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Abstract

Signaling by the interleukin-36 receptor (IL-36R) is linked to
inflammatory diseases such as psoriasis. However, the regu-
lation of IL-36R signaling is poorly understood. Activation of
IL-36R signaling in cultured cells results in an increased poly-
ubiquitination of the receptor subunit, IL-1Rrp2. Treatment
with deubiquitinases shows that the receptor subunit of IL-
36R, IL-1Rrp2, is primarily polyubiquitinated at the K63 posi-
tion, which is associated with endocytic trafficking and sig-
nal transduction. A minor amount of ubiquitination is at the
K48 position that is associated with protein degradation. A
focused siRNA screen identified RNF125, an E3 ubiquitin li-
gase, to ubiquitinate IL-1Rrp2 upon activation of IL-36R sig-
naling while not affecting the activated IL-1 receptor. Knock-
down of RNF125 decreases signal transduction by the IL-36R.
Overexpression of RNF125 in HEK293T cells activates IL-36R
signaling and increases the ubiquitination of IL-1Rrp2 and
its subsequent turnover. RNF125 can coimmunoprecipitate

with the IL-36R, and it traffics with IL-1Rrp2 from the cell sur-
face to lysosomes. Mutations of Lys568 and Lys569 in the C-
terminal tail of IL-1Rrp2 decrease ubiquitination by RNF125
and increase the steady-state levels of IL-1Rrp2. These re-
sults demonstrate that RNF125 has multiple regulatory roles
in the signaling, trafficking, and turnover of the IL-36R.

© 2017 S. Karger AG, Basel

Introduction

The interleukin (IL)-1 family of receptors has a central
role in innate immunity and the inflammatory response
for virtually all cells and organs [1]. Dysregulation of sig-
naling by members of the IL-1R family has also been
linked to autoinflammatory diseases and degenerative
diseases [2]. Perhaps due to the need to carefully regulate
signaling, members of the IL-1R family are subject to
complex regulations that include receptor antagonists,
cytokine decoys, recognition of multiple cytokines, and
various signaling inhibitors [1, 2].

Elevated signaling by the IL-36 receptor (IL-36R) has
been linked to asthma, inflammatory bowel disease, pus-
tular psoriasis, and plaque psoriasis [3-6]. Therefore, it is
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important to better understand the regulation of IL-36R
signaling. Many of the requirements for IL-36R signaling
are shared with those of the IL-1R [7]. Both the IL-1R and
the IL-36R are composed of a heterodimer of the receptor
subunit and a receptor accessory protein that are present
on the plasma membrane of cells. For the IL-36R, the re-
ceptor subunit is named IL-1Rrp2 and the receptor acces-
sor protein is IL-1RAcp. Both proteins contain an extra-
cellular ligand-binding ectodomain, a single pass trans-
membrane helix, and a Toll-IL-1 (TIR) domain that is
located in the cytoplasm. The binding of the IL-36 cyto-
kine by the IL-36R is thought to change the conformation
of the receptor and accessory protein subunits to enable
their TIR domains to bind adaptor proteins and activate
transcription factors to modulate gene expression [8, 9].
Similar to the IL-1R, signal transduction by the IL-36R is
coupled to endocytosis and trafficking of the receptor to
lysosomes [9].

The covalent attachment of ubiquitins can cause recep-
tors to change cellular locations, modulate protein-protein
interactions, and lead to protein degradation [10, 11]. The
IL-1R family of proteins are ubiquitinated. The adaptor
protein Tollip that affects IL-1R signaling recognizes poly-
ubiquitinated IL-1R, and directs the IL-1R to lysosomes
and eventual degradation [12]. Tollip was recently identi-
fied to participate in IL-36R signaling and trafficking to
lysosomes [7], indicating that the IL-36R will be regulated
by ubiquitination. The ubiquitin ligase(s) that act on the
IL-36R have not been characterized. In this work, we iden-
tified a RING finger ubiquitin ligase, RNF125 (also known
as TRAC-1; T-cell RING protein in activation), to ubiqui-
tinate the receptor subunit of the IL-36R, with conse-
quences on IL-36 signaling and degradation.

Materials and Methods

Reagents

The antibody that recognizes the ectodomain of human IL-
1Rrp2 was from R&D Systems (catalog No. AF872). Antibodies to
recognize human IL-1RAcP (catalog No. PA5-19921) and RNF125
(catalog No. PA5-23155) were from Pierce. Antibodies to Rab11
(catalog No.ab24170) and LAMP1 (catalog No. ab3612) were from
Abcam. Antibodies to detect ubiquitin (P4D1; catalog No. sc-
8017) and B-actin (catalog No. sc-58679) were from Santa Cruz
Biotechnology. The antibody to detect human RIG-I (catalog No.
AF4859) was from R&D Systems. The antibody to detect the c-Myc
tag was from Santa Cruz Biotechnology (catalog No. 9E10). Sec-
ondary antibodies conjugated to Alexa Fluor 488 or 594 were from
Life Technologies.

Recombinant human IL-36y (catalog No. 6835-ILC/CF) and
IL-1 (catalog No. 201-LB-005/CF) were from R&D Systems. MG-
132 and Bortezomib (Btz) were from Calbiochem (catalog No.
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474788) and Santa Cruz Biotechnology (catalog No. sc-217785),
respectively. Wortmannin (WTM) was from Invivogen (catalog
No. tlrl-wtm).

cDNA Expression Constructs

cDNAs encoding IL-1Rrp2 (NM_003854.2) were cloned into
the pcDNA3.1 vector (Invivogen) to generate pIL-1Rrp2. The
plasmid that expresses RIG-I was from Ranjith-Kumar et al. [13].
The RNF125 cDNA (OriGene; catalog No. RC204578) was cloned
in the PCMV6-entry mammalian vector to generate pRNF125.
Mutations in the cDNA encoding IL-1Rrp2 were made by site-
directed mutagenesis according to the manufacturer’s suggested
protocol (Promega). All constructs were sequenced in their en-
tirety to confirm the presence of the mutation and the absence of
unintended mutations.

