Journal Pre-proof B s
All Cllfuca.l

Protein arginine methyltransferase 1 contributes to the development of allergic rhinitis
by promoting the production of epithelial-derived cytokines

Ji-Yeon Park, BS, Joo-Hee Choi, PhD, Sang-Nam Lee, PhD, Hyung-Ju Cho, MD,
PhD, Ji-Suk Ahn, BS, Yong-Bum Kim, PhD, Do-Yong Park, MS, Sang-Chul Park, MD,
PhD, Soo-In Kim, MS, Min-Jung Kang, PhD, Ah-Ra Jang, BS, Jae-Hun Ahn, DVM,
Tae-Sung Lee, DVM, Dong-Yeon Kim, DVM, Sung Jae Shin, DVM, PhD, Joo-Heon
Yoon, MD, PhD, Jong-Hwan Park, DVM, PhD

Pl S0091-6749(21)00045-2
DOI: https://doi.org/10.1016/j.jaci.2020.12.646
Reference: YMAI 14928

To appearin:  Journal of Allergy and Clinical Immunology

Received Date: 23 June 2020
Revised Date: 5 November 2020
Accepted Date: 8 December 2020

Please cite this article as: Park J-Y, Choi J-H, Lee S-N, Cho H-J, Ahn J-S, Kim Y-B, Park D-Y, Park

S-C, Kim S-1, Kang M-J, Jang A-R, Ahn J-H, Lee T-S, Kim D-Y, Shin SJ, Yoon J-H, Park J-H, Protein
arginine methyltransferase 1 contributes to the development of allergic rhinitis by promoting the
production of epithelial-derived cytokines, Journal of Allergy and Clinical Immunology (2021), doi: https://
doi.org/10.1016/j.jaci.2020.12.646.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2021 Published by Elsevier Inc. on behalf of the American Academy of Allergy, Asthma &
Immunology.


https://doi.org/10.1016/j.jaci.2020.12.646
https://doi.org/10.1016/j.jaci.2020.12.646
https://doi.org/10.1016/j.jaci.2020.12.646

PRMT1 contrivuies w uie ueveivpinent ui anergic rhinitis by promoting
the production of epithelial-derived cytokines

Epithelium

Nucleus

{TSLP IL-25, IL- 33} _'- o Eosinophil

|
@__ﬁ - /@%

Th2 cell B cell

PRMT1: Protein arginine methyltransferase 1; HDM: House dust mite; MAPK: Mtiogen-activated protein kinase;
AMI-1: arginine N-Methyltransferase Inhibitor-1; siRNA: small interfering RNA
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Abstract

Background: Arginine methylation is a posttranslational modifion mediated by protein
arginine methyltransferases (PRMTs). Although presi studies have shown that PRMT1
contributes to the severity of allergic airway arfimation or asthma, the underlying mechanism
is poorly understood.

Objective: This study aimed to explore the role of PRMT1 atsdrelevant mechanism in the
development of AR.

Methods. The expression levels of PRMTs and cytokines weterchined by RT-PCR, and the
localization of PRMT1 was determined by immunolisemistry and confocal microscopy. The
levels of house dust mite (HDM)-specific immunoglbbs in serum and of cytokines in nasal
lavage fluids were determined by ELISA. PRMT1 intidm was achieved by siRNA and

treatment with the pan PRMT inhibitor arginine N4kidtransferase Inhibitor-1 (AMI-1).

Results: PRMT1 expression was significantly increased inrthgal mucosa of patients and mice
with AR. The degree of eosinophilic infiltration the nasal mucosa was reducedPRMT1""
AR mice compared with wild-type (WT) mice. PRMT 1pha@insufficiency reduced the levels of
HDM-specific immunoglobulins in serum and thoseéro (IL-4, IL-5, and IL-13) and epithelial
(TSLP, IL-25, and IL-33) cytokines in the nasaldge fluids of AR mice. In nasal epithelial
cells, HDM and IL-4 cooperate to enhance PRMT1 esgion through a mitogen-activated
protein kinase (MAPK)-dependent pathway. In additidPRMT1 was essential for the
production of TSLP, IL-25, and IL-33 in responséHDM and IL-4. AMI-1 treatment alleviated

AR in the mouse model.

Conclusion: PRMT1 plays an important role in AR developmentégulating epithelial-derived
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cytokine production and might be a new therapdatiget for AR.

Key messages
. PRMT1 expression is upregulated in the nasal mugbpatients and mice with AR.
. HDM and IL-4 cooperate to induce PRMT1 expressianWAPKSs signaling.

. PRMT1 inhibition alleviates the disease severitAR mice.

