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IL-17 (IL-17A), a signature cytokine produced 
by a subset of  T helper cells termed Th17 cells, 
plays essential roles in host defense against bac-
terial and fungal infections (Iwakura et al., 2008; 
Puel et al., 2011). Chronic overproduction of 
IL-17 contributes to inflammatory conditions 
like psoriasis, multiple sclerosis, rheumatoid ar-
thritis, and inflammatory bowel disease (Golden 
et al., 2013). It has long been appreciated that 
chronic inflammation poses a potential risk for the 
development of cancer. For example, patients 
with inflammatory bowel diseases are at high 
risk for developing colorectal cancer, and chronic 
hepatitis infections can lead to hepatocellular 

carcinoma (Coussens and Werb, 2002). Inflam-
mation and damage from long-term cigarette 
smoking is the major risk factor for developing 
lung cancer.

IL-23, an upstream cytokine of Th17 cells, is 
well documented in promoting tumor develop-
ment by inducing and maintaining an inflam-
matory microenvironment optimal for tumor 
progression (Langowski et al., 2006; Grivennikov 
et al., 2012). IL-17 has more recently been  
detected in cancer patients and correlates with 
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Although IL-17 is emerging as an important cytokine in cancer promotion and progression, 
the underlining molecular mechanism remains unclear. Previous studies suggest that IL-17 
(IL-17A) sustains a chronic inflammatory microenvironment that favors tumor formation. 
Here we report a novel IL-17–mediated cascade via the IL-17R–Act1–TRAF4–MEKK3–
ERK5 positive circuit that directly stimulates keratinocyte proliferation and tumor forma-
tion. Although this axis dictates the expression of target genes Steap4 (a metalloreductase 
for cell metabolism and proliferation) and p63 (a transcription factor for epidermal stem 
cell proliferation), Steap4 is required for the IL-17–induced sustained expansion of p63+ 
basal cells in the epidermis. P63 (a positive transcription factor for the Traf4 promoter) 
induces TRAF4 expression in keratinocytes. Thus, IL-17–induced Steap4-p63 expression 
forms a positive feedback loop through p63-mediated TRAF4 expression, driving IL-17–
dependent sustained activation of the TRAF4–ERK5 axis for keratinocyte proliferation and 
tumor formation.

© 2015 Wu et al. This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial–
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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our data suggest that IL-17–induced Steap4 might promote 
a positive feedback on TRAF4 expression via the expansion  
of p63+ cells, sustaining the activation of the IL-17R–Act1–
TRAF4–MEKK3–ERK5 axis for keratinocyte proliferation 
and tumor formation.

RESULTS
Epidermal-specific ablation of IL-17R adaptor Act1 
attenuates tumorigenesis
Although several lines of evidence suggest that IL-17–mediated 
signaling contributes to skin tumorigenesis, the molecular 
and cellular mechanism remains unclear. The skin cancer 
model for SCC is initiated by a single application of the car-
cinogen DMBA to induce a specific point mutation in codon 
61 of H-ras and then followed by repeated TPA treatment as 
a tumor promoter agent for clonal expansion to form papil-
lomas within 10–20 wk, with progression of a portion of the 
tumors to SCCs within 20–50 wk (Wong et al., 2013). We 
mostly focused on the analysis of papillomas (treated the mice 
for 22–23 wk) as we are interested in addressing the role of 
IL-17 signaling in tumor formation. Nevertheless, some of the 
tumors developed in our model meet the criteria for SCC in 
situ and showed atypical squamous proliferation with invasive 
islands into the dermis, indicative of invasive SCC (Fig. 1 C). 
After this regimen, mice deficient in IL-17RC or Act1 (the 
key adaptor of IL-17R) had significantly less tumor formation 
(Fig. 1, A and B).

Because keratinocytes are highly responsive to IL-17A 
(Nograles et al., 2008), we hypothesized that IL-17A signal-
ing in the epidermis might play a role in promoting tumori-
genesis. To test this hypothesis, we generated epidermis-specific 
Act1-deficient mice by breeding Act1f/f mice with the Keratin 
5–Cre (K5Cre) transgenic line (Crish et al., 2013). Gender- 
and age-matched K5CreAct1f/ and K5CreAct1f/+ mice (litter-
mate controls) were subjected to the DMBA/TPA regimen. Skin 
tumor formation occurred in the control mice (K5CreAct1f/+) 
as early as 5 wk after TPA application, whereas K5CreAct1f/ 
mice were strongly resistant to tumor formation (Fig. 1,  
D and E). The incidence of tumor formation was significantly 
reduced in the K5CreAct1f/ mice (Fig. 1 E). These findings 
suggest that IL-17R–Act1-dependent signaling in the epider-
mis plays a critical role in skin tumor formation.

Previous studies have shown that DMBA/TPA adminis-
tration stimulates classic Th17 cells to produce IL-17, which ex-
erts an important role in promoting carcinogenesis-associated 
inflammation (Wang et al., 2010; He et al., 2012). Consistent 
with this, we observed increased Il17a expression in the skin 
after TPA administration (Fig. 1 H). Notably, TPA-induced 
inflammatory gene expression (including Il6, Il11, Il1a, Il1b, 
Il17a, Il17c, Il22, Ifng, and Tnfa) and inflammatory cell infiltra-
tion in the skin were comparable between K5CreAct1f/ and 
K5CreAct1f/+ mice (Fig. 1, F and H; and not depicted). The 
tumor-promoting role of IL-17 has been mainly attributed to 
its proinflammatory properties, by inducing the expression  
of cytokines like IL-6 to activate the oncogenic STAT3. TPA-
induced STAT3 activation was comparable in the skin of 

prognosis. High IL-17 levels in hepatocellular carcinoma, 
colorectal cancer, and nonsmall cell lung cancer are indicative of 
poorer prognosis (Zhang et al., 2009; Wilke et al., 2011). IL-17  
has been shown to promote angiogenesis by up-regulating a 
variety of proangiogenic factors in tumor cells and fibroblasts 
(Numasaki et al., 2003; Liu et al., 2011). In fact, IL-17 can pro-
mote tumor resistance to anti-VEGF therapy by providing an 
alternative pathway for angiogenesis independent of VEGF 
(Chung et al., 2013). In murine models of cutaneous squa-
mous cell carcinoma (SCC), IL-17–mediated inflammation has 
been shown to promote tumor formation and progression 
through the induction of IL-6, which in turn activates STAT3 
(Wang et al., 2010; He et al., 2012). These studies so far had 
attributed the proinflammatory role of IL-17 to tumorigenesis 
(Chae et al., 2010; Hyun et al., 2012; Tong et al., 2012). How-
ever, the detailed molecular and cellular mechanism for how 
IL-17 promotes tumorigenesis is not completely understood.

The receptor for IL-17 (IL-17A) is a heterodimeric com-
plex composed of two subunits, IL-17RA and IL-17RC (Toy 
et al., 2006; Gaffen, 2009; Zhang et al., 2014). Upon receptor 
binding to IL-17, the adaptor E3-ubiquitin ligase, Act1 (also 
known as CIKS), is recruited to mediate downstream signal-
ing events (Chang et al., 2006; Qian et al., 2007). We as well 
as others have shown that TNF receptor–associated factor 
(TRAF) proteins are immediate binding partners of Act1 and 
are required for downstream pathway activation (Hartupee  
et al., 2009; Bulek et al., 2011; Sun et al., 2011; Zepp et al., 2012). 
Act1-mediated K63-linked ubiquitination of TRAF6 is re-
quired for NF-B activation, whereas mRNA stabilizing path-
ways are dependent on TRAF2/TRAF5. In contrast to this, 
TRAF4 was demonstrated to inhibit IL-17–induced NF-B 
activation via competition for the same binding sites as TRAF6 
on Act1, suggesting that TRAF proteins determine down-
stream specificity of IL-17R–induced Act1-mediated signaling.

