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Abstract

The interleukin 17 (IL17) cytokine family and its receptors are essential to normal host
immune function, and their dysregulation has been linked to a broad range of human
diseases, most notably inflammatory conditions and cancer. Interleukin 17 receptor B
(IL17RB), in particular, has emerged as an important contributor to tumorigenesis. Here
we identified IL17RB as a target of p53-mediated repression. Nutlin-3a treatment substan-
tially decreased IL17RB expression across several cell lines harboring wild-type p53, but
not in mutant-p53 or p53-null lines, and the effect was not reversed by proteasome inhi-
bition. Depletion of either p53 or p21 partially rescued IL17RB expression. Functionally,
IL17RB depletion enhanced, whereas IL17RB overexpression attenuated, nutlin-3a-in-
duced inhibition of cell proliferation and migration. In line with this, IL17RB knockdown
increased, while IL17RB overexpression reduced, nutlin-3a-induced p21 expression.
IL17B treatment attenuated nutlin-3a-mediated p21 induction and Bcl-2 repression. Bio-
informatic analysis showed that IL17RB expression was higher in prostate and colon tu-
mors than in their respective matched normal tissue. Interestingly, IL17RB correlated
modestly but significantly with Bcl-2 and inversely with p21 in colon tumors. Collectively,
these findings indicate that p53-dependent repression of IL17RB reinforces p53 responses,
revealing a functional connection between inflammatory signaling and p53-dependent tu-
mor suppression.
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1. Introduction

Academic Editor: Amancio Carnero The p53 pathway is impaired in almost all human cancers, and about half of all tu-

mors sustain mutations in the TP53 gene [1-3]. In response to a variety of stress signals,
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the p53 tumor suppressor primarily functions as a sequence-specific transcription factor
to induce (or, in some cases, repress) genes that regulate various cellular processes, in-
cluding cell cycle arrest, apoptosis, metabolism, and innate immunity [4-9]. Besides curb-

ing tumorigenesis by regulating cellular homeostasis, p53 has also been shown to play a
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, _ role in inflammatory responses [10-12]. p53 dysfunction in tumors can enhance chronic
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highlighted the role of the IL17B/IL17RB pathway in cancer [16-23]. It has been shown
that IL17RB is overexpressed in various cancers, activating multiple signaling pathways
that promote tumorigenesis [24,25]. Targeting IL17B/IL17RB signaling with an anti-
IL17RB antibody has been reported to block metastasis and tumor growth in xenograft
models for breast and pancreatic cancers [26-28].

When we reanalyzed the global gene expression analysis from a previous study [29],
IL17RB was identified as a gene strongly repressed by MDM2/MDMX inhibitors. Here,
we focus on the functional connection between p53 and IL17RB. We characterized nutlin-
3a (a well-studied inhibitor of the p53 pathway)-mediated repression of IL17RB in various
cell lines and examined its role in p53-mediated tumor suppression. Our data demon-
strated that p53 is required for nutlin-3a-mediated repression of IL17RB expression. p53-
mediated repression of IL17RB likely occurs indirectly, as no p53 binding was detected on
the IL17RB promoter region in ChIP assays. Depletion of p53 or p21 (a major mediator of
p53-dependent repression) rescued IL17RB levels in nutlin-3a-treated cells. We showed
that IL17RB depletion enhanced nutlin-3a-induced inhibition of cell proliferation,
whereas IL17RB overexpression attenuated nutlin-3a-induced inhibition of cell growth
and migration. In correlation, IL17RB knockdown enhances, while IL17RB overexpression
reduces nutlin-3a-induced p21 expression. IL17B treatment diminishes the effect of nutlin-
3a on Bcl-2 repression and p21 induction. Furthermore, bioinformatic analysis revealed
that IL17RB is overexpressed in prostate and colon cancer samples in comparison to nor-
mal samples. A moderate but significant positive correlation between IL17RB and Bcl-2
and a negative correlation between IL17RB and p21 were observed in colon tumors. Our
results supported the literature on IL17RB signaling as oncogenic and suggested that its
repression may contribute to p53’s tumor-suppressive function by modulating cellular
levels of p21 and Bcl-2.

2. Materials and Methods
2.1. Cell Culture and Plasmids

LNCaP cells (CRL-1740; ATCC, Rockville, MD, USA) were grown in RPMI medium
containing 10% fetal bovine serum (FBS) at 37 °C. 22Rv1, DU145, PC3, HCT116 p53 +/+,
HCT116 p53 —/—, HCT116 p21 —/- (a kind gift from Dr. Carol Prives, Columbia University),
and U20S cells (HTB-96; ATCC, Rockville, MD, USA) were grown in Dulbecco modified
Eagle medium containing 10% FBS at 37 °C. pcDNA3-IL17RB was constructed by subclon-
ing IL17RB fragment from pDNR-IL17RB construct (HsCD0002711; DNASU repository)
into pcDNAS3 vector, and verified by DNA sequencing.

2.2. Antibodies and Reagents

Commercially obtained antibodies were used to detect the following proteins or
epitopes: IL17RB (rabbit polyclonal antibody; NBP2-43767, Novus Biologicals, Centennial,
CO, USA; 1:3000 dilution), Actin (mouse monoclonal antibody; Genscript, Piscataway, NJ,
USA; 1:10,000 dilution), MDM2 (rabbit monoclonal antibody; D1V2Z, Cell signaling, Dan-
vers, MA, USA; 1:2000 dilution), p21 (rabbit monoclonal antibody; 12D1, Cell signaling;
1:4000 dilution), Bcl-2 (mouse monoclonal antibody; c-2, Santa Cruz Biotechnology, Dal-
las, TX, USA; 1:250 dilution), p53 (mouse monoclonal antibody; DO-1, Santa Cruz Biotech-
nology; 1:500 dilution). Chemical reagents used in this study were as follows: nutlin-3 (10
uM; Sigma-Aldrich, St. Louis, MO, USA), Doxorubicin (1 uM; Sigma-Aldrich), Etoposide
(15 pM; Sigma-Aldrich), Actinomycin D (5 nM; Sigma-Aldrich), MG132 (20 pM; Calbio-
chem, San Diego, CA, USA), and ALLN (10 uM; Sigma-Aldrich). Recombinant Human
IL-17B (50 ng/mL) (CHO) Protein was purchased from the R&D System (Minneapolis,
MN, USA).
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2.3. DNA Transfection and siRNA Transfection