Capsule summary

Antigens and IL-4 cooperate to upregulate PRMT1resgsion in nasal epithelial cells, which
results in increased TSLP, IL-25, and IL-33 product These epithelial-derived cytokines
contributes to AR development by promoting theetghtiation into Th2 cytokines-producing

cells

Key words: PRMT1, allergic rhinitis (AR), epithelial cytokinesMAPKs, house dust mite

(HDM)

Abbreviations

AR: Allergic rhinitis

PRMTs: Protein arginine methyltransferases
ADMA: Asymmetric dimethylarginine

SDMA: Symmetric dimethylarginine

EGFR: Epidermal growth factor receptor
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COPD: Chronic obstructive pulmonary disease

AIPI: Antigen-induced pulmonary inflammation

COX2: Cyclooxygenase-2

HDM: House dust mite

AMI-1: Arginine N-Methyltransferase Inhibitor-1

WT: Wild-type

MAPKSs: Mitogen-activated protein kinases

NAL: Nasal lavage

HNECs: Human primary nasal epithelial cells

ALI: Air-liquid interface

RT-PCR: Real-time quantitative polymerase chaictiea
SDS-PAGE: Sodium dodecyl sulfate polyacrylamideedettrophoresis
H&E: Hematoxylin & eosin

ILC2: Innate lymphoid cell 2

IPF: Idiopathic pulmonary fibrosis

PDGF: Platelet-derived growth factor

GC: Germinal center

AB/PAS: Alcian blue/periodic acid-Schiff
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I ntroduction

Allergic rhinitis (AR) is an upper airway diseasaused by the IgE-mediated immune response
of the nasal mucosa to environmental allergen axpdsThis disease affects 10-40% of the
population worldwide, and its prevalence has ineedarapidly over the last few decadesR

can lead to nasal symptoms, such as sneezingagtchinny nose, rhinorrhea, nasal congestion,
and watery eyes, which can have significantly negaeffects on quality of life and daily
function and cause sleep disturbances and emotiwohlems’ Despite this high incidence and
risk, the current therapies for AR are inadequatesbme patients; 1) who have an eosinophil-
dominant allergic nasal polyp or rhinfti®) who has a high level of serum IgE or blood
eosinophils, or 3) who are inevitably exposed to high amourftsausal allergens during a

season or at a working place, and no appropriatedyg or medicine is available.

Protein arginine methyltransferases (PRMTs) medtate arginine methylation of proteins,
which is a novel posttranslational modificatidh.This process contributes to multiple cellular
events, including transcriptional regulation, sigtransduction, chromatin structure, and DNA
damage repaft.’ Based on the end products, PRMTs are classifiedsieveral families. Type |
PRMTs include PRMT1, 2, 3, 4, 6 and 8, which amlived in the production of asymmetric
dimethylarginine (ADMA). In contrast, type Il PRMTsuch as PRMT5 and 9, generate
symmetric dimethylarginine (SDMAY. Among these, PRMT1 produces 90% of the generated
ADMA. ™ DNA methylation and histone alterations play ctiroles in cancer development,
and PRMTL1 is overexpressed in various human cafhtémsaddition, arginine methylation by

PRMT1 plays an important role in lung diseaseshsas pulmonary fibrosis and chronic
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obstructive pulmonary disease (COPD), as well ag kancet® However, the role of PRMTs in
the development of allergic diseases is limited.

Some studies have shown that PRMT1 contributesitigen-induced pulmonary inflammation
and allergic asthm&:*° PRMT1-3 expression in the lungs is upregulateB3rrats with antigen-
induced pulmonary inflammation (AIPI), and IL-4 ¢iato increased expression of PRMT1 in
lung epithelial cells at an early stage of inflantima'® In contrast, at the chronic phase of AIP!I,
PRMT1 expression is upregulated mainly in fibrotdaand smooth muscle layers but not in
airway epithelial cells> TGFf is responsible for the upregulation of PRMT1 and
cyclooxygenase-2 (COX2) in fibroblasts, and theckéme of PRMTs using arginine N-
Methyltransferase Inhibitor-1 (AMI-1), a pan PRMihibitor, reduces COX2 expression and
asthmatic indexes in chronic APIP-induced fatin addition, PRMT1 is constitutively and
highly expressed in asthmatic airway smooth muselks, and this upregulation contributes to
tissue remodeling by regulating cell proliferatiand extracellular matrix productidh.These
findings demonstrate an association between asgimmethylation and the development of
allergic diseases, but the expression of PRMTheemtisal mucosa and the role of PRMTs in AR
development have not been studied. In the presady,swe found that PRMT1 expression is
upregulated in the nasal mucosa of patients with aki® a mouse model of AR. PRMT1
deficiency or inhibition alleviates allergic inflarmation in the nasal mucosa of mice. In addition,
HDM and IL-4 synergistically induce PRMT1 expressim nasal epithelial cells and thereby
regulate the production of TSLP, IL-25, and IL-3®@)ich are cytokines critical for Th2 cell

differentiation.



