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IL-17R-EGFR axis links wound healing to
tumorigenesis in Lrigl* stem cells

Xing Chen™@®, Gang Cai"®*, Caini Liu', Junjie Zhao, Chunfang Gu®? Ling Wu"3, Thomas A. Hamilton'@®, Cun-jin Zhang!, Jennifer Ko**@®, Liang Zhu’,
Jun Qin® Allison Vidimos®, Shlomo Koyfman’, Brian R. Gastman"®#@®, Kim B. Jensen!®!, and Xiaoxia Li'®

Lrigl marks a distinct population of stem cells restricted to the upper pilosebaceous unit in normal epidermis. Here we
report that IL-17A-mediated activation of EGFR plays a critical role in the expansion and migration of Lrigl* stem cells and
their progenies in response to wounding, thereby promoting wound healing and skin tumorigenesis. Lrigl-specific deletion
of the IL-17R adaptor Actl or EGFR in mice impairs wound healing and reduces tumor formation. Mechanistically, IL-17R
recruits EGFR for IL-17A-mediated signaling in Lrigl* stem cells. While TRAF4, enriched in Lrigl* stem cells, tethers IL-17RA
and EGFR, Act1 recruits c-Src for IL-17A-induced EGFR transactivation and downstream activation of ERK5, which promotes
the expansion and migration of Lrigl* stem cells. This study demonstrates that IL-17A activates the IL-17R-EGFR axis in Lrigl*

stem cells linking wound healing to tumorigenesis.

Introduction

It is well documented that chronic tissue damage and inflam-
mation can contribute to tumorigenesis. Although it has long
been suggested that “tumor production is a possible overheal-
ing” (Haddow, 1972; Dvorak, 1986), our understanding of how
aberrant tissue repair leads to tumor formation continues to
evolve. Recent efforts have been initiated to delineate the roles
of tissue-specific stem cells in the tissue repair and tumorigen-
esis processes.

The epidermis, which is the epithelial component of skin,
is composed of the interfollicular epidermis (IFE) and various
adnexal structures, such as the pilosebaceous unit (PSU), with
differing functions. Whereas the IFE provides the barrier that
protect against the outside environment and fluid evaporation,
the PSU is the site of hair follicle growth and sebum produc-
tion. Distinct stem cell populations ensure the lifelong replen-
ishment of units with these specific functions (Schepeler et al.,
2014). Lrigl* cells are stem cells restricted to the upper PSU in
normal skin, which are responsible for either the maintenance
of the upper part of the PSU, the infundibulum, and the seba-
ceous gland (SG). Fate mapping experiments have demonstrated
that Lrigl* stem cells are confined to the PSU in unchallenged
skin, making no contribution to the IFE (Page et al., 2013). Upon

wounding, Lrigl* stem cell progenies acquire lineage plasticity
and are rapidly recruited into the wounded region, subsequently
making permanent contributions to the regenerated epidermis
(Jensen etal.,2009; Page et al., 2013). Expression of the oncogenic
K-Ras G12D in Lrigl-expressing cells drives SG and infundibula
hyperplasia without affecting the IFE significantly. Interestingly,
upon wounding, oncogene activation (K-Ras G12D) in Lrigl* cells
drives rapid tumor formation within days (Page etal., 2013), pro-
viding an attractive model to assess roles of new pathways for
wound-induced tumorigenesis.

A growing body of evidence suggests that chronic inflamma-
tion is the instigating factor for the development of cancerous
lesions following abnormal tissue repair. The proinflammatory
cytokine IL-17A is emerging as an important cytokine in cancer
initiation and progression, including skin cancer (Numasaki et
al., 2005; Wang et al., 2009, 2014; He et al., 2012; Wu et al., 2015).
While IL-17A has been shown to play an essential role in tissue
repair in the skin (MacLeod et al., 2013), anti-IL-17A antibody
(Cosentyx; Novartis) is highly efficacious in treating psoriasis
(Langley et al., 2014; Blauvelt et al., 2017), an inflammatory skin
disease due to excessive hyperproliferation of keratinocytes
(Bata-Csérgd and Szell, 2012). The receptor for IL-17 (IL-17A) is a
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heterodimeric complex composed of two subunits, IL-17RA and
IL-17RC (Toy et al., 2006; Gaffen, 2009; Zhang et al., 2014). Upon
ligand binding, the adaptor, Actl (also known as CIKS), is re-
cruited to the receptor, where it mediates downstream signaling
(Chang et al., 2006; Qian et al., 2007). TNF receptor-associated
factor (TRAF) proteins are immediate binding partners of Actl
and required for downstream pathway activation (Hartupee et
al., 2009; Bulek et al., 2011; Sun et al., 2011; Zepp et al., 2012).
We recently identified a novel IL-17A signaling cascade via the
specific interaction of Actl with TRAF4 to mediate MEKK3-de-
pendent ERK5 activation that is critically important for kerati-
nocyte proliferation and tumor formation (Wu et al., 2015). This
suggests that IL-17A is potentially the critical link between in-
flammation, tissue repair, and tumorigenesis.

In this study, we report that IL-17A via epidermal growth fac-
tor receptor (EGFR) is required for the expansion of Lrigl* stem
cells in PSU and the migration of Lrigl* stem cell progenies into
the IFE during wound healing and wound-induced tumorigen-
esis. Mechanistically, IL-17R recruits EGFR for IL-17A signaling
in the Lrigl* cells. The direct interaction between IL-17R and
EGFR is mediated by TRAF4, whose expression is enriched in
Lrigl* stem cells. Lrigl-specific deletion of IL-17R-EGFR axis and
TRAF4 deficiency impaired IL-17A-induced Lrigl* cell expansion.
Biochemically, we showed that the close proximity of IL-17R and
EGFR allows the adaptor protein Actl to recruit c-Src for IL-17A-
induced EGFR transactivation and subsequent ERK5 activation,
which plays a critical role in IL-17A-dependent expansion of
Lrigl* stem cells, epidermal hyperplasia, and skin tumorigenesis.
Since Lrigl is an inhibitory molecule for EGFR signaling, our re-
sults suggest that the skin has preserved Lrigl* stem cells for tis-
sue repair, which are called into action when IL-17A is expressed
to cooperate with EGFR during wounding. This study is the first
example of how a proinflammatory cytokine recruits a growth
factor receptor to activate stem cells in response to wounding for
tissue repair and tumorigenesis.

Results

IL-17A-induced signaling in Lrigl* stem cells promotes the
migration and expansion of Lrigl progenies for wound healing
Lrigl is a marker for stem cells that maintains the upper PSU,
including the infundibulum and SG but not the IFE (Page et al.,
2013). However, upon wounding, Lrigl* stem cell progenies are
rapidly recruited into the IFE for skin tissue repair, and the cells
contribute to regenerating the epidermis (Page etal., 2013). Given
the role of IL-17A signaling in skin wound healing (MacLeod et

al., 2013), we hypothesize that IL-17A plays a role in the recruit-
ment of Lrigl* stem cell progenies into the wounded region for
skin tissue repair. Upon stimulation with IL-17A, we indeed ob-
served an expansion of Lrigl* stem cells in the PSU (Fig. 1, A-C),
suggesting that IL-17A may have a direct impact on the Lrigl*
stem cells. Deletion of Actl in Lrigl* cells (Fig. 1 A) abolished IL-
17A-induced Lrigl* stem cell expansion (Fig. 1, A-C) and reduced
IL-17-mediated epidermal hyperplasia in the ear and dorsal skin
(Fig. S1, A-C).

Notably, deletion of Actl in Lrigl* cells was sufficient to atten-
uate IL-17A-induced epidermal hyperplasia in the IFE (Fig. 1 C).
Since Lrigl* cells remained in the PSU upon IL-17A injection
(Fig. 1 C), we hypothesized that the IL-17A induced the migra-
tion of Lrigl progenies to the epidermis. To test this hypothesis,
we crossed the Lrigl®reER2Act1~ and Lrigl®*FRT2Actl”* mice
onto a ROSA26-1sl-tdTomato background (Fig. 1 D). Tamoxifen
treatment induced efficient recombination at the ROSA26 locus
and robust deletion of Actl (Fig. 1E). The Lrigl* stem cells (GFP*)
remained in the PSU (Fig. 1, F and G), while Lrigl progenies (td-
Tomato* and Lrigl-GL) were expanded and migrated to the IFE
in response to IL-17A injection (Fig. 1, F-I). Lrigl-specific Actl de-
ficiency abolished IL-17A-induced expansion of Lrigl* stem cells
in the PSU and expansion/migration of Lrigl progenies (tdToma-
to*GFP") into the IFE (Fig. 1, F-1).