Cell DNA transfections were performed using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s protocol. In all transfection
experiments, pcDNA3 plasmid was added to ensure equal amounts of total DNA were
transfected. Cell siRNA transfections were carried out using DharmaFECT 1 (Dharmacon,
Horizon Discovery, Lafayette, CO, USA) with 50 nM of control siRNA (Allstar negative
control siRNA; Qiagen, Germantown, MD, USA) or siRNA targeting p53 (605 and 606;
Sigma-Aldrich), IL17RB (sc-39964; Santa Cruz Biotechnology and siGENOME human
IL17RB siRNA-SMARTpool; Dharmacon), or p21. The target sequences for p2l are:
p21siRNA #1 5-CAGTTTGTGTGTCITAATTAT-3"; p21 siRNA #2 5-CTGGCATT-
AGAATTATTTAAA-3'[30].

2.4. Western Blot Analysis

Cells were lysed in Lysis buffer containing 10 mM Tris (pH 7.5), 1 mM EDTA, 150
mM NaCl, 10% glycerol, 0.5% NP-40, 5 mM NaF, 0.5 mM sodium orthovanadate, 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and protease inhibitors (Sigma).
Protein concentrations were determined by a Bio-Rad protein assay. Equal amounts of
total protein were separated by SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes (Cytiva, Marlborough, MA, USA). After blocking with 1%
non-fat dry milk in 1x PBS containing 0.1% Tween-20 (blocking buffer) for 1 h at room
temperature, the membrane was incubated with the indicated primary antibodies diluted
in blocking buffer at 4 °C overnight or at room temperature for 2 h, followed by incubation
with HRP-conjugated secondary antibodies for 1 h at room temperature. Proteins were
visualized using ECL reagents and a chemiluminescence imaging system (Kindle Biosci-
ence, Greenwich, CT, USA). Densitometric quantification of the immunoblots was per-
formed using Image]J software (version 1.53, NIH, Bethesda, MD, USA). For each sample,
the background-subtracted integrated density of the target protein band was normalized
to the corresponding Actin band. Data are expressed as fold changes relative to the control

group.

2.5. Luciferase Reporter Assay

The IL17RB promoter DNA fragment (1.5 kb upstream of the transcription start site)
was amplified by polymerase chain reaction with Phusion High-Fidelity DNA Polymer-
ases (Thermofisher Scientific) and inserted into a p5xATF6-GL3 plasmid (Addgene, Plas-
mid #11976) multiple cloning site with HindIIl/Xhol to replace the original 5XATF6 inser-
tion. Primers used are: Forward: 5-CAAaagcttCCAGTCCCAGGCAGG-3" and Reverse:
5-CAAActcgagACTGCGCGGGATCCA-3". The cloned IL17RB-luc plasmid was verified
by DNA sequencing. For the dual-luciferase reporter assay, LNCaP cells were plated in
96-well plates and transfected with 5 ng of pRL vector (Promega, Madison, WI, USA),
with or without 20 ng of IL17RB-luc, in triplicate. Twenty-four hours after transfection,
cells transfected with IL17RB-luc were treated with DMSO or nutlin-3a (10 uM) for 24 h,
and luciferase activity was assessed using the dual-glo luciferase reporter assay system
(Promega). The firefly-to-Renilla luminescence ratio for each well was calculated. Relative
luciferase activity was normalized to the ratio from the pRL vector alone samples.

https://doi.org/10.3390/cells15222066
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2.6. Chromatin Immunoprecipitation Assay

Chromatin Immunoprecipitation (ChIP) experiments were carried out as previously
described [31]. Cells were crosslinked with 1% formaldehyde in PBS for 15 min at room
temperature. A final concentration of 125 mM glycine was added for 5 min at room tem-
perature to stop crosslinking. After washing twice with cold PBS, cells were lysed by in-
cubating on ice for 20 min in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-
40, 0.5% deoxycholate, 0.1% SDS, 5 mM EDTA, and protease inhibitors) and then soni-
cated with a Qsonica 125 for a total of 4 min (8 pulses of 30 s on, 30 s off) in an ice-water
bath at 50% amplitude, followed by centrifugation at 10,000 rpm for 10 min. The superna-
tant was precleared for 1 h with protein A/G beads (preblocked with 1 mg/mL BSA and
0.3 mg/mL salmon sperm DNA). The pre-cleared supernatant was incubated with anti-
p53 (DO-1) antibody or normal mouse IgG together with pre-blocked protein A/G beads
overnight at 4 °C. The beads were recovered and washed twice with RIPA buffer, four
times with ChIP Wash Buffer (100 mM Tris-HC], pH 8.5, 500 mM LiCl, 1% NP-40, 1%
deoxycholate), once with RIPA buffer, and twice with TE buffer (10 mM Tris-HCI, pH 8.0
and 1 mM EDTA). The antibody/protein/DNA complexes were eluted at 65 °C for 15 min
with 1% SDS and incubated with proteinase K (Thermo Fisher Scientific) at 65 °C over-
night to reverse crosslinking. DNA was purified using QIAquick PCR purification kit (Qi-
agen). The ChIP-qPCR assay was performed using Power SYBR Green Master Mix
(Thermo Fisher Scientific) with the Bio-Rad CFX96 system (Bio-Rad, Hercules, CA, USA).
The primer sequences are: p21 5' RE (Forward: 5-AGCAGGCTGTGGCTCTGATT-3’; Re-
verse: 5'-CAAAATAGCCACCAGCCTCTTCT-3"); p21 neg (+11443 region) (Forward: 5'-
TCTGTCTCGGCAGCTGACAT -3'; Reverse: 5-ACCACAAAAGATCAAGGTGAGTGA-
3'); Chromosome 4, Gene Desert (hg38) (Forward: 5-AGCCACCTGTAATCCCAACA-3’;
Reverse: 5'-TGCTGTTTGTGTCTGTGTGT-3'); IL17RB primer set 1 (Core/TSS) (Forward:
5-GGGCCCGCCCTCTGTTCG-3'; Reverse: 5-CCAGGCCACCCGCACGCT-3"); IL17RB
primer set 2 (-240) (Forward: 5-CAGCTGGCTCACTGCATG-3’; Reverse: 5'-
GGGAGGGATGGGCCGTGT-3"); IL17RB  primer set 3 (-528) (Forward: 5'-
AGCCCCTCCGGGCTAGCG-3"; Reverse: 5-CCCGAGTCGCCCCGGGTGA-3"); IL17RB
primer set 4 (-272) (Forward: 5-CAGCTGGCTCCAGCGGAGG-3'; Reverse: 5'-
CAGCCAGGTGCATCAGCTGC-3").