151

152

153

154

155

156

157

158

159

160

161

162

163

M ethods

Wild-type (WT) C57BL/6 mice and PRMT1-haploinsuféot PRMT1*") mice had AR induced
using HDM as depicted in Fig E1. The gene expressitPRMTs was analyzed by RT-PCR in
human and mouse nasal tissue. The localization &MPL was determined by
immunohistochemistry and confocal microscopy. Thgrde of mucus secretion was examined
by AB/PAS staining, and the degree of eosinoplfiltiation was assessed by Sirius red staining
as previously! The antigen-specific immunoglobulin levels in serand cytokine levels in
nasal lavage fluids or cell culture supernatantseweeasured by ELISA. In RPMI 2650 cells,
the level of PRMT1 was determined by Western bigttand immunofluorescence. PRMT1
inhibition was achieved by siRNA and treatment witle pan PRMT inhibitor AMI-1. The
complete and detailed methods are available in thiticle's Online Repository at

www.jacionline.org.
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Results

Expression of PRMTL1 is upregulated in the nasal mucosa of patients with AR and AR mouse
models

We first compared the gene expression of PRMTeénnasal mucosa of non-AR controls and
patients with AR. Among type | PRMTs, the PRMT1 &dMT4 gene expression levels were
significantly upregulated in the nasal mucosa of pd&ients compared with that of the control
group (Fig 1,A andC), whereas neither PRMT3 nor PRMT5 showed sigmtigifferences in
gene expression (Fig B,andD).

We further examined PRMTs expression in the nasaiosa of HDM-induced AR mice (Fig
El). The gene expression of PRMT1 was significammityeased in the nasal mucosa of HDM-
induced AR mice compared with that of the contraten(Fig 2,A). Consistent with the results
obtained with the human samples, PRMT3 and PRMTression in the nasal mucosa was
comparable between the control and AR-induced rtitg 2, B andD). The mean expression
level of PRMT4 was slightly higher in the AR-indacmice, but no significant difference in its
expression level was found between the control amtinduced mice (Fig 2,C). An
immunohistochemistry analysis was also performedietmonstrate the presence and localization
of PRMT1 in nasal tissues of AR-induced mice (FideR When reacted with isotype IgG, no
positive signal was found in the nasal tissues afenwith AR (Fig 2,E). PRMT1 was
moderately expressed in the nuclei of nasal epgthahd stromal cells in PBS-treated or HDM-
immunized mice (Fig 2E andF), whereas very weak expression of PRMT1 was faarithe
cytoplasm of these cells (Fig E). However, strong and moderate PRMT1 expressios wa

observed in the nucleus and cytoplasm, respectieélyasal epithelial cells of HDM-challenged
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10
AR mice (Fig 2,E andF). In Western blot analysis, PRMTL1 protein strondétected in nasal
mucosa of AR mice, but not in control mice (FigandH). These results show that PRMT1
expression is upregulated in nasal tissues with iR ch indicates that PRMT1 might play a

role in the development of AR.

PRMT1 deficiency suppresses the development of AR in HDM-challenged mice
PRMT1-haploinsufficient miceRRMT1"") were used to determine the role of PRMT1 on the
development of ARn vivo because mice with a homozygous allele of hypomorpiRMT1
exhibit embryonic lethality® Lower PRMT1 gene expression was detected in thalrissue of
PRMTI" mice compared with that of wild-type (WT) mice dft2). The analysis of AB/PAS-
stained sections revealed increased numbers of syeemreting cells in the nasal mucosa of
HDM-challenged WT mice, whereas lower numbers vieoad in PRMT1"" mice (Fig 3Aand

B). In addition, Sirius red staining revealed thdDM challenge led to massive eosinophil
infiltration in the nasal mucosa of WT mice, whex@alower eosinophilic infiltration score was
given toPRMT1"" mice (Fig 3A andC).