In this study, we identified a novel IL-17 signaling cascade 
via the specific interaction of Act1 with TRAF4 to mediate 
MEKK3-dependent extracellular signal-regulated kinase 5 
(ERK5) activation that is critically important for keratinocyte 
proliferation and tumor formation. Act1 deficiency in keratin-
ocytes, IL-17RC, or TRAF4 deletion protected mice from 
IL-17–dependent epidermal proliferation and 7,12-dimenthyl-
benz[a]anthracene (DMBA)/12-O-tetradecanoylphorbol-13- 
acetate (TPA)–induced carcinogenesis. IL-17–induced IL-17R– 
Act1–TRAF4–MEKK3-dependent activation of ERK5 resulted 
in induction of Steap4 (a metalloreductase for cell metabolism 
and proliferation). Although knockdown of Steap4 or ERK5 
diminished IL-17–induced expansion of p63+ epidermal basal 
cells (p63, a transcription factor for the epidermal stem cell 
proliferation that binds to TRAF4 promoter), overexpression 
of p63 induced the expression of TRAF4 in keratinocytes. 
Importantly, Steap4, p63, and TRAF4 were highly expressed 
in IL-17RC– and Act1-sufficient (but not IL-17RC– or 
Act1-deficient) skin tumors. Steap4, p63, and TRAF4 were 
also overexpressed in human skin SCC, correlating with the 
expression of Il-17a, formation of Act1–TRAF4–MEKK3 com-
plex, and strong ERK5 activation in the tumors. Collectively, 
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Figure 1. Keratinocyte-intrinsic IL-17 signaling is required for skin tumor formation. (A) Tumor numbers and tumor incidence of DMBA/ 
TPA-treated IL-17RC WT and IL-17RC/ mice (n = 8 mice per group). (B) Tumor numbers and tumor incidence of DMBA/TPA-treated Act1 WT and 
Act1/ mice (n = 6 mice per group). (C) Histological analysis of DMBA/TPA-induced skin tumor in WT mice. (a) Full-thickness squamous dysplasia 
typical of SCC in situ. (b) Squamous dysplasia with increased mitotic figures (arrows), lack of maturation, and overlying parakeratosis, characteristic of 
SCC in situ. (c) Atypical squamous proliferation, with invasive islands into the dermis, indicative of invasive SCC. (d) Enlarged view of the indicated 
frame from c. (D) Photographs of K5CreAct1f/ and K5CreAct1f/+ mice treated with DMBA/TPA for 23 wk. (E) Tumor numbers and tumor incidence in 
DMBA/TPA-treated K5CreAct1f/ and K5CreAct1f/+ mice (n = 14 mice per group). (A, B, and E) Tumor numbers presented are the mean number of tumors 
per mouse ± SEM at different time points. *, P < 0.05; **, P < 0.01 (two-way ANOVA). (F) Immunohistochemistry staining for CD4 and Gr1+ cells in the 
TPA-treated skin of K5CreAct1f/ and K5CreAct1f/+ mice. Bars: (C, a and c) 300 µm; (C, b) 100 µm; (F) 50 µm. (G) Western blot analysis of epidermal ly-
sates from TPA-treated K5CreAct1f/ and K5CreAct1f/+ mice. Each lane represents an individual sample. (H) Gene expression analysis from the skin of 
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Because epidermal-specific Act1 deficiency did not di-
minish TPA-induced STAT3 activation, it is important to 
identify the signaling mechanism for IL-17–mediated epider-
mal proliferative response. Previous studies have shown that 
IL-17 activates multiple intracellular signaling pathways, in-
cluding NF-B and MAPKs such as p38, JNK, and ERK1/2 
(Mauro et al., 2003; Chang et al., 2006; Qian et al., 2007; 
Wang et al., 2013). Considering the dramatic reduction of 
ERK5 activation in IL-17RC– and Act1-deficient tumors 
(Fig. 1, I, K, and L), we decided to investigate the ERK5 
pathway, which has been shown to play a crucial role in cell 
proliferation and skin tumorigenesis in both mice and human 
(Deschênes-Simard et al., 2014; Finegan et al., 2015). West-
ern blot analysis revealed that intradermal IL-17A injection 
indeed resulted in sustained activation of ERK5, indicated by 
its phosphorylation, whereas the activation of ERK1/2 was 
transient (Fig. 3 A). Interestingly, intradermal injection of 
IL-17A in the presence of ERK5 siRNA (75% reduction of 
ERK5 expression in the epidermis) resulted in less epider-
mal thickening compared with IL-17A injection with control 
siRNA (Fig. 3 B), suggesting the importance of the ERK5 
pathway in IL-17A–mediated Act1-dependent proliferation. 
In support of this, intradermal injection of IL-17A in the pres-
ence of MEK5 inhibitor (Bix 02189), which blocks ERK5 
activation (Tatake et al., 2008), also resulted in less epidermal 
thickening compared with IL-17A injection alone (Fig. 3 B).

To investigate IL-17–mediated signaling mechanism in 
keratinocytes, we isolated primary keratinocytes from WT or 
Act1-deficient newborn pups. In addition to Act1-dependent 
activation of NF-B (indicated by phosphorylated IB), 
p38, and ERK1/2, IL-17A stimulation induced sustained ac-
tivation of ERK5 in keratinocytes (Fig. 3 C), which was abol-
ished in Act1-deficient cells. ERK5, also known as big MAPK, 
is the least studied of the MAPKs (Nithianandarajah-Jones  
et al., 2012). It is activated by the upstream MEK5, which 
is activated by the MEKK2 or MEKK3. This MEKK2/3–
MEK5–ERK5 pathway has been shown to be important in 
cell survival and proliferation and is involved in various can-
cers such as breast and prostate (Castro and Lange, 2010; Drew 
et al., 2012). We found that Act1 immunoprecipitated with 
MEKK3 (but not MEKK2) upon overexpression, as well as  
in response to stimulation with IL-17A, implicating MEKK3 
as a component in the IL-17A signaling cascade and a poten-
tial upstream kinase for ERK5 activation (Fig. 3, D–F; and  
not depicted). Furthermore, IL-17A induced interaction of 
MEKK3 with MEK5 as well as ERK5, and this interaction 

K5CreAct1f/ compared with that of K5CreAct1f/+ mice (Fig. 1 G),  
while IL-6 levels and phosphorylation of STAT3 and p65 
(NF-B) were also comparable between the Act1-sufficient 
and -deficient tumors (Fig. 1, I and M). Instead, ERK5, and  
to a lesser extent ERK1/2, activation (but not JNK, p38, or 
mTOR activation [as indicated by the phosphorylated S6 and 
4EBP1]) was reduced in the tumors from K5CreAct1f/ mice 
compared with those from the control mice (Fig. 1, I and J; 
and not depicted). These results suggest that the loss of IL-17 
signaling specifically in the epidermis resulted in a defect in 
ERK activation, implicating ERKs in IL-17–Act1-dependent 
skin tumorigenesis. In support of this, ERK activation was 
also dramatically reduced in tumors from IL-17RC and Act1 
complete knockout mice compared with that in the control 
mice (Fig. 1, K and L). Nevertheless, it is important to note 
that, in addition to reduction of ERK1/2 and ERK5 activa-
tion, IL-6 levels and STAT3 activation were also reduced in 
tumors from IL-17RC and Act1 complete knockout mice, 
indicating IL-17 signaling in cellular compartments other than 
epidermis probably contributes to IL-6 production to impact 
tumorigenesis as well (Fig. 1, K, L, N, and O).