2.7. Cell Proliferation Assay

Cell proliferation was measured using the CellTiter 96® Aqueous One Solution Cell
Proliferation Assay (MTS, Promega) following the manufacturer’s protocol. LNCaP cells
were transfected with control siRNA or siRNA targeting IL17RB, and trypsinized 24 h
after transfection. Approximately 3000 cells per well were plated in 96-well plates in 150
uL of complete RPMI medium. Twenty hours later, triplicate cell cultures were treated
with DMSO or nutlin-3a (10 uM) for 24 h and imaged under a light microscope (Nikon
Ts2, Tokyo, Japan). The medium was then removed and replaced with 100 uL of fresh
complete medium and 10 uL of CellTiter 96® Aqueous One Solution, and the cells were
incubated for 2—4 h at 37 °C. Absorbance at O.D.490 nm was read on a Tecan Spark Mi-
croplate Reader. The results are expressed as means+s.d. and graphed using GraphPad
Prism version 10.2.0 for Windows (GraphPad Software, Boston, MA, USA).

2.8. Colony Formation Assay

A total of 1 x 10* HCT116 cells, with or without IL17RB overexpression, were plated
in a 24-well plate and then treated with DMSO or nutlin-3a (10 pM) as indicated. The
medium was replaced every other day. Fourteen days after treatment, the cells were fixed
and stained with crystal violet (0.05% in 20% ethanol) to visualize cell viability.
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2.9. Transwell Migration Assay

A total of 3 x 10* U20S cells (transfected with pcDNA3 or cmv-IL17RB) in 100 pL
serum-free DMEM (with or without 10 uM nutlin-3a) were seeded in the upper chamber
of the 24-well Transwell insert (8 pum pore size; Corning Inc., Corning, NY, USA,). Then,
700 pL of DMEM with 2% FBS was added to the lower chamber. Sixteen (without nutlin-
3a treatment) or twenty-one (with nutlin-3a treatment) hours later, non-migrated cells
from the apical side of the Transwell insert membrane were removed using a cotton-
tipped applicator. Migrated cells were fixed with 4% Paraformaldehyde in PBS, stained
with crystal violet (0.05% in 20% ethanol), and visualized with an inverted microscope.

2.10. RNA Extraction and Quantitative RT-PCR Analysis

LNCaP or HCT116 cells were plated in 6-well plates and transfected with the indi-
cated siRNAs targeting p53, p21, or IL17RB. Twenty-four hours after transfection, cells
were treated with DMSO, nutlin-3a (10 uM), or Doxorubicin (1 uM) as indicated, and har-
vested 24 h after treatment. RNA was extracted using a Qiagen RNeasy mini-kit, and
cDNA was synthesized with the QuantiTect reverse transcription kit (Qiagen). Quantita-
tive real-time PCR was carried out using Power SYBR Green Master Mix (Thermo Fisher
Scientific) on a Bio-Rad CFX 96. Relative mRNA levels were calculated by the comparative
Ct method (AACT method) and normalized to RPL32. The results are expressed as
means#s.d., graphed, and statistically analyzed using an unpaired t-test with GraphPad
Prism. Primer sequences are: p21 (F: 5'- GGCGGCAGACCAGCATGACAGATT-3; R: 5'-
GCAGGGGGCGGCCAGGGTAT-3"), IL17RB (F: 5-AGGGACCTCCGAGTAGAACC-3;
R:5-CTTGGTGGCCTTCAACAAGC-3'), IL17RA (F: 5-CTGATGGGGACCCAAACCAC-
3’ R: 5-CCACAGGGTGAAGCTCACAC-3), and L32 (F: 5'-
TTCCTGGTCCACAATGTCAAG-3; R: 5-TGTGAGCGATCTCAGCAC-3").

2.11. Gene Expression Analysis

IL17RB mRNA expression levels in normal prostate gland and prostate carcinoma
samples were obtained from www.oncomine.com using the Lapointe Prostate (GSE3933
[32]) and Taylor Prostate (GSE21034 [33]) datasets. Statistical significance for two-class
comparisons (cancer vs. normal) was assessed using Student’s f-test. In addition, levels of
IL17RB mRNA in paired normal or cancer samples were retrieved from tnmplot.com [34].
This platform integrates data from four primary sources: Gene Chip data manually cu-
rated from NCBI-GEO, RNA-seq data from TCGA (The Cancer Genome Atlas), GTEx
(Genotype-Tissue Expression), and TARGET (Therapeutically Applicable Research to
Generate Effective Treatments). Gene Chip data were normalized using the MAS5 algo-
rithm, with probe-to-gene mapping performed using JetSet annotation. RNA-seq raw
counts from TCGA, TARGET, and GTEx were normalized using the DESeq?2 package. Sta-
tistical significance for RNA-seq comparisons between tumor and normal tissues (prostate
adenocarcinoma and colon adenocarcinoma) was determined using the Mann-Whitney
test. Stage analysis of IL17RB levels in prostate and colon tissues was also retrieved from
tnmplot.com. Statistical significance was determined using the Kruskal-Wallis test. Spear-
man correlation analysis was performed using Gene Chip data from colon tumor samples,
and RNA-seq data from prostate tumor samples. The significance of the correlation coef-
ficients was evaluated using a t-test based on the correlation coefficient and sample size.