IgE is a critical factor for the development ofeafic diseases because it promotes the
production of inflammatory mediators such as hist@nprostaglandins, and cytokines in mast
cells’® Therefore, we examined the involvement of PRMT thie production of HDM-specific
antibodies, including IgE. The serum level of HDpksific IgE after HDM challenge was
significantly higher in WT mice than iRRMT1"" mice (Fig 3,D). Moreover, the levels of the
IgM, IgG, and IgG subclasses (IgG1, IgG2c, and lgGspecific to HDM were also higher in
WT mice than ilPRMT"" mice (Fig 3,E-1). These findings indicate that PRMT1 contributes t

the development of AR by promoting Ag-specific Igéduction.
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PRMT1 regulates Th2 cytokine production in nasal lavage fluids of micewith AR

Because Th2 cytokines, such as IL-4, IL-5, and 3|.-4re responsible for IgE production by B
cells, the activation and recruitment of eosinaphitnd mucus productiél, we further
investigated whether PRMT1 contributes to the aytes production. HDM challenge increased
the production of IL-4, IL-5, and IL-13 in NAL flds, and the levels iRRMT1"" mice were
significantly lower than those in WT mice (Fig A,C). The levels of IFNy and IL-17 in NAL
fluids were also increased by HDM challenge, buhgarable levels were detected in WT and
PRMT1"" mice (Fig E3). Because the epithelial productidnT&LP, IL-25, and IL-33 is
essential for Th2 or innate lymphoid cell 2 (ILG#fferentiation* the cytokine levels were also
determined. Substantial levels of TSLP, IL-25, #n@3 were detected in NAL fluids of HDM-
challenged WT mice, and the levelsRRMT*" mice were significantly lower (Fig &-F). It is
likely that PRMTL1 participates in the allergen-nadd production of Th2 cytokines through

upregulation of the epithelial production of TSULP25, and IL-33.

HDM and rIL-4 synergistically enhance PRMT1 expression in human nasal epithelial cells
through MAPK-dependent pathways

HDM extract can activate nasal epithelial cells antlance the expression of various géhés.

In addition, IL-4 produced by Th2 cells upregulaRBMT1 gene expression in respiratory
epithelial cells via a positive feedback l08plo determine a molecular mechanism underlying
the enhancement of PRMTL1 expression in a human epghelial cell line, RPMI 2650 cells
were treated with HDM and/or rIL-4. Treatment WilDM or rIL-4 alone slightly increased the

gene and protein expression of PRMT1 in RPMI 268llscand their combination markedly
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enhanced its expression compared with that in tedited with HDM or rIL-4 alone (Fig 3-
C). We further determined the localization of PRMIhRLHDM/rIL-4-treated cells because its
localization differs depending on the disease aiidtype?*2® Confocal microscopy showed that
the nuclear expression of PRMT1 in the cells wasganed by HDM/rIL-4 treatment (Fig B,
andE). In addition, HDM/rIL-4 treatment enhanced ADMAration in nasal epithelial cells
(Fig 5,F). Because mitogen-activated protein kinases (MARiKs known to be involved in the

#,2% 0 we assessed whether HDM/rIL-4 treatment influences

regulation of PRMT1 expressid
MAPK activation in RPMI 2650 cells. HDM-and-rIL-4otreatment slightly enhanced the
phosphorylation of ERK and p38 starting at 30 mimd amore strongly promoted JNK
phosphorylation starting at 15 min (Fig G). PD98059 (an ERK inhibitor) and SB203580 (a
p38 inhibitor) suppressed the HDM-and-rIL-4-medaitecrease in PRMT1 expression (Figb,
andl). The JNK inhibitor SP600125 also downregulatesl ékpression of PRMT1 to the level
found in untreated cells (Fig B, andl). The HDM/rIL-4-induced nuclear expression of PRMT
was also reduced by MAPK inhibitors (FigbandK). These findings indicate that HDM and

riL-4 might cooperate to increase PRMT1 expressamid promote its nuclear localization

through the MAPK pathway, particularly JINK-dominaignaling, in nasal epithelial cells.

PRMT1 mediates the expression of TSLP, IL-25, and IL-33 in nasal epithelial cells in
responseto HDM and riL-4

PRMT1 regulates gene transcription and proteinviagtiby catalyzing the methylation of
histones and cellular proteif$To determine whether PRMT1 regulates the exprassid@SLP,
IL-25, and IL-33 in nasal epithelial cells, PRMTgpeession in RPMI 2650 cells was inhibited

by siRNA, and the cells were subsequently treatéd tWDM and rIL-4. siRNA successfully
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reduced the gene and protein expression of PRMThercells (Fig E4A andB). Cotreatment
with HDM and rIL-4 enhanced the gene expressiomm8tP, IL-25, IL-33 and eotaxin-1 in
RPMI 2650 cells, and this enhancement was not theteio the cells in which PRMT1 was
inhibited by siRNA (Fig 6A, and Fig. E4C). In contrast, PRMT1 inhibition by siRNA did not
influence gene expression of MUCS5AC, MUC5B, CXCLand CCL2 upregulated by
cotreatment with HDM and rIL-4 (Fig. E®-G). To confirm the occurrence of this phenomenon
under more physiological conditions, human primagsal epithelial cells (hNECs) were
prepared under air-liquid interface (ALI) culturenclitions. Consistently, the PRMT1 expression
was upregulated in hNECs after treatment with HDMI alL-4 (Fig 6,B). AMI-1 treatment
reduced the HDM-and-rIL-4-induced enhancement ofH,SL-25, IL-33, and eotaxin-1 gene
expression in hNECs (Fig &, and Fig. E4D). During culture for 3 days, the production of
TLSP in the culture supernatant was increased biHiDd rIL-4 treatment, and this increase
was partially inhibited by AMI-1 (Fig 6D). IL-25 and IL-33 protein expression was
undetectable in this system (data not shown). THe®kngs indicate that PRMT1 might
contribute to the development of AR by regulatihg production of TLSP, IL-25, and IL-33 in