IL-17A activates the MEKK3–ERK5 pathway to drive 
epidermal proliferation
Epidermal-specific Act1 deficiency resulted in significantly 
reduced epidermal hyperplasia and BrdU incorporation in 
the epidermis after treatments with TPA or IL-17A (Fig. 2, 
A–D), implicating the critical role of keratinocyte-intrinsic 
IL-17 signaling in promoting cell proliferation/survival. TPA 
application on mice deficient in IL-17RC also resulted in 
decreased epidermal thickening compared with the WT con-
trols (not depicted). Moreover, ex vivo culture of keratino-
cytes with IL-17A resulted in more BrdU incorporation, 
increased total cell counts, and enhanced expression of c-myc 
and Cyclin D1 compared with the untreated cells (Fig. 2,  
E–G). Collectively, these data indicate that IL-17A indeed 
acts directly on keratinocytes to induce proliferation, result-
ing in epidermal hyperplasia. Although IL-17–induced IL-6 
expression (see Fig. 5 A) was implicated in promoting cell 
growth, anti–IL-6 neutralizing antibody failed to block IL-17A–
induced cell proliferation in primary keratinocytes (Fig. 2,  
E and G; Riedemann et al., 2003; Rochman et al., 2005; Yen 
et al., 2006), whereas this antibody was able to inhibit IL-6–
induced STAT3 phosphorylation in these cells (Fig. 2 E). 
These results suggest that the observed IL-17–induced kera-
tinocyte proliferation was probably independent of IL-6.

TPA-treated K5CreAct1f/ and K5CreAct1f/+ mice graphed as relative fold over untreated (mean and SEM were derived from biological replicates, n = 3). 
(I) Western blot analysis of the tumor tissue from DMBA/TPA-treated K5CreAct1f/ and K5CreAct1f/+ mice. (J) Immunoprecipitation of ERK5 with anti-
ERK5, followed by Western blot analysis with anti-pERK5 using lysates of individual tumors from K5CreAct1f/ and K5CreAct1f/+ mice treated with 
DMBA/TPA. (K and L) Western blot analysis of the tumor tissue from DMBA/TPA-treated IL-17RC WT and IL-17RC/ mice (K) and Act1 WT and 
Act1/ mice (L). Each lane represents an independent sample. (M–O) Il6 expression analysis from nontumor (N) or tumor (T) samples of K5CreAct1f/ 
and K5CreAct1f/+ mice (M), IL-17RC WT and IL-17RC/ mice (N), and Act1 WT and Act1/ mice (O) harvested at the end of DMBA/TPA treatment. 
Gene expression is graphed as mean fold induction of tumor over nontumor ± SEM. SEM was derived from biological replicates (n = 3 samples from 
independent mice). Data are representative of at least three experiments. *, P < 0.05; **, P < 0.01.
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Figure 2. IL-17 stimulation induces keratinocyte proliferation. (A) H&E staining of TPA-treated K5CreAct1f/ and K5CreAct1f/+ mice. (B) BrdU 
staining in mice treated as in A, with BrdU (100 µg per mouse) injected 24 h before tissue collection. (C) Ears of K5CreAct1f/ and K5CreAct1f/+ mice 
were injected intradermally either with IL-17A in PBS or PBS alone. H&E staining of PBS or IL-17A–injected ear sections of K5CreAct1f/ and 
K5Cre+Act1f/+ mice. (A and C) Graphs represent mean epidermal thickness in arbitrary units ± SEM. (D) BrdU staining of PBS or IL-17A–injected ear 
section of K5CreAct1f/ and K5CreAct1f/+ mice. (B and D) Graphs represent mean BrdU+ cells per 10× magnification field ± SEM. (E) Serum-starved pri-
mary keratinocytes left untreated or treated with IL-17A or IL-17A + 2 µg/ml anti–IL-6 neutralizing antibody for 24 h, with BrdU added during the 
last 2 h. Graph represents mean percentage of BrdU+ cells per 10× magnification field ± SEM. Western blot with the indicated antibodies using lysates 
from keratinocytes untreated or treated with IL-6 (50 ng/ml, 30 min) with or without the presence of 2 µg/ml IL-6 neutralizing antibody. Bars: (A–D) 
50 µm; (E) 100 µm. (F) Gene expression of Cyclin D and c-myc in primary keratinocytes left untreated or treated with IL-17A ± SEM. (G) Primary kera-
tinocytes left untreated or treated with IL-17A or IL-17A + 2 µg/ml anti–IL-6 neutralizing antibody for the indicated days, followed by counting of 
cells total cell numbers. Three replicates for each time point ± SEM are shown. For imaging analysis, five fields were analyzed. All the data are repre-
sentative of at least three experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.



1576 A novel IL-17 signaling pathway through TRAF4–ERK5 | Wu et al.

Figure 3. The MEKK3–ERK5 axis is critical for IL-17–induced epidermal keratinocyte proliferation. (A) Western blot analysis of epidermal ly-
sates from ears of WT and IL-17RC/ mice injected with IL-17A for the indicated times. (B) H&E staining of ear sections of C57BL/6 WT mice injected 
with PBS, IL-17A in the presence or absence of ERK5 siRNA (left), or MEK5 inhibitor Bix 02189 (right). Graphs represent mean epidermal thickness (a.u.) ± 
SEM. ***, P < 0.001 (Student’s t test, five fields were analyzed; n = 5 mice per group). Western blots were performed to show ERK5 siRNA efficacy and 
MEK5 inhibitor specificity in vivo. Epidermal lysates from C57BL/6 WT mice 48 h after injection with control siRNA and ERK5 siRNA were subjected to 
Western blotting with antibodies against ERK5, ERK1/2, and actin to show the ERK5 knockdown efficiency. Each lane represents one independent sample. 
Likewise, epidermal lysates from WT C57/B6 WT mice 8 h after injection with PBS, IL-17A, and IL-17A + Bix 02189 were subjected to Western blotting 
with antibodies to show MEK5 inhibitor specificity in vivo. (C) Western blot analysis of primary keratinocytes isolated from Act1 WT or Act1/ mice and 
stimulated with 100 ng/ml IL-17A for the indicated times. Data are representative of three independent experiments. (D and E) HeLa cells were transiently 
cotransfected with Flag-tagged mouse Act1 and Myc-tagged MEKK3. Lysates of transfected cells were subjected to immunoprecipitation with anti-Myc 
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the TRAF4-sufficient and -deficient tumors. In contrast, ERK5 
activation was greatly reduced in the tumors from TRAF4/ 
mice compared with those from the control mice (Fig. 4 H). 
Collectively, these results suggest that the loss of TRAF4  
signaling resulted in a defect in IL-17–induced ERK5 activation 
(Fig. 4, C and D), which probably contributes to IL-17–Act1-
dependent cell proliferation (Fig. 4 E) and skin tumorigenesis 
(Fig. 4, F–H).