We have previously reported that IL-17A induces the ex-
pansion of p63* cells in the IFE (Wu et al., 2015). Interestingly,
Lrigl-specific Actl deficiency abolished IL-17A-induced expan-
sion of p63* cells (Fig. S1, D and E). The expanded p63* cells were
tdTomato* and highly proliferative (Ki67*) in both ear and dorsal
skin (Fig. 1,Jand K), indicative of their origin as Lrigl* stem cells.
Taken together, the data suggest that IL-17A induces the migra-
tion of Lrigl progenies to the epidermis, transitioning to p63*
and Ki67* cells.

In response to tissue damage, the Lrigl progenies rapidly
migrate out of the PSU and contribute majorly to wound repair
(Aragona et al., 2017). Tissue damage robustly induces a vari-
ety of inflammatory cytokines, including IL-17A (MacLeod et
al., 2013). We found that IL-17RC-deficient mice exhibited im-
paired wound healing (Fig. S1, F and G), which prompted us to
examine whether IL-17A-induced signaling in the Lrigl* stem
cells contributed to the wound-healing process. Lineage tracing
confirmed that the Lrigl progenies contributed majorly to the
leading edge (Fig. 2, A-D). The migration and proliferation of
Lrigl progenies (Fig. 2, B-D) induced by wounding were greatly
diminished in Lrigl®**RTAct1?~ mice compared with the control
mice. Consistently, deletion of Actl in Lrigl* cells led to delayed

Figure 1. IL-17A-induced signaling in Lrigl* cells promotes the migration and expansion of Lrigl progenies. (A) Schematic diagram for data shown in
B and C. TAM, tamoxifen. (B) Epidermal cells from tamoxifen-treated Lrigl“®®RT2Act17- mice before IL-17A injection were sorted and analyzed with Western
blot. (C) Paraffin sections of the ear skin were stained for GFP. (D) Schematic diagram for E-K. (E) Epidermal cells from tamoxifen-treated Lrigl“ERT2Act1/-
ROSA26-Isl-tdTomato mouse were sorted for tdTomato or GFP followed by Western blot. Epidermal cells from ear skin of indicated mice were analyzed by flow
cytometry for GFP and tdTomato. (F) Distribution of Lrigl* cells and their progenies (Lrigl-GL, Lrigl genetically labeled) cells in untreated or IL-17A-treated
mouse skin. SG, sebaceous gland; JZ, junction zone; Bu, bulge. (G) Staining of Lrigl* cells (green) and Lrigl progenies (Lrigl-GL; red) in ear (a) and dorsal (b)
PSU. The asterisk indicates autofluorescence. (H) Sections of PBS and IL-17A-injected ears (a-d) or dorsal skin (e-h) from littermate mice of the indicated
genotypes. (I) Quantification of indicated cells in PBS- and IL-17A-injected ears (a) or dorsal skin (b). 10 PSUs and adjacent IFE were analyzed. n = 5 mice. (J
and K) IL-17A-injected ear (a) and dorsal skin (b) from littermate mice were stained for ANp63, keratin 14, Ki67, and tdTomato. All bar graphs show means +
SEM. ***, P < 0.001, t test. Bars, 50 um. All data are representative of three independent experiments.
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Figure 2. IL-17A-induced signaling in Lrigl* cells is required for the migration and expansion of Lrigl progenies for wound healing. (A) Schematic
diagram for data in B-D. TAM, tamoxifen. (B) Distribution of Lrigl progenies in a healing wound. (C) Paraffin sections of reepithelializing wound from littermate
mice were stained for tdTomato (red) and Ki67 (green) or ANp63 (green). Bar, 50 um. (D) Quantifications of the indicated cells as a percentage of Krt14* cells
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closure of the wound opening (Fig. 2 E). Although the gross sizes
of the wound became comparable by day 6 (Fig. 2 E), the extent of
the reepithelialization in the Lrigl®®R™Act1¥- mice was signifi-
cantly reduced compared with the control mice (Fig. 2, F-H). Ad-
ditionally, histology analysis of the wound on day 3 (Fig. 2, F-H)
showed both larger wound size and compromised reepitheliza-
tion in Lrigl®FRT2Act1¥- mice compared with that in the control
mice. Taken together, our data indicate that IL-17A-induced mi-
gration and expansion of Lrigl progenies (Lrigl-GL) participate
in reepithelization to promote wound healing.

IL-17A-induced signaling in Lrigl* stem cells drives Lrigl
progenies to participate in skin tumorigenesis

Oncogene activation (K-Ras G12D) in Lrigl* cells drives
wound-induced tumor formation within days (Page et al., 2013).
Loss of Actl impaired wound-induced tumorigenesis in the LSL-
K-Ras (G12D)/LriglER¢eT2Act1- model (Fig. 3, A-C). Importantly,
tamoxifen application induced efficient and specific KrasG12D
expression and Actl deletion (Fig. 3 B). In addition, KrasG12D was
only activated in Lrigl progenies tdTomato* but not tdTomato-
cells (Fig. 3 E). As a result, all the tumor cells in the wound-in-
duced tumors were Lrigl progenies (Fig. 3, D-G). Notably, these
Lrigl progenies in the tumor expressed stem cell markers, p63
(ANp63), Sox2, and CD34 (Boumahdi et al., 2014; Fig. 3, D-G).
The data indicate that IL-17A-induced signaling in Lrigl* cells is
required to drive the oncogene-bearing Lrigl progenies to form
tumors in response to wounding (Fig. 3 F).

We have previously shown that ablation of Actl from the
whole epidermis using ectoderm-Cre K5 protects mice from
7,12-dimenthylbenz[a]anthracene (DMBA)/12-O-tetrade-
caboylphorbol-13-acetate (TPA)-induced skin tumorigenesis
(Wu et al., 2015). One important question is whether IL-17A-in-
duced signaling in Lrigl* stem cells might be required for skin
tumorigenesis induced by DMBA/TPA. Lrigl-specific Actl defi-
ciency indeed protected mice from DMBA/TPA-induced carcino-
genesis (Fig. 3, H-]). In line with this observation, Lrigl-specific
IL-17RC deficiency also significantly reduced the DMBA/TPA-in-
duced tumorigenesis (Fig. S2 A). Lineage tracing revealed that
the tdTomato* cells were specifically detected in the tumor cells
but not in the stromal cells (Fig. 3, K and L). Furthermore, >90%
of the constituent tumor cells were tdTomato* (Fig. 3, Kand L),
indicating that the Lrigl progenies derived from the Lrigl* stem
cells contributed greatly to the tumor mass (Fig. S2 B).

Similar to the wound-induced tumors, the DMBA/TPA-in-
duced tumors also expressed stem cell markers, p63, Sox2, and
CD34. Interestingly, while Lrigl was not induced in other subsets
(tdTomato- cells) in the DMBA and TPA challenged dorsal skin
before tumor formation (Fig. S2 C), we detected occasional foci of
Lrigl* cells in ~20% of the DMBA/TPA-induced carcinomas but
not in the other challenged conditions (Fig. S2 D). Importantly,

the Lrigl* cells in the DMBA/TPA-induced tumors were also pos-
itive for tdTomato, indicating that they had been derived from the
Lrigl* stem cells (Fig. 3, Kand L; and Fig. S2 E). Since Lrigl proge-
nies lose the Lrigl expression upon exiting the hair follicle (Fig. 1,
F-I; Page et al., 2013), the Lrigl* cells occasionally detected in the
tumor most likely had reacquired the Lrigl expression during the
tumor progression.

IL-17A-induced EGFR activation in Lrigl* stem cells is required
for IL-17A-dependent wound healing and tumorigenesis

We reported that IL-17A-induced Actl/TRAF4-mediated ERK5
cascade stimulates epidermal hyperplasia and tumor formation.
The ERKS5 inhibitor effectively blocked IL-17A-induced expansion
of Lrigl* stem cells in the PSU and migration and expansion of
Lrigl progenies (Lrigl-GL and tdTomato) to the IFE of the ear and
dorsal skins (Fig. S3 A). These results indicate that IL-17A-ERK5
axis plays a critical role in Lrigl* stem cells for their expansion
and migration.