nasal epithelial cells in response to allergenlantl

AMI-1 treatment alleviates HDM-induced AR in mice

We subsequently sought to determine whether thenmwlogical inhibition of PRMT1
alleviates AR developmen vivo. The pan PRMT inhibitor AMI-1 was i.p. given toetlmice

before and after HDM challenge in accordance toettperimental schedule depicted in Fiy 7
As shown in Fig B-D, AMI-1 treatment reduced the infiltration of muesecreting cells and

eosinophils in the nasal mucosa of AR-induced miskll-1 treatment also decreased the
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production of immunoglobulins tested, except IgGRcserum (Fig 7E, and Fig E5). In NAL
fluids, the production of IL-4 was also decreasgdAMI-1 treatment (Fig 7F). The mean
levels of IL-5 and IL-13 in NAL fluids were also cleased by treatment with AMI-1, but this
decrease was not significant (FigFj, The levels of TSLP, IL-25, and IL-33 in NAL flds were

also lower in the AMI-treated mice (Fig @).



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

15

Discussion

Although PRMT1 is involved in the pathophysiology various diseases, including chronic
pulmonary inflammation, the role of PRMT1 in thevedl®pment of AR has not been studied. In
the present study, we revealed that PRMT1 expnessas upregulated in the nasal mucosa of
patients and mice with AR and that PRMT1 deficiermy inhibition reduced eosinophil
infiltration in the nasal mucosa and the productdrAg-specific immunoglobulins, including
IgE, and Th2 cytokines, such as IL-4, IL-5, and18-in serum. PRMT1 was also essential for

TSLP, IL-25, and IL-33 production in nasal epithékells in response to HDM and IL-4.

Aberrant expression of PRMTs, mainly their overesgion, appears to be associated with the
development of several diseases. PRMT1 overexpresgs been detected in various cancers,
such as lung, breast, prostate, colon, and blacierer$. During osteoclastogenesis, RANKL
upregulates PRMT1 expression in bone marrow oshsch is critical for NFkB activation and
osteoclastogenesis-related gene expresSidvioreover, an association between increased
PRMT1 expression and allergic airway inflammatioas hbeen found. E3 rats with AIPI
exhibited increased PRMTL1, 2, and 3 expression langr PRMT4 expression in the lungs
compared with control micE. The expression of PRMT5 and PRMT6 appears to be
unaffected’® In the present study, PRMT1 and PRMT4 expressias upregulated in the nasal
mucosa of AR patients. In addition, PRMT1 was algmificantly increased in the nasal mucosa
of HDM-induced AR mice compared with that of thentrol mice. Although no significant
difference in PRMT4 expression was found betweenttyo groups, its mean level was slightly

higher in the nasal mucosa of AR mice. This findsm@consistent with the results of a previous
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study conducted by Sun et #.which found lower expression of PRMT4 in the Iuiggue of

E3 rats with AIPI. Whether this discrepancy is tlueifferences in tissue origin remains unclear.
In the present study, we investigated the roleRMFP1 in AR development because PRMT1 is
overexpressed in the nasal mucosa of both humahmare with AR and is responsible for >90%

of ADMA formation.™* Whether PRMT4 contributes to AR development shatuls be clarified.

A previous study showed that PRMT1 is mostly exgedsn epithelial cells at the acute phase of
AIPI, whereas its expression is strongly detectefibroblasts or smooth muscle cells, but not
epithelial cells, at the chronic phasdn addition, PRMT1 is more highly expressed irwaiy
smooth muscle cells from asthmatic patients contpaiieh healthy control$! which suggests
that PRMT1 can be expressed in various cell typdase respiratory tract. In this study, strong
expression of PRMT1 was mostly observed in the eugclof nasal epithelial cells in both
humans and mice with AR, although its nuclear esgion was also observed in inflammatory
and stromal cells. Moreover, the experimental saleedf the HDM-induced AR mouse model is
similar to that of the acute AIPI mod®&lThese findings suggest that PRMT1 might play an

important role in nasal epithelial cells during ABvelopment, at least at the acute phase.

