International Journal of
| Immunopathology
& Pharmacology

Original Research Article -

International Journal of
Immunopathology and Pharmacology

Syk promotes phagocytosis by inducing Volume 36 1-13

© The Author(s) 2022

reactive oxygen SpeCieS generation and Article reuse guidelines:

sagepub.com/journals-permissions
DOI: 10.1177/03946320221133018

suppreSSing SOCSI in journals.sagepub.com/home/iji
macrophage-mediated inflammatory SSAGE
responses

Young-Su Yi'"*T, Han Gyung Kim"1, Ji Hye Kim"T, Woo Seok Yang', Eunji Kim',
Jae Gwang Park', Nur Aziz', Narayanan Parameswaran® and Jae Youl Cho'

Abstract

Obijective: Inflammation, a vital innate immune response against infection and injury, is mediated by macrophages. Spleen tyrosine
kinase (Syk) regulates inflammatory responses in macrophages; however, its role and underlying mechanisms are uncertain.

Materials and Methods: In this study, overexpression and knockout (KO) cell preparations, phagocytosis analysis, confocal
microscopy, reactive oxygen species (ROS) determination, mRNA analysis, and immunoprecipitation/western blotting analyses were
used to investigate the role of Syk in phagocytosis and its underlying mechanisms in macrophages during inflammatory responses.

Results: Syk inhibition by Syk KO, Syk-specific small interfering RNA (siSyk), and a selective Syk inhibitor (piceatannol)
significantly reduced the phagocytic activity of RAW?264.7 cells. Syk inhibition also decreased cytochrome c generation by
inhibiting ROS-generating enzymes in lipopolysaccharide (LPS)-stimulated RAW264.7 cells, and ROS scavenging sup-
pressed the phagocytic activity of RAW264.7 cells. LPS induced the tyrosine nitration (N-Tyr) of suppressor of cytokine
signaling | (SOCSI) through Syk-induced ROS generation in RAW264.7 cells. On the other hand, ROS scavenging
suppressed the N-Tyr of SOCSI and phagocytosis. Moreover, SOCSI overexpression decreased phagocytic activity, and
SOCSI inhibition increased the phagocytic activity of RAW264.7 cells.

Conclusion: These results suggest that Syk plays a critical role in the phagocytic activity of macrophages by inducing ROS
generation and suppressing SOCSI through SOCSI nitration during inflammatory responses.
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Background

Inflammation is an innate immune response mediated
mainly by myeloid immune cells such as macrophages to
protect the body from infection by various pathogens and
respond to cellular danger signals."” The inflammatory
response occurs as a result of interactions between pattern
recognition receptors and pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular
patterns.' Those interactions activate inflammatory sig-
naling pathways, such as the nuclear factor-kappa B (NF-
kB), activator protein-1 (AP-1), and interferon regulatory
factor (IRF) pathways.* ’ Activation of these inflammatory
signaling pathways is mediated by initiation of signal
transduction cascades that activate a variety of intracellular
signaling molecules, such as spleen tyrosine kinase (Syk),
phosphoinositide 3-kinase, Akt, inhibitor of kB (IkB) ki-
nase o/f (IKKao/B), and IxB in the NF-xB signaling
pathway; c-Jun N-terminal kinase, p38, and extracellular
signal-regulated kinase in the AP-1 signaling pathways;
and TANK, TANK-binding kinase 1, and IKKe in the IRF
signaling pathway.*” As a result of activation of these
inflammatory signaling pathways, macrophages induce
inflammatory responses in various ways, such as by fa-
cilitating the generation of reactive oxygen species (ROS)
and reactive nitrogen species, phagocytosis, and the ex-
pression of pro-inflammatory cytokines and inflammatory
enzymes.* Although inflammation is a protective im-
mune response, chronic inflammation rearranges tissue
architecture and destroys tissues and is involved in the
pathogenesis of many inflammatory and autoimmune
diseases and even cancers.'®'® Therefore, many efforts
have been made to discover the molecular mechanisms that
induce inflammatory responses, identify and validate
molecular targets to suppress inflammatory responses, and
develop therapeutic agents to ameliorate the symptoms of
those diseases.

