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Abstract

Interleukin-38 (IL-38) is strongly associated with chronic inflamma-
tory diseases; however, its role in tumorigenesis is poorly under-
stood. We demonstrated that expression of IL-38, which exhibits
high expression in the skin, is downregulated in human cutaneous
squamous cell carcinoma and 7,12-dimethylbenzanthracene/12-0-
tetradecanoyl phorbol-13-acetate-induced mouse skin tumorigene-
sis. IL-38 keratinocyte-specific knockout mice displayed suppressed
skin tumor formation and malignant progression. Keratinocyte-
specific deletion of IL-38 was associated with reduced expression
of inflammatory cytokines, leading to reduced myeloid cell infiltra-
tion into the local tumor microenvironment. IL-38 is dispensable
for epidermal mutagenesis, but IL-38 keratinocyte-specific deletion
reduces proliferative gene expression along with epidermal cell
proliferation and hyperplasia. Mechanistically, we first demon-
strated that IL-38 activates the c-Jun N-terminal kinase (JNK)/acti-
vator protein 1 signal transduction pathway to promote the
expression of cancer-related inflammatory cytokines and prolifera-
tion and migration of tumor cells in an IL-1 receptor-related pro-
tein 2 (IL-1Rrp2)-dependent manner. Our findings highlight the
role of IL-38 in the regulation of epidermal cell hyperplasia and
pro-tumorigenic microenvironment through IL-1Rrp2/JNK and sug-
gest 1L-38/IL-1Rrp2 as a preventive and potential therapeutic tar-
get in skin cancer.
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Introduction

Skin cancer is the most common cancer in the United States of
America (USA) (Rogers et al, 2010; Ming et al, 2014). Approxi-
mately, 2-3 million cases of non-melanoma skin cancer occur
annually worldwide, and its incidence has been rising rapidly
over the past several decades (Samarasinghe & Madan, 2012).
7,12-dimethylbenzanthracene (DMBA)/12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced skin cancer has remarkable phenotypic
and genotypic homology to human cutaneous squamous cell carci-
noma (cSCC) development. This model has been widely used to
study how exogenous chemically induced inflammation triggers epi-
thelial transformation and promotes subsequent tumor development
(Wang et al, 2010b; Cataisson et al, 2012; Modi et al, 2012). The core
of skin carcinogenesis lies in the activation of the RAS-mitogen-
activated protein kinase (MAPK) pathway in early tumor cells and
related inflammatory processes that seem to enhance tumor growth
(Rundhaug & Fischer, 2010; Cataisson et al, 2012; Hayashi et al, 2015).
The interleukin (IL)-1 family of cytokines has been widely studied
for its pro- and anti-tumor functions in cancer. Several members of
this family, such as IL-1f and IL-18, have been extensively investi-
gated in cancer to decipher their role in immune cell recruitment as
well as tumor cell proliferation, migration, invasion, and metastasis
(Guo et al, 2016; Nakamura et al, 2018; Baker et al, 2019). IL-38
[molecular weight 16.9 kDa, as predicted using ProtParam tool
(Yuan et al, 2015)], is the most recently identified member of the IL-
1 family (Bensen et al, 2001; Lin et al, 2001). The main soluble form
of IL-38 is considered to be a secreted ligand, and it is observed
mainly in two forms: the full-length form (1-152 aa) and the trun-
cated form (20-152 aa) (Mora et al, 2016). However, the true nature
of IL-38 is still controversial, and its co-receptor has not yet been
determined. Although several studies have explored the anti-
inflammatory effect of IL-38, there are some contradictions that
require elucidation. Reportedly, IL-38 can promote the production of
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several pro-inflammatory cytokines in different cell types in response
to different stimuli (Huard et al, 2021; Mora et al, 2016; van de Veer-
donk et al, 2012). As an IL-1 family receptor antagonist, IL-38 has
been shown to limit IL-17 production in multiple disease models
(Yuan et al, 2016; Boutet et al, 2017; Han et al, 2019). Nevertheless,
a recent study has shown that local inflammation was reduced in IL-
38 knockout mice subjected to the experimental autoimmune
encephalomyelitis (EAE) model. Increasing evidence suggests that
IL-38 is a crucial element in the pathogenesis of inflammatory auto-
immune diseases, such as spondyloarthritis (Xia et al, 2021), psoria-
sis (Mercurio et al, 2018), psoriatic arthritis (Li et al, 2017),
rheumatoid arthritis (Boutet et al, 2016), and systemic lupus erythe-
matosus (Rudloff et al, 2015; Takeuchi et al, 2018). However, few
studies to date have investigated the role of IL-38 in cancer.

In the present study, we aimed to investigate the molecular and
cellular targets of IL-38 during skin tumorigenesis. The study
reveals a novel mechanism of IL-38 in skin cancer and highlights
the essential role of keratinocyte-derived cytokines in cutaneous
disease. Our results indicate that IL-38 keratinocyte-specific dele-
tion dramatically ameliorates DMBA/TPA-induced skin tumors
accompanied by a reduction in the number of immune cells and
expression of cancer-related inflammatory cytokines. We have also
shown that IL-38 forms a complex with IL-1 receptor-related pro-
tein type 2 (IL-1Rrp2) and activates the JNK/AP-1 signal transduc-
tion pathway in an IL-1Rrp2-dependent manner. The proliferation
and migration of tumor cells and expression of cancer-related
inflammatory cytokines are induced by IL-38 via an IL-1Rrp2/JNK-
mediated pathway. Our findings provide in-depth insights into
cytokine functions in cancer and offer a potential new preventive
and therapeutic strategy.

Results

Expression of IL-38 is decreased in human cutaneous
squamous cell carcinomas (cSCC) and DMBA/TPA-induced
mouse tumorigenesis

We analyzed IL-38 expression using the Genotype-Tissue Expression
(GTEx) project (V8 dbGaP Accession phs000424.v8. p2) to deter-
mine the landscape of expression of IL-38. The analysis revealed the
lowest expression of IL-38 in most tissues, while the highest expres-
sion was observed in the skin (Fig EV1A). Further, to determine IL-
38 levels in skin tumors, we analyzed the expression of IL-38 in
human skin cancer tissues and found that the protein was signifi-
cantly lower in cSCC than in normal human skin tissues (Figs 1A
and B, and EV1B). Analysis of IL-38 expression in normal mouse
skin and DMBA/TPA-induced tumors revealed weak levels of IL-38
in tumors, consistent with findings in human patients (Fig 1C-F).
Collectively, these results suggest a possible role of IL-38 in
skin tumorigenesis.

At the same time, we searched the Gene Expression Omnibus
(GEO) database of the National Center for Biotechnology Informa-
tion (NCBI) and identified multiple IL-1 family members exhibiting
differential expression in skin cancer compared with normal skin
searching (Fig EV1C and D). Further, experiments to detect IL-18
expression in normal human and mouse skin and tumors demon-
strated that the expression of IL-18 decreased in human cutaneous
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squamous cell carcinoma (cSCC) and DMBA/TPA-induced mouse
tumors compared with its expression in normal skin tissues, which
is consistent with the findings in the GEO database (Fig EV1E-G).

