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ABSTRACT

Interleukin-17 (IL-17) receptor A (IL-17RA) promotes inflammatory reactions by activating kinases
and transcription regulators. Our previous studies have demonstrated that glycogen synthase
kinase 3 (GSK3) phosphorylates IL-17RA at T780. It is not known whether other kinases also
phosphorylate IL-17RA. Here, we identified an association between dual-specificity tyrosine-
regulated kinases (DYRKs) and IL-17RA. We found that DYRK1B and DYRK4 interacted with and
phosphorylated IL-17RA at serine 801 (S801). Overexpression of DYRK1B and DYRK4 enhanced
IL-17RA phosphorylation, whereas siRNA-mediated knockdown of DYRK1B or DYRK4 reduced
the phosphorylation. Serum starvation of the cultured cells increased expression levels of
DYRK1B/4 and IL-17RA phosphorylation, suggesting stress-dependent modulation of receptor
modification. Moreover, selective small-molecule inhibitors of DYRKs effectively suppressed
IL-17RA phosphorylation at S801. Our findings indicate a link between DYRK family kinases and
IL-17RA phosphorylation, providing new potential therapeutic targets in the management of
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IL-17-mediated diseases.

Introduction

Interleukin-17 (IL-17 or IL-17A) represents a
family of pro-inflammatory cytokines constituting
a key mechanism in host defense and pathogenesis
of chronic inflammatory disorders. Several studies
have characterized the transcriptional, translational,
and regulatory mechanisms of IL-17 to modulate its
expression or inhibit its signaling pathways to devel-
op therapeutic strategies for immunological disor-
ders and IL-17-associated cancers [1-3]. IL-17A is
the first member of the IL-17 family to be identified
and remains the most extensively studied and biolog-
ically significant cytokine within this group, which
consists of six structurally related members: IL-17A,
IL-17B, IL-17C, I1L-17D, IL-17E (also known as IL-
25), and IL-17F [3]. It is also termed cytotoxic T-lym-
phocyte-associated antigen 8 (CTLA-8) [4]. IL-17A
contributes to host defense against fungal and extra-
cellular bacterial pathogens, while its dysregulated
activity has been linked to immune-mediated condi-
tions such as rheumatoid arthritis, psoriasis, multi-
ple sclerosis, inflammatory bowel diseases [5-7], and
anxiety-related psychiatric conditions [8-13]. Beyond
its critical role in host defense and autoimmune dis-
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orders, IL-17 has emerged as a crucial mediator in tu-
mor biology. Elevated IL-17 levels within the tumor
microenvironment enhance chronic inflammation,
angiogenesis, and recruitment of immunosuppres-
sive cells, thereby facilitating tumor growth and me-
tastasis [14, 15]. A recent study showed that IL-17A
levels were increased in 59 diseases involving cardio-
vascular, metabolic, cancer, psychiatric, autoimmune,
infection, and pediatric categories [16]. On the other
hand, in certain contexts, IL-17 promotes anti-tumor
immunity by stimulating cytotoxic T-cell responses
and promoting tumor cell clearance [17, 18]. The
dual, context-dependent roles of IL-17 make it a dou-
ble-edged sword in cancer. Accordingly, therapeutic
strategies targeting IL-17 or its signaling pathways
are being elucidated in cancer immunotherapy, both
as standalone interventions and in combination with
immune checkpoint inhibitors [19, 20] to modulate
the tumor microenvironment and facilitate anti-tu-
mor immunity while limiting tumor-promoting in-
flammation [21].