Syk is a non-receptor tyrosine kinase that belongs to the
tyrosine kinase family. Syk has three main domains: an N-
terminal Src homology 2 domain, a C-terminal Src ho-
mology 2 domain, and a kinase domain.6 An alternatively
spliced form of Syk, Syk-B, has been identified in some
cells,18 but the exact function of Syk-B and its alternative
splicing mechanisms are unknown. The structure of Syk is
highly conserved among species. Human and murine Syk
share 92% of their amino acids, and Syk-like molecules are
found in other species, including rats, pigs, fruit flies, and
hydras.'”2° Syk is widely expressed in hematopoietic and
non-hematopoietic cells, such as immune cells, neuronal
cells, epithelial cells, vascular endothelial cells, and fi-
broblasts,6 and it catalyzes the phosphorylation of nu-
merous proteins at their tyrosine residues,?' which serve as
scaffolds to downstream effector proteins for subsequent
activation, including signaling molecules activated in the

NF-«B signaling pathway.®**%* Syk is a critical player in a
diverse variety of biological functions, including inflam-
matory responses, cellular adhesion, innate pathogen
recognition, tissue damage recognition, antibody-
dependent cellular cytotoxicity, bone metabolism, plate-
let functioning, and vascular development.®?*

Although Syk has been demonstrated to play critical
roles in inflammatory responses and diseases,®** 27 its
nuanced function in the inflammatory response and the
molecular mechanisms underlying that function remain
unknown. Therefore, this study investigated the regulatory
role of Syk in the phagocytic activity of macrophages by
regulating ROS generation and posttranslational modifi-
cation of SOCS1 during inflammatory responses.

Methods

Materials

Roswell Park Memorial Institute 1640 (RPMI 1640) cell
culture medium, Dulbecco’s Modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), streptomycin, peni-
cillin, L-glutamine, phosphate-buffered saline (PBS),
Lipofectamine® 2000, mounting medium, TRIZOL™
reagent, MuLV reverse transcriptase, pfit DNA polymerase,
DHS5a competent cells, polyvinylidene difluoride (PVDF)
membranes, enhanced chemiluminescence (ECL) reagent,
and Texas Red-X phalloidin were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). LentiCRISPRv2
vector was purchased from Addgene (Watertown, MA,
USA). Puromycin dihydrochloride, lipopolysaccharide
(LPS, Escherichia coli 0111:B4), dihydrorhodamine 123
(DHR 123), fluorescein isothiocyanate-Escherichia coli
(FITC-E.coli), piceatannol (Pic), bovine serum albumin
(BSA), o-tocopherol, resveratrol, N(G)-nitro-L-arginine
methyl ester (L-NAME), sodium nitroprusside (SNP),
and sodium dodecyl sulfate (SDS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Antibodies specific
for LAMP-1 (ab25245), FITC (sc-69872), N-Tyr
(ab24497), SOCS1 (ab9870), Syk (CST 2712), Flag
(CST 8146), and B-actin (CST 4967), which were used for
western blot analysis, immunoprecipitation, and immu-
nofluorescence staining, were purchased from Abcam
(Cambridge, UK), Cell Signaling Technology (Beverly,
MA, USA), Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA), Upstate Biotechnology (Waltham, MA, USA), and
NewEast Biosciences (Malvern, PA, USA). A QIAprep
Spin Miniprep Kit was purchased from Qiagen, Inc.
(Germantown, MD, USA). Small interfering RNA
(siRNA) specific for Syk (siSyk) and SOCS1 (siSOCS1)
was purchased from Genolution (Seoul, Korea). The
primers used for quantitative real-time polymerase chain
reaction (PCR) were synthesized at Macrogen Inc. (Seoul,
Korea). SYBR Premix Ex Taq was sourced from Takara
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Bio Inc. (Shiga, Japan). Protein A—coupled Sepharose®
beads were supplied by GE Healthcare Life Sciences
(Marlborough, MA, USA).

Cell culture and transfection

RAW264.7 cells and human embryonic kidney 293
(HEK293) cells were purchased from the American Type
Culture Collection (Rockville, MD, USA). The cells were
cultured in RPMI 1640 medium and DMEM, respectively,
supplemented with 10% heat-inactivated FBS, streptomycin
(100 mg/ml), penicillin (100 U/ml), and L-glutamine
(2 mM) at 37°C in a humidified incubator with 5% COs,.
Mycoplasma contamination was tested using a BioMycoX
Mycoplasma PCR Detection Kit (CellSafe, Seoul, Korea).
RAW264.7 and HEK293 cells were transfected with either
expression constructs or siRNA (Table 1) or sgRNA (Table
2) constructs for 48 h using Lipofectamine® 2000 according
to the manufacturer’s instructions.