IL-38 keratinocyte-specific deletion suppresses the development
of tumors

To analyze the function of IL-38 in skin, we crossed mice with
floxed alleles of II-38 (11-38”) with keratin14-Cre knock-in mice
(K14°*/*.11-38"/*) to generate mice lacking II-38 in keratinocytes
(K14°7/*-11-38/1) (Fig EV2A-D). Quantitative polymerase chain reac-
tion (qPCR) and western blot analysis confirmed the deletion of Ii-
38 in epidermal splits from K14“"/"-11-38"" mice (Fig EV2E and F).
Studies have shown that the epidermis acts as a barrier to prevent
water loss and exclude foreign substances and microorganisms
(Franzke et al, 2012). Therefore, we analyzed the effect of IL-38
deletion in keratinocytes on the epidermal barrier in the steady
state. Our results showed that keratinocyte-specific IL-38 deficiency
had no significant effect on the epidermal barrier (Fig EV2G-M).
Further, to examine whether IL-38 has a potential function in tumor-
igenesis, we applied a two-stage chemical skin carcinogenesis proto-
col to generate cutaneous squamous cell carcinoma (cSCC). K14/
*-11-38" mice and control littermates were treated with a single dose
of DMBA, followed by weekly application of TPA to allow skin
tumor development (Fig 2A). IL-38 was completely lost or under
detectable in DMBA/TPA-treated skin and DMBA/TPA-induced
tumors of K14°¢/*-11-38""f mice (Fig EV3A-D). Unexpectedly, both
the number and volume of tumors were significantly lower in
K14*/*.]1-38"" mice than in II-38”" mice (Fig 2B-D). The first
tumors were observed in both II-38”/ mice as well as in the K14™/*-
1-38"" mice 8 weeks after beginning the DMBA/TPA treatment.
After 15 weeks, all II-38”" mice developed tumors on their back
skin, while approximately 37.5% KI14*-1-38"/ mice remained
tumor-free (Fig 2E). In addition, the vast majority of tumors were
collected 32 weeks after initiation. Several tumors in II-38”" mice
already contained sites of high-grade dysplasia and foci of microin-
vasion (Fig 2F; arrow). To further investigate malignant conversion,
we performed keratin8 (K8) staining in tumors. Multiple tumors in
11-38"" mice were positive for the presence of K8 (Fig 2G). The per-
centage of tumors that progressed to malignancy was slightly
decreased in K14*/*-11-38"" mice compared to that in II-38”" mice.
Most importantly, the percentage of mice with malignant tumors
was significantly lower in IL-38 keratinocyte-specific deletion mice
(Fig 2H). These results suggest that IL-38 not only accelerates
tumorigenesis, but also the malignant progression of tumors.

IL-38 promotes inflammation-driven tumorigenesis in vivo
and in vitro

The pathogenesis of skin cancer involves genetic and non-genetic
molecular changes. In particular, important carcinogenic or tumor
suppressor changes may increase cell survival and proliferation,
impair DNA repair and checkpoint activation, and induce inflamma-
tion in vivo (Ming et al, 2014). DMBA is a typical mutagenic agent
belongs to polyaromatic hydrocarbons (PAHs) which are accessible
to humans and the analogous mutations are also common in human
cancers (Sato et al, 2020). Hence, we investigated the DNA damage
in Kkeratinocytes 24 h after the treatment of DMBA. However,
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Figure 1.
A

IL-38 is closely related to the occurrence and development of skin tumors.

Representative micrographs of human skin sections stained with hematoxylin-eosin (H&E) (left) and anti-IL-38 antibody (right) from normal patients (n = 11) and

tumors of cSCC patients (n = 13). Scale bars represent 100 pum. The graph shows the quantification of mean IL-38 expression per high-powered field in tissues.

B Relative expression of /L-38 in human normal tissues (n = 9) and cSCC (n = 18) was analyzed using Geo Datasets (GSE98767).

C,D The dorsal hair of normal C57/BL6 mice was shaved and treated with DMBA/TPA twice a week for 32 weeks to induce skin tumors. (C) Representative micrographs
of mouse normal skin (n = 6) and tumor (n = 6) sections stained with anti-IL-38 antibody. The graph shows the quantification of mean IL-38 expression per high-
powered field in tissues. Scale bars represent 100 um. (D) Relative expression levels of //-38 in normal skin (n = 5) and tumors (n = 5) of mice were quantified using
qPCR.

E Relative expression levels of /-38 in normal tissues (n = 9) and cSCC tissues (n = 38) of mice were analyzed using Geo Datasets (GSE63967).

F Representative western blot bands indicating IL-38 in mouse normal skin (n = 3) and DMBA/TPA-induced tumors (n = 3). The graph shows the quantification of

mean IL-38 expression in tissues.

Data information: Error bars represent the mean =+ SD. All data are biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001; P values were calculated using Student’s t-test.

phospho-H2AX (yH2AX), which is recruited DNA damage sites
(Mah et al, 2010), showed the same frequency staining within basal
keratinocytes in DMBA treated skin of II-38”/ mice relative to
K14°/*.11-38"7 mice (Fig 3A). To investigate the effect of IL-38 on
Hras mutation in vivo, a quantitative genomic DNA (gDNA) PCR
assay was performed to amplify the Hras 61 codon mutations
induced by DMBA. The results demonstrated the same frequency of
Hras-mut61 in II-38”/ mice as that in K14°*/*-11-38""/ mice (Fig 3B).
In addition, DMBA/TPA-induced skin carcinogenesis has been con-
sidered as an example of inflammation-driven tumorigenesis (Wang
et al, 2010b). Many studies have shown that local inflammation and
immune cell infiltration are associated with the development of skin
cancer (Vahatupa et al, 2019). A recent report suggested that the
absence of IL-38 attenuates local inflammation in an experimental

© 2022 The Authors

autoimmune encephalomyelitis model (Huard et al, 2021). To
explore whether infiltration of immune cells into the skin and the
alleviated skin inflammation were related to K14/*-[i-38"" mice
with the reduction in skin carcinogenesis, we detected immune cells
and the levels of pro-inflammatory chemokines and cytokines in
DMBA/TPA-induced skin tissues. The analyses demonstrated
reduced recruitment of Langerhans cells, neutrophils, macrophages,
monocytes, and CD4" T cells in the skin tissues of K14°/*-1-38//
mice compared with that in control mice (Figs 3C and EV4K). More-
over, we found that mRNA levels of pro-inflammatory cytokines,
such as II-1B, II-12, 1I-22, and Tnf-«, were reduced in K14°¢/*11-38/f
mice compared with control mice. The chemoattractant chemokines
Cxcll, Cxcl2, Ccl17, and Ccl20, which are crucial for the recruitment
of inflammatory cells, were also reduced in the skin of K14/l
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Figure 2. IL-38 from keratinocyte-specific knockout suppressed the progression of DMBA/TPA-induced cSCC.

A Timeline of DMBA/TPA treatment in two-stage chemically induced skin tumor development protocol.

B Representative photographs of 11-387F (n =12) and K1457/*-/1-38" mice (n = 8) treated with DMBA/TPA for 32 weeks. White triangles indicate the tumors on the back of mice.

C, D Average tumor number (C) and volume (D) per mouse from 11-387F (n = 12) and K14*/*-/1-38"f mice (n = 8) treated with DMBA/TPA.

E  Tumor bearing ratio of II-38" (n = 12) and k14™/*-/I-38"" mice (n = 8) treated with DMBA/TPA.

F Representative histological micrographs stained with hematoxylin-eosin (H&E) from tumors 32 weeks after initiation. Local micro-invasive foci (red arrow) were
often observed in tumors from K14/ "-1I-38" mice (lower panel). Dashed lines indicate the basement membrane. Areas indicated by boxes in the upper pictures
are shown at higher magnification in the lower pictures. Top pictures, scale bars represent 800 pm; bottom pictures, scale bars represent 100 pm.

G Representative micrograph sections stained with K8 from tumors 32 weeks after initiation. Top pictures, scale bars represent 700 pm; bottom pictures, scale bars
represent 100 um.