3. Results
3.1. Nutline-3a Treatment Downregulates IL17RB

To explore the role of p53 in inflammation regulation, we reanalyzed the global gene
expression profile from a previous study [29] and identified IL17RB as one of the most
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repressed cytokine/chemokine receptor genes in LNCaP cells co-treated with nutlin-3a
[35] (an MDM2 inhibitor) and NSC207895 [36] (NSC; an MDMX inhibitor), as well as in
LNCaP cells treated with nutlin-3a alone. Using quantitative RT-PCR, we confirmed that
nutlin-3a downregulates IL17RB at the mRNA level. As shown in Figure 1A, the mRNA
levels of IL17RB but not IL17RA, another member of the IL17 receptor family, were
dramatically reduced in LNCaP cells treated with nutlin-3a. Using Western blot analysis,
we observed that nutlin-3a reduced IL17RB levels in LNCaP cells in a dose-dependent
manner (Figure 1B). Nutlin-3a-mediated repression of IL17RB was also observed in 22RV1
cells (Figure 1C), a prostate cancer cell line containing one wild-type p53 allele, but not in
DU145, a prostate cancer cell line with mutant p53, or PC3, a p53-null prostate cancer cell
line (Figure 1D). Note that in addition to the full-length protein, a prominent, faster-
migrating IL17RB species (between 37 and 50 kDa) was detected by Western blot in 22RV1
cells, and its intensity also decreased upon nutlin-3a treatment. To extend our observation
to other non-prostate cell lines, we treated U20S, a wild-type p53-containing
osteosarcoma cell line, and HCT116 isogenic cell lines (p53 +/+ and p53 —/-) with nutlin-
3a and examined IL17RB levels by Western blot and/or quantitative RT-PCR analysis. We
found that nutlin-3a treatment reduced IL17RB at both the mRNA and protein levels in
U20S (Figure 1E,F), and HCT116 (Figure 1G,H), but not in HCT116 p53 —/- cells (Figure
1H). A prominent, faster-migrating IL17RB species was detected by Western blot in
HCT116 cells, but its intensity remained unchanged upon nutlin-3a treatment, unlike in
22RV1 cells. Together, these data indicated a nutlin-3a/wild-type p53-dependent
mechanism for repressing IL17RB expression. Our subsequent experiments have focused
on the full-length form of IL17RB in LNCaP and HCT116 cells.
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Figure 1. Nutlin-3a treatment downregulates IL17RB. (A) Relative mRNA levels of IL17RB and
IL17RA were measured by qRT-PCR in LNCaP cells treated with DMSO or nutlin-3a (10 uM) for 24
h (n =3; *** p <0.001). (B) Western blot analysis of LNCaP cells treated with DMSO or increasing
concentrations of nutlin-3a (1, 5, 10, or 20 uM) for 24 h. The arrow indicates full-length IL17RB. (C)
Western blot analysis of 22RV1 cells treated with DMSO or nutlin-3a (10 uM) for 24 h. Top arrow:
full-length IL17RB. Bottom arrow: faster-migrating species of IL17RB. (D) Western blot analysis of
DU145 and PC3 cells treated with DMSO or nutlin-3a (10 pM) for 24 h. The arrow indicates full-
length IL17RB. (E) Relative mRNA levels of IL17RB and IL17RA were measured by qRT-PCR in
U20S cells treated with DMSO or nutlin-3a (10 pM) for 24 h (n = 3; ** p < 0.01). (F) Western blot
analysis of U20S cells treated with DMSO or nutlin-3a (10 uM) for 24 h. The arrow indicates full-
length IL17RB. (G) Relative mRNA levels of IL17RB and IL17RA were measured by qRT-PCR in
HCT116 cells treated with DMSO or nutlin-3a (10 pM) for 24 h (n = 3; ** p <0.001). (H) Western blot
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analysis of HCT116 (p53 —/- and p53 +/+) cells treated with DMSO, nutlin-3a (10 uM), or Dox (dox-
orubicin; 1 uM) for 24 h. Top arrow: Full-length IL17RB. Bottom arrow: Faster-migrating species of
IL17RB. Quantification of the IL17RB immunoblots was performed using Image] software. Fold:
Relative full-length IL17RB amount.

To further assess the effect of p53 activation on cellular levels of IL17RB, additional
p53-activating agents were tested. As shown in Figure 2A, doxorubicin similarly reduced
IL17RB levels in a dose-dependent manner. Etoposide (15 pM) and actinomycin D (5 nM)
also reduced IL17RB levels (Figure 2B). Doses were selected based on prior studies
demonstrating robust p53 stabilization without significant cytotoxicity after 24 h in
LNCaP cells [37-39]. Notably, p53 levels did not consistently correlate inversely with
IL17RB levels across different stimulus conditions, suggesting that additional p53-
independent and/or stress-specific regulatory mechanisms contribute to IL17RB

repression.
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Figure 2. Nutlin-3a-induced p53 activation indirectly represses IL17RB expression. (A) Western blot
analysis of LNCaP cells treated with increasing dosages of doxorubicin (Dox; 0, 0.1, 0.5, 1, or 2 uM)
for 24 h. The arrow indicates full-length IL17RB. (B) Western blot analysis of LNCaP cells treated
with DMSO, nutlin-3a (10 uM), Dox (doxorubicin; 1 pM), ETP (etoposide; 15 uM), or ActD (actino-
mycin D; 5 nM) for 24 h. The arrow indicates full-length IL17RB. (C-D) LNCaP (C), 22RV1 (D), and
HCT116 (E) cells were treated with DMSO or nutlin-3a (10 uM) for 18 h, followed by the addition
of the proteasome inhibitors MG132 (25 uM) or ALLN (20 uM) as indicated for 6 h. The arrow indi-
cates full-length IL17RB. For 22RV1 cells, the bottom arrow indicates the faster-migrating species of
IL17RB. (F) LNCaP cells were transfected with the pRL luciferase vector alone or together with the
IL17RB-luc construct. Twenty-four hours after transfection, the IL17RB-luc-transfected cells were
treated with DMSO or nutlin-3a (10 uM) for 24 h. Relative luciferase activity of IL17RB-luc was
measured with the Duo-Glo luciferase assay system (n = 3; ** p < 0.01). (G,H) LNCaP cells were
treated with DMSO or nutlin-3a (10 uM) for 24 h, followed by chromatin immunoprecipitation
(ChIP) assays to assess p53 binding at the IL17RB promoter. A schematic of the IL17RB locus high-
lights a putative p53 half-site and two GC-rich regions (distal and proximal), along with the posi-
tions of the ChIP-qPCR primers (G). Normal IgG or anti-p53 (DO-1) antibody was used in (G), and
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anti-p53 (DO-1) antibody was used in (H). Quantification of the IL17RB immunoblots was per-
formed using Image] software. Fold: Relative full-length IL17RB amount.