Cells and Culture Media

NCI/ADR-RES (NCI) cells were cultured in RPMI + L-Glu
(GIBCO; catalog No. 11875) and 10% fetal bovine serum. BEAS-
2B cells were cultured in BEGM media with its supplements (Lon-
za), as described in Singh et al. [14]. Human dermal fibroblasts
(HDF; GIBCO; catalog No. C-013-5C) were grown in Medium 106
(GIBCO; catalog No. M-106-500) with low serum growth supple-
ment (GIBCO; catalog No. S-003-10), gentamicin (10 mg/mL),
and amphotericin B (0.25 mg/mL). HEK293T cells were cultured
in DMEM high glucose (4 g/L) media (ThermoFisher) with 10%
fetal bovine serum. All cells were grown in rat collagen type I-coat-
ed flasks (BD Biosciences).

Deubiquitination Assay

The form of ubiquitination of IL-1Rrp2 was analyzed by using
the UbiCREST deubiquitinase enzyme kit (BostonBiochem; cata-
log No. K-400). IL-1Rrp2 was immunoprecipitated from whole
cell lysate and treated with the deubiquitinases according to the
manufacturer’s recommendation. The degree of ubiquitination
was determined using Western blots probed to detect ubiquitin.

Western Blot Analysis

Cells were lysed with ice-cold RIPA buffer (150 mM NaCl, 1 mM
EDTA, 50 mM Tris-HCI at pH 7.4, 0.5% Nonidet P-40, and 0.1%
SDS) amended with phosphatase inhibitor (Roche; catalog No.
4906837001) and protease inhibitors (Sigma-Aldrich; catalog No.
P8340) according to manufacturer’s instructions. The lysate was
clarified from insoluble materials by centrifugation at 12,000 g for
10 min, suspended in denaturing Laemmli loading buffer [15], and
incubated for 5 min at 70°C. Molecules in the lysate were sepa-
rated by electrophoresis in 4-12% NuPAGE Bis-Tris gel, followed
by transfer to PVDF membranes [16]. The Western blot signals
were developed with SuperSignal Dura substrate solution (Ther-
moFisher; catalog No. 34076) and quantified using a ChemiDoc™
XRS+ system and ImageLab software (Bio-Rad).

Screen for Ubiquitin Ligases That Act on IL-1Rrp2

The siRNA library targeting ubiquitin ligases was from Dhar-
macon Inc. (catalog No. G-005635-025). NCI cells (1.8 x 10* cells/
well; 50% confluency) were transfected with 50 nM of either gene-
specific siRNAs or a nonspecific control siRNA (catalog No. sc-
37007, Santa Cruz Biotechnology) in a 96-well tissue culture plate.
Transfection used Lipofectamine RNAiMax following the manu-
facturer’s protocol (Life Technology). The cells were incubated for
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48 h prior to addition of the cytokines at 1 ng/mL to activate recep-
tor signaling. Signaling by the receptor was assessed by the amount
of IL-6 cytokine secreted into the media using ELISA (Human
OptEIATM; BD Biosciences). All ELISA results shown were per-
formed in triplicate and in at least 3 independent experiments.

siRNA Knockdown

HDF (2 x 103 cells/well in 96-well plates) and BEAS-2B cells
(2 x 10* cells/well) were transfected at 50% confluency with 50 nm
of a mixture of 4 gene-specific siRNAs or a nonspecific control
siRNA. The cells were incubated for 48 h after siRNA transfection,
and knockdown was confirmed by measuring the abundance of
target message using real-time reverse transcription and poly-
merase chain reaction (RT-PCR). RT used 1 pg of total RNA in a
20-pL reaction mixture that contained 0.5 uM anchored Oligo-dT
primers and the M-MuLV reverse transcriptase (NEB; catalog No.
MO0253S) to produce the cDNAs. PCR was performed with SYBR
green to report on the amount of cDNA of interest and gene-spe-
cific primers. All RT-PCR data were normalized against the mes-
sage from GAPDH. The level of target proteins was assessed using
Western blots.

Coimmunoprecipitation Assay

Cells grown in 6-well plates to 50% confluence were lysed in
RIPA buffer and incubated with primary antibodies followed by
incubation with protein A/G Magnetic Beads (ThermoFisher; cata-
log No. 88803). After 2 washes with Tris-buffered saline (TBS)
amended with 0.05% Tween-20 and 0.5 M NaCl, the precipitated
materials were solubilized with SDS-PAGE loading buffer for 5 min
at 70°C and resolved by electrophoresis on a 4-12% NuPAGE
Bis-Tris gel. Western blots were performed as described above.

Luciferase Assay

HEK293T cells were seeded for transfection in CoStar White
96-well plates at 4.4 x 10* cells/mL for transfection. At approxi-
mately 70% confluency, the cells were transfected using Lipo-
fectamine 2000 (Invitrogen) with a mixture of plasmids that ex-
press the firefly luciferase reporter (pNF-kBLuc; 30 ng; Invivo-
Gen), the Renilla luciferase transfection control (phRL-TK; 5 ng;
Promega), and either wild-type or mutant IL-1Rrp2 (1.0 ng). Cells
were grown for 24 h prior to the addition of ligands to a final con-
centration of 1 ng/mL. The cells were assayed 24 h later using the
Dual-Glo Luciferase Assay System (Promega). Luminescence was
quantified using a plate reader equipped to detect fluorescence
(Biotek Inc.).