H Malignant conversion rate of tumors 32 weeks after initiation. a = number of carcinomas/total number of tumors. b = number of mice with carcinomas/total
number of mice.

Data information: Error bars represent the mean + SD (C) or mean + SEM (D). All data are biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001; P values were
calculated using Student’s t-test (C and D) or Fisher’s exact test (E and H).

38" mice compared with control mice (Fig 3D). These data indicate inflammatory cytokines and chemokines that attract myeloid cells
that IL-38 keratinocyte-specific deletion could be associated with into the local tumor microenvironment. IL-38 expression was lower
decreased infiltration of myeloid cells and expression of pro- in SCC cell lines than in normal keratinocyte cell lines, consistent
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Figure 3. IL-38 promotes inflammation-driven tumorigenesis in vivo and in vitro.
A Representative immunohistochemical staining micrographs of YH2AX in the skin of /I-38”F (n = 5) and k14¢/*-1I-38"F (n = 5) mice after treated with DMBA for

24 h. Red triangles indicate the yH2AX" positive cells. Scale bars represent 100 um. The graph shows the number of YH2AX™ cells per high-powered field.

Tagman gPCR analysis of Hras codon-61 mutations in DMBA-treated skin of 11-387 (n = 5) and K14 11-387F (n = 5) mice after treated with DMBA for 24 h.
The dorsal hair of normal C57/BL6 mice was shaved and treated with DMBA/TPA twice a week for 3 weeks to induce the skin inflammation. (C) Percentage of skin-
infiltrating immune cell subsets within total live cells were determined using flow cytometry in DMBA/TPA-treated 11-387F (n = 5) and K14e*-11-38"f mice (n = 5).

(D) Relative expression levels of inflammatory mediators in the skin of DMBA/TPA-treated /I-38 (n = 5) and K14<"*/*-/1-38" mice (n = 5) were quantified using

gPCR.

E, F Relative expression of inflammatory cytokines in A431 cells after /I-38 overexpression (E) or knockdown (F) was detected using qPCR.

Data information: Error bars represent the mean + SD. All data are biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001; P values were calculated using Student’s t-test.

with the in vivo results (Fig EV4A and B). Further, to verify the
induction of pro-inflammatory cytokines and chemokines of IL-38,
A431 cells, the well-known cSCC cell line, were transfected with an
expression vector encoding IL-38 or infected with a lentivirus
encoding IL-38 shRNA cells. We found that the expression and
secretion of IL-38 significantly increased in IL-38-transfected cells
(Fig EVAC-E) and decreased in IL-38 shRNA-infected cells
(Fig EVAF-H) compared with control cells. In addition, mRNA
expression of inflammatory mediators, such as IL-1f, IL-12, IL-22,
TNF-0, CXCL1, CXCL2, CCL17, and CCL20, was increased in IL-38-
overexpressing cells (Fig 3E) and decreased in IL-38-knockdown
cells (Fig 3F). A previous study reported that LPS-induced IL-6 pro-
duction was significantly higher in the presence of IL-38 (van de

© 2022 The Authors

Veerdonk et al, 2012). Our findings demonstrated that neither the
overexpression nor the knockdown of IL-38 exerted no significant
difference in the expression of IL-6 compared with its expression in
control cells (Fig EV4I and J). These results indicate that IL-38 pro-
motes inflammation-driven tumorigenesis in the DMBA/TPA model
and in tumor cells.

IL-38 promotes epidermal cancer cell proliferation in vivo
and in vitro

Disorders of cell proliferation are key to tumor formation (Farber,
1995). Since a family member, IL-1, can stimulate the prolifera-
tion of keratinocytes in an autocrine fashion (Kondo, 1999; Jiang

EMBO reports  23:e5379112022 5 of 17
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Figure 4.

A, B The dorsal hair of normal C57/BL6 mice was shaved and treated with DMBA/TPA twice a week for 3 weeks to induce the skin inflammation. (A) Representative
micrograph sections stained with hematoxylin-eosin (H&E) from the skin of /I-387" (n = 6) and K14"/*-1I-38"f mice (n = 6) Scale bars represent 200 pm. The graph
shows average epidermal thickness. (B) Representative micrograph sections stained with anti-Ki67 antibody from the skin of 11-38F (n =6) and K14e/-1-38" mice
(n = 6). Scale bars represent 100 um. The graph shows average numbers of Ki67" cells per high-powered field.

C, D Proliferation of A431 cells (n = 5) after overexpression (C) or knockdown (D) of IL-38 was detected using cell proliferation detection reagent.

E,F Colony-forming ability of A431 cells after IL-38 overexpression (E) or knockdown (F) analyzed using the clone formation assay.

G, H Representative images of the scratch assay (left) and wound closure rate (right) of A431 cells (n = 5) after overexpression (G) or knockdown (H) of /L-38.

I,]  Representative western blot bands indicating cyclin E and cyclin A in A431 cells after IL-38 overexpression (1) or knockdown (J).

IL-38 promotes the proliferation and migration via mediating key cell cycle proteins of skin cancer cells.

Data information: Error bars represent the mean + SD. All data are biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001; P values were calculated using Student’s
t-test. NC, negative control; LV, lentivirus; Oe, overexpression.

and K14“*/*-11-387" mice. IL-38 ablation reduced DMBA/TPA-
induced epidermal hyperplasia (Fig 4A) and the number of Ki67-

et al, 2020), it is possible that IL-38 also plays a role in accelerat-
ing epidermal cancer cell proliferation. To determine whether IL-

38 plays a role in DMBA/TPA-induced cell proliferation in vivo,
we assessed the difference in epidermal thickness and the number
of Ki67-positive epidermal cells in non-tumor skin from Il-38"'

6 of 17  EMBO reports 23: 53791 | 2022

positive cells (Fig 4B). In addition, to verify IL-38 promotion of
epidermal cancer cell hyperplasia, we first examined the effect of
IL-38 on cancer cell proliferation and migration. Cell proliferation

© 2022 The Authors
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and migration were enhanced in the cancer cell line A431 with
overexpression of IL-38 (Fig 4C and E, and G) and inhibited if IL-
38 was silenced (Fig 4D and F, and H). Furthermore, we found
that overexpression of IL-38 in A431 cells increased the expres-
sion of cyclin E and A (Fig 4I), and treatment with shRNA

skin cancer.

EMBO reports

against IL-38 decreased their expression (Fig 4J), indicating that
IL-38 may play a role in the regulation of key cell cycle proteins
controlling the passage in human cancer cells. These results indi-
cate that IL-38 promotes epidermal cancer cell proliferation in
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Figure 5. IL-38 binds to IL-1Rrp2 to activate JNK/AP-1 pathway.

Hong Zhou et al

A, B Pull-down assay of IL-38 (1-152 aa) (A) or IL-38 (20-152 aa) (B) with IL-1Rrp2-Fc, IL-1RAPL1-Fc, ILLRAcp-Fc, and IgG-Fc fusion proteins.

C Cell extracts prepared from 293T cells transfected with a mock mammalian expression vector (left) or an expression vector encoding IL-1Rrp2 (right) were probed
using anti-phospho-|NK, anti-JNK, or anti-B-actin antibodies after stimulation with IL-38 (200 ng/ml) or IL-36B (200 ng/ml) at different times.

D  Cell extracts prepared from 293T cells transfected with an expression vector encoding IL-1Rrp2 were probed using anti-phospho-JNK, anti-JNK, or anti-B-actin anti-

bodies after stimulation with IL-38 at different concentrations.