Steap4 is critical for IL-17A–induced TRAF4–MEKK3– 
ERK5-mediated epidermal proliferation
We next explored the question regarding how IL-17A mediates 
epidermal proliferation through the IL-17R–Act1–TRAF4–
MEKK3–ERK5 pathway. Although ERK5 has been directly 
implicated in cell proliferation, IL-17A moderately induced 
the expression of c-myc, a known ERK5 target gene in cul-
tured keratinocytes in an IL-17RC–, Act1-, ERK5-, MEKK3-, 
and TRAF4-dependent manner (Fig. 5, A–E). In an inde-
pendent array analysis in kidney and colon epithelial cells, 
we identified several novel IL-17–induced genes involved in  
cell proliferation. Through extensive screening, we decided to 
focus on Steap4, a metalloreductase with NADPH oxidase 
(NOX) activity that plays a role in cell metabolism but has 
also been shown to be associated with prostate cancer  
(Korkmaz et al., 2005; Wellen et al., 2007; ten Freyhaus et al., 
2012; Gauss et al., 2013). We found that IL-17A stimulation 
resulted in strong up-regulation of Steap4 in keratinocytes. 
IL-17A–induced Steap4 expression was abolished in IL-17RC– 
and Act1-deficient cells and substantially reduced in MEKK3-,  
TRAF4-, and ERK5-deficient keratinocytes (Fig. 5, A–E). 
These results strongly indicate that c-myc and Steap4 are target 
genes of the IL-17R–Act1–TRAF4–MEKK3–ERK5 axis. 
Consistently, c-myc and Steap4 were induced in IL-17A–
injected skin, but the expression of these genes was suppressed 
when IL-17A was coinjected with ERK5 siRNA (Figs. 5 F 
and 3 B). Consistently, MEK5 inhibitor (Bix 02189) also 
blocked c-myc and Steap4 induction in IL-17A–injected skin 
(Fig. 5 G). TRAF4 deficiency also greatly reduced the induc-
tion of c-myc and Steap4 in the IL-17A–injected skin tissue, 
accompanied by loss of ERK5 activation (Figs. 5 H and 4 D). 
It is important to note that although IL-17A–induced expres-
sion of proinflammatory cytokines such as Cxcl1 and IL-6 in 
keratinocytes was dependent on IL-17RC and Act1, they were 
not affected by MEKK3 or ERK5 deficiency (Fig. 5, A–H). 
Moreover, consistent with the inhibitory role of TRAF4 in 
IL-17A–induced NF-B activation, IL-17A–induced IL-6 and 

was abolished in Act1-deficient cells (Fig. 3 G). To study the 
role of MEKK3 in IL-17A signaling, we generated MEKK3-
deficient cells by infecting MEKK3f/f keratinocytes with adeno-
virus expressing Cre recombinase (Fig. 3 H). IL-17A–dependent 
ERK5 activation was indeed dependent on MEKK3, whereas 
the activation of NF-B, p38, and ERK1/2 were not (Fig. 3 H). 
Consistently, IL-17A–induced proliferation was substantially 
reduced in MEKK3/ keratinocytes (Fig. 3 I).

TRAF4 bridges Act1 with MEKK3–ERK5 to promote  
IL-17A–induced keratinocyte proliferation
The specificity of downstream signaling pathways from IL-17R 
seems to be determined by the interaction of Act1 with differ-
ent TRAF molecules. For instance, Act1–TRAF6 is critical for 
NF-B activity for inflammatory gene expression, whereas 
Act1–TRAF2/TRAF5 complex formation is essential for 
IL-17A to stabilize proinflammatory mRNAs (Hartupee et al., 
2009; Bulek et al., 2011; Sun et al., 2011). Although MEKK3 
is a critical player in IL-17A–induced Act1-mediated ERK5 
activation, we sought to determine whether TRAF molecules 
might serve as intermediates to link Act1 to MEKK3. Screening 
through the TRAFs, we found that Act1 and MEKK3 (but 
not MEKK2) form a complex with TRAF4 upon IL-17A 
stimulation (Fig. 4 A and not depicted) and TRAF4 is re-
quired for IL-17A–induced interaction of Act1 with MEKK3 
(Fig. 4 B). More importantly, TRAF4 was specifically neces-
sary for IL-17A–induced ERK5 activation, whereas ERK1/2, 
p38, JNK, and NF-B activation were not abolished but were 
rather enhanced in the absence of TRAF4 (Fig. 4 C; Zepp et al., 
2012). Based on these results, we concluded that TRAF4 is a 
critical adaptor that links Act1 to the MEKK3–MEK5–ERK5 
pathway for IL-17A–induced ERK5 activation.

Importantly, TRAF4 deficiency substantially diminished 
IL-17A–induced ERK5 activation and epidermal hyperplasia 
(Fig. 4, D and E), suggesting the importance of the TRAF4-
dependent pathway in IL-17–Act1-mediated proliferation. 
We then subjected the gender- and age-matched TRAF4/ 
and control mice (littermate controls) to the DMBA/TPA skin 
cancer model. The tumor numbers and tumor incidence were 
substantially reduced in TRAF4/ mice as compared with 
that in the control mice (Fig. 4, F and G), indicating that the 
TRAF4-dependent signaling is also critical for tumor forma-
tion. Interestingly, we noted that during the treatment of  
TPA, especially from 6 to 14 wk, some of the TRAF4/ mice 
developed some tiny bumps that went away within 1–2 wk. 
Consistent with the impact of Act1 deficiency, phosphorylation 
of STAT3 and p65 (NF-B) was also comparable between 

(D) or anti-Flag (M2; E) antibodies, followed by Western blot analysis. (F) HeLa cells were treated with IL-17A, and lysates were immunoprecipitated with 
anti-MEKK3, followed by Western blot analysis. (G) Act1 WT and Act1/ kidney epithelial cells were treated with IL-17A for the indicated times. Lysates 
were immunoprecipitated with anti-MEKK3 antibody, followed by Western blot analysis. (H) Primary keratinocytes were isolated from MEKK3f/f mice, fol-
lowed by infection with adenovirus encoding Cre-recombinase or empty vector. Cells were then stimulated with IL-17A, followed by Western blot analy-
sis. (I) BrdU incorporation of serum-starved MEKK3-deficient keratinocytes (as described in H) treated with IL-17A for 24 h, with 10 µM BrdU added 
during the last 2 h. Graph represents mean percentage of BrdU+ cells per field (n = 5 fields) ± SEM. ***, P < 0.001 (Student’s t test). Bars: (B) 50 µm;  
(I) 100 µm. All the data are representative of at least three experiments.
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injected with control siRNA (Fig. 5 I). Consistently, whereas 
IL-17A–induced c-myc expression was decreased in Steap4 
knockdown skin tissue, inflammatory gene expression (CXCL1 
and IL-6) was not affected by Steap4 siRNA injection (Fig. 5, 
J and K). It is intriguing to note that IL-17A–induced ERK5 
activation was reduced in Steap4 knockdown skin tissue 
compared with that injected with control siRNA (Fig. 5 K). 
Collectively, these results suggest that IL-17A–induced Steap4 
expression plays a critical role in the epidermal proliferative 
response triggered by IL-17A stimulation, possibly by sustain-
ing ERK5 activation and c-myc expression.

CXCL1 levels were actually slightly enhanced in TRAF4- 
deficient keratinocytes compared with that in WT cells (Fig. 5 D).