Tyrosine phosphorylation is implicated in the activation of
MEKK3-ERK5 cascade (Chao et al., 1999; Su et al., 2001; Sun et
al., 2001; Takeda et al., 2014). In searching for a tyrosine kinase,
we found that IL-17 induced EGFR phosphorylation (Y-1068 and
Y-845), which depended upon both IL-17RC and Actl (Fig. 4, A
and B; and Fig. S3 B). Importantly, IL-17A-induced p-ERKS5, but
not p-IkBa, p-p38, and p-JNK, was impaired in EGFR-deficient
keratinocytes (Fig. 4 C). Consistently, IL-17A-induced ERK5 phos-
phorylation was also abolished in gefitinib-treated keratinocytes
(Fig. S3 C). In EGFR-deficient Hela cells, IL-17A-induced EGFR
and ERK5 activation was restored by reconstituted WT EGFR
and EGFR mutant without the extracellular domain but not with
the kinase-inactive EGFR mutant (Fig. 4 D). Since EGFR deletion
mutant without the extracellular domain was able to mediate
IL-17A-induced ERKS activation (Fig. 4 D), IL-17A-induced EGFR
phosphorylation is unlikely to be due to enhanced shedding of
EGFR ligands. Intradermal IL-17A injection resulted in activation
of EGFR and ERK5, which were blocked by coinjection of EGFR
inhibitor gefitinib (Fig. S3 D). IL-17A-induced epidermal hyper-
plasia was substantially reduced in the presence of EGFR inhibi-
tor (Fig. S3 E), highlighting the role of EGFR kinase activity.

We next examined the impact of Lrigl-specific EGFR defi-
ciency on the expansion and migration of Lrigl progenies in re-
sponse to IL-17A stimulation. Using the same strategy (Fig. 1 D),
we deleted EGFR specifically in Lrigl* stem cells before IL-17A
injection (Fig. 4, E and F). Deletion of EGFR in Lrigl* cells abol-
ished IL-17A-induced Lrigl* cell expansion in the PSU and ablated
the migration of Lrigl progenies to the epidermis of both ear and
dorsal skin (Lrigl-GL; Fig. 4, G and H). Lrigl-specific EGFR defi-
ciency also diminished IL-17A-induced p63* cell expansion in the
epidermis (Fig. 4 I and Fig. S3, F-H) and attenuated epidermal
hyperplasia (Fig. S31). Taken together, these results suggest that

in the leading edge of the wound area. n = 10. Data are representative of three independent experiments shown in C and D. (E) Wound-closure kinetics in
littermate mice of indicated genotypes. Graph shows the mean percentage of surface area that remained open as a percentage of original size. n = 10 wounds.
(F) Schematic diagram in reference to G and H. The lengths of leading edges and the initial wound length were defined as indicated. (G) H&E staining (a) and
staining for Krt14 (b) in reepithelializing wound. Bar, 500 um. (H) Measurement of reepithelization ratio in wound area of Lrigl“*tR™2Act17+ and littermate
LriglCreERT2Act1%- mice. n = 10 wounds. Data are representative of three independent experiments shown in E-H. All bar graphs in Fig. 2 show means + SEM.

*** P<0.001; **,P<0.03; %, P<0.05, t test.
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IL-17A-induced EGFR signaling in Lrigl* stem cells promotes ex-
pansion of Lrigl* stem cells and the migration of Lrigl progenies.

Consistently, the migration and proliferation of Lrigl* prog-
enies induced by wounding was greatly impaired in Lrigl¢reERT2
EGFRYf mice compared with their respective control mice (Fig. 5,
A-C). Deletion of EGFR in Lrigl* stem cells led to delayed closure
of the wound opening, accompanied with compromised reepi-
thelization in Lrigl®**f"™EGFRYf mice (Fig. 5, D-F). Moreover,
Lrigl-specific EGFR deficiency protected mice from DMBA/
TPA-induced carcinogenesis (Fig. 5, G-I) and also attenuated
wounding-induced tumorigenesis on the back (Fig. 5,]-L). These
results demonstrate that the IL-17A-EGFR axis plays a critical
role in promoting the expansion of Lrigl* stem cells and the mi-
gration of Lrigl progenies to the IFE linking wound healing to
skin tumorigenesis.

TRAF4 is enriched in Lrigl* stem cells and is required for
IL-17A-induced IL-17RA-EGFR interaction
We then studied how IL-17A induces EGFR activation in Lrigl*
stem cells. Lrigl has been implicated in inhibiting EGF binding to
EGFR (Goldoni etal., 2007). As EGFR was colocalized with Lrigl in
the upper PSU (Fig. 6 A), the inhibition of EGF signaling by Lrigl
might be an important feature of Lrigl* cells that is required for
IL-17R to adopt EGFR for IL-17 signaling. Despite comparable IL-
17R and EGFR expression, Lrigl* cells were much more responsive
to IL-17A-induced EGFR and ERKS5 activation than that in Lrigl
cells (Fig. 6, A and B). On the other hand, TRAF4 protein levels
were much higher in Lrigl* cells than that in Lrigl- (Fig. 6 B),
Lgr5*, and Lgré* cells (Fig. S4, B and C), which is consistent with
the lack of IL-17A-induced ERKS activation (Fig. 6 B and Fig. S4,
B and C). Of note, IL-17RC deficiency in Lgr5 cells did not have a
noticeable impact on IL-17A-induced skin hyperplasia or DMIBA/
TPA-induced skin tumorigenesis (Fig. S4, D and E). The data col-
lectively imply a potential role for TRAF4 to mediate IL-17A-in-
duced Lrigl* cell expansion and the migration of Lrigl progenies.
TRAF4 expression was indeed highly expressed in the infun-
dibulum and SG (Fig. 6 A), which coincided with Lrigl expression
in the ear and dorsal skin (Fig. 6 A, e and h). Interestingly, IL-17A
injection greatly induced the expansion of TRAF4* cells in the
PSU as well as in the IFE of both ear (Fig. 6 D, a-d) and dorsal skin
(Fig. 6 D, e-h), colocalizing with p63* cells (Fig. 6 E). Importantly,
lineage tracing revealed that TRAF4 expression was exclusively
induced in the Lrigl and Lrigl progenies in response to IL-17A
injection and in wound- or DMBA/TPA-induced tumors (Fig. S4
A). Deletion of Actl or EGFR in Lrigl* cells abolished the expan-

sion of TRAF4* cells (Fig. 6, C-E; and Fig. S4, F-P). Importantly,
IL-17A-induced Lrigl* cell expansion was abolished in TRAF4-de-
ficient mice (Fig. S4 Q). We detected EGFR-IL-17RA interaction
in the PSU and IFE in IL-17A-treated epidermal tissue (Fig. S4 R),
which was abolished by TRAF4 deficiency (Fig. S4 R). Based on
these findings, we propose that TRAF4 may first facilitate the in-
teraction of EGFR to IL-17RA in response to IL-17A stimulation,
followed by bridging Actl to MEKKS3 for the activation of EGFR-
ERKS cascade (Wuetal., 2015), promoting Lrigl* stem cell expan-
sion and transition to p63* epidermal progenitor cells.

Notably, the cultured primary keratinocytes also expressed
TRAF4 and were responsive to IL-17A treatment (Fig. 7 A). IL-
17A-induced EGFR and ERK5 phosphorylation were abolished in
TRAF4-deficient keratinocytes, suggesting that TRAF4 is required
for IL-17A-induced EGFR phosphorylation and subsequent ERK5
activation (Fig. 7 A). IL-17A was still able to induce EGFR-IL-17RA
interaction in Actl-deficient keratinocytes (Fig. 7 B), indicating
that IL-17A-induced EGFR-IL-17RA complex formation was Actl
independent. In contrast, IL-17A failed to induce recruitment
of EGFR to IL-17RA in TRAF4-deficient keratinocytes (Fig. 7 C).
Furthermore, IL-17A-induced interaction between IL-17RA and
EGFR was promoted by TRAF4 overexpression (Fig. 7 D). IL-17RA
interacted with EGFR upon induction of TRAF4 by doxycycline
(Fig. 7 E). Importantly, only TRAF4 but not TRAF3 or TRAF6 was
able to promote the interaction between EGFR and IL-17RA, in-
dicating that TRAF4 has the unique ability to bridge IL-17RA to
EGFR (Fig. S4 S).