Recent evidence indicates that IL-17RA-mediat-
ed signaling intersects with intracellular kinases that
regulate cell proliferation, survival, and transcrip-
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tional programs [22]. We have previously identified
eight amino acid residues of IL-17RA that are poten-
tially phosphorylated, and glycogen synthase kinase
3 (GSK3) constitutively binds to and phosphorylates
IL-17RA at T780 [23]. IL-17RA phosphorylation at
T780 leads to ubiquitination mediated by F-box and
WD repeat domain-containing 11 (FBXW11) E3 li-
gase, resulting in proteasome-mediated degradation
of IL-17RA [24]. Recently, a kinome-wide study [25]
developed an algorithm and predicted the eight IL-
17RA phosphorylation residues that we previous-
ly identified [23]. Among the potential kinases, the
dual-specificity tyrosine-phosphorylation-regulated
kinase (DYRK) family is predicted to phosphorylate
IL-17RA at serine 801 (S801). The term “dual speci-
ficity” refers to the ability of DYRK kinases to phos-
phorylate tyrosine and serine/threonine residues. Au-
tophosphorylation of a tyrosine residue within their
activation loop is required for full activation, which is
crucial for enabling their serine/threonine kinase ac-
tivity. Once activated, the enzymes lose their tyrosine
specificity, and their enzymatic activity is confined
to serine and threonine residues [26]. DYRK fami-
ly has five members, including DYRK1A, DYRK1B,
DYRK2, DYRK3, and DYRK4 [27]. The roles of
DYRK kinases in IL-17RA phosphorylation remain
unexplored. In the present study, we investigated
the interactions between all members of the DYRK
family and IL-17RA and their effects on IL-17RA ki-
nase activity. Our results revealed that DYRK1B and
DYRK4 bound to and phosphorylated IL-17RA at
S801. Overexpression of the two kinases increased
the phosphorylation, whereas knockdown of either
kinase reduced the phosphorylation. Furthermore,
serum deprivation of the cultured cells induced ex-
pression of DYRK1B and DYRK4 and simultaneous-
ly increased phosphorylation of IL-17RA at S801. In
addition, selective inhibitors of DYRKSs reduced IL-
17RA phosphorylation. These findings suggest that
DYRKI1B and DYRK4 are kinases that phosphorylate
IL-17RA at S801. DYRK1B and DYRK4 may play a
role in regulating IL-17 signaling, which can be tar-
geted to develop new avenues for therapeutic inter-
vention in diseases associated with dysregulated IL-
17 activities.

Materials and Methods
Mammalian cell culture and plasmids

Human embryonic kidney cell line (HEK293T) was
purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). A stable cell line

(293-IL-17RA) overexpressing exogenous FLAG-IL-
17RA was established in our lab [23]. HEK293T and
293-IL-17RA cell lines were maintained in high-glu-
cose Dulbeccos Modified Eagle Medium (DMEM)
(Genesee Scientific, San Diego, CA, USA, cat# 25-
500) supplied with 10% fetal bovine serum (FBS,
ATCC, Manassas, VA, USA, cat# 30-2022). 293-IL-
17RA cells were treated with 500 pg/ml neomycin
sulfate (Millipore Sigma, Cat# 1405-10-3) to select
the cells stably expressing the neomycin-resistant
gene and FLAG-tagged human full-length IL-17RA.
MYC-HIS-IL-17RA plasmid was a gift from Dr. Reen
Wu (University of California-Davis) [28]. Human
full-length FLAG-IL-17RA plasmid was acquired
from Dr. Xiaoxia Lis lab [29]. FLAG-DYRKIA,
FLAG-DYRKI1B, FLAG-DYRK2, FLAG-DYRK3, and
FLAG-DYRK4 full-length plasmids were obtained
from Dr. Yoshihiko Miyata, Kyoto University [27].
Transfection of small interfering RNA (siRNA)

Human DYRKI1B siRNA (cat# sc-77210), DYRK3
siRNA (cat# sc-39010), DYRK4 siRNA (cat# sc-
77231), and nontargeting control siRNA (cat# sc-
37007) were purchased from Santa Cruz Biotechnol-
ogy (Dallas, TX, USA). Cells were transfected with
siRNAs when their confluency reached around 70-
80%. Transfection was performed using jetPRIME
transfection reagent (Polyplus, New York, NY, USA,
cat# 114-15). Briefly, 40 nanomoles of control siR-
NA or gene-specific siRNA were diluted in 500 puL
jetPRIME buffer, vortexed for 10 seconds, and spun
down transiently. Six pl of jetPRIME reagent was
added, vortexed for 1 second, spun down briefly,
and incubated at room temperature for 10 minutes
to allow complex formation. The mixture was added
dropwise onto the cells evenly in serum-containing
medium. After transfection, the cells were incubated
for 24 hours, then the culture medium was replaced
with fresh medium, and subsequent treatments were
conducted accordingly.