In our data, four of 10 patients in the AR groupl lzalow level of PRMT1, but there was no
significant difference in eosinophil count or tolgE level among AR patients. Interestingly, we
realized that the three of them were non-smokerasnather patient was a short-term (10 < pack-
years) smoker, whereas most AR patients with a leighl of PRMT1 were more than ten pack-
years of ex-smoker or current long-term smokersiway epithelial cells, only a small overlap

in DNA methylation is observed with whole blood amdgnitude of changes is about 10 times
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larger than what was seen in the peripheral bfddtisuggesting specific targets in airway
epithelial cells. In addition, COPD is usually tteld to tobacco smoking and develops in mid to
later life, and arginine methylation by PRMT1 wasggested to play an essential role in
COPD?® Therefore, our data suggest that smoking histesns to be a factor influencing

PRMT1 levels.

PRMT1 can be localized in both the nucleus andptggon and shows high mobility between
both regions depending on the methylation statub@fubstrate proteins in several c&$his
shuttling controls the processes of signal transalicsubcellular protein trafficking, and gene
expressiori* * In normal and cancerous tissues of the breastcatwh, PRMT1 staining is
mostly detected in the cytoplasm and is rarely detein the nucleu®: 2’ The researchers of
these previous studies claim that the enzyme islylikocalized in the cytoplasm because
methylation might occur during or just after tra®n?® 2’ In contrast, PRMT1 expression is
mostly found in the nucleus of gastric cancer gsswhich is associated with poor diagngsis.
In lung fibroblasts isolated from idiopathic pulnaoy fibrosis (IPF) patients, PRMT1 is
predominantly localized in the nucleus and modéyragspressed in the cytoplasthin the
present study, we found strong PRMT1 expressiothé nuclei of nasal epithelial cells of
patients and mice with AR, although weak to moaeRRMT1 expression was still observed in
the cytoplasm. Moreover, confocal microscopy obstons showed that the nuclear expression
of PRMT1 in RPMI 2650 cells was enhanced in respdosHDM and rIL-4 and thus supported
this hypothesis. The identities of the genes otgime that enhance PRMT1 regulation in the

nucleus of nasal epithelial cells remain to beidated.
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Previous studies have shown that IL-4 promotes PRMXpression in lung fibroblasts and
airway epithelial cell$® ?® In the present study, IL-4 also upregulated theegand protein
expression of PRMT1 in nasal epithelial cells. lestingly, HDM synergized with IL-4 to
enhance PRMT1 expression and its nuclear locadizain the cells, which suggests that
allergens might cooperate with IL-4 to regulate PRMexpression. MAPK family members,
such as ERK, JNK, and p38, play a central role mdiating multiple signaling pathways
involved in inflammation, immunity, and cell suraiv MAPKs have been shown to regulate
PRMT1 expression under various experimental caoiti Lim et af° showed that hypoxia-
induced PRMTL1 expression is downregulated by indibiof p38 and JNK, but not ERK, in
human lung epithelial cells. Platelet-derived gtowtfactor (PDGF) induces ERK
phosphorylation in airway smooth muscle cells ameteby regulates PRMT1 expresstorin
addition, RANKL treatment promotes PRMT1 expressiotbone marrow cells through a JNK-
dependent pathway, which is essential for ostetogasesi<’ In this study, we showed that
cotreatment with HDM and rlL-4 induces the phosptaiion of all MAPKs (p38, ERK, and
JNK) with different kinetics and to different degeein RPMI 2650 cells. Each inhibitor can
reduce HDM/rIL-4-induced PRMT1 expression, and he fpresence of a JNK inhibitor, the
expression level reached almost basal levels, whligjgests that the MAPK pathway with INK

dominancy might be essential for regulating PRMXgression in nasal epithelial cells.

Protein arginine methylation might play unique sole humoral immune responses, including B
cell proliferation, differentiation, and survivalHata and Mizuguchi detected reduced
proliferation of B cells and decreased differemiatof these cells into IgGl-secreting cells in

the presence of arginine methyltransferase inhikifter stimulation with LPS/IL-4/CD40-£°
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Mouse models with PRMT1-null B cells obtained witle Cre-LoxP system showed impaired B
cell development and function in a T cell-indepertdbut not T cell-dependent manriér.
Furthermore, immunization with protein plus adjutvan influenza virus infection resulted in
impaired germinal center (GC)-related humoral immuesponses, including the generation of
antibody-secreting cells, in these mouse motfels.defect in PRMT1 activity is reportedly
associated with the regulation of FOXO1 or Pf8Kvhich is essential for isotype switching and
differentiation into antibody-secreting cells antbsequent GC formatiofi.In the present study,
the serum levels of all Ag-specific immunoglobulimgcluding IgM, IgG and its subtypes, and
IgE, were significantly higher in the WT mice tham the PRMT1-haploinsufficient mice.
Whether this impaired Ag-specific immunoglobulinoguction is due to defects in PRMT1-
mediated B cell differentiation and isotype switehiand whether impaired PRMT1 function in
B cells influences HDM-induced AR development aadesity in mice remain unclear, and these
topics should be further investigated using a momselel with tissue-specific depletion of

PRMT1.