TRAF4 tethers IL-17RA and EGFR through the TRAF domain
We then investigated how TRAF4 promotes EGFR-IL-17RA inter-
action. Notably, the intracellular domain of EGFR is sufficient
for the TRAF4-promoted interaction between EGFR and IL-17RA
(Figs. 8 A and 7 E). TRAF4 was able to interact with IL-17RA, IL-
17RC, and EGFR (Fig. 8, A and B), suggesting that TRAF4 might
bridge EGFR to IL-17RA-RC via its interaction with both recep-
tors. While the deletion of SEFIR domain abolished the interac-
tion of Actl with the receptors (Qian etal., 2007; Liu etal., 2009),
it had no impact on the interaction of TRAF4 with IL-17RA or IL-
17RC (Fig. 8, C and D; and Fig. S5 A). Further deletion analysis
showed that the C-terminal domain of IL-17RA-RC is required
for their interaction with TRAF4 (Fig. 8, C and D; and Fig. S5 A).
These results confirm that TRAF4, but not Actl, is required for
EGFR’s recruitment to IL-17 receptor.

We then mapped the domain of EGFR required for its interac-
tion with TRAF4. While deletion of kinase domain had no impact

Figure 3. IL-17A-induced signaling in Lrigl* cells drives Lrigl progenies to participate in skin tumorigenesis. (A) Schematic diagram showing Cre-me-
diated ablation of Act1 and activation of KrasG12D in Lrigl lineage cells. Time frame refers to B and C. 4-OHT, 4-hydroxytamoxifen. (B) Epidermal cells sorted
based on GFP from LSL-Kras(G12D)Lrigl<ERT2Act1/~ mice were analyzed by Western blot. (C) Representative macroscopic photograph (day 20; A) of wound-in-
duced tumors in indicated littermate mice and quantification of tumor incidence as a function of time. 10 wounds were evaluated per group. Data are repre-
sentative of two independent experiments. Bar, 1 cm. (D) Schematic diagram for data shown in E-G. (E) Western blot analysis of epidermal cells sorted based
on tdTomato or GFP from mice before wounding. (F) Schematic diagram showing the migration of Lrigl progenies to the wounding site for tumorigenesis. SG,
sebaceous gland; JZ, junction zone; Bu, bulge. (G) Wound-induced tumors were stained for indicated markers. Bar, 50 um. Data were verified in three indepen-
dent experiments shown in E-G. (H) Schematic diagram for data shown in 1 and ). (1and J) Photographs (1) and average tumor numbers (J) of the DMBA/TPA. n =
7. Data are representative of three independent experiments. Bar, 2 cm. (K) Schematic diagram for lineage tracing in DMBA/TPA model (a). DMBA/TPA-induced
tumors from LriglceERT2 ROSA26-Is|-tdTomato mice were stained for ANp63* (green), Sox2* (green), or CD34 (green; b). Bars, 50 pm. (L) Quantification of the
percentages of indicated cells in the Krt14* tumor cells. 56 tumors were analyzed for tdTomato and Krt14; 14 tumors were analyzed for Krt14 in combination
with ANp63, Sox2, or CD34. All bar graphs in Fig. 3 show means + SEM. ***, P < 0.001; ns, not significant (P > 0.05), t test.
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on the EGFR-TRAF4 interaction, removal of the juxtamembrane
region or the C-terminal domain (A955-1186) of EGFR abolished
its interaction with TRAF4 (Fig. 8 E). The C-terminal domain but
not the juxtamembrane domain of EGFR was required for the
recruitment of TRAF4 to EGFR and also EGFR’s interaction with
IL-17RA (Fig. 8 F). Of note, EGFR inhibitor and mutation of the
catalytic site of the EGFR kinase domain did not impact the re-
cruitment of TRAF4 and EGFR to IL-17RA (Fig. 8 G). Importantly,
the whole extracellular domain of EGFR is dispensable for the
formation of IL-17RA-EGFR complex (Fig. 8 G and Fig. 7 E), con-
firming that the IL-17A-induced EGFR activation is not via recog-
nition of EGF ligands.

The next question is which domains of TRAF4 are required for
its interaction with IL-17RA and EGFR. Deletion of TRAF domain,
but not Ring or Zinc finger domain, abolished the interaction of
TRAF4 with IL-17RA and EGFR (Fig. 8, H and I). We found that
deletion of TRAF domain of TRAF4 abolished the recruitment of
EGFR to IL-17 receptor (Fig. 8 J). Notably, putative TRAF bind-
ing sites in the C-terminal regions of IL-17RA, IL-17RC, and EGFR
were found to be important for the interaction with TRAF4 by our
structure-function analysis (Fig. 8, Aand C-F). In support of this,
the recombinant WT but not TRAF-binding mutant of intracel-
lular domains of IL-17RA and EGFR were able to directly interact
with purified recombinant TRAF4 in vitro and interacted with
each other in the presence of TRAF4 (Fig. 8, K and L; and Fig.
S5 B). Taken together, these results suggest that TRAF4 directly
mediates the interaction between IL-17RA and EGFR via their
TRAF binding sites.

Tyrosine kinase c-Src is required for IL-17-induced EGFR
transactivation
EGFR kinase is necessary for IL-17A-induced ERK5 activation
(Fig. 4 D and Fig. S3 C). The IL-17R adaptor Actl (via SEFIR-SEFIR
interaction) is required for IL-17A-induced EGFR and ERK5 acti-
vation (Fig. 4 A), although Actl is dispensable for IL-17-induced
EGFR-IL-17RA complex formation (Figs. 7 B and 8, C and D). The
question was then how Actl mediates IL-17A-induced EGFR acti-
vation. Notably, Src kinase has been shown to play an important
role in transactivation of EGFR (without EGF stimulation; Wu
et al., 2002; Drube et al., 2006; Dewar et al., 2007; Hsieh et al.,
2012). Interestingly, IL-17A-induced Src phosphorylation and
Src inhibitor completely blocked IL-17A-induced EGFR and ERK5
activation (Fig. 9 A). IL-17A stimulation induced the interaction
of Src to the IL-17R, which was abolished in Actl-deficient cells
(Fig. 9 C), suggesting that Actl is required for the recruitment of
Src to the IL-17R-EGFR complex, resulting in EGFR activation. Src
inhibitor blocked IL-17-induced EGFR activation without affect-
ing the recruitment of EGFR to IL-17RA (Fig. S5 D), suggesting
that EGFR’s interaction with IL-17R precedes EGFR activation.
One important question is how Src is recruited to the IL-
17R-EGFR complex. Src homology 3 (SH3) domain in Src protein

is well known for protein-protein interactions necessary for
Src-mediated signaling and function (Mayer and Baltimore, 1993;
Feng et al., 1994; Holmes et al., 1996; Saksela and Permi, 2012).
Interestingly, sequence analysis identified a putative SH3 bind-
ing motif in Actl (Saksela and Permi, 2012; Fig. 9 B). We found
that the SH3 binding motif in Actl was indeed required for Src’s
recruitment to IL-17R-EGFR complex in response to IL-17A stim-
ulation (Fig. 9 C) and IL-17A-induced EGFR and Src activation
(Fig. 9 D). In addition to Actl, IL-17A-induced Src’s recruitment
to IL-17RA was also TRAF4 and EGFR dependent (Fig. S5, E and
F). Furthermore, TRAF4 was also required for IL-17A-induced
recruitment of Src to EGFR (Fig. S5 G). Our mutagenesis data
suggest that Actl-Src interaction via the SH3 domain facilitates
the recruitment of Src to the IL-17R/Actl-EGFR complex, provid-
ing a potential mechanism by which Src can be engaged in the
IL-17RA-EGFR complex to mediate transactivation of EGFR in an
IL-17A-dependent manner (Fig. S5 H).

Srckinase activity is required for IL-17A-induced EGFR/ERK5
phosphorylation (Fig. 9 A). Furthermore, Actl SH3 binding mu-
tant abolished Src-EGFR-ERK5 activation, without affecting
IL-17A-induced IkBo phosphorylation (Fig. 9, C and D). There-
fore, Actl-mediated Src recruitment is specifically required for
IL-17A-induced EGFR/ERKS activation. ERKS5 is specifically ac-
tivated by the MAPKK tyrosine-threonine kinase, MEKS5, which
is the substrate of the MEKK2/3 serine/threonine kinases (Chao
et al., 1999; Sun et al., 2001; Takeda et al., 2014). In addition, we
found that EGFR inhibitor blocked the IL-17A-induced MEKK3-
TRAF4 complex without affecting the interaction between Actl
and TRAF4, suggesting that EGFR kinase activity is required for
the recruitment of MEKK3 to TRAF4 (Fig. 9 E). In support of this,
EGFRinhibitor was able to block IL-17A-induced MEKK3 tyrosine
phosphorylation (Fig. 9 F).