Generation of Syk ™'~ RAW264.7 cells by the
CRISPR/Cas9 system

Small guide RNA (sgRNA) sense and antisense oligos
specific for Syk were synthesized, and the sgRNA hybrid
was inserted into a lentiCRISPRv2 vector as previously
described.”®*” RAW264.7 cells were transfected with the
Syk sgRNA construct using Lipofectamine® 2000 according
to the manufacturer’s instructions, and the transfected
RAW264.7 cells were selected using puromycin (1.0 mg/ml)
in RPMI 1640 medium containing 10% heat-inactivated
FBS until all non-transfected RAW264.7 cells were dead.

Phagocytosis assay
RAW264.7 cells were incubated with FITC-E.coli (10 pg/

ml) for the indicated times. After being washed with PBS,

Table 1. The siRNA sequences used in this study.

Target Sequence (5’ to 3')

Syk Sense CGAUUUCGGUCUUUCCAAAUU
Anti-sense UUUGGAAAGACCGAAAUCGUU

SOCSI Sense GUGACUACCUGAGUUCCUUUU
Anti-sense AAGGAACUCAGGUAGUCACUU

Table 2. The sgRNA sequences used in this study.

Target Sequence (5" to 3')
Syk Sense TCGCAATTACTACTACGACG
Anti-sense CGTCGTAGTAGTAATTGCGA

the cells were resuspended in FACS buffer, and the fluo-
rescence of the cells was quantified using a fluorescence
microplate reader and a flow cytometer.

Confocal microscopy

RAW264.7 cells were transfected with either control
scrambled siRNA (siN.C) or siSyk for 24 h. The RAW264.7
cells were treated with vehicle (DMSO), a-tocopherol
(100 uM), or resveratrol (50 uM) for 12 h and incubated with
FITC-E.coli (10 ng/ml) for the indicated times. The cells
were fixed with formaldehyde (4%) for 10 min, washed with
PBS three times for 5 min each, and permeabilized with
Triton X-100 (1%) for 5 min at room temperature. After
being washed with PBS three times for 5 min each, the cells
were incubated with BSA for blocking and then incubated
with primary antibodies specific for LAMP-1 or FITC,
followed by secondary antibody incubation at 4°C for 1 h.
After being washed with PBS three times for 5 min each, the
cells were covered with a cover glass in mounting medium
(20 pl) and analyzed by confocal microscopy.

ROS generation assay

RAW264.7 cells treated with LPS (1 pg/ml) at 37°C for the
indicated times were incubated with DHR 123 (20 pM) at
37°C for 20 min. After being washed three times with PBS,
the cells were resuspended in FACS buffer (2% BSA and
0.1% sodium azide in PBS), and the fluorescence of the
cells was determined using a flow cytometer.

Western blot analysis

RAW264.7 cells were lysed in ice-cold buffer A (pH 7.4,
20 mM Tris-HCl1, 2 mM EDTA, 2 mM EGTA, 50 mM
glycerol phosphate, 1 mM DTT, 2 pg/ml aprotinin, 2 pg/
ml leupeptin, 1 pg/ml pepstatin, 50 uM PMSF, 1 mM
benzamide, 2% Triton X-100, 10% glycerol, 0.1 mM
sodium vanadate, 1.6 mM pervanadate, and 20 mM NaF)
on ice for 30 min, followed by centrifugation at 12,000
rpm for 5 min at 4°C. The supernatant was collected as a
whole-cell lysate and stored at —20°C until use. The
whole-cell lysates were subjected to SDS polyacrylamide
gel electrophoresis and transferred to PVDF membranes.
The membranes were blocked with blocking buffer (5%
BSA in Tris-buffered saline) at room temperature for 1 h
and then incubated with primary antibodies specific for
each target at room temperature for 1 h. After being
washed with washing buffer (pH 7.6, Tris-base, NaCl, and
0.1 % Tween 20) three times for 10 min each, the
membranes were incubated with HRP-linked secondary
antibodies at room temperature for 1 h. After being
washed three times, the target proteins were visualized
with ECL reagent.
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Quantitative real-time polymerase chain reaction

Total RNA was extracted using TRIZOL™ reagent ac-
cording to the manufacturer’s instructions and immediately
stored at —70°C until use. Then, 1 pg of the total RNA was
used to synthesize cDNA using MuLV reverse transcrip-
tase, and the cDNA was used for quantitative real-time PCR
with SYBR Premix Ex Taq according to the manufacturer’s
instructions. The primer sequences used for quantitative
real-time PCR are listed in Table 3.