To investigate the mechanism behind the nutlin-3a-induced reduction in IL17RB, we
evaluated the role of protein turnover by treating cells with the proteasome inhibitors
MG132 and ALLN. We found that both inhibitors failed to rescue the nutlin-3a-induced
reduction in IL17RB in LNCaP (Figure 2C). Similarly, MG-132 did not rescue the effect of
nutlin-3a on IL17RB in 22RV1 (Figure 2D) or HCT116 cells (Figure 2E). These data
demonstrated that nutlin-3a reduces IL17RB levels through a proteasome-independent
pathway. In addition, we performed an IL17RB promoter luciferase reporter assay. As
shown in Figure 2F, nutlin-3a treatment significantly inhibited IL17RB promoter activity
in LNCaP cells. Together with the RT-qPCR analysis shown in Figure 1, these data
indicated that nutlin-3a downregulates IL17RB expression at the transcriptional level.

A putative half-site (-240) containing the core p53 binding motif (CWWG) was
identified upstream of the IL17RB transcription start site (TSS). In addition, two GC-rich
regions that may bind transcription factors were noted: a distal GC-rich cluster (-528)
containing a canonical GGGCGG (Spl) motif, and a proximal GC-rich cluster (-272)
located near the putative p53 site. To determine whether p53 represses IL17RB directly or
indirectly, we performed chromatin immunoprecipitation (ChIP) assays. As shown in
Figure 2G,H, ChIP with an anti-p53 antibody followed by quantitative PCR detected
robust p53 occupancy at the 5" response element (5'RE) of the p21 promoter in nutlin-3a-
treated LNCaP cells, serving as a positive control. In contrast, no significant p53 binding
was observed at a distal region of the p21 gene or within a gene desert on chromosome 4,
which served as negative controls. No p53 binding to the putative IL17RB half-site or the
TSS region was detected, regardless of nutlin-3a treatment (Figure 2G). ChIP-qPCR
targeting the two GC-rich clusters also showed no p53 recruitment (Figure 2H). These
results indicated that p53 indirectly represses IL17RB.

3.2. Depletion of p53 or p21 Partially Rescues Nutlin-3a-Mediated IL17RB Reduction

To confirm the role of p53 in IL17RB repression, we depleted p53 using siRNAs. p53
knockdown partially rescued IL17RB expression in nutlin-3a-treated LNCaP cells, as
shown by Western blot (Figure 3A) and quantitative RT-PCR (Figure 3B). A similar rescue
was observed in HCT116 (Figure 3C) and U20S (Figure S1) cells following p53 depletion,
consistent with our observation that nutlin-3a-mediated IL17RB reduction occurred in
HCT116 p53 +/+ but not p53 —/- cells (Figure 1H). In addition, doxorubicin-induced
IL17RB reduction was partially reversed by p53 depletion in LNCaP cells, as was that of
nutlin-3a (Figure 3A).

It has been well established that p21 is a major mediator of p53-dependent indirect
repression [40-43]. To assess the role of p21 in IL17RB regulation, LNCaP cells were
transfected with siRNAs targeting p21 and treated 24 h later with nutlin-3a or doxorubicin
for an additional 24 h. As shown in Figure 3D,E, p21 knockdown partially rescued nutlin-
3a- or doxorubicin-induced downregulation of IL17RB at both the protein and mRNA
levels. Similarly, p21 depletion partially restored IL17RB expression in nutlin-3a-treated
HCT116 cells (Figure 3F). Consistently, in HCT116 p21 -/~ cells, nutlin-3a had little effect
on IL17RB levels (Figure 3G). These findings support the established model of p21 as a
major mediator of p53-dependent gene silencing. However, it has been reported that p53
could exert its repressive effects independent of p21 [44—46]. Further studies are needed
to determine whether those p21-independent mechanisms are also responsible for IL17RB
repression.
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Figure 3. Depletion of p53 or p21 partially rescues the reduction in IL17RB induced by nutlin-3a.
(A,B) LNCaP cells were transfected with control siRNA or two siRNAs targeting p53 (si605 and
si606). Twenty-four hours after transfection, the cells were treated with DMSO, nutlin-3a (10 uM),
or Dox (doxorubicin; 1 uM) for 24 h. The cells were harvested and subjected to Western blot analysis
(A) or gqRT-PCR analysis (B). Data were presented as mean + SE (n = 3; ** p < 0.01; ** p <0.001; ***
p <0.0001). (C) HCT116 cells were transfected with control siRNA or siRNAs targeting p53 (si605
and si606) and treated with DMSO or nutlin-3a (10 pM) for 24 h, followed by Western blot analysis.
(D,E) LNCaP cells were transfected with control siRNA or two siRNAs targeting p21 (#1 and #2).
Twenty-four hours after transfection, the cells were treated with DMSO, nutlin-3a (10 uM), or Dox
(doxorubicin; 1 uM) for 24 h. The cells were harvested and subjected to Western blot analysis (D) or
qRT-PCR analysis (E). (F) HCT116 cells were transfected with control siRNA or siRNAs targeting
p21 (#1 and #2) and treated as described in (C), followed by Western blot analysis. (G) HCT116 and
HCT116 p21 —/- cells were treated with DMSO or nutlin-3a (10 uM) for 24 h. The cells were har-
vested and subjected to Western blot analysis. The arrow indicates full-length IL17RB. Fold: Relative
full-length IL17RB amount.