Flow Cytometry

Immunostaining and flow cytometry experiments were per-
formed as described in Saha et al. [9] and Ranjith-Kumar et al. [17].
NCI cells were treated with fixation buffer (R&D Systems; catalog
No. FC004) followed by the permeabilization buffer I (R&D Sys-
tems; catalog No. FC005). The cells were stained for 1 h with anti-
body to detect the IL-1Rrp2 ectodomain. The secondary antibody
was a donkey anti-goat immunoglobulin conjugated to Alexa Flu-
or 488 (Life Technologies). The cells were enumerated using a
FACS Calibur flow cytometer (Becton Dickinson), and gated ac-
cording to forward scatter and side scatter to find viable, single cell
events. Background controls were determined using cells stained
with only a secondary antibody conjugated to Alexa Fluor® 488.
The data were processed using FlowJo software.
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Confocal Microscopy

Confocal microscopy used cells grown to 70% confluency on
coverslips coated with poly-L-lysine. The cells were treated with
the indicated ligand and then fixed with 4% paraformaldehyde for
15 min at room temperature. Cell permeabilization used T buffer
composed of phosphate-buffered saline and 0.5% Triton X-100.
To reduce nonspecific antibody binding, the cells were incubated
for 30 min on ice with 1% normal goat serum in T buffer followed
by a 1-h incubation in 2% bovine serum albumin in TBS (TBS-T),
pH 7.4, which contains 0.5% Triton X-100. Incubation with the
primary antibody was at 4°C in TBS-T amended with 2% bovine
serum albumin. The cells were then washed twice with TBS-T and
incubated with fluorophore-labeled secondary antibodies for 1 h
at room temperature. After 3 additional washes with TBS-T, the
coverslips were mounted on glass slides with antifade mounting
medium and dried overnight in the dark. Micrographs were ac-
quired with a Nikon A1 scanning confocal microscope with a 60x
oil objective. Confocal images were analyzed using the NIS-Ele-
ments viewer and Image] software. Fluorophore colocalization
was quantified using the Image] plug-in tool JACoP [18].

Results

IL-36R Signaling Is Associated with Increased

Polyubiquitination of IL-1Rrp2

To examine whether IL-36R is ubiquitinated, we im-
munoprecipitated IL-1Rrp2 from NCI cells and probed
the precipitated proteins with an antibody that recogniz-
es ubiquitin. IL-1Rrp2 has a complex pattern of polyubiq-
uitination (Fig. la). Furthermore, the amount of poly-
ubiquitination increased over time in cells treated with
the IL-36y cytokine (Fig. 1a). These results confirm that
ubiquitination is associated with IL-36R signaling and
suggest that activation of receptor signaling is associated
with an increase in ubiquitination.

The ubiquitin linkage on the target protein is associ-
ated with a distinct function [19]. Ubiquitin linked by res-
idue K63 to the target protein can be involved in intracel-
lular trafficking, lysosomal localization, and degradation
[20]. Ubiquitin linked by K48 is associated with protea-
somal degradation [21]. To identify the form(s) of ubig-
uitin on IL-1Rrp2, immunoprecipitated IL-1Rrp2 was
treated with a series of deubiquitinases that removes link-
age-specific ubiquitins. USP-2 that deubiquitinates most
ubiquitins was able to largely remove the polyubiquitins
on IL-1Rrp2 (Fig. 1b). IL-1Rrp2 polyubiquitination was
unaffected by treatment with Cezanne, which removes
K6- and K11-linked polyubiquitins (Fig. 1b). Polyubiqui-
tination on IL-1Rrp2 was markedly decreased when treat-
ed with AMSH, which remove K63-linked ubiquitins
(Fig. 1b). A modest loss of signal was observed with deu-
biquitinase OTUBI that removes K48-linked ubiquitins.
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Fig. 1. Agonist-activated IL-36R is polyubiquitinated. a Polyubiq-
uitination of IL-1Rrp2 after activation of IL-36R by the IL-36y.
NCI cells were not treated or treated with IL-36y (10 ng/mL) and
harvested over time. IL-1Rrp2 polyubiquitination was determined
by immunoprecipitation of IL-1Rrp2 and Western blotting probed
with an antibody to detect ubiquitin [12]. HC denotes the heavy
chain of the immunoglobulin used in the immunoprecipitation
assay. b Analysis of the ubiquitination linkages attached to IL-
1Rrp2. NCI cells were activated with IL-36y (10 ng/mL) and incu-

These results show that activated IL-1Rrp2 had primarily
K63 ubiquitination and a minor amount of K48 ubiquiti-
nation (Fig. 1b). Given that the different forms of ubiqui-
tin are associated with distinct activities, IL-1Rrp2 ubiq-
uitination is likely to affect signaling, trafficking, and pos-
sibly degradation.

RNF125 Participates in IL-36R Signaling

A focused siRNA screen was carried out to identify
ubiquitin ligases that act on the IL-36R. The screen was
performed in the ovarian tumor cell line, NCI cells, which
express endogenous IL-36R and respond to IL-36 cyto-
kines [9]. The cells were transfected with siRNAs to ubiq-
uitin ligases that have been reported to affect inflamma-
tory responses, followed by activation of IL-36R signaling
with IL-36y. The amount of secreted IL-6 detected by
ELISA was used as a readout.