Immunoprecipitation

The whole-cell lysates (500 pug exogenous and 1 mg
endogenous protein) were pre-cleared using 10 pl of
protein A—coupled Sepharose® beads (50% v/v) at 4°C for
1 h, and the pre-cleared whole-cell lysates were incubated
with primary antibodies specific for each target at 4°C
overnight with gentle rotation. The immunocomplexes
were again incubated with protein A—coupled Sepharose®
beads (50% v/v) at 4°C for 4 h with gentle rotation, and
the supernatant was removed from the beads by centri-
fugation. After the beads were washed with ice-cold
buffer A five times, they were resuspended in protein
sample buffer (pH 6.8, 50 mM Tris-HCl, 2% SDS, 10%
glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA, and
0.02% bromophenol blue) and boiled for 10 min. Then the
immunoprecipitates were subjected to western blot
analysis to detect target proteins.

Statistical analysis

The data presented in this study are expressed as the
mean + standard deviation of at least three independent
experiments. For statistical comparison, all results were
analyzed by either analysis of variance or the Mann-
Whitney U test, and p values less than 0.05 were
considered statistically significant (*p < 0.05,
**p < 0.01). All statistical analyses were conducted
using the SPSS program (ver. 27.0, SPSS Inc., Chicago,
IL, USA).

Results

Syk was essential for phagocytic activity
in macrophages

Macrophages are effector cells that phagocytose pathogens
to induce innate immune responses,”° and the role of Syk in
phagocytosis of macrophages was investigated. To ex-
amine the effect of Syk on phagocytosis in macrophages,
Syk knock-out (Syk~'~) RAW264.7 cells were generated
(Figure 1(a)), and their phagocytic activity was examined.
Phagocytic activity was increased in the wild-type (WT)

Table 3. Primer sequences used for quantitative real-time PCR
in this study.

Target Primer Sequence (5’ to 3')
iNOS Forward GGAGCCTTTAGACCTCAACAGA
Reverse TGAACGAGGAGGGTGGTG
NOXI Forward ATCTTCGCGAAACCCGTGAT
Reverse AGAATCACAGCGAGATGGCTT
AOC3 Forward CAGCTCGGGACAGTGAGATA
Reverse CCAGGTCTCAGCAAAGACAA
AOXI Forward CAACCTTCCATCCAACACTG
Reverse CCACATTTGATTGCCACTTC
XDH Forward GCGATTGCTACACTTCCAGA
Reverse AGGGTTGAGGTCAGAGATGG
GAPDH Forward CAATGAATACGGCTACAGCAAC
Reverse AGGGAGATGCTCAGTGTTGG

RAW264.7 cells at 10, 20, and 30 min, whereas it was
markedly suppressed in the Syk'~ RAW264.7 cells
(Figures 1(a) and (b)). The role of Syk in phagocytosis was
also investigated in Syk-deficient RAW264.7 cells.
Phagocytic activity was markedly suppressed at 10, 20, and
30 min in RAW264.7 cells transfected with siSyk (20 nM)
(Figures 1(c) and (d)) and in those treated with Pic (50 puM)
(Figures 1(e) and (f)). Whether Syk-induced phagocytosis
in macrophages was lysosome-dependent was examined
next. Confocal microscopic analysis confirmed phagocytic
activity to be decreased in the siSyk-transfected RAW264.7
cells compared with WT RAW264.7 cells at 60 and
120 min, and Syk-induced phagocytosis occurred in a
lysosome-dependent manner (Figure 1(g)). These results
clearly indicate that Syk is a key player in the phagocytic
activity of macrophages.