3.3. IL17RB Regulates Nutlin-3a-Induced Cell Growth and Cell Migration Inhibition by
Modulating Cellular Levels of p21 and Bcl-2

To assess the physiological effects of IL17RB repression and IL17RB overexpression,
we transfected LNCaP, HCT116, or U20S cells with siRNAs targeting IL17RB or the CMV-
IL17RB plasmid and examined cellular outcomes using various assays. As shown in
Figure 4A, LNCaP cells depleted of IL17RB showed reduced proliferation and were more
sensitive to nutlin-3a treatment than control siRNA-treated cells. Moreover, LNCaP cells
with p53 and IL17RB co-depletion exhibited reduced cell proliferation compared to
LNCaP cells treated with siRNAs targeting p53 alone with or without the presence of
nutlin-3a (Figure 4B). Similarly, IL17RB knockdown in HCT116 p53 +/+ cells reduced cell
proliferation and increased sensitivity to nutlin-3a treatment. In contrast, HCT116 p53 —/-
cells were resistant to nutlin-3a, and IL17RB depletion reduced cell proliferation
regardless of nutlin-3a treatment (Figure 4C). On the other hand, HCT116 cells with
IL17RB overexpression were more resistant to nutlin-3a treatment than HCT116 cells
without IL17RB overexpression in colony formation assays (Figure 4D). In a transwell
migration assay, we observed that IL17RB overexpression promoted the migration of
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U20S cells treated with nutlin-3a (Figure 4E). Collectively, these data indicated that
cellular levels of IL17RB regulate nutlin-3a-induced inhibition of cell growth and
migration.
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Figure 4. IL17RB Expression Modulates nutlin-3a-induced inhibition of cell growth and cell migra-
tion. (A) IL17RB depletion enhances nutlin-3a-induced cell growth inhibition. Left Panel: Visualiza-
tions of LNCaP cells transfected with control siRNA or a pool of siRNAs targeting IL17RB for 24 h,
followed by another 24 h with DMSO or nutlin-3a (10 pM) treatment. Middle Panel: Cell prolifera-
tion analysis of LNCaP cells that were transfected with control siRNA or a pool of siRNAs targeting
IL17RB for 24 h, followed by another 24 h with DMSO or nutlin-3a (10 uM) treatment (1 = 3; * p <
0.05; *** p <0.001). Right Panel: Western Blot analysis confirming the effective knockdown of IL17RB.
(B) Cell proliferation analysis of LNCaP cells that were transfected with control siRNA, a pool of
siRNAs targeting IL17RB, a pool of siRNA targeting p53, or a combination of siRNAs targeting both
IL17RB and p53 for 24 h, followed by another 24 h with DMSO or nutlin-3a (10 uM) treatment (1 =
9; ** p <0.01; ** p <0.001; **** p <0.0001). Right Panel: Western Blot analysis confirming the effective
knockdown of IL17RB. (C) Cell proliferation analysis of HCT116 (p53 +/+ or p53 —/-) cells that were
transfected with control siRNA or a pool of siRNAs targeting IL17RB for 24 h, followed by another
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24 h with DMSO or nutlin-3a (10 pM) treatment (n = 6; ** p < 0.01; *** p < 0.001; **** p < 0.0001). (D)
HCT116 cells with IL17RB overexpression are more resistant to nutlin-3a treatment. Left Panel:
1X10* HCT116 cells transfected with pcDNA3 or cmv-IL17RB were plated, treated with 10 uM nut-
lin-3a for 14 days, then fixed and stained with crystal violet. Fresh media were replaced every other
day. A representative image was shown. Western blot analysis confirming the effective overexpres-
sion of IL17RB in HCT116 cells is also shown. Right Panel: Clone numbers for nutlin-3a-treated cells
were counted and plotted from three independent experiments with GraphPad Prism (1 = 3; ** p <
0.01). (E) IL17RB overexpression promotes nutlin-3a-treated U20S migration. 3X10* U20S cells
transfected with pcDNA3 or cmv-IL17RB were resuspended in serum-free DMEM medium contain-
ing DMSO or 10 pM nutlin-3a and seeded in the upper chamber of the 24-well Transwell insert.
DMEM with 2%FBS was used as an attractant in the lower chamber. Migrated cells were fixed and
stained at 16 h for DMSO-treated cells and 21 h for nutlin-3a-treated cells. A representative image
was shown (Left panel). Cell counts for Transwell migration in randomly selected view fields were
graphed (Right panel; n = 3; ** p < 0.01). Western Blot analysis confirming the effective overexpres-
sion of IL17RB in U20S cells was also shown. The arrow indicates full-length IL17RB. Fold: Relative
full-length IL17RB amount.

It has been shown that IL17B, a ligand of IL17RB, binds to IL17RB, activating
signaling pathways that upregulate the expression of anti-apoptotic protein Bcl-2
[19,26,47]. We treated LNCaP or HCT116 cells in the presence or absence of IL17B and
found that nutlin-3a-mediated p21 induction and Bcl-2 repression were compromised
upon IL17B incubation (Figure 5A,B). The observed effects of IL17B on p21 and Bcl-2 were
attenuated upon IL17RB depletion, suggesting they are specifically mediated by IL17RB
(Figure 5C). In addition, Western blot analysis of LNCaP (Figure 5D) or HCT116 (Figure
5E) cells revealed that IL17RB depletion enhances, while IL17RB overexpression reduces
nutlin-3a-induced p21 expression (Figure 5F). Together, our data implied that p53-
mediated repression of IL17RB may sustain the p53 response by modulating cellular levels
of p21 and Bcl-2, thereby contributing to p53’s tumor-suppressive function.
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Figure 5. IL17B treatment counteracts nutlin-3a-mediated p21 induction and Bcl-2 repression.
LNCaP cells (A) or HCT116 cells (B) were treated as indicated with DMSO or nutlin-3a (10 pM) in
the absence or presence of IL17B (50 ng/mL) for 24 h. The cells were harvested and subjected to
Western blot analysis. IL17RB depletion enhances nutlin-3a or doxorubicin-induced p21 expression.
(C) LNCaP cells were transfected with control siRNA or a pool of siRNAs targeting IL17RB. Twenty-
four hours after transfection, the cells were treated as indicated with DMSO or nutlin-3a (10 uM) in