Co-immunoprecipitation (co-IP)

HEK293T cells were seeded at a density of 4.5 x
10° cells per 10-cm dish approximately 18-20 h be-
fore co-transfection with MYC-HIS-IL-17RA and
FLAG-DYRK1A, FLAG-DYRKI1B, FLAG-DYRK2,
FLAG-DYRK3, or FLAG-DYRK4 plasmids. 7 mL of
DMEM (with 10% FBS) was added to 10-cm dishes.
Transient transfection of the plasmids was conducted
using jetPRIME. Briefly, 3 ug of MYC-HIS-IL-17RA
and 3 pug of one of the DYRK plasmids were diluted
in 500 pL jetPRIME buffer, vortexed for 10 seconds,



and spun down transiently. 12 pl of jetPRIME reagent
was added, vortexed for 1 second, spun down briefly,
and incubated at room temperature for 10 minutes
to allow complex formation. The mixture was add-
ed dropwise onto the cells evenly in serum-contain-
ing medium. After transfection, the cells were in-
cubated for 24 hours, and then the culture medium
was replaced with fresh medium. Forty-eight hours
post-transfection, protein was extracted with an IP
lysis buffer (50 mM Tris-HCI (pH 7.5), 0.5% Noni-
det P-40, 1 mM EDTA, and 150 mM NaCl). IP lysis
buffer was freshly supplemented with 1x protease
inhibitor cocktail (PIC, Millipore Sigma, Saint Louis,
MO, USA, cat# P8849) and 1 mM 1,4-dithiothreitol
(DTT, Thermo Fisher, Lenexa, KS, USA, cat# R0861).
An appropriate amount of lysis buffer was added and
vortexed vigorously for 5 s, followed by incubation on
ice for 25 min with vortexing every 5 min. Cell debris
was removed by centrifugation at 13,000x g at 4 °C for
20 min. The supernatant was transferred into a new
sterile centrifuge tube, and the protein concentration
was quantified with the Bradford assay[30]. Immu-
noprecipitation was carried out by mixing 600-800
ug of whole-cell lysate and 1-2 pg of anti-FLAG M2
antibody (Sigma Millipore, St. Louis, MO, USA, cat#
F3165) or 1-2 ug of anti-c-MYC antibody (Santa
Cruz Biotechnology, Dallas, TX, USA, cat# sc-40).
One to two hours later, 18-20 pL of 75% (v/v) protein
A agarose resin beads (Genesee Scientific, San Diego,
CA, USA, cat# 20-525) were added to each sample,
and incubation was maintained at 4 °C overnight
with rotation. The beads were washed 3 times with 1
mL of pre-chilled IP lysis buffer (freshly supplement-
ed with 1 mM DTT and 1X PIC). The precipitated
proteins were eluted in 20 uL of 3X sample loading
bufter with boiling at 100 °C for 5 min. The samples
were subjected to Western blot analysis.