ROS were a critical determinant of Syk-induced
phagocytosis in macrophages

The role of ROS generation in Syk-induced phagocytosis
was investigated in macrophages. Because LPS induces
ROS generation in macrophages,”’ RAW264.7 cells were
treated with LPS, and ROS generation was examined in
WT and Syk-deficient RAW264.7 cells. ROS generation
increased time-dependently for 25-35 min following LPS
treatment and decreased after 35 min (Figure 2(a)). The
effect of Syk on ROS generation was examined for up to
30 min in RAW264.7 cells. LPS-induced ROS generation
was significantly inhibited in Syk~'~ RAW264.7 cells at
10, 20, and 30 min after treatment compared with that in
WT RAW264.7 cells (Figure 2(b)). LPS-induced ROS
generation was also significantly inhibited in siSyk-
transfected RAW264.7 cells (Figure 2(c)) and
RAW264.7 cells treated with Pic, a selective Syk
inhibitor,:‘sz’33 at 10, 20, and 30 min compared with that in
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Figure I. Syk was essential for phagocytic activity in macrophages. (a) Syk expression in WT and Syk~'~ RAW?264.7 cells. WT and
Syk™'~ RAW264.7 cells were incubated with FITC-E.coli (10 pg/ml) for the indicated times, and fluorescence was quantified by (a) a
fluorescence plate reader and (b) a flow cytometer. RAW264.7 cells transfected with siN.C- or siSyk (20 nM) for 24 h were incubated
with FITC-E.coli (10 pg/ml) for the indicated times, and fluorescence was determined using (c) a fluorescence plate reader and (d) a flow
cytometer. RAW264.7 cells treated with vehicle (DMSO) or Pic (50 tM) were incubated with FITC-E.coli (10 pg/ml) for the indicated
times, and fluorescence was determined using (e) a fluorescence plate reader and (f) a flow cytometer. (g) RAW?264.7 cells transfected
with siN.C- or siSyk were incubated with FITC-E.coli (10 pg/ml) for the indicated times, and the fluorescence of LAMP-I and FITC was
visualized using confocal microscopy. The arrow indicates the overlap of LAMP-1 and FITC fluorescence. N.C., negative control. ¥p <
0.0l compared with controls.
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Figure 2. ROS was a critical determinant of Syk-induced phagocytosis in macrophages. (a) RAW264.7 cells treated with LPS (I pg/ml)
for the indicated times were incubated with DHR 123 (20 uM) for 20 min, and the ROS level was determined by fluorescence
quantification. (b) WT and Syk™'~ RAW264.7 cells, (c) siN.C- or siSyk-transfected RAW?264.7 cells, and (d) DMSO- (vehicle) and Pic-
treated (50 pM) RAW?264.7 cells were treated with LPS (I pg/ml) for the indicated times and incubated with DHR 123 (20 uM) for 20 min.
The ROS level was determined by measuring fluorescence using a fluorescence plate reader. (€) RAW264.7 cells treated with DMSO
(vehicle), a-tocopherol (100 pM), or resveratrol (50 tM) for 12 h were incubated with FITC-E.coli (10 pg/ml) for the indicated times, and
fluorescence was determined using a fluorescence plate reader. (f) RAW264.7 cells treated with vehicle (DMSO), a-tocopherol
(100 uM), or resveratrol (50 uM) for 12 h were incubated with FITC-E.coli (10 pg/ml) for 120 min, and the fluorescence of LAMP-1 and
FITC was visualized using confocal microscopy. The arrow indicates the overlap of LAMP-1 and FITC fluorescence. N.C., negative
control. *p < 0.05, **p < 0.0] compared with controls.

WT RAW264.7 cells (Figure 2(d)). Next, the effect of = Phagocytic activity was significantly inhibited by both
ROS on phagocytosis in macrophages was examined. a-tocopherol and resveratrol in RAW264.7 cells at 10—
RAW264.7 cells were treated with either a-tocopherol or 30 min post-treatment (Figure 2(e)). Confocal micro-
resveratrol, both of which inhibit ROS generation,**’ scopic analysis confirmed that the reduction of ROS
and phagocytic activity was determined in those cells. generation by both a-tocopherol and resveratrol inhibited
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lysosome-dependent phagocytosis in RAW264.7 cells at
120 min (Figure 2(f)). These results suggest that Syk
rapidly (within 30 min) induces ROS generation, which,
in turn, induces phagocytosis in macrophages. Thus, Syk
induces phagocytosis by promoting ROS generation in
macrophages.