The knockdown of multiple ubiquitin ligases, includ-
ing RNF5, RNF133, RNF152, and TRAF6, reduced IL-
36R signaling. It is likely that some of these ubiquitin li-
gases affect signal transduction without specifically ubiq-
uitinating the IL-36R. TRAF6 was previously shown to be

RNF125 Activates IL-36R Signaling

bated for 6 h before the cell lysis with RIPA buffer. IL-1Rrp2 was
immunoprecipitated by anti-IL-1Rrp2 antibody to treat with dif-
ferent deubiquitinases. USP2CD removes all ubiquitins, GST-
AMSH removes K63-linked ubiquitins, OTUBI moves K48-linked
ubiquitins, and Cezanne removes K6 and K11 ubiquitins. Treated
samples were then analyzed by Western blot probed with anti-
ubiquitin antibody. The results shown are representative of 3 in-
dependent experiments.

required for signaling by the IL-1R/TLR superfamily of
receptors owing to its adapter function and a role in ubiq-
uitinating the IkB kinase complex (online suppl. Table 1;
see www.karger.com/doi/10.1159/000481210 for all on-
line suppl. material) [22]. Interestingly, the knockdown
of RNF125 had the most dramatic reduction in IL-36R
signaling, but it had only a minimal effect on signaling by
the IL-1R (Fig. 2a). RNF125 protein accumulation in
these experiments was approximately 25% when com-
pared to that of the cells treated with control siRNAs
(Fig. 2a, inset). Knockdown of RNF125 did not affect the
proliferation of the cells, but did reduce the abundance of
polyubiquitinated IL-1Rrp2 (Fig. 2b; online suppl. Fig. 2).
These results demonstrate that RNF125 can ubiquitinate
IL-36R and activate its signal transduction, but that it
does not activate IL-1R signaling.

Two additional cell lines were examined to determine
whether RNF125 plays a role in IL-36R signaling. HDF
and human lung epithelial cells (BEAS-2B) both express
IL-36R and are functional for IL-36R signaling by the IL-
36 cytokines [9]. Knockdown of RNF125 in HDF and in
BEAS-2B reduced the level of RNF125 protein to 35% of
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Fig. 2. RNF125 regulates IL-36R signaling. a Sample results of the
knockdown of E3 ubiquitin ligases and their effect on IL-36R and
IL-1R signaling in NCI cells. Knockdown used 50 nM siRNA spe-
cific to E3 ubiquitin ligases or a nonspecific control siRNA. The
siRNA specific to RNF125 was a mixture of 4 independently syn-
thesized siRNAs. The cells were incubated for 48 h following trans-
fection of the siRNAs and further treated with IL-36y (1 ng/mL).
Cell media were collected 24 h later for quantification of IL-6 by
ELISA. A comparison of the amount of IL-6 produced relative to
the samples treated with nonspecific RNA was calculated using the
Student £ test. * p < 0.05 calculated from 2 experiments with 6 in-
dependent samples. Western blots are shown (above) of the accu-
mulation of RNF125 and the B-actin loading controls in NCI cells
knocked down with siRNAs specific to RNF125 or with control
siRNAs. All Western blot data shown are representative of 3 inde-
pendent experiments. b RNF125 affects polyubiquitination on IL-
1Rrp2 in NCI cells. Immunoprecipitation of IL-1Rrp2 from cell
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lysate was from cells transfected with RNF125 siRNA. Ubiquitin
associated with IL-1Rrp2 was detected using Western blot analysis.
The amount of the RNF-125, IL-1Rrp2, and B-actin in the samples
used for the analysis of ubiquitinated IL-1Rrp2 were determined
by Western blots. ¢ Knockdown of RNF125 results in defective IL-
36R signaling in HDF. The mean levels of IL-6 production by IL-
36R signaling from 3 independent experiments are shown. West-
ern blots are included (above) of the accumulation of RNF125 and
the P-actin loading controls in HDF cells knocked down with
siRNAs specific to RNF125 or with control siRNAs. The Western
blot data shown are representative of 3 independent experiments.
d Effect of RNF125 knockdown on IL-36R signaling in BEAS-2B
cells. The results are representative of 3 independent experiments.
Western blots are shown (above) of the accumulation of RNF125
and the B-actin loading controls in BEAS-2B cells knocked down
with siRNAs specific to RNF125 or with control siRNAs.
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Fig. 3. RNF125 affects IL-36R cellular localization and trafficking
to lysosomes. a RNF125 colocalizes with the IL-36R after agonist
activation of the receptor. NCI cells were analyzed for colocaliza-
tion (yellow) of IL-1Rrp2 (green) and RNF125 (red) over a time
course following IL-36y (1 ng/mL) addition to the cell. b IL-36R
does not colocalize with RNF125 in the presence of IL-1p in NCI
cells. Colocalization (yellow) of IL-1Rrp2 (green) and RNF125
(red) in NCI cells was analyzed following the treatment of IL-1f
(1 ng/mL). ¢ NCI cells knocked down for RNF125 show reduced
localization of IL-1Rrp2 (green) in LAMP1+ lysosomes (red). Cells
transfected with siRNA for 48 h were treated with either IL-36y
(1 ng/mL) or phosphate-buffered saline followed by immune
staining and confocal imaging. RAB11 (red) is a marker for recy-
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cling endosomes. LAMP1 (red) was used as the lysosomal marker.
d Quantification of the colocalization between IL-1Rrp2 and
LAMP1 in lysosomes and IL-1Rrp2 and RAB11 in recycling endo-
somes following RNF125 knockdown. p values were calculated us-
ing the Student ¢ test. e Effect of RNF125 knockdown on cell sur-
face expression of IL-36R in NCI cells following IL-36y (10 ng/mL)
treatment by flow cytometry compared to control siRNA-trans-
fected cells. SiRNA transfection to knockdown RNF125 resulted in
a higher accumulation of IL-1Rrp2 on the cell surface. f Quantifi-
cation of the IL-1Rrp2 expression on the cell surface upon RNF125
knockdown. The results were quantified from 3 independent sam-
ples that had a minimum of 10,000 cells each. ns, not significant.
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the level seen in cells treated with control siRNAs (Fig. 2c,
d). The knockdown of RNF125 resulted in both cell lines
having an approximate 2-fold decrease in IL-36R signal-
ing. Again, signaling by the IL-1R was unaffected in the
HDF or in BEAS-2B cells following RNF125 knockdown
(Fig. 2¢, d). These results confirm that RNF125 has a role
in IL-36R signaling.