In vitro kinase assay

293-IL-17RA cells were seeded at a density of 4.5 x
10° cells per 10-cm dish, containing 7 mL of DMEM
supplemented with 10% FBS and cultured for 24
hours. After 24 hours, the medium was replaced with
fresh complete medium, and cells were harvested 48
h post-transfection. For cell lysis under nondenatur-
ing conditions, cells were washed once with ice-cold
phosphate-buffered saline (PBS), collected into new
sterile microcentrifuge tubes, and kept on ice. After
centrifugation at 10,000 rpm for 1 min, the super-
natant was discarded, and the pellets were lysed in
buffer containing 50 mM Tris-HCI (pH 7.5), 0.5%
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NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM DTT,
and 1x PIC. Lysates were vortexed intermittently on
ice and clarified by centrifugation at 10,000 rpm for
20 min, after which the supernatant was collected as
the cell lysate. Protein concentration was quantified,
and approximately 4 mg of total protein was incu-
bated with 1.5 pg of anti-FLAG antibody for 1 h at
4°C with rotation. After 1 h of incubation, protein A
agarose beads (20 ul of 50% bead slurry) were added
and incubated with gentle rocking overnight at 4°C.
After incubation, the mixture was centrifuged for 1
minute at 4°C. The supernatant was discarded, and
the bead pellet was washed twice with 1 mL of the
cell lysis buffer, keeping it on ice during the wash-
es. Then, the pellet was washed twice with 500 pl
1X kinase buffer and subjected to an in vitro kinase
assay in kinase buffer (25 mM Tris (pH 7.5), 5 mM
p-glycerophosphate, 2 mM DTT, 0.1 mM Na,VO,, 10
mM MgCl,)) supplemented with 2 mM ATP-polyam-
ine-biotin (MedChemExpress, USA, cat# HY-D0183)
or ATP-biotin synthesized in Dr. Mary Kay Pflum’s
laboratory [31] (of note, the two ATP analogs yield-
ed similar results) and 2 pl of recombinant DYRK1B
(cat# D09-10BG-05, SignalChem/Sino Biological
Inc., Richmond, BC Canada V6V 2J2) or 2 ul of re-
combinant DYRK4 (cat# D12-10G-05, SignalChem/
Sino Biological Inc., Richmond, BC Canada V6V
2J2)) at 31°C for 2 hours. Reactions were terminated
with 4x sample loading buffer, heated at 95-100°C,
resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred
to polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked with bovine serum albu-
min-based blocking buffers, incubated with Avi-
din-Fluor 680 (Tymora Analytical Operations, West
Lafayette, IN, 1:1000 dilution), washed, and scanned
to detect kinase-catalyzed biotinylation.