Syk upregulated the expression of
ROS-generating enzymes

Because Syk induced phagocytic activity by increasing
ROS generation in macrophages, the molecular mechanism
of Syk-induced ROS generation was investigated. En-
zymes critical for ROS generation have been identified, and
the effect of Syk on the gene expression of those ROS-

generating enzymes was examined in RAW264.7 cells.
Because ROS generation increased gradually for 25 to
30 min after LPS treatment (Figure 2(a)), the mRNA ex-
pression of ROS-generating enzymes was examined in
RAW264.7 cells treated with LPS for up to 30 min. The
mRNA expression of the ROS-generating enzymes iNOS,
NADPH oxidase 1 (NOX1), aldehyde oxidase 1 (AOX1),
and xanthine dehydrogenase (XDH) increased following
LPS treatment, with the highest level at 10 min, whereas the
mRNA expression of amine oxidase copper containing-3
(AOC3) increased gradually for up to 30 min following
LPS treatment in RAW264.7 cells (Figure 3(a)). The LPS-
induced mRNA expression of iNOS, NOX1, AOX1, and
XDH was significantly inhibited in Syk~'~ RAW264.7
cells compared with WT RAW264.7 cells (Figure 3(b)).
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Figure 3. Syk upregulated the expression of ROS-generating enzymes. (a) RAW264.7 cells were treated with LPS (I pg/ml) for the
indicated times, and the mRNA expression of iINOS, NOXI, AOC3, AOXI, and XDH was determined using quantitative real-time
PCR. (b) WT and Syk™'~ RAW264.7 cells were treated with LPS (1 pg/ml) for 10 min, and mRNA expression of iNOS, NOXI, AOXI,
and XDH was determined by quantitative real-time PCR. (c) siN.C- or siSyk-transfected RAW264.7 cells and (d) DMSO- (vehicle) and
Pic-treated (50 M) RAW?264.7 cells were treated with LPS (1 pg/ml) for the indicated times, and mRNA expression of iINOS, NOXI,
AOXI, and XDH was determined using quantitative real-time PCR. *p < 0.05, ¥ < 0.0] compared with controls.
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The LPS-induced mRNA expression of those enzymes was
also inhibited in the siSyk-transfected RAW264.7 cells
(Figure 3(c)) and the RAW264.7 cells treated with Pic
(50 uM) (Figure 3(d)). These results suggest that Syk
induces ROS generation in macrophages by upregulating
the expression of ROS-generating enzymes, which further
suggests that Syk-induced ROS generation and phagocy-
tosis are mediated by an increase in the expression of ROS-
generating enzymes in macrophages.

SOCS| negatively regulated phagocytic activity in
macrophages via nitration

We investigated how the ROS produced by ROS-
generating enzymes regulated phagocytosis in macro-
phages. Interestingly, protein nitration profile screening
identified tyrosine-nitrated (N-Tyr) proteins with mo-
lecular weights around 98, 39, and 23 kDa in LPS-
stimulated RAW264.7 cells, and the N-Tyr levels in
those cells increased gradually, with the highest levels
occurring 30—40 min after stimulation (Figure 4(a)).
Immunoprecipitation and western blot analyses identi-
fied the 23-kDa N-Tyr protein in the LPS-stimulated
RAW264.7 cells as SOCS1 (Figure 4(b)); however, the
other two N-Tyr proteins were not identified by im-
munoprecipitation or western blot analysis (data not
shown). This result was confirmed by the increased N-
Tyr of SOCS1 produced by SNP, an ROS-generating
agent,®® in SOCSI-transfected HEK293 cells (Figure
4(c)). As expected, the N-Tyr of SOCS1 induced by
LPS was inhibited dramatically by the iNOS inhibitor L-
NAME and radical scavengers such as a-tocopherol
(Figure 4(d)).***>-° These results suggest that the N-Tyr
of SOCSI is induced by ROS generation in macro-
phages. Because Syk induced phagocytic activity by
increasing ROS generation in RAW264.7 cells (Figure
2), the role of SOCS1 in the phagocytic activity of
macrophages was examined. Phagocytic activity was
significantly reduced in  SOCSI-overexpressing
RAW264.7 cells (Figure 4(e)), and inhibition of
SOCS1 expression by siSOCS1 induced phagocytic
activity in RAW264.7 cells (Figure 4(f)), indicating that
SOCSI1 acts as a negative regulator of macrophage-
mediated phagocytosis. The effect of ROS in SOCSI-
inhibited phagocytic activity in macrophages was ex-
amined next. SNP treatment increased the phagocytic
activity inhibited by SOCSI1 to that of WT RAW264.7
cells (Figure 4(g)). Collectively, these results indicate
that ROS generated in macrophages by LPS or SNP
stimulation induced SOCS1 inhibition by nitration at its
tyrosine residues, leading to phagocytosis. Therefore,
Syk induces phagocytosis in macrophages by inhibiting
SOCS! activity through the nitration of SOCSI.