RNF125 was previously shown to regulate the abun-
dance of the innate immune receptor RIG-I [23]. It also
physically interacts with and ubiquitinates the cell cycle
checkpoint protein p53, resulting in increased protea-
somal degradation of p53 [24, 25]. Li et al. [26] examined
various mRNA levels in psoriatic lesional and nonlesion-
al tissues. We examined their data and found that the
RNF125 message was decreased in lesional psoriatic tis-
sues by an average of 6.5-fold, while IL-36R and IL-36
cytokine gene expression increased by between 3- and
200-fold (online suppl. Fig. 2). The roles of RNF125 in
signaling by the IL-36R, its role in innate immune signal-
ing, stress response, and an inverse relationship between
RNF125and IL-36R expression in lesional psoriatic tissue
prompted us to further examine the role of RNF125 in
IL-36R signaling.

RNF125 Colocalizes with IL-1Rrp2 and Traffics to

Lysosomes

Thelocalizations of RNF125 and IL-1Rrp2 were exam-
ined in NCI cells that express endogenous proteins. With-
in minutes of IL-36y addition, RNF125 colocalized with
IL-1Rrp2 (Fig. 3a). The association remained for over a
90-min period when IL-36R trafficked from the plasma
membrane, to the cytoplasm, and to the periphery of the
nucleus (Fig. 3a). IL-1Rrp2 and RNF125 did not colocal-
ize in cells treated with IL-1p (Fig. 3b), consistent with
RNF125 having a specific role in the activation of IL-36R
signaling.

Cytokine-activated IL-36R are redirected to traffic to
LAMP1+ lysosomes instead of recycling to the plasma
membrane [9]. Therefore, we examined whether RNF125
associates with the IL-36R to lysosomes. NCI cells
knocked down for RNF125 exhibited reduced IL-1Rrp2
localization to LAMPI1+ lysosomes (Fig. 3c, d). There
was also a reduction of the IL-1Rrp2 colocalization with
Rab11 that marks the recycling endosomes (Fig. 3c, d).
In addition, flow cytometry analysis showed that the
abundance of the cell surface IL-1Rrp2 decreased by ap-
proximately 25% while the intracellular IL-1Rrp2 in-
creased following IL-36y treatment (Fig. 3e). Cells
knocked down for RNF125 had reduced internalization
of IL-1Rrp2 upon activation when analyzed by flow cy-
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tometry (Fig. 3f). In confocal microscopy, the knock-
down of the RNF125 reduced the trafficking of the IL-
36R that is normally observed after agonist binding
(online suppl. Fig. 3). RNF125 is thus linked to the en-
docytosis and trafficking of the activated IL-36R to
LAMP1+ lysosomes.

Decreased RNF125 Levels Increase IL-1Rrp2

Accumulation

Ubiquitination of RIG-I by RNF125 leads to its degra-
dation [23]. Therefore, we examined whether RNF125
can affect the accumulation of IL-1Rrp2 (Fig. 4a). In these
experiments, the knockdown of the RNF125 protein was
to approximately 20% of that seen in cells treated with
control siRNA. The steady-state level of IL-1Rrp2 protein
was increased approximately 2-fold in these experiments,
while no obvious effects were observed on the accumula-
tion of IL-1R1 or IL-1RAcp (Fig. 4a). These results sug-
gest that RNF125 has a role in decreasing IL-1Rrp2 accu-
mulation.

Proteins modified with K48 ubiquitin can be subjected
to degradation by proteasomes [20, 27]. IL-1 Rrp2 has
only a minor amount of K48 ubiquitin, but we wanted to
examine whether RNF125 contributed to IL-1Rrp2 turn-
over by proteasomes. NCI cells activated with IL-36y that
decreased IL-1Rrp2 accumulation were treated with pro-
teasome inhibitors MG-132 or Btz (Fig. 4b, c). The IL-
1Rrp2 level in NCI cells increases with cell density after
activation by IL-36 [9]. Therefore, the cells were treated
with cycloheximide to inhibit the synthesis of new pro-
teins. The addition of MG-132 or Btz did not significant-
ly affected the rate of IL-1Rrp2 turnover (Fig. 4c). These
results indicate that the proteasome is not involved in the
degradation of IL-1Rrp2 after the cells were treated with
the IL-36 cytokine.

Given that the agonist-activated IL-1Rrp2 traffics to
lysosomes, it is likely that it is degraded in lysosomes. To
examine this, we treated NCI cells activated with IL-36y
with WTM, which inhibits lysosomal trafficking and
degradation [28]. We found that the rate of IL-1Rrp2
turnover significantly decreased when compared to cells
that were only treated with IL-36y and cycloheximide
(Fig. 4d). We had previously determined that bafilomy-
cin Al and ammonium chloride that affected the acidifi-
cation of endosomes did not affect signaling or turnover
of the IL-36R [9]. The turnover of agonist-activated IL-
1Rrp2 is thus likely to take place in association with lyso-
somes.
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Fig. 4. RNF125 promotes the turnover of IL-1Rrp2. a Knockdown
of RNF125 increases the accumulation of IL-1Rrp2 in NCI cells.
Knockdown used either 20 or 35 nM of RNF125 siRNA and cells
were treated with IL-36y. The knockdown of RNF125 did not af-
fect the accumulation of the IL-36R accessory protein, IL-1RAcp.
The total concentration of siRNA transfected into cells was nor-
malized by the addition of nonspecific control siRNA. Comparable
increases in the accumulation of IL-1Rrp2 were observed in 3 in-
dependent experiments. b IL-1Rrp2 accumulation in NCI cells was
not affected by inhibiting the proteasome. The accumulation of
IL-1Rrp2 relative to B-actin was quantified from Western blots fol-