Cell treatment

293-IL-17RA cells were treated with small mole-
cule inhibitors HTH-01-091 (MCE cat# HY-122665,
inhibiting maternal embryonic leucine zipper kinase
at IC, of 10.5 nM and inhibiting DYRK4 at IC, of
41.8 nM) and DYRK1A-IN-4 (MCE cat# HY-147066,
inhibiting DYRK1A at IC, of 2 nM and DYRK2 at
IC,, of 6 nM) at final concentrations of 0.1 pM, 0.5
1M, and 1 pM, containing medium with 10% or 0.1%
FBS for the indicated time periods. Compounds were
prepared as dimethyl sulfoxide (DMSO) stocks, and
control cells received an equivalent volume of DMSO.
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Figure 1: Characterization of rabbit anti-P-IL-17RA (S801) polyclonal antibody. Wild-type (WT) FLAG-IL-17RA (FLAG-IL-17RA
WT) and FLAG-IL-17RA S801A site-mutant proteins were expressed in 293 cells. Western blot analysis was first performed to de-
tect P-IL-17RA (S801) using rabbit anti-P-IL-17RA (S801) antibody and an anti-rabbit secondary antibody conjugated to red fluo-
rescence, which showed a clear band in the FLAG-IL-17RA WT but not the FLAG-IL-17RA S801 mutant; then, the same membrane
was cut into upper and lower portions to detect FLAG tag and GAPDH using mouse anti-FLAG or mouse anti-GAPDH antibodies
and an anti-mouse secondary antibody conjugated to green fluorescence, respectively. When the red and green fluorescence
were merged, the overlap occurred in the upper band of the two green bands of FLAG-IL-17RA WT, indicating a slightly higher
molecular weight of the P-IL-17RA than the non-phosphorylated IL-17RA.
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Cells were washed with PBS and lysed with
radioimmunoprecipitation assay (RIPA) buffer (50
mM sodium fluoride, 0.5% NP-40, 10 mM sodium
phosphate monobasic, 150 mM sodium chloride, 25
mM Tris (pH 8.0), 2 mM ethylenediaminetetraacetic
(EDTA), and 0.2 mM sodium vanadate) with a freshly
supplemented 1X PIC. After incubation on ice for 20
min, the cell lysate was centrifuged at 13,000x g for 20
min at 4 °C. The supernatant of the whole-cell lysates
was transferred into a new sterile microcentrifuge
tube and boiled with 3x sample loading buffer (208.1
mM sodium dodecyl sulfate, 30% glycerol, 187.5
mM Tris (pH 6.8), 15% p-mercapto-ethanol, and
14.9 mM bromophenol blue) at 100 °C for 5-10
min. Approximately 60-120 pg of total protein was
subjected to SDS-PAGE and transblotted to PVDF
membranes. The blots were blocked with 2.5%
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bovine serum albumin (Millipore Sigma, cat# A3294)
solution containing 0.02% sodium azide (Millipore
Sigma, cat# S2002) and probed with the following
primary antibodies at room temperature for 1 h or at
4 °C overnight: rabbit anti-phospho-IL-17RA (§801)
polyclonal antibodies (1:200 dilution) developed
in our lab using a phosphorylated antigen peptide
(C-YISRS(pS)PQPPEG) through a contract with
Abmart Inc (Shanghai, China), and the specificity
of the antibody was confirmed using FLAG-IL-
17RA S801A site-mutant protein (Figure 1); anti-
GAPDH (Millipore Sigma, cat# MAB374, 1:5000
dilution), anti-FLAG M2 (Millipore Sigma, cat#
F3165, 1:20,000 dilution), anti-IL-17RA (Santa Cruz
Biotechnology, cat# sc-376374, 1:500 dilution), anti-
c-MYC (Santa Cruz Biotechnology, cat# sc-40, 1:1000
dilution), anti-DYRK1A (ABclonal, cat#A0595,
1:500 dilution), anti-DYRKI1B (ThermoFisher



Scientific, cat#PA5-85318, 1:500 dilution), anti-
DYRK?2 (ABclonal, cat#A7012, 1:500 dilution), anti-
DYRK3 (Santa Cruz Biotechnology, cat#sc-390732,
1:500 dilution), and anti-DYRK4 (ThermoFisher
Scientific, cat#PA5-55758, 1:500 dilution). Li-Cor
IRDye680- and IRDye800-conjugated secondary
antibodies (Lincoln, NE, USA) were incubated at
room temperature for 60 min at dilutions of 1:10,000
and 1:5,000, respectively. The blots were scanned
with a Li-COR Odyssey 9120 Digital Imaging system
(Lincoln, NE, USA). When necessary, the blots were
stripped with a stripping buffer (62 mM Tris-HCl
(pH 6.7), 2% SDS, and 100 mM B-mercapto- ethanol)
and re-scanned to confirm stripping efficiency
before probing for another antigen of interest. Adobe
Ilustrator 2025 (San Jose, CA, USA) was utilized to
organize the images.

Results
1. DYRKSs interact and phosphorylate IL-17RA

To investigate whether DYRKSs could phosphorylate
IL-17RA or not, we performed co-IP assays to screen
all members of the DYRK family that might bind to
IL-17RA. Myc-His tagged IL-17RA was co-transfect-
ed with FLAG-tagged DYRK1A, DYRK1B, DYRK2,
DYRKS3, or DYRK4 into HEK293T cells. Our recip-
rocal co-IP results showed that IL-17RA interacted
with DYRK1B and DYRK4, but not with DYRKIA,
DYRK2, or DYRK3, as shown by the fact that Myc-
His-tagged IL-17RA was able to pull down FLAG-
tagged DYRK1B and DYRK4, and vice versa, but
not DYRKIA, DYRK2, or DYRK3 (Figure 2A). To
check if DYRK1B and DYRK4 could phosphorylate
IL-17RA, we performed in vitro kinase assays in the
presence of either ATP-polyamine-biotin or ATP-Bi-
otin as a phosphate donor in 293-IL-17RA cells. We
immunoprecipitated FLAG-IL-17RA from 293-IL-
17RA cells and used it as the substrate. Both recombi-
nant DYRK1B and DYRK4 efficiently phosphorylat-
ed IL-17RA in the presence of ATP-polyamine-biotin
or ATP-Biotin, which was detected by Avidin-Fluor
680 fluorescence. In contrast, no fluorescence signal
was detected in the absence of ATP-polyamine-bio-
tin or ATP-Biotin. Subsequently, we probed the same
membrane with anti-FLAG antibody to show equal
presence of FLAG-IL-17RA (Figure 2B).