Next, we examined whether Src-EGFR activation is required
for IL-17A-induced Lrigl* stem cell expansion and the migration
of Lrigl progenies to the IFE. Similar to ERKS5 inhibitor (Fig. S3
A), we found Src and EGFR inhibitor effectively blocked IL-17A-
induced expansion of the Lrigl* stem cells and their progenies in
the PSU and their transition to p63/TRAF4* cells in the epidermis
(Fig. 9, G-I). These results indicate that IL-17A-induced Src acti-
vation and Src-mediated transactivation of EGFR are required
for Lrigl* stem cell expansion and migration in response to IL-17A
stimulation (Fig. S5 H).

Discussion

We have now identified a novel IL-17A-induced EGFR-mediated
Act1-TRAF4-ERKS signaling cascade that stimulates epidermal
hyperplasia and tumor formation, providing a molecular mech-
anism tying together inflammation, tissue repair, and tumori-
genesis. Interestingly, EGF intradermal injection or transgenic
overexpression of EGFR ligands does not induce epidermal

and H, b) of the indicated littermate mice were analyzed for Lrig1 (green) and tdTomato (red; G). Representative PSU and adjacent IFE are shown. Quantification
of indicated cells is presented in H. 10 PSUs and adjacent IFE were analyzed. n = 5 mice. Bar, 50 um. Data are representative of three independent experiments
in G (a-d) and two independent experiments in G (e-h). (I) Quantification of indicated cells for Fig. S3 H. 10 PSUs and adjacent IFE were analyzed. n = 5 mice.
All bar graphs show means + SEM. ***, P < 0.001; **, P < 0.01, t test. Bars, 50 um. Data are representative of three independent experiments.
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growth in adult mice (Cohen, 1962; Cohen and Elliott, 1963;
Vassar and Fuchs, 1991). In contrast, we found that IL-17A induces
EGFR activation and robust skin hyperplasia by acting on a stem
cell population marked by an inhibitor for EGFR activation, Lrigl
(Goldoni et al., 2007). While Lrigl* stem cells have been impli-
cated in wound healing, our study is the first to report that IL-17A
signaling is responsible for mobilizing these stem cells during
wounding and tumorigenesis. Thus, our study identifies an un-
anticipated signaling and cellular mechanism through which IL-
17A links wounding healing to tumorigenesis.

Notably, recent reports have shown that IL-17-mediated sig-
naling also plays an important role in regulating stem cell pop-
ulation in other organs. IL-17A has been found to regulate the
development of tuft cells and stem cell features in both mouse
and human pancreatic cancer models and critically contribute
to tumor growth and progression (Zhang et al., 2018). Similarly,
IL-17 induces a unique progenitor cell population in the mouse
colitis-associated tumorigenesis model, and IL-17 signaling in-
creases the self-renewal of colon cancer stem cells (Lotti et al.,
2013). Taken together, the evidence suggests that wound re-
pair mechanism-associated cancer development may extend to
other tissue organs.

Our data demonstrated Lrigl* stem cells are the major cell
type that are mobilized in response to IL-17A correlating with
the high level of TRAF4 expression in Lrigl* stem cells in unchal-
lenged skin. It is important to note that TRAF4 expression was
not detected in Lgr5* and Lgr6* stem cells sorted from the skin;
neither of these cell populations exhibited EGFR and ERK5 acti-
vation after IL-17A stimulation. Lrigl progenies contribute ma-
jorly to the tumor mass (>90% of the total tumor cells) induced
by DMBA/TPA. Progenies of Lgr5* and Lgré* stem cells in the
DMBA/TPA model are barely detectable in induced skin tumors
(van de Glind et al., 2016a,b). Topical application of TPA has been
shown to potently induce IL-17A in the skin, which might explain
the dominant role of IL-17A-mobilized Lrigl lineage cells in the
DMBA/TPA model. Of note, oncogenic B-catenin expression in
Lgr5+*, Lgre*, and Lrigl* cells results in tumors with different his-
tological features (Kretzschmar et al., 2016), indicating that the
different epidermal stem cells are compartmentalized and man-
ifest distinct response during tumorigenesis. Future studies are
required to determine whether IL-17A-induced signaling plays
any roles in other epidermal stem cells for skin tumorigenesis
driven by oncogene overexpression.

Itis important to note that these Lrigl progenies (Lrigl- cells)
are phenotypically and functionally distinct from the Lrigl- cells
in the IFE in unchallenged skin. Since IL-17A induced expansion
of p63* cells in the IFE (Wu et al., 2015), it was assumed that
p63* cells in the IFE were responsive to IL-17A. We now found

that the expanded p63* cells in the IFE induced by IL-17A chal-
lenge were actually Lrigl progenies, which could be ablated by
deletion of Actl (IL-17 signaling) in Lrigl* stem cells. Moreover,
Lrigl-p63* cells in the IFE in unchallenged skin do not express
TRAF4, making them unable to activate IL-17A-induced EGFR
and ERKS5 for cell expansion. On the other hand, TRAF4 was
highly induced exclusively in the Lrigl progenies in response
to challenge. We speculate that IL-17A may continue to activate
EGFR-ERKS in the Lrigl progenies, given the high level of TRAF4
expression. A recent study has demonstrated that inflammatory
memory in epidermal stem cells hastens barrier restoration in
response to further tissue damage, predisposing the affected
skin to hyperproliferative disorders such as cancer (Naik et al.,
2017). It is possible that the IL-17A-induced Lrigl progenies may
survive and reside in the IFE and constitute part of the cell popu-
lations bearing the inflammatory memory with elevated TRAF4
expression. In addition, other inflammatory cytokines may very
well enlist different epidermal stem cells to participate in these
processes. Abrogating IL-17A signaling in the Lrigl* cells did not
completely abolish the wound-healing process, suggesting that
additional cell types and cytokines also contribute to the reep-
ithelization. Indeed, we detected occasional TRAF4* cells that
were tdTomato™ in the leading edge. Moreover, it is important
to note that Lrigl marks a heterogeneous population of cells
(Jensen et al., 2009; Page et al., 2013; Donati et al., 2017). Future
studies are required to unravel the intricate and dynamic func-
tions of these heterogeneous Lrigl* progenies in wound healing
and tumorigenesis.

It should be noted that the expression of stem cell markers,
such Lrigl, Lgr5, and Lgre, has been documented in transformed
tumor cells. While the Lrigl progenies lost Lrigl expression as
they migrated out of the PSU, ~20% of DMBA/TPA-induced
tumors with carcinoma features contained foci of Lrigl* cells.
Subsequent analysis showed that these Lrigl* tumor cells were
TdTomato* tumor cells (Lrigl progenies) derived from Lrigl* stem
cells in unchallenged skin, suggesting the Lrigl progenies might
have reacquired Lrigl during tumor progression. Lrigl is detected
in human sebaceous carcinoma, and its expression is associated
with poor differentiation and worse disease prognosis (Piinchera
et al., 2016). It will be important to assess the activation of IL-
17R-EGFR-ERKS axis in the Lrigl* cutaneous squamous cell car-
cinoma and other types of cancers. Several studies using primary
human cancer models have shown that IL-17 signaling is required
for the growth of a variety of carcinoma, including pancreatic
and colon cancer (Lotti et al., 2013; Zhang et al., 2018), in addition
toitsrole in tumor initiation. The key question is whether IL-17 is
also required for the maintenance of cancer growth in squamous
cell carcinoma. Future studies will be conducted to specifically

wounds. Data are representative of three independent experiments shown in B and C. (D) Wound-closure kinetics in age-matched littermate mice of indicated
genotypes. Graph shows the mean percentage of surface area that remained open as a percentage of original size of the wound. n = 10 mice per group. (E) H&E
staining of reepithelializing wound. Bar, 500 um. (F) Measurement of reepithelization ratio (leading edge ratio). Data are representative of three independent
experiments shown in D-F. (G) Schematic diagram for data shown in H and I. (H and 1) Photographs (H) and average tumor numbers (1) of representative
mice after DMBA/TPA treatment. n = 5 mice per group. Data are representative of three independent experiments. Bar, 2 cm. (J) Schematic diagram for data
shown in K and L. (K) Western blot analysis of recombinant efficiency at KrasG12D and EGFR loci in epidermal cells sorted based on GFP from LSL-Kras(G12D)
LrigleERT2EGFRf mice. (L) Tumor incidence of wound-induced tumorigenesis in littermate mice of indicated genotype. n = 8 wounds per group. Data are
representative of three independent experiments. All bar graphs show + SEM. ***, P < 0.001; **, P < 0.01; *, P < 0.05, t test.
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Figure 6. TRAF4 is enriched in Lrigl* stem cells. (A) Lrigl, EGFR, and TRAF4 expression in PSU and IFE in unchallenged skin. Paraffin sections of mouse
ear were stained for EGFR, TRAF4, and Lrigl (a-f). SG, sebaceous gland; JZ, junction zone; Bu, bulge. Quantification (g) of indicated cells over Lrigl* cells in
the PSU is presented. n = 15 hair follicles. Error bars represent + SEM. Immunofluorescence staining for Lrigl and TRAF4 was performed in dorsal skin (h).
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delete IL-17R-Actl in Lrigl* and Lgré* tumor cells to determine
the potential impact of this pathway on tumor progression.