Recombinant RNF125 Ubiquitinates IL-1Rrp2 in

HEK293T Cells

We seek to better understand how RNF125 affects IL-
36R function in a system where the level and the sequence
of both proteins can be manipulated. HEK293T cells lack
IL-1Rrp2, but expresses IL-1RAcp. Transient transfec-
tion with a plasmid to express IL-1Rrp2 and reconstitute
IL-36R signaling in HEK293T cells [29]. Overexpression
of RNF125 in HEK293T cells was found to increase the
level of polyubiquitinated IL-1Rrp2 only when the cells
were induced with IL-36y, mimicking the property ob-
served in NCI cells that express endogenous IL-36R

RNF125 Activates IL-36R Signaling

lowing treatment with either IL-36y (10 ng/mL) alone or in com-
bination with protein synthesis inhibitor cycloheximide (60 ug/
mL) and proteasome inhibitor MG-132 (5 uMm). Each data point
represents the mean and 1 standard error from a sample tested in
3 independent experiments. ¢ The 26S proteasome inhibitor Btz
(30 nM final concentration) also did not affect IL-1Rrp2 accumula-
tion after agonist activation of the IL-36R. d Endosome trafficking
inhibitor WTM inhibited IL-1Rrp2 turnover. WTM was added to
the cells to a final concentration of 100 nM. The results are repre-
sentative of 2 independent experiments.

(Fig. 5a). Furthermore, treatment with deubiquitinases
showed that the recombinant IL-1Rrp2 expressed in HEK
293T cells contains mostly ubiquitins linked by the K63
and a smaller proportion were linked by K48 ubiquitins
(online suppl. Fig. 4).

HEK293T cells express endogenous RNF125 [23].
Therefore, we used siRNA to knock down RNF125 in
HEK293T cells expressing IL-1Rrp2 and examined IL-
36R signaling by assessing the level of luciferase expressed
from the NF-kp promoter that could be activated upon
IL-36R signaling. The knockdown reduced the RNF125
protein to approximately 20% of the level in cells treated
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Fig. 5. HEK293T cells reconstituted for IL-36R signaling respond
to RNF125. a RNF125 overexpression in HEK293T cells increased
the polyubiquitination of activated IL-1Rrp2. Cells were transfect-
ed with plasmids expressing IL-1Rrp2 (1 pg) and RNF125 (1.0 pg)
for 36 h, and the degree of IL-1Rrp2 polyubiquitination was deter-
mined by immunoprecipitation of IL-1Rrp2 and Western blot to
detect ubiquitin. Control IgG was used to determine the degree of
nonspecific binding and no polyubiquitinated IL-Rrp2 was ob-
served. All Western blot data shown are representative of 3 inde-
pendent experiments. b Effect of RNF125 knockdown on IL-36R
signaling in HEK293T cells. Cells were transfected with 50 nMm of
siRNA specific to RNF125 or control siRNAs. Cells were incubat-
ed for 48 h following siRNA transfection. All data represent means
of 3 independent experiments. p values were calculated using the
Student ¢ test. Western blots (above) depict the accumulation of
RNF125 and the P-actin loading controls in HEK293T cells
knocked down with siRNAs specific to RNF125 or with control
siRNAs. ¢ Overexpression of RNF125 or RNF125 with a C-termi-
nal Myc-tag increased IL-36R signaling in HEK293T cells. IL-36R
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signaling was assessed with the activity of luciferase driven by an
NEF-xp promoter element and normalized to the constitutive Ren-
ella luciferase expressed from the same cells. All cells were trans-
fected with 1 ng of plasmid expressing IL-1Rrp2 along with an
increasing concentration of RNF125-expressing plasmid and in-
cubated for 3 h. The amount of plasmid transfected into cells was
normalized using the empty vector plasmids. The cells were treat-
ed with IL-36y (1 ng/mL) for 12 h prior to assessment of the lucif-
erase activity. d RNF125 overexpression decreases IL-1Rrp2 accu-
mulation in HEK293T cells in a concentration-dependent manner.
The abundance of RIG-I was assessed to demonstrate that the
overexpression had the expected effect, as RNF125 is known to
decrease RIG-I abundance. Cells were incubated for 48 h following
transfection and the plasmid concentration was normalized by in-
dividual empty vector plasmids. e RNF125 forms a coimmunopre-
cipitable complex with IL-1Rrp2. Coimmunoprecipitation used
mAb to the Myc-epitope and control IgG. HC denotes the heavy
chain of the IgG used in the immunoprecipitation assay.

Saha/Caviness/Yi/Raymond/Mbow/Kao



RNF
MDM2
RNF32
RNF122
RNF133 37
RNF125 34

125ASM:

35
36
33
36

QECPVCK
KPCPVCR
KTCPLCR
CVCPMCN
GTCPICK
WTCPYCR

a A A

pRNF125:
p125ASM:
pIL-1Rrp2:
IL-36y (1 ng/mL):

+ o+ 1
+ o+ 1+
+ o+ o+

. I8
o
- a
=2 |
&
% 100 237 121
RNF125 — _— =
IL-1Rrp2 — - v —
% 100 63 94
b B-ACtin — s—— —

pRNF125: — + -
p125ASM: — -  +
pIL-1Rrp2: + + +
2 36y (Lng/mL): + +  + ';gg
3 _
0 IL-1Rrp2 —
i % 100 44 91
3 RNF125 — — — 35
-55
B-ACtin — we— ——
IP a-Myc . — 35
¢ B IL-1Rrp2 .
Da
| 180 257 OpRNFL25
M p125ASM
—-130 20
] 15
' —100 £ 7
<
o+ 104
P
35 5
—100
0 -
55 Plasmid, ng: 0 0 25 5.0 10
d IL-36y: - + + + +
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served residues. b Effect of 125ASM on ubiquitination of IL-1Rrp2
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tion of IL-1Rrp2 and Western blotting to detect ubiquitin. The
abundance of RNF125 was determined by Western blotting probed
with antibody specific to RNF125. ¢ Effects of 1225ASM on the ac-

with control siRNA and resulted in a 2-fold reduction in
IL-36R signaling (Fig. 5b). Overexpression of increasing
amounts of recombinant RNF125 resulted in a dose-de-
pendent increase in IL-36R signaling (Fig. 5¢c). Interest-
ingly, RNF125 overexpression resulted in a concentra-
tion-dependent decrease in the accumulation of the IL-
1Rrp2 protein. These results complement those seen in
NCI cells where decreased RNF125 levels resulted in an
increase in IL-1Rrp2 accumulation (Fig. 5d). Consistent
with the report of Arimoto et al. [23], we observed that
increased expression of RNF125 decreased the accu-
mulation of RIG-I. These results also demonstrate that