2. DYRK1B and DYRK4 expression controls
phosphorylation of IL-17RA

To further investigate the roles of DYRKI1B and
DYRK4 in IL-17RA phosphorylation, we transfected
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293-IL-17RA cells with FLAG-DYRK1B, DYRK3, or
DYRK4. We found that overexpression of DYRK1B
and DYRK4 led to a pronounced increase in phos-
phorylation of IL-17RA at S801, while minimal P-IL-
17RA levels were observed in the cells transfected
with DYRK3 or empty vector (EV) (Figure 3A). Phos-
phorylation of S801 was chosen based on a software
prediction of the phosphorylation site. Conversely,
siRNA-mediated knockdown of DYRK1B or DYRK4
remarkably reduced IL-17RA phosphorylation at
S801 (Figure 3B and 3C), whereas siRNA-mediated
knockdown of DYRK3 did not show any effects (Fig-
ure 3D).

3. Serum starvation increases IL-17RA
phosphorylation at S801

Previous studies have shown that serum starva-
tion upregulates DYRKI1B expression in cancer cells,
which induces cell-cycle arrest as a stress-adaptive
survival mechanism [32, 33]. To check whether ex-
pression of DYRK1B and other DYRKs might be
affected by serum starvation and whether IL-17RA
phosphorylation might be affected subsequently,
293-IL-17RA cells were subjected to a culture me-
dium with10% FBS (a routine complete culture me-
dium) or serum starvation (0.1% FBS-containing
medium) for 24, 48, and 72 hours, mimicking depri-
vation of growth factors and nutrients. Under serum
starvation conditions, we observed a substantial in-
crease in expression levels of DYRK1B and DYRK4
but not DYRK1A, DYRK2, or DYRK3, compared to
the cells maintained in the complete culture medium.
Simultaneously, phosphorylation of IL-17RA at S801
was dramatically elevated (Figure 4).

4. DYRK inhibition suppresses IL-17RA
phosphorylation at S801

Specific inhibitors against DYRKSs are not available.
Several small-molecule kinase inhibitors may selec-
tively inhibit DYRKSs, such as DYRK1A-IN-4 (inhib-
iting DYRK1A at an IC_ of 2 nM and DYRK2 at an
IC,, of 6 nM) and HTH-01-091 (inhibiting DYRK4
at an IC_ of 41.8 nM, which is a selective inhibitor).
293-IL-17RA cells were cultured in media contain-
ing 10% or 0.1% FBS and treated with DYRK1A-IN-4
and HTH-01-091 at three doses for 24 h. We found
that both inhibitors decreased IL-17RA phosphory-
lation at S801 in the cells cultured with 10% FBS and
0.1% FBS (Figure 5A and 5B).
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Figure 2: DYRKSs bind to and phosphorylate IL-17RA. A. HEK293T cells were co-transfected with MYC-HIS-IL-17RA, FLAG-DYR-
K1A, FLAG-DYRK1B, FLAG-DYRK2, FLAG-DYRK3, and FLAG-DYRK4. WCL, whole-cell lysate. B. 293-IL-17RA cells were cultured and
lysed, and FLAG-IL-17RA was immunoprecipitated using 1.5 pg of anti-FLAG antibodies and used as the substrate for DYRK1B or
DYRK4 in in vitro kinase assays. Biotinylated proteins were detected using Avidin-Fluor 680. Of note, the protein bands smaller
than 130 kDa might be degraded FLAG-IL-17RA fragments or other proteins that were co-immunoprecipitated with Flag-IL-17RA
and biotinylated by the kinases. The experiments were repeated three times independently.
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Figure 3: DYRK1B and DYRK4 expression controls phosphorylation of IL-17RA. A. Empty vector (EV), FLAG-DYRK1B, FLAG-
DYRKS3, or FLAG-DYRK4 were transfected into the 293-IL-17RA cell line. (B, C, D). 293-IL-17RA cells were transfected with control
siRNA and siRNAs targeting DYRK1B, DYRK3, or DYRK4. Endogenous DYRK1B, DYRK3, and DYRK4 levels were detected with the