The airway epithelium, which responds to extermalimmnmental factors, links the innate and
adaptive immune systems through the release okioys and chemokind$.TSLP, IL-25, and

IL-33 are representative cytokines of epithelialield alarming'* A recent study showed that
IL-25, IL-33 and TSLP are mainly produced and sectdy epithelial cells in response to cell
damage, pathogen recognition or allergen expdSufé.These epithelial-derived cytokines
mediate various pathophysiological responses @fgtl reactions by initiating Th2 cell and
ILC2 responses, which results in the productiomyabkines such as IL-4, IL-5, and IL-£3%

Our results showed that HDM and IL-4 upregulated H;SL-25, and IL-33 expression in nasal
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epithelial cells in a PRMT1-dependent manner. kt,fthe cytokine levels in NAL fluids were
reduced in the PRMT1-haploinsufficient or AMI-1dted mice with HDM-induced AR, and the
levels of Th2 cytokines (IL-4, IL-5, and IL-13) MAL fluids and IgE in serum were also lower
in these mice. Accordingly, PRMTL1 likely contribstéo AR development by initiating the
epithelial production of TLSP, IL-25, and IL-33 iresponse to allergen and IL-4 and

subsequently inducing Th2 immunity.

PRMT1 is an asymmetric arginine methyltransferagbthe H4R3me2as modification catalyzed
by PRMTL1 is a typical marker of active chromatisLP, IL-25, and IL-33 are epithelial-derived
cytokines, which are involved in allergic diseabgsnducing type 2 responses. In this study, we
demonstrated that PRMT1 mediates expression of T8LP5, and IL-33 genes in nasal
epithelial cells under HDM and rIL-4 treatment. &nthe PRMT1-mediated histone
modification of H4R3me2as is associated with trapsonal activation of various gend3it is

of great interest to understand the mechanism bghMARMT1 regulates the epithelial-derived
cytokine expressions. Musiamt al. reported that PRMT1 phosphorylated by DNA-PK is
recruited to chromatin and then methylates H4AR®hatpromoter of the senescence-associated
secretory phenotype (SASP) gene, which expressitrarnscriptionally regulated by N&B.* In
addition, PRMT1 can directly methylate the RelAwnib of NF-kB to form a cellular complex
with it. This process leads to transcriptional lagan of target genes by manipulating the
affinity between NF-kB and the target genes in oese to TNFe.*® It is also known that the
gene expression of TSLP, IL-25, and IL-33 is retpdaby the activation of NF-k&:>3 Further

studies are needed to determine whether PRMT1 atgulgene expression of the epithelial-
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derived cytokines via direct modification of hiséoat the target promoter regions or regulation

of NF-«B activity.

In conclusion, PRMT1 is highly expressed in nagéhelial cells, particularly in the nucleus, of
hosts with AR. Allergen and Th2 cytokines, suchllagl, appear to cooperate to upregulate
PRMT1 expression. PRMT1 contributes to AR develomimzy regulating the production of

epithelial cytokines, such as TSLP, IL-25, and B,-# response to allergens and IL-4, which
results in the promotion of differentiation into Ztcells, IgE production and eosinophil
recruitment The administration of the pan PRMT inhibitor AMldlleviates the severity of

HDM-induced AR in mice, which suggests that PRMTigh be a new therapeutic target for
AR. A new PRMT1-specific inhibitor that can be atially applicable for AR patients thus needs

to be developed.
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Figurelegends

FIG 1. Gene expression of PRMTs in the nasal mucosa of healthy patients and patients
with AR. A-D, The gene expression 8RMT1, PRMT3, PRMT4 and PRMT5 in the nasal
mucosa of non-AR control and AR patients was meabsilny RT-PCR. The horizontal bars

indicate the means. P<0.05

FIG 2. PRMT1 expression in the nasal mucosa of HDM-induced AR mice. A-D, The gene
expression oPRMT1, 3, 4 and 5 in the nasal mucosa of contral AR-induced mice was
measured by RT-PCRE, Immunohistochemistry was performed to determine tellular
localization of PRMT1 expression in the nasal macosmice.F and H, The density of nucleus
expressed PRMT1 was measured using ImageJ progmasnthe results are expressed as the
meanst SDs.G, The PRMTL1 protein levels in the nasal tissues wenin=5) with or without
AR were determined by Western blottirtg), Relative protein levels were obtained by dividing

the density of PRMT1 by that @factin and the results are also expressed as thasheSDs.