RNF125 Activates IL-36R Signaling

cumulation of IL-1Rrp2 in HEK293T cells. Coimmunoprecipita-
tion of 125ASM and IL-1Rrp2 used an antibody directed to the
Myc tag on the 125ASM and the detection of IL-1Rrp2 in a West-
ern blot probed with antibody specific to IL-1Rrp2. d 125ASM
retained the ability to activate IL-36R signaling. HEK293T cells
transiently transfected to express the wild-type or 125ASM of
RNF125 were assayed for IL-36R signaling upon treatment of IL-
36y for 12 h after 3 h of plasmid transfection using the luciferase
reporter assay.

HEK293T cells which have been transiently transfected to
express recombinant IL-1Rrp2 and/or RNF125 can be
used to examine their interaction.

To determine whether RNF125 can interact with IL-
1Rrp2, we expressed a version of RNF125 that contains a
C-terminal Myc epitope in HEK293T cells. RNF125myc
enhanced IL-36R signaling to the same degree as the
wild-type RNF125 (Fig. 5c). Immunoprecipitation of
RNF125myc resulted in the coprecipitation of IL-1Rrp2.
Notably, the coprecipitation of IL-1Rrp2 and RNF125myc
occurred only in cells treated with IL-36y, consistent with
the observation from the immunolocalization analysis
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(0.75 pg) for 36 h. Polyubiquitination was determined by immu-
noprecipitation of IL-1Rrp2 and Western blots probed with an an-
tibody that recognizes ubiquitin. d IL-1Rrp2 mutants K568R and
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K569R were also tested for binding to RNF125 upon immunopre-
cipitation with antibody to the c-Myc sequence followed by West-
ern blots to probe IL-1Rrp2 and RNF125. e IL-36R with the K568R
was defective for signal transduction. Signal transduction was per-
formed using the luciferase reporter assay upon treatment of IL-
36y for 12 h after 3 h of plasmid transfection. All data represent the
means of 3 independent experiments. WT, wild-type. f Abundance
of IL-1Rrp2 and the ubiquitination mutants on the surface of
HEK293T cells. Cell surface levels of the proteins were quantified
using flow cytometry. The numbers shown are the relative mean
fluorescence of the gated cells.
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wherein RNF125 associated with IL-1Rrp2 upon activa-
tion of the IL-36R signaling (Fig. 5e). These results sug-
gest that RNF125 binds the agonist-activated IL-36R.

RNF125 Activation of IL-36R Signaling Requires

Binding to IL-1Rrp2

The multiple roles of RNF125 in IL-36R signaling,
trafficking, and turnover could be due to either RNF125
ubiquitination of IL-1Rrp2, binding to IL-1Rrp2, or both.
To distinguish between these possibilities, we made a ver-
sion of RNF125 named 125ASM in which highly con-
served cysteines in the RNF125 active site were substi-
tuted withalanines (Fig. 6a) [30]. Overexpressing 125ASM
in HEK293T cells did not increase IL-1Rrp2 polyubiqui-
tination when compared to cells overexpressing wild-
type RNF125 (Fig. 6b). In addition, cells overexpressing
125ASM had increased IL-1Rrp2 accumulation when
compared to cells overexpressing wild-type RNF125
(Fig. 6b, c). These results suggest that the ubiquitination
activity of RNF125 facilitates IL-1Rrp2 degradation.
125ASM did coimmunoprecipitate with IL-1Rrp2, indi-
cating that RNF125 can bind to IL-1Rrp2 without being
able to ubiquitinate IL-1Rrp2 (Fig. 6¢c). Importantly, cells
overexpressing 125ASM had comparable signaling to
cells overexpressing RNF125 (Fig. 6d). These results sug-
gest that RNF125 had 2 distinguishable activities on IL-
1Rrp2. It can bind to IL-36R to activate IL-36R signaling
and it can ubiquitinate IL-1Rrp2 to affect the turnover of
IL-1Rrp2.

RNF125 Interacts with the C-Terminal Residues of

IL-1Rrp2

We sought to disable the ubiquitin acceptor site(s) in
IL-1Rrp2 to further examine the effects on IL-36R signal-
ing and turnover. Informatics analysis predicts that the 2
most likely ubiquitin-accepting residues in IL-1Rrp2 are
in the unstructured tail that is C-terminal to the TIR do-
main, K568 and K569 (Fig. 7a). Arginine substitution
mutants K568R and K569R were constructed and overex-
pressed in HEK293T cells. The steady-state levels of IL-
1Rrp2 in cells expressing either K568R and K569R were
increased relative to cells overexpressing wild-type
RNF125 (Fig. 7b). In addition, the level of polyubiquiti-
nated IL-1Rrp2 was reduced when compared to cells
overexpressing wild-type RNF125 (Fig. 7c). These exper-
iments confirm our previous observation that RNF125-
mediated ubiquitination of IL-1Rrp2 led to its decreased
accumulation.