indicated antibodies. The experiments were independently repeated three times.
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Figure 4: Serum starvation induces DYRK1B and DYRK4 expression and increases phosphorylation of IL-17RA at S801 in 293-IL-
17RA cells. Cells were cultured in 10% FBS and 0.1% FBS-containing medium, and cell lysates were harvested after 24, 48, and 72

h, respectively. The experiments were repeated three times.
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Discussion 44]. While previous studies have identified kinases

The diverse interactions between IL-17 cytokines
and their receptors have prompted extensive research
to demonstrate the expression profiles, cellular lo-
calization, and context-dependent functions of indi-
vidual IL-17 family members and their cognate re-
ceptors [34-36]. Among these, IL-17RA plays a key
role in mediating downstream signaling cascades
that drive the expression of pro-inflammatory cy-
tokines and chemokines [37]. In addition, most re-
search to date has focused on dissecting the regula-
tion of downstream IL-17 receptor signaling and its
impact on physiology and disease [38-41]. Indeed,
proteomics studies have revealed that kinases such as
TANK binding kinase 1 (TBK1) and IxB kinase ep-
silon (IKKe) are key elements in IL-17RA signaling
complexes. These kinases are significantly activated
when IL-17 binds to its receptors and play a crucial
role in the regulation of downstream pathways [42-

such as TBK1 and IKKe as integral components of
the IL-17RA signaling complex, suggesting that ki-
nase recruitment modulates IL-17-driven respons-
es, to the best of our knowledge, the potential link
between DYRK family kinases and IL-17RA has not
been reported previously. In this study, we identified
DYRK1B and DYRK4 as kinases that phosphorylate
IL-17RA at S801, revealing a previously unrecog-
nized connection between DYRK family kinases and
IL-17 receptor signaling. Our reciprocal co-immuno-
precipitation experiments demonstrate that DYRK1B
and DYRK4, but not other DYRK family members,
interact with IL-17RA, suggesting a potential regula-
tory mechanism whereby these kinases might direct-
ly modulate receptor functions.

DYRK family of serine/threonine protein kinas-
es regulates cellular signaling through protein phos-
phorylation [45]. Recent evidence has shown that
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Figure 5: DYRK inhibition suppresses phosphorylation of IL-17RA at S801. (A, B). 293-IL-17RA cells were cultured in media

containing 10% FBS and 0.1% FBS and treated with DYRK1A-IN-4 a

10% FBS (24 h)

nd HTH-01-091 at different doses for 24 h.

0.1% FBS (24 h)

DYRK1A-IN-4
DMSO 01 0.5 1 DMSO 0.1 0.5 1 uM
—170
P-IL-17RA (S801) = v 3 130
—170
FLAG-IL-17RA » S Gd 2 0 & 130
—43
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P-IL-17RA (S801) == & R = B :}58
B 170
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- - A
—43
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DYRKIB directly phosphorylates specific protein
substrates, including transcription factors, there-
by modulating downstream signaling pathways in-
volved in metabolic regulation, cell differentiation,
and stress responses [46, 47]. Notably, DYRK1B-me-
diated phosphorylation of the transcription factor
Forkhead Box O1 (FOXO1) induces its nuclear lo-
calization and transcriptional activity, thus linking
the kinase activity of DYRKI1B to functional meta-
bolic outcomes [46]. On the other hand, DYRK4 is