Materials and methods

Animals

All experiments were conducted in accordance with Institutional
Animal Care and Use Committee guidelines at the Cleveland
Clinic Lerner Research Institute. The Lrigl-EGFP-ires-CreERT2
(labeled as Lrig1®*FR™?) mice were kindly provided by Dr. Kim B.
Jensen (Biotech Research & Innovation Centre, University of Co-
penhagen, Copenhagen, Denmark; Page et al., 2013). EGFR floxed
mice were kindly provided by Dr. David W. Threadgill (Depart-
ment of Veterinary Pathobiology, Texas A&M University, College
Station, TX; Lee and Threadgill, 2009). WT C57BL/6 mice, LSL-
K-Ras (G12D; Jackson et al., 2001), Rosa26-1sl-tdTomato (Madisen
etal.,2010), and Lgr5-EGFP-ires-CreERT? (labeled as Lgr5¢reERT2;
Barker et al., 2007) mice were purchased from The Jackson Lab-
oratory. IL-17RC™/~ and TRAF4~/~ mice have been described pre-
viously (Shiels et al., 2000; Zheng et al., 2008). Lrigl®FR™ mice
were crossed back onto a C57BL/6 background for at least six
generations. Actl floxed mice and Actl~/~ have been described
previously (Qian et al., 2004). IL-17RC floxed mice were gen-
erated by Cyagen Biosciences Inc. Lrigl®ER2/Rosa26-1sl-td To-
mato (homozygous) mice were obtained after eight generations
of breeding, which were then bred onto LSL-K-Ras (G12D) mice.
LriglCeERT2/T1,-17RC were obtained after at least eight gener-
ations of breeding. Gender- and age-matched littermates were
used for all experiments.

Cell line culture and virus infection

HeLa cells were maintained in DMEM supplemented with 10%
(volume/volume) FBS (GIBCO BRL; Thermo Fisher Scientific),
penicillin G (100 pg/ml), and streptomycin (100 pg/ml). Cells
were starved overnight by incubating cells in DMEM (without
serum) followed by IL-17A stimulation (100 ng/ml) for further
experiments. Cells were pretreated with inhibitors for 30 min
before IL-17A stimulation where applicable.

To generate EGFR, IL-17RA, and TRAF4 KO cell lines, two guide
RNA (gRNA) sequences derived from the GeCKO (v2) library for
each gene were used (Shalem et al., 2014), including 5'-TGAGCT
TGTTACTCGTGCCT-3' and 5-GAGTAACAAGCTCACGCAGT-3' for
EGFR, 5-CCAATGAACGTTTGTGCGTC-3" and 5-CCTGACGCA
CAAACGTTCAT-3' for IL-17RA, and 5'-TGGGCCACTACGTCATCT
AC-3’ and 5'-AGCCACAAAACTCGCACTTG-3’ for TRAF4. These
CRISPR/Cas9 guide RNA sequences were cloned into pLenticrispr
v2 (Sanjana etal., 2014). For each gene, two constructs were used
as a pool for maximum KO efficiency in HeLa cells. HEK293FT
cells were transfected with 3.0 pg lenti-CRISPR-v2 plasmids
(gRNA inserted) or control plasmids, 2.0 pg psPAX2, and 1.0 pg

VSV-G plasmids using PolyFect Transfection Reagent (Qiagen)
according to the manufacturer’s instructions. Medium with
lentivirus was harvested and filtered with 0.45 pM Millex-HP
filter 36 h after transfection. HeLa cells were then infected with
lentivirus (fresh medium:filtered medium containing virus = 1:1)
for 24 h. Cells were then cultured in fresh medium for 72 h be-
fore puromycin selection (1 pg/ml for 1 wk). Single cell-derived
clones were then picked up, expanded, and further identified by
Western blot analysis (Fig. S5 C). While data are representative
of at least three experiments with the same clone, experiments
were also performed using at least two KO clones for each gene.
The Myc-tagged human TRAF4 sequence was cloned into
PTRE3G vector to generate doxycycline-inducible TRAF4-ex-
pressing HeLa cells. HeLa cells were transfected with 6 pg
pCMV-Tet3G plasmids (in 100-mm dish). 2 d after transfection,
cells were selected with G418 (400 pg/ml) to generate a stable
Tet-On 3G cell line constitutively expressing Tet-On 3G transac-
tivator. Clones were then expanded and screened for optimal in-
ducibility. Tet-On 3G HeLa cells (the clone with best inducibility)
were then transfected with pTRE3G-TRAF4 plasmids together
with a linear selection marker (puromycin-resistant structure
from linearized empty pMXs-IRES-puro by EcoRI; molar ratio
1:1), followed by selection with puromycin (1 pg/ml). The puro-
mycin-resistant clones were validated by Western blot analysis
of TRAF4 expression in response to doxycycline (Dox, 1 ug/ml for
24 h); experiments were also performed using at least two clones.

Keratinocytes culture, virus infection, and sorting
Primary keratinocytes for signaling study has been described
previously (Lichti et al., 2008; Wu et al., 2015). Generally, the
dermis side of newborn (within 1-2 d) mouse skin was floated
on cold trypsin solution (0.25% without EDTA, ~5 ml trypsin in
each well of a 6-well plate) and was incubated at 4°C overnight.
The epidermis was then removed from the dermis after trypsin
treatment. Collected epidermises were minced in PBS until the
pieces were small enough to enter the tip of a 10-ml pipette. The
suspension was triturated by pipetting up and down >10 times,
then transferred to a 50-ml tube through a 100-um nylon mesh
strainer, while leaving most of the stratum corneum sheets be-
hind. Cell suspension was then centrifuged at 350 g for 5 min at
4°C. The isolated keratinocytes were then cultured (as day 0) in
keratinocyte-serum free medium (K-SFM), with a supplement
(Life Technologies) of penicillin G (100 pg/ml) and streptomy-
cin (100 pg/ml). Medium was changed every 2 d (cells could be
cultured up to 1 wk). Keratinocytes were starved overnight by
incubating cells in K-SFM without supplement, before cytokine
stimulation for the indicated times.

For adenovirus infection, primary adenovirus expressing
GFP or GFP/Cre recombinase was purchased from Vector Bio-
labs. Cultured keratinocytes on day 1 were then infected with a

(B) Epidermal cells isolated from Lrigl“tR™2 mice sorted based on GFP (Lrigl) expression followed by Western blot analysis. Data are representative of three
independent experiments. Normalized densitometric quantifications of p-lkBa are annotated above the blot. (C) Schematic diagram for data shown in D and
E and Fig. S4 (F-1, a). Schematic summary of EGFR, Lrigl, TRAF4, and ANp63 expression pattern in IL-17A-injected skin (b). TAM, tamoxifen. (D and E) Ear and
dorsal skin sections from indicated mice stained for Lrigl (green) and TRAF4 (red; for ear [a-d] and dorsal skin [e-h]; D) or TRAF4 (green) and p63 (ANp63; red;
for ear [a-d] and dorsal skin [e-h]; E). Representative PSU and adjacent IFE are shown. n = 5 mice per group. Data are representative of three independent

experiments shown in D and E. Bars, 50 um.
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1:10,000 dilution of the viruses for another 2 d. On day 3, cells
were washed with PBS and cultured in fresh medium with sup-
plement. Keratinocytes from two newborn (within 1-2 d) mice
yield one nearly confluent 150-mm culture dish of keratinocytes
by 5 d after plating.