the absence or presence of IL17B (50 ng/mL) for 24 h. The cells were harvested and subjected to
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Western blot analysis. (D) LNCaP cells were transfected with control siRNA, siRNAs targeting p53
(51605 and si606), or a pool of siRNAs targeting IL17RB. Twenty-four hours after transfection, the
cells were treated with DMSO, nutlin-3a (10 pM), or Dox (doxorubicin; 1 pM) for 24 h. The cells
were harvested and subjected to Western blot analysis. (E) HCT116 cells were transfected with con-
trol siRNA, siRNAs targeting p53 (si605 and si606), a pool of siRNAs targeting IL17RB, or siRNAs
targeting p21 (#1 and #2). Twenty-four hours after transfection, the cells were treated with DMSO
or nutlin-3a (10 uM) for 24 h. The cells were harvested and subjected to Western blot analysis. (F)
IL17RB overexpression reduces nutlin-3a-induced p21 expression. LNCaP cells or HCT116 cells
were transfected with pcDNA3 or cmv-IL17RB for 24 h, followed by another 24 h with DMSO or
nutlin-3a (10 uM) treatment. The cells were harvested and subjected to Western blot analysis. Im-
munoblots are representative of at least two independent experiments. Quantification of immunob-
lots (IL17RB, A-E; p21, A-E; and Bcl-2, A-B) was performed using Image] software. The arrow indi-
cates full-length IL17RB. Fold: Relative full-length IL17RB, p21, or Bcl-2 amount.

3.4. IL17RB Is Overexpressed in Prostate and Colon Cancer Samples

Our experimental data were obtained using LNCaP prostate cancer cells and HCT116
colon cancer cells. To determine whether IL17RB is clinically important in prostate and
colon cancers, we compared IL17RB levels in normal and cancer samples with publicly
available datasets from tnmplot.com. The Normal and Tumor analyses using RNA-Seq
data from paired tumors or adjacent normal tissues for prostate and colon
adenocarcinomas revealed that IL17RB levels are higher in cancer samples than in normal
samples (Figure 6A). The Normal and Tumor analyses using gene chip-based data from
paired (Figure S2A) or non-paired (Figure S2B) tumors or adjacent normal tissues for
prostate and colon adenocarcinomas showed similar results. We also compared the levels
of IL17RB in normal prostate gland to those in prostate carcinoma from two prostate
cancer datasets in Oncomine.org (GSE3933 [32] and GSE21034 [33] datasets). As shown in
Figure 6B, IL17RB is higher in prostate cancer samples than in the normal prostate gland.
In addition, higher levels of IL17RB were observed in cancer samples across all stages
compared with normal samples, as determined by stage-specific gene array analysis of
prostate and colon tumor samples (Figure 6C). Furthermore, gene expression array
analysis of colon tumor samples revealed a moderate but statistically significant positive
correlation between IL17RB and Bcl-2, and a negative correlation with p21 (Figure 6D). In
prostate tumor samples, IL17RB expression also showed a statistically significant positive
correlation with Bcl-2 and a tendency toward an inverse correlation with p21, although
the latter did not reach statistical significance (Figure 6E). These observations were in line
with our data in Figure 5, in which IL17RB expression is associated with higher Bcl-2 and
lower p21 levels.
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Figure 6. IL17RB is overexpressed in prostate and colon cancers. Levels of IL17RB mRNA in paired
normal and tumor samples were retrieved from TNMplot.com by analyzing prostate adenocarci-
noma and colon adenocarcinoma datasets (A). IL17RB mRNA levels in normal prostate gland and
prostate carcinoma tissues were further compared using two independent prostate cancer datasets
from Oncomine.com (B). Statistical significance (p values) in (A,B) was determined using the Mann—
Whitney test. (C) Stage-specific analysis of IL17RB expression in prostate and colon cancers. Statis-
tical significance was assessed using the Kruskal-Wallis test. (D) Spearman correlation analysis of
IL17RB with Bcl-2 (left) and p21 (right) using gene expression array data from colon tumor samples.
(E) Spearman correlation analysis of IL17RB with Bcl-2 (left) and p21 (right) using RNA-seq data
from prostate tumor samples. (F) Schematic diagram illustrating a potential feedback loop within
the p53-p21-IL17RB axis.

4. Discussion

IL17RB was identified as a gene strongly repressed by MDM2/MDMX inhibitors in a
reanalysis of global gene expression data from a previous study using prostate cancer
LNCaP cells [29]. We confirmed that nutlin-3a decreased IL17RB levels in several wild-
type p53 cell lines, but not in mutant or p53-null cell lines, demonstrating that p53 is
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required for nutlin-3a-mediated repression of IL17RB expression. Although quantitative
RT-PCR and IL17RB promoter reporter assays demonstrated transcriptional repression of
IL17RB, ChIP analysis failed to detect p53 binding to the IL17RB promoter in nutlin-3a-
treated cells, suggesting that p53-mediated repression of IL17RB occurs indirectly. Deple-
tion of either p53 or p21 partially rescued nutlin-3a-mediated IL17RB downregulation,
consistent with the established model in which p21 contributes to p53-dependent gene
repression, although p2l-independent mechanisms cannot be ruled out. Given that p21
typically mediates transcriptional repression through the DREAM complex [42], RB-E2F
signaling [41], or recruitment of specific co-repressors [48], further studies are needed to
elucidate the mechanisms underlying IL17RB repression. Intriguingly, p53 levels did not
consistently correlate inversely with IL17RB levels across treatment conditions, suggest-
ing that the extent of IL17RB repression may also be influenced by additional stimulus- or
context-dependent regulatory mechanisms. Future investigations are warranted to dissect
these mechanisms and clarify their relative contributions to IL17RB repression.

Amplified IL17RB signaling has been shown to promote tumorigenesis in breast, gas-
tric, lung, pancreatic, and thyroid cancers [26,27,48-50]. We also found that IL17RB is
overexpressed in prostate and colon cancer samples in comparison to normal samples in
multiple publicly available datasets. Those results supported the literature on IL17RB sig-
naling as oncogenic and suggested that its repression may contribute to p53’s tumor-sup-
pressive function. To assess the biological outcome of p53-mediated IL17RB repression,
we found that IL17RB depletion reduces cell proliferation and sensitizes cells to nutlin-3a
treatment in wild-type p53-containing LNCaP and HCT116 cells. In LNCaP cells with p53
knockdown or in HCT116 p53 -/~ cells, IL17RB depletion also reduces cell proliferation
but does not respond to nutlin-3a treatment. On the other hand, IL17RB overexpression
renders cells more resistant to nutlin-3a in colony formation assays. Due to the limited
migratory capacity of LNCaP cells, we were unable to assess their behavior in migration
assays. In HCT116 cells, we have not yet obtained conclusive evidence regarding the effect
of IL17RB overexpression on cell migration. In U20S osteosarcoma cells overexpressing
IL17RB, we observed enhanced migration. It is possible that IL17RB promotes migration
in a cell-type-dependent manner. Notably, we found that HCT116 cells express relatively
high basal levels of IL17RB compared to U20S cells, with expression levels comparable to
those achieved in U20S cells upon IL17RB overexpression (Figure S3). It is therefore plau-
sible that endogenous IL17RB levels in HCT116 cells are already sufficient to promote mi-
gration, and additional ectopic IL17RB expression does not further enhance this pheno-
type. Future studies are warranted to investigate the effects of IL17RB signaling on other
p53-mediated cellular responses beyond its roles in regulating cell proliferation and mi-
gration.