Although the Act1–TRAF4–MEKK3–ERK5 axis is re-
quired for IL-17A–induced epidermal proliferation, our re-
sults also demonstrated that Steap4 is a major target gene of 
this pathway. Because Steap4, a metalloreductase with NOX 
activity, has been implicated in promoting cell metabolism 
and proliferation, we then tested the importance of Steap4  
in IL-17A–induced epidermal proliferation. When IL-17A 
was coinjected with Steap4 siRNA, IL-17A–induced epider-
mal hyperplasia was substantially reduced compared with that 

Figure 4. TRAF4 is a bridge protein for 
the Act1-mediated MEKK3–ERK5 path-
way. (A) WT kidney epithelial cells were 
treated with IL-17A for the indicated times. 
Lysates were then immunopreciptated with 
anti-MEKK3 antibody, followed by Western 
blot analysis. (B) TRAF4 WT and TRAF4/ 
kidney epithelial cells were treated with IL-17A 
for the indicated times. Cell lysates were 
then immunopreciptated with anti-Act1 
antibody, followed by Western blot analysis. 
(C) TRAF4 WT and TRAF4/ primary keratin-
ocytes were treated with IL-17A, followed  
by Western blot analysis. (D) Western blot 
analysis of epidermal lysates from ears of WT 
and TRAF4/ mice injected with IL-17A for 
the indicated times. (E) H&E staining of ear 
sections from TRAF4 WT or TRAF4/ mice 
injected intradermally with IL-17A or PBS 
alone. Graph represents mean epidermal 
thickness (arbitrary units) ± SEM. *, P < 0.05 
(five fields were analyzed, Student’s t test). 
Bars, 50 µm. (F) Photographs of TRAF4+/ 
and TRAF4 / mice treated with DMBA/TPA 
for 22 wk. (G) Tumor numbers and tumor 
incidence of DMBA/TPA-treated TRAF4+/ 
and TRAF4/ mice (n = 7 mice per group). 
Tumor numbers presented are the mean 
number of tumors per mice ± SEM at differ-
ent time points. *, P < 0.05 (two-way 
ANOVA). (H) Western blot analysis of the 
tumor tissue from TRAF4+/ and TRAF4/ 
mice. Each lane represents an independent 
sample. All experimental data were verified 
in at least three independent experiments.
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Figure 5. The Act1–ERK5 axis mediates critical IL-17 target genes for keratinocyte proliferation. (A) Primary keratinocytes isolated from IL-17RC+/ 
or IL-17RC/ mice were stimulated with IL-17A for the indicated times, followed by RT-PCR analysis. (B) Primary keratinocytes isolated from Act1 WT  
or Act1/ mice were stimulated with IL-17A for the indicated times, followed by RT-PCR analysis. (C) Primary keratinocytes isolated from ERK5+/+ and 
ERK5f/f mice were infected with Cre-encoding adenovirus for 48 h before stimulation. Cells were then stimulated with IL-17A for the indicated times, 
followed by RT-PCR analysis. (D) Primary keratinocytes isolated from TRAF4 WT or TRAF4/ mice were stimulated with IL-17A for the indicated times, 
followed by RT-PCR analysis. (E) Primary keratinocytes isolated from MEKK3f/f mice were infected with either Cre-encoding (AdCre) or empty adenovirus 
(AdGFP) for 48 h before stimulation. Cells were then stimulated with IL-17A for the indicated times, followed by RT-PCR analysis. (A–E) Gene expression is 
graphed as mean fold induction over untreated ± SEM. SEM was derived from three technical replicates. Data are representative of at least two indepen-
dent experiments. (F and G) RNA isolated from the ear tissue of mice (with the same treatments as described in Fig. 3 B) was subjected to RT-PCR analy-
sis. Gene expression is graphed as mean fold induction over PBS ± SEM. (H) RT-PCR analysis of the indicated genes isolated from the ear tissue of TRAF4 
WT or TRAF4/ mice injected with PBS or IL-17A. Gene expression is graphed as mean fold induction over PBS treated ± SEM. (F–H) SEM was derived 
from biological replicates (n = 5 mice). (I) H&E staining of ear skin sections from WT mice injected with PBS, IL-17A, IL-17A + control siRNA, or IL-17A + 
Steap4 siRNA (n = 5 mice each group). Bars, 50 µm. Graphs represent mean epidermal thickness (a.u.) ± SEM and were derived from five fields. Steap4 
siRNA1 and Steap4 siRNA2 were used in experiments 1 and 2, respectively. Graph on the right shows RT-PCR analysis of Steap4 mRNA levels in the ear 
epidermis after IL-17A coinjection with control and Steap4 siRNA. (J) RNA isolated from the ear tissue of mice treated as in H using Steap4 siRNA1 was 
subjected to RT-PCR analysis. Gene expression is graphed as mean fold induction over PBS treated ± SEM. SEM was derived from biological replicates 
(n = 5 mice). (K) Western blot analysis of homogenized epidermal samples described in I. Student’s t test was used for all statistical analysis: *, P < 0.05; 
**, P < 0.01; ***, P < 0.001. All the data are representative of different independent experiments as described above.
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Figure 6. IL-17A drives Steap4-mediated positive feedback on TRAF4 expression via expansion of Np63+ basal cells. (A) RT-PCR analysis 
from nontumor (N) or tumor (T) samples of K5CreAct1f/ and K5CreAct1f/+ mice at 23 wk of DMBA/TPA treatment. Gene expression is graphed as mean fold 
of tumor over nontumor ± SEM. Data shown are representative of three independent experiments. (B) Immunohistochemistry staining of tumor tissue 
from K5CreAct1f/ or K5CreAct1f/+ mice for Ki67, p63, and Krt10. Graph represents mean percentage of Ki67, p63, and Krt10+ cells per field (n = 5) ± SEM. 
Western blot shows representative Np63 expression levels in tumor tissues from DMBA/TPA-treated K5CreAct1f/ or K5CreAct1f/+ mice. Data are represen-
tative of three experiments. (C) Human A431 keratinocytes were transfected with Np63 or empty vector. 36 h after transfection, levels of TRAF4 tran-
scripts and Np63 protein were analyzed by RT-PCR and Western blot. Traf4 expression is graphed as relative mean fold induction ± SEM. SEM was 
derived from three technical replicates. (D) Primary keratinocytes isolated from TRAF4 WT or TRAF4/ mice were stimulated with IL-17A for the indicated 
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and TRAF4 in keratinocytes and IL-17A injection induced 
the expansion of p63+ basal cells in the epidermis (Fig. 6,  
D and G). Importantly, IL-17A–induced expression of p63 
(isoform Np63) and TRAF4 and the expansion of p63+ 
basal cells were substantially reduced in Steap4 and ERK5 
knockdown skin tissues (Fig. 6, F–I). These results suggest the 
critical role of Steap4 in IL-17A–driven induction of p63 and 
TRAF4, providing a positive feedback loop for the IL-17A–
induced TRAF4-dependent pathway. As shown in Fig. 5  
(H and I), IL-17A–induced ERK5 activation and c-myc ex-
pression were indeed reduced in Steap4 knockdown skin tissue 
compared with that injected with control siRNA. Collec-
tively, our data suggest that the IL-17R–Act1-induced Steap4 
might promote a positive feedback on TRAF4 expression via 
the expansion of p63+ cells, sustaining activation of the IL-17R– 
Act1–TRAF4–MEKK3–ERK5 axis for IL-17A–induced ke-
ratinocyte proliferation and tumor formation.

TRAF4–ERK5 is hyperactivated in human skin SCC
TRAF4 and p63 have long been found to be overexpressed 
in various carcinomas (Rocco et al., 2006; Camilleri-Broët  
et al., 2007), whereas Steap4 has been shown to be associated 
with prostate cancer (Korkmaz et al., 2005). We indeed 
found that Steap4, p63 (isoform Np63), and Traf4 were 
overexpressed at both RNA and proteins levels in human 
skin SCC samples compared with normal skin tissue (Fig. 7, 
A–D). Importantly, the overexpression of TRAF4 strongly 
correlated with p-ERK5 activation and expression levels of 
Steap4 and p63 (Fig. 7, C and D). It is intriguing to note that 
Act1 expression was also highly elevated and even modified 
in human skin SCC samples compared with normal skin tis-
sue (Fig. 7 D). Importantly, coimmunoprecipitation experi-
ments showed that the Act1–MEKK3–TRAF4 complex was 
readily detectable in the SCC lysates but not in normal skin 
tissue, indicating activation of the Act1–TRAF4-dependent 
pathway (Fig. 7 E). Notably, IL-17A levels correlated with 
TRAF4 expression in SCC, implicating IL-17A signaling in 
the SCC with overexpression of TRAF4 (Fig. 7 A). Collec-
tively, our data imply that the emergence of IL-17A and 
TRAF4 allows IL-17R–Act1 to fully engage the MEKK3–
ERK5 axis, promoting tumor formation through the induc-
tion of genes critical for cell proliferation.