E Schematic structures of full-length IL-1Rrp2 and its deletion mutants. Lengths are indicated in amino acids (aa). SP, signal peptide; Ig, immunoglobulin domain; TIR,

TIR domain.

F Cell extracts prepared from 293T cells transfected with HA-tagged full-length or deletion mutants of IL-1Rrp2, were probed using anti-HA or anti-B-actin antibodies.

Oe, overexpression.

G Cell extracts prepared from 293T cells transfected with full-length or deletion mutants of IL-1Rrp2 were probed using anti-phospho-|NK, anti-JNK, or anti-B-actin

antibodies after stimulation with IL-38 (200 ng/ml) at different times.

H  After transfection with the full-length or deletion mutants of IL-1IRrp2 overexpression plasmid, 293T cells were treated with IL-38 (200 ng/ml) for an additional 6 h

and AP-1 activity was measured using a luciferase reporter assay.

Data information: Error bars represent the mean + SD. All data are biological replicates. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; P values were calculated

using Student’s t-test.

IL-38 forms a complex with IL-1Rrp2 and activates JNK/AP-1

signal transduction pathway in an IL-1Rrp2-dependent manner
IL-38 has anti-inflammatory  functions
depending on its form, concentration, external stimuli, and local
environmental background (van de Veerdonk et al, 2012; Xie et al,
2019). More experimental data are needed to explore the specific role
and functional signaling pathways of IL-38. We hypothesized that
IL-38 promotes tumor development via IL-1 receptor family mem-
bers. We analyzed a panel of candidates from the IL-1 receptor
family, including IL-1Rrp2, IL-1RAPLI1, and IL1RAcp, for their associ-
ation with IL-38. To examine the interaction of IL-38 with IL-1Rrp2,
IL-1RAPL1, and IL1RAcp, IL-38 (1-152aa) or IL-38 (20-152aa) precip-
itated via protein A/G magnetic beads in the presence of IL-1Rrp2-Fc,
IL-1RAPL1-Fc, IL1RAcp-Fc, and IgG-Fc fusion proteins, experiments
were performed using western blot analysis and antibodies against
IL-38, Fc, IL-1Rrp2, IL-1RAPLI1, and IL1RAcp. As shown in Fig 5A
and B, IL-38 (1-152 aa) and IL-38 (20-152 aa) bound to IL-1Rrp2-Fc
but did not bind to the other immobilized receptors. To investigate
whether IL-38 specifically exerts a biological effect dependent on the
IL-1Rrp2 pathway, we tested whether IL-38 could activate JNK via
this receptor. HEK293T cells were transfected with either a mock
mammalian expression vector or an expression vector encoding
IL-1Rrp2. IL-38 stimulation of 293T cells transfected with IL-1Rrp2
but not transfected with vector alone led to phosphorylation of JNK
with peak phosphorylation occurring at 15 min, which was similar to
IL-36p (Fig 5C). To better define the activation of the pathway lead-
ing to JNK by IL-38, dose-response studies were carried out for this
molecule. 293T cells were transfected with IL-1Rrp2 and stimulated
with IL-38 at various concentrations and IL-36f for 15 min. We found
that IL-38 dose-dependently activated the JNK pathway (Fig 5D).

pro-inflammatory or

Moreover, to identify the domains of IL-1Rrp2 required for its interac-
tion with the receptor complexes, several IL-1Rrp2 deletion mutants
were generated, including AEx (lacking the extracellular Ig domain
with deletion of amino acids 20-335) and ATIR (lacking the TIR
domain with deletion of amino acids 381-539) (Fig 5E). The 293T
cells transfected with the HA-tagged full-length or deletion mutants of
IL-1Rrp2 (Fig SF) were either untreated or treated with IL-38 for the
indicated times, followed by western blot analysis with antibodies
against p-JNK, JNK, and B-actin. Whereas overexpression of full-
length IL-1Rrp2 significantly activated JNK upon IL-38 stimulation,
mutant IL-1Rrp2 inhibited IL-38-induced JNK activation (Fig 5G).
IL-38 stimulates the activation of JNK, and AP-1 acts as a major
downstream effector of JNK (Hammouda et al, 2020). Therefore, we
explored which IL-1Rrp2 was essential for IL-38 induced AP-1 activa-
tion in 293T cells. Our results indicated that 293T cells transfected with
the HA-tagged full-length IL-1Rrp2 induced a more pronounced AP-1
activation upon IL-38 stimulation when compared to cells transfected
with a mock mammalian expression vector. In contrast, deletion of the
extracellular Ig domain (AEx) and the intracellular TIR domain (ATIR)
abolished the ability of IL-38 to activate AP-1 (Fig SH). Taken together,
these results strongly suggest that IL-38 is able to activate the JNK/AP-
1 signal transduction pathway in an IL-1Rrp2-dependent manner and
that both the extracellular Ig domain and the intracellular TIR domain
are important for activation of IL-38 signaling.

IL-38 promotes the expression of cancer-related inflammatory
cytokines and proliferation and migration of tumor cell through
IL-1Rrp2/JNK

The activation of IL-1Rrp2 can stimulate the production of IL-22,
leading to the proliferation and recovery of epithelial cells and

Figure 6. 1L-38 promotes the expression of inflammatory mediators and proliferation and migration of skin tumor cells dependent on IL-1Rrp2.

A, B Relative expression levels of inflammatory mediators were detected using qPCR after posttranscriptional silencing of /L-1Rrp2 by RNA interference, followed by riL-

38 (200 ng/ml) stimulation (A) or /L-38 knockdown (B).

C,D Cell proliferation detection reagents were used to examine the effect of recombinant IL-38 (200 ng/ml) protein (C) or IL-38 knockdown (D) on A431 cell proliferation

after IL-1Rrp2 interference.

E-H Cell cloning formation assays were used to examine the effect of recombinant IL-38 (200 ng/ml) protein stimulation (E) or /L-38 knockdown (G) on A431 cell prolif-
eration after /L-1Rrp2 interference. Representative images of the scratch assay (left) and wound closure rate (right) of A431 cells (n = 5) treated with recombinant

IL-38 (200 ng/ml) (F) or knockdown of IL-38 (H) after IL-1Rrp2 interference.

Data information: Error bars represent the mean =+ SD. All data are biological replicates. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; P values were calculated

using one-way ANOVA (A, B, F and H) or Student’s t-test (C and D).
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secretion of inflammatory cytokines (Queen et al, 2019). The JNK
signaling pathway mediates various cellular processes, including
cell proliferation, survival, and migration, and regulates the produc-
tion of inflammatory cytokines/chemokines by keratinocytes and
the recruitment of immune cells in various diseases (Hammouda et
al, 2020). To test whether IL-38 promotes proliferation and migra-
tion of tumor cells and the expression of cancer-related inflamma-
tory cytokines through IL-1Rrp2/JNK, we first examined the
expression of IL-1Rrp2 in various tissues and cell lines. According to
the Human Protein Atlas Database, we found that IL-1Rrp2 is highly
expressed in the skin (Fig EV5A) and multiple human skin-related
cells (Fig EVSB). IL-1Rrp2 expression showed no significant differ-
ence between normal skin and tumors (Fig EV3E and F). We found
that overexpression of IL-38 in A431 cells promoted JNK phosphory-
lation (Fig EV5C), while knockdown of IL-38 inhibited JNK phos-
phorylation (Fig EVSD). To demonstrate whether IL-1Rrp2/JNK is
important for IL-38 to stimulate the expression of inflammatory
cytokines in tumor cells, A431 cells were transfected with small
interfering RNAs (siRNAs), designed specifically to silence IL-1Rrp2
(Fig EVSE) or JNK (Fig EV5F), followed by recombinant IL-38 stim-
ulation or treatment with shRNA against IL-38. Surprisingly, we
found that the expression of inflammatory cytokines in A431 cells
increased after recombinant IL-38 stimulation, and decreased in IL-
38-knockdown cells, whereas neither the recombinant IL-38 stimu-
lation nor treatment with shRNA against IL-38 affected the produc-
tion of inflammatory cytokines in cells with IL-1Rrp2 (Fig 6A and B)
or JNK (Fig 7A and B) knockdown. Furthermore, we found that
recombinant IL-38 can promote tumor cell proliferation and migra-
tion, and treatment with shRNA against IL-38 suppressed cell prolif-
eration and migration, but both had no effect on tumor cells with
IL-1Rrp2 (Fig 6C-H) or JNK (Fig 7C-H) knockdown. These results
indicate that IL-38 promotes the expression of cancer-related inflam-
matory cytokines and the proliferation and migration of tumor cells
depend on the IL-1Rrp2/JNK signaling pathway.