Intriguingly, IL17RB knockdown was associated with enhanced nutlin-3a-induced
p21 expression, suggesting a potential feedback relationship within the p53-p21-IL17RB
axis (Figure 6F). Several cancer-prone signaling pathways have been reported to mediate
the oncogenic function of IL17RB [16-19]. One notable mechanism involved is the upreg-
ulation of anti-apoptotic factor Bcl-2 with amplified IL17RB signaling [19,26,47]. We ob-
served that IL17B, an IL17RB ligand that was shown to activate IL17RB signaling in mul-
tiple cancers [20], partially counteracted nutlin-3a-induced Bcl-2 repression. Nutlin-3a-
mediated p21 induction and Bcl-2 repression were compromised upon IL17B incubation
in control siRNA-treated cells but not in IL17RB siRNA-treated cells, suggesting that the
effect of IL17B is mediated by IL17RB. However, IL17RB knockdown did not affect cellular
Bcl-2 levels in the absence of IL17B, implying that IL17RB-mediated regulation of Bcl-2 is
ligand-dependent. Bioinformatic analysis further showed a moderate positive correlation
between IL17RB and Bcl-2 expression in both colon and prostate tumors. Collectively,
these findings suggest that interactions between p53 pathway activity and IL17B/IL17RB
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signaling may influence cell fate involving p21 and Bcl-2. Further studies will be required
to define the signaling pathways downstream of IL17RB that intersect with p53 signaling.

Despite the reported oncogenic properties of IL17RB signaling, the prognostic value
of IL17RB seemed to vary by cancer type. It has been documented that high IL17RB ex-
pression correlates with reduced overall survival or disease-free survival in pancreatic,
breast, lung, gastric, and oral squamous cell carcinoma cancer patients [20]. However, re-
ports suggested that IL17RB may be a good prognostic marker, as the HOXB13/IL17RB
expression ratio was associated with better clinical outcomes in early-stage estrogen re-
ceptor-positive/lymph node-positive breast cancer after adjuvant tamoxifen monotherapy
[51,52]. Additionally, a recent study showed that IL17B gene and protein expression levels
decreased, while IL17RB expression increased in colorectal cancer (CRC), and that high
IL17RB levels were associated with improved overall survival and immune cell infiltra-
tion [53]. Our stage analysis of gene array data showed that stage I cancers had higher
IL17RB levels than those in stages II, III, and IV, and that IL17RB levels were higher in
cancer samples across all stages compared with normal colon tissue. These observations
suggested a potential stage-dependent association among IL17B and IL17RB expression,
p53 pathway status, and tumor immune context. IL17RB signaling may act as a double-
edged sword depending on the duration of stress and the tumor’s evolutionary stage, as
has been shown for macrophage inhibitory cytokine 1 (MIC-1). MIC-1 signaling is not only
an anti-inflammatory modulator but also a potent immunosuppressive enhancer by su-
perinducing proinflammatory chemokines in chronic inflammatory states, in a cell-con-
text- and tumor-stage-dependent manner [54-56]. Additionally, IL25 (also known as
IL17E), is another ligand for IL17RB [16]. It has been documented that IL-25 binds to the
IL17RA/IL17RB receptor complex, initiating and maintaining type 2 immunity, and regu-
lating other immune cells [57-62]. It has also been shown that IL-25 exhibits an anti-cancer
effect [26,63], inducing caspase-mediated apoptosis in breast cancer cells and reducing the
growth of breast tumor xenografts in vivo. It may contribute to the tissue- and tumor-
type-dependent, as well as stage-dependent, biological functions of IL17RB. Given our
identified link between p53 and IL17RB, it will also be of interest to investigate whether
p53 influences inflammation and immune responses by modulating IL17RB signaling in
future studies.

5. Conclusion

In this study, we demonstrated that p53 is required for nutlin-3a-mediated repression
of IL17RB expression. p53-mediated repression of IL17RB most likely occurs indirectly via
p21, although the molecular mechanism underlying p53-dependent repression of IL17RB
remains insufficiently elucidated. We observed that IL17RB depletion enhances, whereas
overexpression attenuates, nutlin-3a-induced inhibition of cell proliferation and migra-
tion, as well as nutlin-3a-induced p21 expression. IL17B treatment decreases nutlin-3a-
induced p21 induction and Bcl-2 repression. Although there is no evidence of a causal
relationship, IL17RB is elevated in prostate/colon tumors and shows a moderate positive
correlation with Bcl-2 and a negative correlation with p21 in colon tumors. These findings
suggest a potential feedback relationship within the p53-p21-IL17RB axis and the contri-
bution of p53-mediated IL17RB repression in tumor suppression.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/cells15222066/s1. Figure S1: Depletion of p53 rescues nutlin-3a-
mediated reduction in IL17RB in U20S cells; Figure S2: IL17RB is overexpressed in prostate and colon
cancers; Figure 53: HCT116 cells have higher levels of endogenous IL17RB compared to U20S cells.
Figure S4. Densitometric quantification of relative IL17RB levels from independent Western blot ex-

periments in Figure 1. Figure S5. Densitometric quantification of relative IL17RB levels from
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independent Western blot experiments in Figure 2. Figure S6. Densitometric quantification of relative
IL17RB levels from independent Western blot experiments in Figure 3. Figure S7. Densitometric quan-

tification of relative p21 or Bcl-2 levels from independent Western blot experiments in Figure 5.
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