still poorly characterized; biochemical and cellular
studies reveal that DYRK4 exhibits intrinsic kinase
activity and promotes the regulation of phosphor-
ylation-dependent signaling pathways linked with
innate immune responses and autophagy [47, 48].
In the current study, our observation of DYRK1B
and DYRK4 kinases as binding partners of IL-17RA
suggests an intriguing possibility that IL-17RA may
serve as a bona fide DYRK substrate. To test this hy-
pothesis, we performed an in vitro kinase assay to
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determine whether DYRK1B and DYRK4 directly
phosphorylate IL-17RA, using Flag-IL-17RA sub-
strate that was immunoprecipitated from the protein
lysate of the 293-IL-17RA cell line. Both DYRK1B
and DYRK4 efficiently phosphorylated IL-17RA, as
indicated by detection of specific Avidin-Fluor 680
signals. Our Co-IP and in vitro kinase assays demon-
strate that DYRK1B and DYRK4 are not only asso-
ciated with but also directly phosphorylate IL-17RA.

Our lab has previously identified multiple phos-
phorylation sites of IL-17RA and confirmed IL-17RA
phosphorylation at T780 by GSK3, thereby promot-
ing FBXW11-mediated ubiquitination and protea-
some-mediated degradation of IL-17RA [23, 24]. In
the present study, we identified that DYRK1B and
DYRK4 phosphorylated IL-17RA at S801 using a
site-specific anti-phospho-IL-17RA antibody. S801
is a site located at the C-terminal cytoplasmic tail of
IL-17RA that plays a key role in downstream signal
integration [3, 29, 49]. Overexpression of DYRK1B
or DYRK4 enhanced phosphorylation of IL-17RA
at S801. In contrast, siRNA-mediated knockdown of
DYRKI1B or DYRK4 decreased the phosphorylation,
supporting the conclusion that DYRK1B and DYRK4
function as kinases to phosphorylate IL-17RA. How-
ever, the biological consequences of S801 phosphor-
ylation are not clear, which shall be investigated in
future studies.

Our serum starvation experiments revealed that
cellular stress increased IL-17RA phosphorylation.
Previous reports showed that serum deprivation
upregulated DYRK1B expression as an adaptive re-
sponse to metabolic and mitogenic stress [50, 51].
Here, we observed upregulation of both DYRKI1B
and DYRK4 under low-serum conditions, accom-
panied by enhanced phosphorylation of IL-17RA at
S801. Selective DYRK inhibitors constitute powerful
pharmacological probes for evaluating the functional
consequences of DYRK-dependent signaling and are
being actively pursued as modulators of kinase-driv-
en pathologies, including immune-mediated inflam-
matory disorders [52]. In this study, we found that
DYRKI1B and DYRK4 phosphorylated IL-17RA at
S801, a modification that was suppressed by selective
DYRK inhibitors such as DYRK1A-IN-4 and HTH-
01-091, indicating that IL-17RA phosphorylation at
$801 may be blocked with DYRK inhibitors. Whether
this pharmacological intervention has any therapeu-
tic potential requires further studies, which are not
clear currently.

Conclusion

In summary, our present study revealed that, among
the five DYRK family members, only DYRK1B and
DYRK4 interact with IL-17RA and can directly phos-
phorylate this receptor at S801. Serum starvation
can increase DYRK1B and DYRK4 expression and
simultaneously increase IL-17RA phosphorylation.
Selective DYRK inhibitors can reduce IL-17RA phos-
phorylation, suggesting potential pharmacological
intervention of IL-17RA phosphorylation. However,
further studies are needed to understand the biolog-
ical consequences of IL-17RA phosphorylation by
DYRK1B and DYRK4 and to explore its relevance in
the pathogenesis of IL-17-associated diseases.
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