Discussion

IL-38 is highly expressed in inflammatory tissues to mediate an
excessive inflammatory response (van de Veerdonk et al, 2012; Xie
et al, 2020). However, the function of IL-38 in tumors remains
largely unknown. There is little information about how IL-38 influ-
ences the pathogenesis of cSCC, including its development, progres-
sion, and prognosis. Here, we provide evidence that IL-38 promotes
cSCC progression by regulating the pro-tumorigenic microenviron-
ment and epidermal cell hyperplasia in an IL-1Rrp2-dependent

Figure 7.

Hong Zhou et al

manner. The role of other IL-1 family members, such as IL-18 and
IL-33, in melanoma has been investigated in mouse models exten-
sively. IL-18 mRNA expression was found to be significantly lower
in melanoma tissues than normal tissues (Gil & Kim, 2019), and IL-
18 was reported to promote the growth of B16F10 melanoma cells
(Cho et al, 2000) and enhance the ability of melanoma cells to
migrate via the generation of ROI and the MAPK pathway (Jung et
al, 2006), which is consistent with our findings. The high expression
of IL-33 was found to associate with better overall survival in mela-
noma patients (Wagner et al, 2020). The role of IL-33 in melanoma
has been observed both its pro- and anti-cancer effects, which may
be due to the timing and dosage of IL-33 administration, and the
specificity of IL-33 (Gao et al, 2013, 2015; Long et al, 2018; Jevtovic
et al, 2020; Schuijs et al, 2020). Our data and those of previous stud-
ies indicate that IL-1 family members play an important role in the
progression of skin cancer.

In our study, for the first time, we investigated the expression
pattern of IL-38 protein in the skin tissues of cSCC patients and
DMBA/TPA-induced mouse tumors. We found that the expression
of IL-38 in skin tumor tissues was lower than that in normal tissues,
which is consistent with the results in non-small cell lung cancer
and colorectal cancer (Wang et al, 2018; Chen et al, 2020). A
decrease in IL-38 suggests that it might play an inhibitory role in
skin tumors. However, we found that IL-38 promoted the pathogen-
esis of skin tumors in vivo and in vitro. Considering that IL-38 can
potentially be expressed by cells other than Kkeratinocytes, we
performed experiments to detect the expression of IL-38 in DMBA/
TPA-treated skin and DMBA/TPA-induced tumors of II-387" and
K14°7/*.11-38"" mice. We observed complete loss of IL-38 from skin
lysates in DMBA/TPA-treated skin and DMBA/TPA-induced tumors
in K14°/*-11-38"" mice (Fig EV3A and D). To detect whether this
contradiction was caused by IL-1Rrp2 expression, we performed
experiments to detect IL-1Rrp2 expression in skin versus tumor. Our
results showed that IL-1Rrp2 expression did not differ significantly
between normal skin and tumors (Fig EV3E and F). Similar apparent
contradictions were observed for IL-33 and IL-37, the other two IL-1
family members. IL-33 expression was also inversely correlated with
the stages of human lung cancers, but IL-33 enhances lung cancer
progression by selecting more malignant cells in the tumor microen-
vironment (Akimoto et al, 2016). The expression of IL-37 is higher
in oral squamous cell carcinoma (OSCC) than in normal controls
(Volpe et al, 1997). However, recombinant IL-37b-treated cells
showed decreased production of LPS-stimulated IL-6, TNF-a, and
IL-1B, which have been reported to promote malignant transforma-
tion and tumor aggression in oral cancer (Volpe et al, 1997; Wang et
al, 2010a; Yoshida et al, 2012; Akimoto et al, 2016). Moreover,

IL-38 promotes the expression of inflammatory mediators and proliferation and migration of skin tumor cells in skin tumor cells dependent on JNK.

A, B Relative expression levels of inflammatory mediators were detected using qPCR after posttranscriptional silencing of /NK by RNA interference, followed by riL-38

(200 ng/ml) stimulation (A) or /L-38 knockdown (B).

C,D Cell proliferation detection reagents were used to examine the effect of recombinant IL-38 (200 ng/ml) protein (C) or IL-38 knockdown (D) on A431 cell proliferation

after /NK interference.

E-H Cell cloning formation assays were used to examine the effect of recombinant IL-38 (200 ng/ml) protein stimulation (E) or /L-38 knockdown (G) on A431 cell prolif-
eration after /NK interference. Representative images of the scratch assay (left) and wound closure rate (right) of A431 cells (n = 5) treated with recombinant IL-38

(200 ng/ml) (F) or knockdown of IL-38 (H) after JNK interference.

Data information: Error bars represent the mean + SD. All data are biological replicates. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; P values were calculated

using one-way ANOVA (A, B, F and H) or Student’s t-test (C and D).
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many studies have determined that IL-38 is increased in multiple
diseases, while increased IL-38 inhibited the progression of inflam-
matory bowel disease, myocardial infarction, and type 2 diabetes,
and blockade of IL-38 promoted the progression of acute respiratory
syndrome, and fatal sepsis (Xu et al, 2018; Chai et al, 2020; Liu et
al, 2020; Wei et al, 2020; Xie et al, 2020). Our data and those of pre-
vious studies indicate that the differential expression of a biomarker
observed in clinical data may not conclusively demonstrate the real
role of the biomarker in pathological processes without corre-
sponding experiments in animal models.