DISCUSSION
IL-17A is emerging as an important cytokine in cancer pro-
motion and progression. This study discovered a novel IL-17A 

IL-17A drives Steap4-mediated positive feedback  
on TRAF4 expression
ERK5 activation was greatly reduced in the tumors from  
IL-17RC/, Act1/, K5CreAct1f/, and TRAF4/ mice 
compared with those from their control mice (Fig. 1, I, K, and M; 
and Fig. 4 H). The question was then how this IL-17R–Act1–
TRAF4-dependent ERK5 pathway becomes a dominant 
pathway in the epidermis to promote cell proliferation and 
tumorigenesis. Notably, Traf4 and Steap4 expression was 
highly induced in the tumors from IL-17RC WT, Act1 WT, 
and K5CreAct1f/+ mice but not in the IL-17RC/, Act1/, 
or K5CreAct1f/ tumors (Fig. 6 A and not depicted). Further-
more, because it was reported that transcription factor p63  
(a master regulator of epidermal stem cell proliferation) binds 
to the TRAF4 promoter and up-regulates its transcription 
(Gu et al., 2007), we also examined p63 levels in the tumors. 
The p63 locus is expressed as multiple isoforms, most notably 
through two promoters that produce N-terminal variants ei-
ther containing or lacking the p53-like transactivation do-
main (TAp63 or Np63, respectively; DeYoung and Ellisen, 
2007). The major p63 isoform expressed in stratified squa-
mous epithelium and SCC is Np63 (Ihrie et al., 2005; 
Rocco et al., 2006). We found that p63 (isoform Np63) ex-
pression and p63+ cells were highly enhanced in the tumor 
tissue from the IL-17RC WT, Act1 WT, and K5CreAct1f/+ 
mice compared with the IL-17RC/, Act1/, and K5Cre 
Act1f/ tumor tissues, respectively (Fig. 6, A and B; and not 
depicted). In contrast, IL-17RC– and Act1-sufficient tumor 
tissue expresses less Keratin 10 (Krt10) than the IL-17RC– and 
Act1-deficient tumor tissue, indicating that IL-17R–Act1 
might simultaneously down-regulate markers associated with 
keratinocyte differentiation (Nograles et al., 2008). Concomi-
tantly, there was more staining for the proliferative marker 
Ki67+ in the tumor tissue from K5CreAct1f/+ mice than in the 
tissue from K5CreAct1f/ mice (Fig. 6 B).

We found that overexpression of p63 (isoform Np63) 
indeed induced TRAF4 expression, validating the p63-driven 
transcriptional activation of TRAF4 (Fig. 6 C). Notably, the 
expression levels of Steap4 and p63 (isoform Np63) were 
much lower in the TRAF4-deficient tumors compared with 
that in TRAF4-sufficient tumors (Fig. 6 E). These results sug-
gest that the TRAF4-dependent pathway is reciprocally re-
quired for the up-regulation of p63 in the tumor tissues. In 
searching for the mechanism for how TRAF4 reciprocally 
impacts p63 expression, we found that IL-17A stimulation 
was able to induce the expression of p63 (isoform Np63) 

times, followed by RT-PCR analysis for TRAF4 and Np63. Gene expression is graphed as mean fold induction over untreated ± SEM. (E) RT-PCR analysis 
of the indicated genes from nontumor or tumor samples of TRAF4+/ and TRAF4/ mice at 22 wk of DMBA/TPA treatment. Gene expression is graphed 
as mean fold induction of tumor over nontumor ± SEM. (D and E) SEM was derived from three technical replicates. Data are representative of at least two 
independent experiments. (F and H) RT-PCR analysis of Traf4, Steap4, and Np63 levels in ear tissue of mice who underwent treatment with PBS, IL-17A, 
and IL-17A + control siRNA, Steap4 siRNA, or IL-17A ERK5 siRNA. Gene expression is graphed as mean fold induction of over PBS treatment ± SEM. SEM 
was derived from three technical replicates. (G and I) Immunohistochemistry staining of p63 on ear skin sections from WT mice intradermally injected 
with PBS, IL-17A, and IL-17A + control siRNA, Steap4 siRNA1, or ERK5 siRNA as described in Figs. 5 I and 3 B. (B, G, and I) Bars, 50 µm. Data are represen-
tative of at least three independent experiments. Student’s t test was used for all statistical analysis: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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epidermal basal cells and ablated the positive feedback on 
TRAF4 expression, overexpression of p63, a transcription 
factor known to bind TRAF4 promoter, induced the expres-
sion of TRAF4 in keratinocytes. Collectively, our data suggest 
that the IL-17–induced Steap4 might promote a positive feed-
back on TRAF4 expression via the expansion of p63+ cells, 
sustaining the IL-17–induced activation of the TRAF4–ERK5 
axis for keratinocyte proliferation and tumor formation.

IL-17A and IL-17RA–deficient mice have been shown to 
be resistant to DMBA/TPA-induced carcinogenesis (Wang  
et al., 2010; He et al., 2012). Similarly, we found that IL-
17RC/ mice are more resistant to tumor formation com-
pared with WT controls. The resistance to tumor formation 
was attributed to the role of IL-17A in sustaining a chronic 
inflammatory microenvironment that favors tumor forma-
tion. IL-17A was shown to induce inflammatory cytokines 

signaling pathway via the IL-17R–Act1–TRAF4–MEKK3–
ERK5 cascade that directly impacts keratinocyte proliferation 
and tumor formation. IL-17–induced Act1–TRAF4 inter-
action specifically directs the activation of the MEKK3–MEK5–
ERK5 cascade, whereas it is dispensable for all the other 
IL-17–induced downstream signaling events including activa-
tion of ERK1/2, NF-B, JNK, and p38. Although IL-17RC, 
Act1, TRAF4, MEKK3, or ERK5 deficiency resulted in a loss 
of IL-17–induced keratinocyte proliferation, keratinocyte-
specific deletion of Act1 and deficiency of TRAF4 or IL-17RC 
was sufficient to protect mice from DMBA/TPA-induced 
carcinogenesis. We found that the dominance of this IL-17–
TRAF4–ERK5 axis in the epidermis was established via a 
positive feedback on TRAF4 expression mediated by IL-17A–
induced target genes Steap4 and p63. Although knockdown  
of Steap4 diminished IL-17–induced expansion of p63+ 

