERK5
phosphorylation of c-Myc was detected by autoradiography. Protein levels of HA-ERK5 and
GST-c-Myc used for in vitro kinase assay were assessed by Coomassie brilliant blue (CBB)
staining. CBB, Coomassie brilliant blue; ERK, extracellular signal-regulated kinase; exp.,
exposure; GST, glutathione S-transferase; IP, immunoprecipitation; KR, lysine to arginine;
HA, hemagglutinin; MEK, mitogen-activated protein kinase/extracellular signal-regulated
kinase; n.s., not significant; p-, phosphorylated; Ub, ubiquitin; WT, wild type.
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