At present, the regulation of IL-38, including its expression, func-
tion, and molecular signaling pathways, is still unclear. Primarily,
IL-38 is considered an anti-inflammatory cytokine that can suppress
the production of several pro-inflammatory cytokines in different
cell types in response to activation by different stimuli (Pan et al,
2021; Xia et al, 2021); however, this issue remains controversial.
For example, recombinant full-length IL-38 increased the level of IL-
6 in LPS-stimulated dendritic cells (DCs) or human macrophages
(Mora et al, 2016; van de Veerdonk et al, 2012). A similar phenome-
non was observed with IL-1B stimulation. Full-length IL-38 signifi-
cantly increased IL-6 production in human macrophages after
stimulation with IL-1B. Van de Veerdonk and colleagues reported
that IL-38-induced inhibition of IL-22 and IL-17 expression in human
peripheral blood mononuclear cells (PBMCs) produced a dose-
dependent response that differed from the classic IL-1Ra induction.
Specifically, the production of IL-22 and IL-17 was inhibited at low
concentrations of IL-38, but increased the production of IL-22 by
39% at higher concentrations (van de Veerdonk et al, 2012).
Recently, it has been reported that IL-38 may have an N-terminal
cleavage mechanism whose truncated form can regulate the secre-
tion of cytokines IL-6 and IL-8 by IL-1B-stimulated macrophages
through the JNK/AP-1 signaling pathway, which relies on IL-
1RAPL1, which is the orphan receptor of the IL-1 family (Hussein,
2005; Paoloni et al, 2009; Coste et al, 2010). In general, IL-38, a new
member of the IL-1 family, as an important immunoregulatory cyto-
kine, might exert similar but different inhibitory or activation func-
tions on IL-36Ra depending on the IL-1Rrp2/ IL-1RACP/ IL-1RAPL1
mediated signaling pathway. The specific mechanism remains to be
studied further. In our study, we found that IL-38 can combine with
IL-1Rrp2 to activate JNK (Fig 5A-G), and the activation of JNK pro-
motes the expression of pro-inflammatory cytokines and chemo-
kines in tumor cells, leading to the recruitment of immune cells,
promoting the abnormal proliferation of tumor cells, and further
aggravating the disease. As previously reported by Han et al, IL-38
binds to IL-1RAPL1 on skin ydT cells (Han et al, 2019). Mora et al
also reported that IL-38 was able to bind IL-1RAPL1, but IL-1Rrp2
showed a significantly higher affinity for IL-38 than IL-1RAPL1
(Mora et al, 2016). Moreover, IL-1RAPL1 shares high amino acid
sequence identity in the extracellular domain with IL-1RAcP
(30.3%) (Yoshida et al, 2012). Therefore, IL-1RAPL1 is more likely
to act as a co-receptor for receptors of IL-1 family members, such as
IL-1RACP. A previous report has shown that IL-1Rrp2 mRNA was
most strongly expressed in keratinocytes, which was at least tenfold
more than in bone marrow-derived dendritic cells (BMDCs), splenic
CD4" T cells, bone marrow-derived macrophages, and bone
marrow-derived neutrophils, whereas IL-IRrp2 mRNA was not
detected in CD8" and B cells (Vigne et al, 2011), which is similar to
the findings reported by Foster et al (2014). In our results, we also
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found that IL-1Rrp2 was highly expressed in the skin (Fig EVSA)
and multiple human skin-related cells, especially in the skin cancer
cell line (A431) (Fig EV5B). In this regard, IL-1Rrp2 meets the
requirements of a stimulatory immune checkpoint for skin cancer.

In conclusion, this study reveals a new key cytokine mechanism
that can amplify and maintain chronic inflammation and cell prolif-
eration in skin cancer. In addition, our data enhance our under-
standing of IL-38 and highlight the role of IL-38 in cancer. These
findings will assist in the development of new strategies for cancer
prevention and treatment.

Materials and Methods

Animals

1138-floxed (C57BL/6J-111f10°™!®V38°") mice on a C57BL/6 back-
ground were purchased from Cyagen Biosciences Inc. Krt14-Cre
mice (STOCK Tg[Krt14-cre]1Amc/J) mice were purchased from the
Nanjing Biomedical Research Institute of Nanjing University
(J004782). C57BL/6 mice (8-12 weeks old) were purchased from
Vital River Laboratory Animal Technology Co., Ltd. The animals
were housed under the following controlled conditions: 12-h light/
12-h dark cycles, temperature stabilized at 25 4+ 1°C, and free
access to water and food. The animal experimental protocol was
approved by the Animal Experiment Ethics Committee of Sichuan
University. The experimental procedures were based on the ethical
guidelines for the care and use of laboratory animals of the National
Institutes of Health (https://grants.nih.gov/grants/olaw/guide-for-
the-care-and-use-of-laboratory-animals.pdf) and the International
Association for the Study of Pain (IASP). We made every effort to
reduce the number of animals involved in the experiments and
reduce their suffering. After weaning, the Mouse Direct PCR Kit
(Bimake) was used to extract genomic DNA from tail biopsies for
PCR detection and genotyping using gene-specific primers (Appen-
dix Table S1).

Human subjects

This study followed the principles of the WMA Declaration of Hel-
sinki and the Department of Health and Human Services Belmont
Report and was approved by the Ethics Committee of the West
China Hospital, Sichuan University (Chengdu, Sichuan, China).
Written informed consent was obtained from all study participants
prior to the study. All patients were clinically and pathologically
confirmed, and there were no other autoimmune diseases, immuno-
deficiency diseases, or tumors. None of the patients received radio-
therapy, chemotherapy, cryotherapy, or laser treatment before
sample collection. We collected tumors from 13 c¢SCC patients (7
males and 6 females) and healthy skin from 11 donors (6 males and
S5 females). Fresh skin samples were immediately fixed in 4% para-
formaldehyde in phosphate-buffered saline (PBS; ZSGB-BIO) for par-
affin embedding.

Cell lines

Human embryonic kidney (HEK293T) cells and human ¢SCC (A431)
cells were purchased from ATCC (CRL-11268; CRL-1555). HEK293T
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or A431 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) supplemented with 10% (v:v) fetal bovine serum
(FBS; Gibco), 100 U/ml penicillin G, and 0.1 mg/ml streptomycin
sulfate (Gibco). The cells were cultured at 37°C with 5% CO,. None
of the cells were contaminated with mycoplasma.

DMBA/TPA skin cancer model

For chemical skin carcinogenesis, 50 g DMBA (Sigma-Aldrich) was
dissolved in 200 pl acetone and applied to the back skin of 6-8-
week-old mice one week after shaving. One week later, 5 ug TPA
(Sigma-Aldrich) in 200 pl acetone was applied twice a week for up
to 32 weeks. Mice were examined weekly, and tumor numbers and
sizes were measured when the tumor diameter was greater than
1 mm. At the end of the experiment, the back skin and tumors were
used for histology, immunohistochemistry, immunofluorescence,
flow cytometry, RNA, and protein isolation.

RNA isolation and quantitative reverse transcription PCR

According to the manufacturer’s protocol, TRIzol (ThermoFisher
Scientific) was used to extract total RNA from cells or mouse tis-
sues. Gel electrophoresis was performed to determine the integrity
of the extracted total RNA. Reverse transcription was performed
using the PrimeScript RT kit with gDNA Eraser (Takara). cDNA was
generated at 37°C for 15 min and 85°C for 5 s, and qPCR analysis
was performed on the obtained cDNA (20 ng) with TB Green™ Pre-
mix Ex Taq™ II (Takara) following the manufacturer’s instructions.
The relative expression between samples was determined using the
2742C formula. The melting curves were confirmed to ensure the
amplification of a single product. All primers were synthesized by
Chengdu Qing Ke Zi Xi Biotechnology Co., Ltd., and the primer
sequences are shown in Appendix Tables S2 and S3.

Western blotting

The samples derived from cells or tissues were lysed, separated
using SDS-PAGE gels (Beyotime Institute of Biotechnology), and
then transferred to polyvinylidene fluoride (PVDF) membranes
(Merck Millipore). For western blotting analysis, the proteins were
incubated overnight with the following primary antibodies: human
IL-38 (Abcam, ab180898; 2 pg/ml), mouse IL-38 (R&D Systems,
MAB7774; 2 pg/ml), IL-18 (Abcam, ab71495; 2 pg/ml), PB-actin
(CST, 4970; 1:1,000 dilution), JNK (CST, 9252; 1:1,000 dilution),
p-JNK (CST, 4668; 1:1,000 dilution), Cyclin E (CST, 20808; 1:1,000
dilution), Cyclin A (R&D Systems, AF5999; 0.5 ug/ml), HA (CST,
3724; 1:1,000 dilution), human IL-1Rrp2 (R&D Systems, AF872;
0.1 pg/ml), mouse IL-1Rrp2 (LSBio, LS-B10135; 2 pg/ml), IL-
1RAPL1 (R&D Systems, MAB975; 1 pug/ml), IL-1RAcp (Santa Cruz
Biotechnology, sc-376872; 1:500 dilution), and IgG-Fc (Sino Biolog-
ical, SSA001; 1:10,000 dilution). The primary antibodies were
labeled using goat anti-rabbit, rabbit anti-goat, or goat anti-mouse
antibodies conjugated to horseradish peroxidase (HRP) (Invi-
trogen, A27036 and ZSGB-BIO; 1:10,000 dilution) and further
detected using ECL reagents (Merck Millipore, WBKLS0500). The
band intensity in the image was quantified using ImageJ (National
Institutes of Health), which included only the band intensity in the
linear range.