Figure 7. The TRAF4–ERK5 is a domi-
nant pathway in human skin SCC. (A) RT-
PCR analysis from FFPE sections of human 
normal or skin SCC samples. Gene expression 
is graphed as relative fold in SCC over normal 
skin. Each dot represents an independent 
sample. The last panel of A represents the 
linear regression of Il17a and Traf4. (B) Densi-
tometric quantification of the indicated pro-
teins in lysates of human normal skin (n = 15) 
or SCC (n = 17) as analyzed by Western blot. 
(A and B) Error bars represent SEM. SEM was 
derived from biological replicates. *, P < 0.05; 
**, P < 0.01 (Student’s t test). (C) Linear re-
gression of the indicated protein levels in 
human normal skin or SCC as detected by 
Western blot. (D) Representative results of 
Western blot analysis of normal human skin 
or SCC. Each lane represents samples from an 
individual patient. (E) Freshly collected normal 
human skin or SCC samples were lysed and 
subjected to immunoprecipitation with anti-
Act1 antibody, followed by Western blot analy-
sis. Each pair of lanes (IgG, IP) represents a 
sample from an individual patient. All the 
data are representative of three experiments.
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TRAF4 without alteration of the gene copy number. Inter-
estingly, we found that Traf4 expression was highly induced  
in the tumors from WT mice but not in the tumors from  
IL-17RC– and Act1-deficient mice. The elevated expression 
of TRAF4 might play a critical role in driving Act1 to favor 
the engagement of the MEKK3–ERK5 cascade, contributing 
to cell proliferation and tumorigenesis. We indeed found that 
Traf4 was overexpressed in human skin SCC, in which we 
detected the expression of Il17a, the Act1–TRAF4–MEKK3 
complex, and strong ERK5 activation, indicating this IL-17–
TRAF4–ERK5 axis is hyperactivated in human SCC. One 
critical question was then how the dominance of this IL-17–
TRAF4–ERK5 axis in the epidermis was established. Because 
Traf4 was highly expressed in mouse skin tumors in an IL-17R– 
and Act1-dependent manner, we hypothesized that the IL-
17–TRAF4–ERK5 axis might have a positive feedback on 
TRAF4 expression. A previous study reported that transcrip-
tion factor p63 binds to the TRAF4 promoter and induces 
transcription from the TRAF4 promoter (Gu et al., 2007). 
Notably, although p63 plays an essential role in maintenance 
of the proliferative potential of epidermal stem cells (Yi et al., 
2008), p63 expression is detected in basal cells and SCCs, as 
well as in transitional cell carcinomas. Although overexpres-
sion of p63 induced the expression of Traf4 in keratinocytes, 
both p63 and Traf4 expression were induced by IL-17 stimula-
tion. Furthermore, we found that p63 was also highly expressed 
in mouse skin tumors in an IL-17R– and Act1-dependent 
manner and overexpressed in human SCCs, correlating with 
the expression of TRAF4 in the tumors. Collectively, we 
propose that p63-mediated TRAF4 overexpression might  
be an important feature of tumor cells, in which an elevated 
TRAF4 expression allows IL-17 to activate the IL-17R–
Act1–TRAF4–MEKK3–ERK5 axis as the dominant path-
way to promote tumorigenesis.

We further identified Steap4, a metalloreductase, as a criti-
cal link for the positive feedback loop of the IL-17–TRAF4–
ERK5 pathway. We found that IL-17A stimulation resulted  
in strong up-regulation of Steap4 in cultured keratinocytes. 
IL-17A–induced Steap4 expression was abolished in Act1- 
deficient cells and substantially reduced in MEKK3-, TRAF4-, 
and ERK5-deficient keratinocytes. Steap4 is a metalloprotease 
that has been shown to be involved in prostate cancer, metab-
olism, and inflammation (Korkmaz et al., 2005; Wellen et al., 
2007; Gomes et al., 2012; ten Freyhaus et al., 2012; Gauss  
et al., 2013). We indeed found that knockdown of Steap4 di-
minished IL-17–induced expansion of the p63+ basal cells in 
the epidermis, implicating the critical role of Steap4 in main-
taining the survival/proliferation of these progenitor cells. 
Consistent with the role of p63 in driving TRAF4 expres-
sion, Steap4 knockdown also blocked IL-17–induced positive 
feedback on TRAF4 expression with greatly reduced ERK5 
activation, indicating this IL-17–TRAF4–ERK5 positive cir-
cuit might take place in the p63+ basal cells. In support of this, 
we found that Steap4 was highly expressed in mouse skin  
tumors in an IL-17R– Act1- and TRAF4-dependent manner 
and overexpressed in human SCCs, correlating with the 

like IL-6, which is a potent activator of the oncogenic STAT3, 
shown to be critical in tumor progression (Chan et al., 2004). 
We here report that keratinocyte-specific Act1 deletion was 
sufficient to protect mice from tumor formation. IL-6 expres-
sion as well as STAT3 activation was comparable in the TPA-
treated epidermis or tumors from K5CreAct1f/ mice compared 
with littermate controls. Instead, we show that IL-17A can 
directly induce keratinocyte proliferation through the activa-
tion of ERK5 for the induction of proliferation-associated 
genes. However, it is important to note that, in addition to  
reduction of ERK5 activation, IL-6 levels and STAT3 acti-
vation were reduced in tumors from IL-17RC and Act1 
complete knockout mice but not in the K5CreAct1f/ mice, 
suggesting IL-17 signaling in other cellular compartments 
(besides epidermis) might account for IL-6 production con-
tributing to tumorigenesis (Fig. 1, I–O). IL-6 has been shown 
to partially contribute to colonic tumorigenesis (Wang et al., 
2014). Because fibroblasts are highly responsive to IL-17 stim-
ulation and have been shown to actively participate in tu-
morigenesis as part of the tumor microenvironment, future 
studies are required to investigate whether and how IL-17 
signaling in fibroblasts (and other cellular compartments) con-
tributes to skin tumorigenesis via production of protumori-
genic inflammatory cytokines including IL-6.

Although little is known of the ERK5 pathway, direct evi-
dence has shown that ERK5 can transcriptionally activate 
cyclin D as well as phosphorylate and stabilize c-myc (English 
et al., 1998; Mulloy et al., 2003). ERK5 reduction is associated 
with decreased tumor formation in colon cancer (Takaoka  
et al., 2012); hyperactive ERK5 has also been implicated in 
breast, lung, cervical, and prostate cancer (Castro and Lange, 
2010; Yang et al., 2010). Here we show that Act1 coimmuno-
precipitates with MEKK3, an upstream kinase of ERK5, and 
that this interaction was dependent on TRAF4. It is impor-
tant to note that Act1 interacts with TRAF6 and TRAF2/5 to 
activate NF-B and mediate posttranscriptional control, re-
spectively. We have previously reported that TRAF4 competes 
with TRAF6 for the binding with Act1 in response to IL-17 
stimulation (Zepp et al., 2012). We indeed found that TRAF4 
deficiency specifically abolished IL-17–induced ERK5 acti-
vation, whereas IL-17–induced ERK1/2, NF-B, JNK, and 
p38 activation and inflammatory genes (such as IL-6 and 
CXCL-1) were slightly elevated in the absence of TRAF4. 
Therefore, the impact of the IL-17–TRAF4–ERK5 axis on 
keratinocyte proliferation and tumor formation is probably 
uncoupled from IL-17–induced inflammatory response. Fu-
ture careful genetic studies are required to determine whether 
and how Act1–TRAF2/5- and Act1–TRAF6-mediated in-
flammatory cascades in the tumor microenvironment might 
contribute to skin tumorigenesis, including the production of 
IL-6 (Wang et al., 2010; He et al., 2012). It would also be im-
portant and interesting to investigate whether and how IL-6 
and IL-17 might act cooperatively on tumor cells to promote 
tumor formation and progression.

Notably, TRAF4 is overexpressed in a wide-range of human 
malignancies and 70% of the tumors examined overexpressed 
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twice a week for 23 wk. Tumor incidence and numbers were monitored 
weekly. Tumors >1 mm were counted and recorded.

TPA-induced skin proliferation. 12.5 µg TPA in 200 µl acetone was ap-
plied to the shaved dorsal skin of 6–8-wk-old mice on days 0 and 4. Skin 
samples were collected at day 6. For BrdU incorporation, 100 µg BrdU (BD) 
in 500 µl PBS was injected intraperitoneally 24 h before sample collection.