For retrovirus infection, Actl-WT or Actl-SH3 binding mutant
were cloned into pMXs-IRES-puro and transfected into Phoenix
cells for viral packaging (6 pg for each 100-mm dish, 10 ml me-
dium, RPMI-1640 with 10% FBS). Medium containing retrovirus
was harvested and filtered with 0.45 uM Millex-HP filter 36 h
after transfection. Keratinocytes on day 1 were then infected
with retrovirus (K-SFM with supplement: freshly filtered viral
medium = 1:1) for 24 h. Medium was then replaced with fresh
K-SFM with supplement. On day 5, keratinocytes at ~95% con-
fluency in 150-mm dishes were starved overnight by incubating
cells in K-SFM without supplement. Immunoprecipitation was
then performed.

For Lrigl(GFP*) and Lgr5(GFP*) cell sorting (Fig. 6 B and Fig.
S4 B), mouse dorsal skin was shaved (fur was removed by de-
pilatory cream) and harvested. After the underlying fat was
removed, the dermis side was floated on cold trypsin solution
(0.25% without EDTA, ~5 ml trypsin in each well of 6-well plate)
and was incubated at 4°C overnight. The epidermis was mechan-
ically separated from the dermis by scrapping with a scalpel to

Chen etal.
IL-17R recruits EGFR for tumorigenesis

obtain single-cell suspensions, which was filtered with 100-ym
cell strainers. Cells were resuspended with PBS (with 0.5% BSA)
and immediately sorted by FACS for GFP* and GFP- cells.

For other flow analyses or cell sorting, ear skin (split in to ven-
tral halves) or dorsal skin (fur and underlying fat were removed)
were floated on thermolysin solution (0.25 mg/ml in PBS with-
out calcium) for 60 min at 37°C (Jensen et al., 2009; Agudo et al.,
2018). The epidermis was separated, and single-cell suspensions
were prepared (thermolysin was inactivated by addition of 5%
FBS). Cells were then filtered with 100-pm cell strainers. After
centrifugation (500 g, 3 min), cells were resuspended for flow
analysis or immediately sorted by FACS.

Sorted cells for signaling study were recovered in K-SFM
(without supplement) for 4 h at 37°C in 5% CO,, and further stim-
ulated with 100 ng/ml mouse IL-17A at the indicated times.

Constructs

pcDNA3.1 was used to generate the expression constructs of IL-
17RA, EGFR, TRAF4, and the corresponding mutants for protein
interaction studies. pLenticrispr v2 was used for the expression
constructs of IL-17RA, EGFR, and TRAF4 gRNA. pMXs-IRES-puro
was used to generate the expression constructs of Actl WT and
Actl SH3 binding mutant. IL-17RA and EGFR intracellular domain
and their mutants (in TRAF4 binding sites shown in Fig. 8 A,
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including IL-17RA-intra-Flag, containing residues 341-866; IL-
17RA-T4Bm-Flag, deletion of 780-866 from residues 341-866;
EGFR-intra-HA, containing residues 644-1186; and EGFR-in-
tra-T4BmHA, deletion of 977-1023 and 1118-1186 from residues
644-1186) were cloned into pET28a vector. Full length of TRAF4
was cloned into pGEXKG.

Tamoxifen induced Cre activity in vivo

Toinduce transient Cre activity in all the mice on LSL-K-Ras(G12D)
background, mice were shaved and topically treated with 100 pg
4-hydroxytamoxifen (in 200 ul acetone)/cm? 7 d before wound-
ing. Toinduce transient Cre activity in all other experiments, mice
were intraperitoneally injected with two doses of tamoxifen (~5
mg/25 g weight) 14 and 7 d before further procedures.

IL-17-induced skin hyperplasia

Mice in approximate telogen stage were used. For ear skin, IL-17A
(500 ng/20 ul PBS) or IL-17F (1 pg/20 pl PBS; Carrier-free; R&D
Systems) was injected intradermally for 6 d. Gefitinib (20 ul of
10 pM), XMD8-92 (20 ul of 5 pM), or pp2 (20 ul of 8 pM) was
coinjected with IL-17A or PBS where applicable. On day 7, skin
tissues were processed into paraffin tissue blocks or optimal cut-
ting temperature (OCT) compound-embedded blocks for further
analysis. For dorsal skin, IL-17A (1.25 ug/50 pl PBS each spot)
was injected intradermally for 10 d (six spots each time), and
skin tissues were then processed into paraffin tissue blocks or
OCT-embedded blocks for further analysis. Mice on Lrigl¢reERT2
or Lgr5¢eERT2 hackground were intraperitoneally injected with
two doses of tamoxifen (~5 mg/25 g weight) 14 and 7 d before
intradermal IL-17 injection.

DMBA/TPA skin cancer model

6-8-wk-old mice were intraperitoneally injected with two doses
of tamoxifen (~5 mg/25 g weight) 14 and 7 d before topical appli-
cation of 200 pl 100 uM DMBA (dissolved in acetone) onto the
shaved dorsal skin of each mouse. 2 wk after DMBA initiation, each
mouse was topically treated with 30 pg of TPA in 200 ul of acetone
twice a week up to 23 wk. Tumor incidence and numbers were
monitored weekly. Tumors >1 mm were counted and recorded.

Wound-induced tumorigenesis
Mice on LSL-K-Ras(G12D) background were used for the
wound-induced tumorigenesis assay. Mouse dorsal skin was

shaved and topically treated with 100 pg 4-hydroxytamoxifen
(in 200 pl acetone)/cm? 7 d before wounding. Two full-thickness
wounds were created on the shaved dorsal skin of each of the
6-8-wk-old age- and gender-matched mice using 5-mm skin bi-
opsy punches. Tumorigenesis (>0.5 mm) was monitored daily.
Representative photographs were captured at day 20.

Wound-healing assay

Two full-thickness wounds were created on the shaved dorsal
skin of each of the 6-8-wk-old female mice using 5-mm skin bi-
opsy punches. Each wound diameter was determined as the av-
erage of longitudinal and lateral diameter. All measurements and
quantifications for wound healing were performed by a blinded
assessor. Wound closure was monitored, and skin sections were
harvested at the indicated days. The wound areas remaining
open (percentage of wound area at indicate days relative to the
original wound) were calculated as follows: wound areas remain-
ing open (%) = (open area on the indicated day/original wound
area) x 100%. Reepithelization ratios (leading edge ratios) were
measured and calculated by [(a + b)/c] x 100% (shown in Fig. 2F,
where a and b are the length of the axes for the leading edges,
and cindicates the axis of initial wound lengths; Shirakata etal.,
2005; Safferling et al., 2013; Noguchi et al., 2014). Shown is + SEM
from three sections of each wound, for a total of 10 wounds; **, P
<0.01;* P<0.05by ttest.

Western blot and immunoprecipitation

Cells were washed with ice-cold PBS three times and lysed in lysis
buffer (1% Triton X-100, 50 mM Tris-HCI [pH 7.4], 150 mM Nacl,
12.5 mM B-glycerophosphate, 1.5 mM MgCl,, 10 mM NaF, 2 mM
dithiothreitol, 2 mM sodium orthovanadate, 2 mM EGTA, and
Protease Inhibitor Cocktail; Roche). Cell extracts were centri-
fuged at12,000 rpm for 10 min at 4°C. Protein concentration was
quantified (Bio-Rad Protein Assay Kit 5000006) before Western
blot or immunoprecipitation. For immunoprecipitation, cell
lysates were incubated overnight at 4°C with appropriate anti-
bodies plus protein A/G Sepharose beads. Protein A/G Sepharose
beads were preblocked by 5% BSA and washed five times with
lysis buffer before incubation. After incubation, the beads were
washed five times with lysis buffer, resolved by SDS-PAGE, and
analyzed by Western blot. All of the data shown for the immu-
noprecipitation and Western blot are representative of at least
three experiments.