We examined whether K568R and K569R could coim-
munoprecipitate with RNF125. K568R was reduced for

RNF125 Activates IL-36R Signaling

coimmunoprecipitation with RNF125 while K569R co-
precipitated to the same level as wild-type IL-1Rrp2
(Fig. 7d). Since RNF125 binding to IL-1Rrp2 was associ-
ated with IL-36R signaling, we examined whether K568R
and K569R were affected for signaling. K568R, which was
reduced in its interaction with RNF125, was also reduced
for IL-36R signaling (Fig. 7e). In contrast, K569R, which
retained interaction with RNF125, increased its signaling
with the RNF125 overexpression. These results demon-
strate that the unstructured C-terminal tail of IL-1Rrp2
interacting with RNF125 leads to the activation of signal-
ing. However, ubiquitination of the IL-1Rrp2 C-terminal
tail by RNF125 leads to IL-1Rrp2 turnover.

The cellular localizations of mutants K568R and K569R
were examined using flow cytometry. The addition of IL-
36y to the cell culture media decreased the cell surface
abundance of the wild-type IL-36R, as expected (Fig. 7f).
However, both the K568R and the K569R proteins re-
mained on the cell surface even after the addition of IL-
36y (Fig. 7f). Since the K569R mutant was competent for
IL-36R signaling (Fig. 7e), these results suggest that sig-
naling by IL-36R does not require endocytosis of the IL-
36R. That is, endocytosis and intracellular trafficking of
IL-36R to lysosomes can be decoupled from the activation
of IL-36R signaling. Altogether, the interaction of RNF125
with IL-1Rrp2 through residues in the IL-1Rrp2 C-termi-
nal tail can affect IL-36R signal transduction, IL-36R traf-
ficking, and IL-1Rrp2 turnover (Fig. 7b-d).

Discussion

In this work, we have demonstrated that the E3 ubiq-
uitin ligase RNF125 contributes to signaling, intracellular
trafficking, and turnover of the IL-36R. A reduction in
RNF125 expression decreases the signal transduction by
the IL-36R (Fig. 2). An increase in IL-36R signaling re-
sults from the overexpression of RNF125 (Fig. 5c).
RNF125 colocalizes with the IL-1Rrp2 subunit of the IL-
36R soon after the agonist activation of the receptor and
traffics with IL-1Rrp2 into lysosomes (Fig. 3a, b). Knock-
down of RNF125 and a mutation of the residue K568 in
the C-terminal tail of IL-1Rrp2 that is recognized by
RNF125 resulted in IL-36R remaining at the cell surface
(Fig. 7f). Perhaps most interesting is that RNF125 facili-
tates IL-1Rrp2 turnover by ubiquitinating the receptor
(Fig. 5, 6), thus coordinating signaling and the termina-
tion of signaling.

The role of RNF125 in both IL-36R signaling and IL-
1Rrp2 turnover is likely a mechanism to limit the magni-
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tude of IL-36R signaling to allow the cell to return to the
unstimulated state. G-protein-coupled receptors that are
activated by agonists also have feedback loops to prevent
additional signaling, and these too are regulated by ubiq-
uitination [31, 32]. The Notch signaling pathway that
regulates cell proliferation is regulated by proteolytic
processing so that the signaling-competent Notch intra-
cellular domain is physically separated from the ligand-
binding portion of the Notch receptor to allow only 1
round of signaling [33]. The observation that RNF125
coregulates both signaling and the turnover of the IL-36R
subunit suggests that signaling by the IL-36R must be
carefully regulated.

Notably, IL-36R turnover does not involve the protea-
some (Fig. 4), but is instead associated with IL-1Rrp2 lo-
calization to lysosomes. Lysosomes are now recognized to
regulate cellular biosynthesis, degradation, and protein
exocytosis [34]. Zemoura et al. [20] previously observed
that the GABAg receptor undergoes K63-linked ubiquiti-
nation followed by internalization and lysosomal degra-
dation. Perhaps IL-1Rrp2 follows the same mechanism
after activation by IL-36. The fate of the IL-36R after ac-
cumulation in lysosomes remains to be determined.

IL-36R signaling has a number of distinct require-
ments from those of the IL-1R. While Tollip is required
for the proteolytic degradation of the IL-1R [12], Tollip
activates signaling and endocytosis of the IL-36R receptor
to lysosomes but does not apparently affect IL-36R turn-
over [9]. RNF125, which plays a role in activating signal-
ing by the IL-36R and also in marking the IL-1Rrp2 for
degradation, does not have a demonstrated role in IL-1R
signaling or IL-1R accumulation. Both IL-1R and IL-36R

play important roles in the inflammatory response. How-
ever, the distinguishable requirements for signaling by
the 2 receptors suggest that they will have distinct effects
on either the level or the timing of the signaling that can
impact the resulting inflammatory response. It is possible
that the regulation by Tollip and RNF125 will direct dif-
ferent fates for the IL-36R and possibly terminate recep-
tor signaling.

RNF125 likely regulates the molecular crosstalk be-
tween the IL-36R and factors that contribute to the in-
flammatory responses and cell proliferation. RNF125
regulates RIG-I and MDAS5, 2 cytoplasmic receptors that
can induce interferon production and antipathogen re-
sponses when activated by foreign RNAs [23]. RNF125
also negatively regulates p53 function by proteasomal
degradation and downmodulate HIV-I replication and
inhibits pathogen-induced cytokine production in pe-
ripheral mononuclear cells [25, 35]. In psoriatic lesional
tissue (online suppl. Fig. 2), RNF125 expression is down-
regulated while the expression of IL-1Rrp2 and IL-36 are
increased. This could affect homeostasis of IL-36R signal-
ingand contribute to the pathologies of psoriasis. RNF125
thus has complex and multifaceted roles in regulating IL-
36R signaling and turnover, possibly coordinating the in-
flammatory response from multiple pathways.
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