IL-17–induced skin proliferation, in vivo knockdown, and inhibitor 
injection. 20 µl IL-17A (500 ng/20 µl PBS; R&D Systems) was injected 
intradermally daily for 6 d in the right ear of 6–8-wk-old mice. As a control, 
20 µl PBS was injected into the left ear of each mouse. On day 7, treated ear 
tissues were collected for histology and RNA analysis. For BrdU incorpora-
tion, 100 µg BrdU (BD) in 500 µl PBS was injected intraperitoneally 24 h 
before sample collection. For siRNA in vivo injection, the target sequences 
for ERK5 and Steap4 knockdown (ERK5 siRNA and Steap4 siRNA1) 
were described in previously studies (Woo et al., 2006; Wellen et al., 2007). 
The Steap4 siRNA2 target sequence was 5-CCCUUCGGCUUAUAU-
UUUG-3. The control siRNA sequence was 5-UGGUUUACAUGUC-
GACUAA-3. siRNA was synthesized by GE Healthcare. siRNA was 
dissolved in PBS. PBS or IL-17A was injected daily for 6 d while siRNA was 
administrated by intradermal injection (5 nmol each injection) at days 0, 1, 
and 4, together with IL-17A. For the MEK5 inhibitor injection experiment, 
mice were injected with PBS, Bix 02189 (dissolved in DMSO and added to 
PBS to a 5 µM final concentration) alone, 500 ng IL-17A plus DMSO, or 
500 ng IL-17A plus MEK5i (Bix 02189, 5 µM) daily for 6 d.

Cell culture and reagents. Primary keratinocytes were cultured in kerati-
nocyte serum-free media (K-SFM) with supplement purchased from Life 
Technologies with 100 µg/ml penicillin G and 100 µg/ml streptomycin. 
Media was changed every 2 d. Kidney epithelial cells were maintained in 
DMEM supplemented with 10% (volume/volume) FBS (Hyclone), 100 µg/ml 
penicillin G, and 100 µg/ml streptomycin. Recombinant IL-17A, IL-17F, 
and TNF were from R&D Systems; anti-Flag (M2) and anti–human STEAP4 
antibody was from Sigma-Aldrich; antibody to phosphorylated Jnk, antibody 
to phosphorylated IB, phosphorylated p-38, phosphorylated ERK5, 
ERK5, phosphorylated STAT3, STAT3, ERK1/2, phosphorylated 4EBP, 
phosphorylated S6, and anti-p63 for Western blotting were from Cell Sig-
naling Technology; antibody to phosphorylated ERK, actin, anti-BrdU, and 
anti-p63 for staining were from Santa Cruz Biotechnology, Inc. MEK5 in-
hibitor (MEK5i, Bix 02189) was ordered from Selleck. IL-6 neutralizing an-
tibody was purchased from BD.

Primary keratinocyte isolation, proliferation, and adenovirus infec-
tion. Keratinocytes were isolated from the skin from newborn pups (days 
1–2). Skins were floated dermis side down on 0.25% trypsin (without 
EDTA) overnight at 4°C. The next day, the epidermis was separated from 
the dermis, minced, and filtered with a 40-µm strainer. For keratinocyte 
proliferation assay, isolated cells at a density of 0.2 × 106 cells/ml were cul-
tured in 12-well plates (triple replicated) in K-SFM (Life Technologies) with 
supplement (Life Technologies). The next day (day 0) as the keratinocytes 
attached, fresh media was used and 100 ng/ml IL-17A or 2 µg/ml IL-17A + 
anti–IL-6 neutralizing antibody was added into the media for a 5-d culture. 
Cells were detached into single cell suspension with trypsin and counted at 
the indicated days. For adenovirus infection, keratinocytes were cultured at 
a density of 0.79 × 106 cells/ml in K-SFM with supplement. Adenovirus ex-
pressing Cre recombinase was purchased from Vector Laboratories. Cells 
were infected with 1:10,000 dilution of the viruses for 2 d.

Immunohistochemistry staining. Tissues were fixed with 10% formalin 
and processed into paraffin tissue blocks according to routine methods by 
AML Laboratories or were embedded in optimum cutting temperature 
compound and were sectioned or serially sectioned to obtain consecutive 
levels. Skin tissue was processed by AML Laboratories. Paraffin-embedded 
sections were used for hematoxylin and eosin (H&E), BrdU (Santa Cruz 

expression of TRAF4 and p63 in the tumors. One remain-
ing question is how IL-17–induced ERK5 activation leads to 
up-regulation of Steap4. Although C/EBP has been impli-
cated in regulation of Steap4 gene transcription (Ramadoss et al., 
2010), we found that IL-17–induced ERK5 activation leads 
to induction of C/EBP transcription activity (unpublished 
data), suggesting that activation of ERK5 might induce the  
expression of Steap4 via activation of the C/EBP transcrip-
tion family.

Although Steap4 is known as a cell surface metalloreduc-
tase, Steap4 retains activity at acidic pH, suggesting it may also 
function within intracellular organelles (Gauss et al., 2013). 
Importantly, flavin-dependent NOX activity was observed  
for Steap4, implicating its role in NADPH homeostasis (Gauss 
et al., 2013). Interestingly, NOX was shown to play a critical 
role in promoting glycolysis in cancer cells by generating 
NAD+, a substrate for one of the key glycolytic reactions.  
Inhibition of NOX attenuates cancer cell proliferation and 
tumor growth (Lu et al., 2012). Considering the NOX activ-
ity of Steap4, it is possible that overexpression of Steap4 may 
directly alter cellular metabolism in tumor cells, where prolif-
erating cells may need an increased expression of Steap4 to 
meet the increased demands for nutrients. Though the role of 
STEAP4 in the epidermis is currently unclear, our findings in-
dicate that this IL-17A–induced gene may play a role in kerati-
nocytes and potentially affect the metabolism and survival of 
epidermal basal cells. Although IL-17–dependent ERK5 acti-
vation induced c-myc expression that is known to promote cell 
cycle progression, IL-17–induced Steap4 may provide the nec-
essary metabolic state of the basal cells for the IL-17–induced 
proliferative response in the epidermis. Notably, Steap4 is ele-
vated in human skin SCCs. Future studies are required to de-
termine whether the elevated Steap4 expression may affect the 
glycolytic pathway and survival of proliferating and tumor cells, 
which may provide a new cancer therapy.

MATERIALS AND METHODS
Animals. 6–8-wk-old mice were used for all experiments. All experiments 
were conducted in accordance with Institutional Animal Care and Use Com-
mittee guidelines at the Cleveland Clinic Lerner Research Institute. To gener-
ate K5CreAct1f/ mice, K5Cre mice were bred to Act1 flox mice. K5Cre mice 
were provided by T. Egelhoff (Cleveland Clinic Lerner Research Institute, 
Cleveland, OH). WT C57BL/6 mice were purchase from the Jackson Labo-
ratory. All experiments used sex- and age-matched littermates. TRAF4/ 
mice on a C57BL/6 background were generated as described previously (Shiels 
et al., 2000). Act1/ mice and Act1f/f mice were as described previously 
(Qian et al., 2004). IL-17RC/ mice were as described previously (Zheng 
et al., 2008). MEKK3f/f mice were as described previously (Wang et al., 2009). 
ERK5f/f keratinocytes were isolated from skin tissue provided by C. Tournier 
and C.M. Vines. The background of ERK5f/f mice was as described previously 
(Finegan et al., 2009). Act1/ mice used in the DMBA/TPA model were on 
a BALB/c background. Act1/ mice for all other experiments were crossed 
back to C57BL/6 mice for at least 10 generations.

Two-stage DMBA/TPA tumorigenesis. 6-wk-old gender-matched 
mice were used for two-stage tumorigenesis. Tumorigenesis was initiated 
with one topical application of 100 µM DMBA (Sigma-Aldrich) in 200 µl 
acetone to the shaved dorsal skin of each mouse. 2 wk after initiation, mice 
were treated topically with 30 µg TPA (Sigma-Aldrich) in 200 µl acetone 
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