Figure 8. TRAF4 tethers IL-17RA and EGFR through the TRAF domain. (A) A model for IL-17-induced IL-17R-EGFR complex formation. RA, IL-17RA; RC,
IL-17RGC; TK, tyrosine kinase domain; TM, transmembrane domain. (B) TRAF4-inducible HeLa clones were transfected with indicated plasmids, followed by
induction of TRAF4 expression. Protein-protein interactions were detected by PLA (red dots). Graph represents mean percentage of PLA-positive cells from
10 fields. Error bars represent + SEM. Data are representative of at least three experiments. ***, P < 0.001, t test. Bar, 50 pm. (C and D) IL-17RA-KO HeLa cells
were transfected with indicated plasmids followed by coimmunoprecipitation. Deleted regions in mutant protein are shown in A. (E and F) EGFR-deficient HelLa
cells were transfected with indicated plasmids and subjected to coimmunoprecipitation. Deleted regions in mutant protein are shown in A. (G) IL-17RA was
cotransfected with EGFR (with/without pretreatment of gefitinib, EGFRi), kinase dead EGFR (D813N), or the extracellular domain deletion mutant (AExtral-600)
into EGFR-deficient Hela cells with overexpression of TRAF4. Cell lysates were immunoprecipitated with anti-HA (EGFR), followed by Western blot analysis.
(H) TRAF4-deficient Hela cells were transfected with indicated TRAF4 plasmids (ARing, AZincFinger [ZF], and ATRAF) followed by coimmunoprecipitation.
(1) TRAF4-deficient Hela cells were transfected with the indicated plasmids followed by coimmunoprecipitation. (J) Structure-function analysis of TRAF4
for its ability to promote IL-17RA-EGFR interaction. All data are representative of three independent experiments shown in C-J. WCL, whole cell lysate; IP,
immunoprecipitation. (K and L) Pull-down experiments with recombinant IL-17RA, TRAF4, and EGFR proteins. Data are representative of three independent
pull-down experiments.
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Figure9. Tyrosine kinase c-Srcis required for IL-17-induced EGFR transactivation. (A) Primary keratinocytes with and without pretreatment of Src inhib-
itor (PP2, 8 uM) were stimulated with IL-17A followed by Western blot analysis. (B) Putative SH3 binding motif in Actl. (C) Act1 KO keratinocytes were infected
with retrovirus expressing Actl WT, empty vector, or Actl SH3 binding mutant (PRPP-ARAA, Act1SH3Bm) and treated with IL-17A. Treated cells were subjected
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Immunohisotochemistry/fluorescence staining and proximity
ligation assay (PLA)

For paraffin sections, tissues were fixed with 10% formalin
overnight and then kept in 70% ethanol at 4°C until processed
into paraffin tissue blocks by AML Laboratories or Imaging
Core at Cleveland Clinic Lerner Research Institute. Paraf-
fin sections were subjected to heat-induced epitope retrieval
recommended by the antibody manufacturer. For frozen sec-
tions, fresh tissues were embedded in OCT and sectioned (12
um), which was further fixed in 4% PFA and washed with PBST
(PBS+ 0.025% Tween 20) three times. Samples were incubated
in blocking buffer for 2 h (PBS containing 2% donkey serum,
0.5% BSA, 0.5% fish skin gelatin, 0.05% Tween 20, and 0.1%
Triton X-10, pH 7.2) before overnight incubation in primary
antibody as listed. (1) For immunohistochemistry, blocked
samples were treated with 0.3% H,0,, followed by incubation
of biotinylated second antibodies and peroxidase streptavidin
(Vector Laboratories). The 3,3-diaminobenzidine substrate kit
(BD PharMingen) was then used. (2) For fluorescence staining,
blocked samples were incubated in the appropriate Alexa fluo-
rophore-conjugated secondary donkey antibodies (Invitrogen).
Monovalent Fab fragment of donkey anti-mouse IgG was used
toblocking endogenous IgG before mouse-derived antibody in-
cubation. (3) For the PLA (Duolink) assay, primary antibodies
were listed as described, followed with the Duolink in situ Red/
Green kit (Sigma-Aldrich; Gajadhar and Guha, 2010; Ritter et
al., 2011). Immunohistochemical staining was captured with
a DP71 digital camera (Olympus) attached to an Olympus BX41
microscope or with Keyence BZ-X700 microscope. Lineage trac-
ing for wound healing was captured with a Keyence BZ-X700
microscope. All other fluorescent images were captured with
a Leica Confocal Microscope provided by the Lerner Research
Institute Imaging Core.

Protein purification and in vitro binding assay

IL-17RA and EGFR intracellular domain and their mutants (in
TRAF4 binding sites) were cloned into the pET28a vector. Re-
combinant proteins were then expressed in Escherichia coli
Rosetta and purified with Ni-NTA agarose (Thermo Fisher Sci-
entific). Full length of TRAF4 was cloned into pGEX-KG. Recom-
binant GST-TRAF4 was expressed in E. coli Rosetta and purified
with glutathione-agarose (Sigma-Aldrich). Proteins were fur-
ther desalted and concentrated with an Ultra Centrifugal Filter
(Millipore). For the in vitro binding assay, recombinant proteins
(1 pg each) were incubated in 200 pl CelLytic M buffer (C2978;
Sigma-Aldrich) at 4°C for 2 h. The protein-protein interactions
of the purified recombinant proteins were examined by immu-
noprecipitation followed by Western blot analyses with the an-

tibodies for the relevant proteins. Briefly, for the data presented
in Fig. 8 K, the indicated recombinant proteins were incubated
at 4°C for 2 h, followed by immunoprecipitation with mouse an-
ti-HA and Western blot analyses with the indicated antibodies.
For the data presented in Fig. 8 L, the indicated recombinant
proteins were incubated at 4°C for 2 h, followed by immunopre-
cipitation with mouse anti-flag and Western blot analyses with
the indicated antibodies: EGFR-intra-HA, containing residues
644-1186; EGFR-T4Bm-HA, deletion of 977-1023 and 1118-1186
from residues 644-1186; IL-17RA-intra-Flag, containing residues
341-866; IL-17RA-T4Bm-Flag, deletion of 780-866 from residues
341-866; and GST-TRAF4, containing full-length TRAF4.

Key antibodies and reagents

Key antibodies and reagents are listed in Table S1. Rabbit anti-
mouse-IL-17RA antibody for immunoprecipitation was raised
against the peptide Ac-KPIPDGDPNHKSKI-amide locating
at extracellular domain of mouse IL-17RA and further sub-
jected to affinity purification (services provided by Covance).
Rabbit anti-TRAF4 antibody for immunoprecipitation was
raised against the TRAF4 motif Ac-DYAKIYPDPELEVQ-amide
and further subjected to affinity purification (services pro-
vided by Covance).

Quantification and statistical analysis

Statistical significance was determined using Student’s t test, as
described for each experiment. All the data are representative of
independent experiments as described separately. For cell quan-
tification within the IFE and PSU, cross sections of 10 PSUs and
adjacent IFE within 50 pm of both sides (or within 100 pm to
single side, where applicable) of the hair follicle were analyzed.
Five mice were analyzed for each genotype. Unless otherwise in-
dicated, all error bars show SEM.

Online supplemental material

Fig. S, related to Figs. 1 and 2, presents IL-17A-induced signal-
ing in epidermal hyperplasia and wound healing. Fig. S2, related
to Fig. 3, presents IL-17A-induced signaling in Lrigl* cells that
drives Lrigl progenies to participate in skin tumorigenesis. Fig.
S3, related to Fig. 4, presents IL-17A-induced EGFR activation in
Lrigl* stem cells, which is required for the migration and expan-
sion of Lrigl progenies. Fig. S4, related to Figs. 5, 6, and 7, presents
TRAF4, which is enriched in Lrigl* stem cells and required for
IL-17A-induced IL-17RA-EGFR interaction. Fig. S5, related to Figs.
8 and 9, presents IL-17R-EGFR transactivation. Table Sl lists key
antibodies and reagents used in this study.

to coimmunoprecipitation followed by Western blot. (D) Act1 KO keratinocytes were restored with WT Act1 and mutants as in C. Cells were then treated with
IL-17A and subjected to coimmunoprecipitation. (E) Primary keratinocytes pretreated with 10 uM gefitinib were stimulated with IL-17A. Cell lysates were then
immunoprecipitated with anti-TRAF4. (F) Primary keratinocytes with pretreatment of gefitinib were stimulated with IL-17A followed by coimmunoprecipita-
tion Western blot. Data are representative of three independent experiments shown in A~F. WCL, whole cell lysate; IP, immunoprecipitation. (G) Lrig1¢reER™
mice were intradermally injected with PBS and IL-17A combined with gefitinib or pp2. Ear skin sections from these age-matched littermate mice were stained
for Lrigl (green) and ANp63 (red; a) or TRAF4 (green) and ANp63 (red; b). Bars, 50 um. The asterisk indicates nonspecific staining. (H and I) Quantification of
indicated cells for the data presented in Fig. 6 G. 10 PSUs and adjacent IFE were analyzed each group. Bar graphs show means + SEM. ***, P < 0.001, t test.

Data are representative of three independent experiments.
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