© 2022 The Authors
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Enzyme-linked immunosorbent assay (ELISA)

To detect the levels of IL-38, cell culture supernatants were collected
and IL-38 levels were measured using the Human IL-38/IL-1F10
ELISA kit (Neobioscience) according to the manufacturer’s
instructions.

Hematoxylin and eosin (H&E) staining

Normal skin and skin tumors were fixed in 4% paraformaldehyde in
PBS, sectioned, embedded in paraffin, and stained with hematoxylin
and eosin (H&E) for histopathological examination. Images were
captured using an Olympus BX600 microscope (Olympus Corpora-
tion, Tokyo, Japan) and SPOT Flex camera (Olympus Corporation,
Tokyo, Japan) and analyzed using ImagePro Plus (version 6.0,
Media Cybernetics) software. The thickness of the epithelium and
the degree of malignancy of the tumor in the independent areas
were evaluated.

Immunohistochemistry

Normal skin and skin tumors were fixed in 4% paraformaldehyde,
and the fixed sections were incubated in 3% H,0, solution and
protected from light for 10-15 min. Afterward, the sections were
incubated with 5% normal goat serum at room temperature for
30 min to block non-specific antibody binding. Subsequently, the
sections were stained with IL-38 (Abcam, ab180898; 1:200 dilution),
vyH2AX (Invitrogen, PA5-77995; 1:500 dilution), IL-1Rrp2 (LSBio,
LS-B10135; 10 pg/ml), human IL-18 (Abcam, ab243091; 1:1,000
dilution), and mouse IL-18 (Abcam, ab71495; 1 ug/ml) primary
antibodies. The slides were then rinsed, incubated with a biotin-
conjugated secondary antibody for 30 min, and incubated with
horseradish peroxidase streptavidin (HRP Streptavidin) for 30 min
(ZSGB-BIO). The sections were developed using a 3,3
diaminobenzidine (DAB) substrate kit (ZSGB-BIO, ZLI-9017), and
hematoxylin was used for reverse staining. Images were captured
using an Olympus BX600 microscope and SPOT Flex camera.
ImagePro Plus was used to further quantify the DAB intensity and
the number of YH2AX-positive cells in the image.

Immunofluorescence analysis

Tissue biopsies were directly embedded in optimal cutting tempera-
ture (OCT) compound, and the frozen sections were fixed in cold
methanol-acetone (1:1) for 15 min, permeabilized with 0.3% Triton
X-100 (Sigma-Aldrich, X100) in PBS for 15 min, blocked with 5%
bovine serum albumin (BSA; Sigma-Aldrich, B2064) in PBS for
30 min, and then incubated overnight at 4°C with primary anti-
bodies against IL-38 (Abcam, ab180898; 5 pg/ml), rabbit IgG
(Abcam, ab37415; 5 pug/ml), Keratin-8 (Abcam, ab53280; 1:300 dilu-
tion) and Ki67 (Abcam, ab16667; 1:200 dilution). TRITC-conjugated
donkey anti-rabbit antibodies (A16040; 1:1,000 dilution, 4 pg/ml)
were used as secondary reagents (purchased from Invitrogen).
Nuclear counterstaining was performed with 4’,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich, D9542). Images were analyzed
using a Leica DM RXA2 confocal microscope controlled by Leica
Microsystems confocal software (version 2.61 Build 1537; Leica
Microsystems, Wetzlar, Germany). ImageJ (National Institutes of
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Health) was used to quantify the fluorescence intensities and the
number of Ki67-positive cells of the images.

Skin barrier function assays

The rate of transepidermal water loss (TEWL) from the skin of new-
born mice was determined using a GPSkin evaporimeter (GPOWER,
South Korea). Euthanized newborn mice were immediately dehy-
drated by incubation (1 min each) in 25%, 50%, and 75% metha-
nol/PBS followed by 1 min in 100% methanol, then rehydrated
with the same series of methanol solutions (1 min incubations),
washed for 1 min in PBS, and subsequently stained for 10 min in
0.1% toluidine blue in water. The cells were photographed immedi-
ately after destaining in PBS. A defined area of murine dorsal skin
(25 mm?) was boiled in isolation buffer (20 mM Tris—HCI, pH 7.5,
5 mM EDTA, 10 mM DTT, and 2% SDS) under vigorous shaking for
40 min. After centrifugation, the cornified cell envelopes (CEs) were
washed twice in isolation buffer and imaged using an Olympus
BX600 microscope and SPOT Flex camera.

Isolation of genomic DNA

Full-thickness murine dorsal skin was removed, and the subcutane-
ous fat was removed by scraping with closed curved scissors. The
dorsal skin was incubated in 0.5 M ammonium thiocyanate for
20 min at 37°C to allow separation of the epidermis from the der-
mis. The gDNA of the epidermis was isolated using the TIANamp
Genomic DNA Kit (Qiagen) according to the manufacturer’s proto-
col. Isolated tissue gDNA was analyzed using a NanoDrop-2000
(Thermo Scientific) to determine purity and concentration.

Hras cloning and mutant-specific real-time PCR

Mutant-specific primers 5-CTAAGCCTGTTGTTTTGCAGGAC and
3’-CATGGCACTATACTCTTCTA and a custom TagMan probe
5'-6FAM-CGGAAACAGGTGGTCAT-MGB-3’ were designed as part of
a novel real-time PCR assay (Nelson et al, 1992; Modi et al, 2012) to
quantify the number of DMBA-induced codon-61 Hras CAA->CTA
mutations. DNA was diluted to 50 ng/pl in fresh double-distilled
water (ddH,0), and 6.75 pl was aliquoted into a 96-well plate
(total 337.5 ng DNA/well). The primers used were single-stranded
DNA oligonucleotides diluted in ddH,O to a concentration of
10 uM. The 6'-FAM-conjugated probe was shipped pre-diluted to
a concentration of 5 puM. For Tagman probe-based detection of
product, a Mastermix was made with the following volumes
per well; (i) 12.25 pl 2x Premix Ex Taq™ (Takara), (ii) 2.25 pl
forward primer, (iii) 2.25 pl reverse primer, and (iv) 1.50 pl probe.
TagMan real-time PCR was performed on a Roche LightCycler® 96.
Relative expression between samples was determined using the
278AC method.

Isolation of DMBA/ TPA-treated skin cells

For skin inflammation, 50 pg of DMBA (Sigma-Aldrich) dissolved in
200 pl acetone was applied on the back skin of 6-8-week-old mice
one week after shaving. One week later, 5 ng TPA (Sigma-Aldrich)
in 200uL acetone was applied twice a week for up to 2 weeks. To
obtain single-cell suspensions from dorsal skin, 2 x 3 c¢m sections of
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skin samples were incubated in 5 ml RPMI medium (Gibco)
containing 500 pg/ml Liberase (Roche) for approximately 1.75 h at
37°C, chopped with sharp scissors, and incubated for an additional
15 min with 0.1 mg/ml DNase (Roche). A single-cell suspension of
dorsal skin was obtained by mechanical dissociation with a gentle-
MACS dissociator (Miltenyi Biotech, Bergisch Gladbach, Germany),
followed by filtration through 40 and 70 pm cell strainers. Cells
were then washed once with PBS.