*, P<0.05, *,P<0.01, *** P<0.001. Bar = 2Qum.

FIG 3. Goblet cell metaplasia, eosinophil infiltration and serum levels of Ag-specific
immunoglobulins in WT and PRMT1"" mice with HDM-induced AR. A, Goblet cell
metaplasia and eosinophil infiltration were evaddain AB/PAS- or Sirius red-stained sections
of WT andPRMT1*" mice with and without AR, respectivelg. and C, AB/PAS- and Sirius
red-positive cell counts were obtained as descnbede Materials and Methods, and the results

are expressed as the meanSDs.D-I, Levels of IgE, IgM, IgG, and 1gG subtypes specitfic
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601  HDM in the mouse serum were measured by ELISA. Adrezontal bars indicate the means. *,
602 P<0.05,** P<0.001. Bar = 2@m.
603
604 FIG 4. Th2- and epithelial-derived cytokine production in NAL fluids of AR-induced WT
605 and PRMT1"" mice. A-F, NAL fluids were obtained by flushing the nasal ¢gwiith 700pl of
606 PBS A-C, The levels of Th2 cytokines, including IL-4, IL-and IL-13, were measured by
607  ELISA. D-F, The levels of epithelial-derived cytokines, inahgl TSLP, IL-25 and IL-33, were
608 measured by ELISA. The horizontal bars indicatentieans. *P < 0.05, ***, P < 0.001.
609
610 FIG 5. PRMT1 expression and localization in nasal epithelial cellsin responseto HDM and
611 1L-4. A-J, RPMI 2650 cells were treated with HDM (1Q@/ml) and/or riL-4 (10 ng/ml)A,
612  The gene expression of PRMT1 after 8 h of treatmexst analyzed by RT-PCB.and C, The
613  PRMTL1 protein levels after 24 h of treatment weyefcmed by Western blotting and quantified.
614 D and E, The localization of PRMT1 expression was ideetlfi and quantified by
615  immunofluorescent confocal microscopic analys$ts. The ADMA formation after 72 h of
616  treatment were examined by Western blotti@g.The expression of phosphorylated forms of
617 ERK, JNK, and p38 was detected by Western blottihd<, Cells were pretreated with MAP
618  kinase inhibitors, such as PD98059, SP600125, #8203580, for 2 h and subsequently
619  incubated with HDM and rIL-4 for an additional 24Hhand I, The PRMT1 protein levels were
620 confirmed by Western blotting and quantified. and K, The PRMT1 localization was
621  determined and quantified by confocal microscopialgsis. The results are expressed as the
622 means * SDs. **P < 0.001. Values with different letters are sigrafitly (P < 0.05) different,

623  as determined by ANOVA with Duncan’s multiple rartgst.



624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

32

FIG 6. PRMT1 inhibition reduces TSLP, IL-25, and 1L-33 expression in nasal epithelial
cellsin response to HDM and IL-4. RPMI 2650 cellA) and A549 cellgB) were transfected
with scramble or PRMT1 siRNA and then treated vidbM (100 pg/ml) and rIL-4 (10 ng/ml)
for 12 h.A and B, The gene expression of TSLP, IL-25, IL-33, and PRMvas measured by
RT-PCR.C and D, Primary HNE cells were pretreated with AMI-1 (2§/ml) for 1 h and then
treated with HDM and rIL-4 for an additional 1262 h.C, The gene expression of TSLP, IL-25,
and IL-33 was measured by RT-PAR.The TSLP levels in culture supernatants were tistiec
by ELISA. The results are expressed as the me&bst *,P < 0.05, **, P < 0.01, *** P <

0.001.

FIG 7. AMI-1 administration attenuates AR severity in mice. A, Schematic representation of
the experimental protocdB, Representative images of Sirius red- and H&Easthinasal tissue
sections.C and D, AB/PAS- and Sirius red-positive cell counts weldained as described in
the Materials and Methods, and the results areesgpd as the meausSDs.E, The serum
levels of HDM-specific IgE, IgM, and IgG were meesil by ELISA.F, The levels of Th2
cytokines, including IL-4, IL-5, and IL-13, were asured by ELISA.G, The levels of
epithelial-derived cytokines, including TSLP, IL-2hd IL-33, were measured by ELISA. The

horizontal bars indicate the meansP* 0.05, **, P < 0.01, ***, P < 0.001. Bar = 2@um.
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