Flow cytometry

To obtain single-cell suspensions from dorsal skin, 2 x 3 cm sec-
tions of skin samples were incubated in 5 ml RPMI medium (Gibco)
containing 500 pg/ml Liberase (Roche) for approximately 1.75 h at
37°C, chopped with sharp scissors, and incubated for an additional
15 min with 0.1 mg/ml DNase (Roche). A single-cell suspension of
dorsal skin was obtained by mechanical dissociation with a gentle-
MACS dissociator (Miltenyi Biotech, Bergisch Gladbach, Germany),
followed by filtration through 40 um and 70 pm cell strainers. Cells
were then washed once with PBS. Flow cytometry was performed
using the NovoCyte flow cytometer and ACEA NovoExpress™ soft-
ware (ACEA Biosciences, San Diego, CA, USA). The single-cell sus-
pensions were stained with the following antibodies: CD11B-APC
(17-0112-82), MHC II-FITC (11-5322-81), CD64-PE/Cyanine?
(139314), Ly6C-APC/Fire™ 750 (108456), MerTk-PE (151506),
CD207-PE (144204), CD3-APC/Cyanine7 (100222), and CD4-PE
(100408). Antibodies were purchased from eBioscience and BioLe-
gend and used at 1:100 dilution.

Pull-down assays

Human IL-1Rrp2-Fc (R&D Systems), human IL-1RAcp-Fc (Sino Bio-
logical), human IL-1RAPL1-Fc (Sino Biological), or human IgG-Fc
(Sino Biological) fusion proteins (1.5 pM each) were bound to
1.5 uM IL-38 (Adipogen) by incubating overnight at 4°C. Afterward,
Pierce Protein A/G Magnetic Beads (Thermo Fisher Scientific) were
added to the complexes and incubated for 1 h at room temperature
to form the immune complex. The magnetic beads were washed five
times with a wash buffer (Thermo Fisher Scientific). Bound proteins
were eluted from the magnetic beads by incubation at room temper-
ature in elution buffer (Thermo Fisher Scientific). Twenty-five per-
cent of the eluted proteins were detected by western blotting.

Luciferase reporter assays

One day prior to transfection, 2 x 10° cells were seeded in 12-
well plates with 5% CO, at 37°C overnight. Cells were transiently
transfected with 2 pg AP-1 luciferase reporter (Promega) and
0.2 pg Renilla luciferase control vector pRL-TK (YouBio) using
X-tremeGENE™ HP DNA Transfection Reagent (Roche) according
to the manufacturer’s After 24 h, the growth
medium was replaced, IL-38 was added for another 6 h, and
the luciferase protein activity was measured using the Dual-
Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions. Firefly luciferase activity was normal-
ized to Renilla luciferase activity in the lysate. The background
obtained from the mock-transfected cells was subtracted from
each experimental value.

instructions.
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siRNA and shRNA mediated silencing of gene expression

A431 cells were transfected with 5 pmol IL-1Rrp2 siRNA (Dhar-
macon) using DharmaFECT transfection reagent, or JNK-siRNA
(CST) using Lipofectamine™ RNAIMAX reagent (Invitrogen) for
48 h according to the manufacturer’s instructions. Human shRNA-
IL-38 lentivirus (IL-38 shRNA, 5-GCAGACCAGAAGGCTCTATAC-3')
and negative control lentivirus (NC shRNA) were obtained from
Shanghai GenePharma Co., Ltd. Lentiviruses were produced in
A431 cells according to the manufacturer’s instructions. The A431
cells were incubated with the lentivirus particles, and puromycin
(Thermo Fisher Scientific; 3 pg/ml) was used to obtain cells stably
expressing the lentiviral construct two-day post-infection.

Transfection of recombinant vector

HEK293T cells were maintained in DMEM (Gibco) supplemented
with 10% heat-inactivated FBS (Gibco), 100 U/ml penicillin G, and
0.1 mg/ml streptomycin sulfate (Gibco). One day prior to transfec-
tion, 4 x 10° cells were seeded in 6-well plates with 5% CO, at 37°C
overnight. Cells were transiently transfected with 2 ug pcDNA3.1-
IL-38 (Genewiz), pCMV3-IL-1Rrp2-HA (Genewiz), pCMV3-IL-1Rrp2
AEx-HA (Genewiz), and pCMV3-IL-1Rrp2 ATIR-HA (Genewiz) using
X-tremeGENE™ HP DNA Transfection Reagent (Roche) according to
the manufacturer’s instructions. Cells stably expressing these pro-
teins were selected with G418 (Gibco; 200 pg/ml) or Hygromycin B
(Sigma-Aldrich; 200 pg/ml) two-day post-transfection.

Cell proliferation assay

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS;
Promega) was used to observe and compare cell proliferation abil-
ity. A431 cells were plated in 96-well plates at a density of 4 x 10°
cells per well. After seeding, the cell proliferation was assessed. The
cells were incubated for 4 h in 20 pl of MTS at 37°C. The optical
density (OD) at 490 nm was determined using a microplate reader.
The difference in cell proliferation in each group was calculated.

Colony formation assay

A431 cells were digested with trypsin (Gibco) and resuspended in
single-cell suspensions. A total of 500 cells from each group were
cultured in 6-well plates for 14 days. The cells were then fixed with
4% paraformaldehyde in PBS and stained with crystal violet
staining solution (Beyotime) for 10 min, followed by rinsing with
distilled water.

Cell migration assay

Cell migration ability was calculated using a wound healing assay.
A431 cells were plated on 6-well plates at a concentration of 5 x 10°
cells/well and allowed to form a confluent monolayer for 24 h. Cells
were incubated in serum-free media containing 10 pg/ml mitomycin
C (MedChemExpress) for 1 h to completely inhibit cell proliferation.
The monolayer was scratched with a sterile pipette tip (200 pl),
washed with serum-free medium to remove floating and detached
cells, and photographed (0, 24, and 48 h) using an inverted fluores-
cence microscope (Olympus, Tokyo, Japan).

© 2022 The Authors
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Statistical analysis

All statistical analyses were performed using GraphPad Prism 7 soft-
ware. The percentage of mice with tumor, the malignant conversion
rate, and the percentage of mice with malignant tumors were ana-
lyzed using Fisher’s exact test. The Student’s t-test was used to com-
pare two groups and the analysis of variance (ANOVA) test was
used to compare three or more groups. Values of P < 0.05 were con-
sidered statistically significant. *P < 0.05, **P <0.01, and
***P < 0.001.

Data availability

The datasets produced in this study are available in the following
databases: RNA-Seq data: GTEx Portal phs000424.v8.p2 (https://
www.gtexportal.org/home/gene/ENSG00000136697 % 20). RNA-Seq
data: Gene Expression Omnibus GSE98767 (https://www.ncbi.nlm.
nih.gov/geo/geo2r/?acc = GSE98767); GSE63967  (https://www.
ncbi.nlm.nih.gov/geo/geo2r/?acc = GSE63967). RNA-Seq data: Human
Protein Atlas (https://www.proteinatlas.org/ENSG00000115598-IL1RL2/
tissue; https://www.proteinatlas.org/ENSG00000115598-IL1RL2/cell#
gene_informationExpression).

Expanded View for this article is available online.
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