Discussion

ROS generation and phagocytosis are critical processes in
the inflammatory response in macrophages; however, little
is known about the molecular mechanism by which ROS
generation occurs or its effect on phagocytosis in the
macrophage-mediated inflammatory response. Previous
studies have demonstrated that stimulating macrophages
with PAMPs such as LPS induces ROS generation and
phagocytosis,” and that many intracellular signaling
molecules, such as Syk, are activated in macrophages
during the inflammatory response.*®’*' Despite those
previous studies, the role of Syk in phagocytosis, a key
innate immune response in macrophages, is poorly un-
derstood, and the corresponding molecular mechanism was
unidentified. This study demonstrates that Syk is an es-
sential player in phagocytosis in macrophages, inducing
ROS generation by upregulating the expression of ROS-
generating enzymes and inhibiting SOCS1 activity through
a posttranslational modification of SOCSI. In this study,
Syk-deficient conditions were generated in macrophages
(RAW264.7 cells) in three ways: Syk KO by the CRISPR/
Cas9 system and Syk inhibition by siSyk or Pic, a selective
Syk inhibitor. Regardless of the method, Syk inhibition
significantly inhibited phagocytic activity in Syk-deficient
RAW264.7 cells from 10 to 30 min following LPS treat-
ment (Figure 1). Phagosomes are fused with lysosomes in
macrophages, leading to proteolysis of phagocytosed
bacteria.**** Consistent with that observation, Syk-
induced phagocytosis involved fusion with lysosomes in
RAW264.7 cells, but that fusion between phagosomes and
lysosomes was suppressed in Syk-deficient RAW264.7
cells (Figure 1(g)). These results strongly suggest that Syk
is an essential player that rapidly promotes phagocytosis,
and that lysosomal fusion and degradation are required for
Syk-induced phagocytosis in macrophages.

ROS have a variety of biological functions, including
induction of signal transduction required for macrophage
differentiation and activation and killing of pathogens
through respiratory bursts.** This study confirmed that
ROS generation is correlated with phagocytosis in mac-
rophages. ROS generation was induced beginning 5 min
after LPS stimulation and was highest at around 30 min
(Figure 2(a)). The rapid LPS-stimulated generation of ROS
was induced by Syk, and ROS generation was decreased in
Syk-deficient RAW264.7 cells, indicating that Syk is a
critical factor for ROS generation in macrophages. These
results suggest that ROS generated by Syk could induce
phagocytosis in macrophages, and ROS scavenging by
a-tocopherol and resveratrol suppressed phagocytosis in
macrophages (Figures 2(e) and (f)). Thus, Syk promotes
phagocytosis by inducing ROS generation in macrophages
during the inflammatory response.
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Figure 4. SOCSI negatively regulated phagocytic activity via nitration in macrophages. (a) N-Tyr proteins in the whole-cell lysates of
RAW?264.7 cells treated with LPS (I pg/ml) for the indicated times were detected by western blot analysis. (b) N-Tyr SOCSI in the
whole-cell lysates of RAW264.7 cells treated with LPS (I pg/ml) for the indicated times was detected by immunoprecipitation and
western blot analysis. (c) HEK293 cells transfected with a Flag-SOCS| plasmid for 48 h were treated with either vehicle (DMSO) or SNP
(100 uM) for 3 h,and N-Tyr SOCS| was detected by immunoprecipitation and western blot analysis. (d) RAW264.7 cells were treated
with DMSO (vehicle, 12 h), L-NAME (2.5 mM, | h), or a-tocopherol (50 uM, 12 h) and with LPS (I pg/ml) for the indicated times. N-Tyr
SOCSI in the whole-cell lysates of the RAW264.7 cells was detected by immunoprecipitation and western blot analysis. (€) RAW264.7
cells were transfected with a control empty plasmid or a Flag-SOCS|-expressing plasmid for 48 h, and Flag-SOCSI expression was
detected by western blot analysis. WT and Flag-SOCS | -transfected RAW?264.7 cells were incubated with FITC-E.coli (10 pg/ml) for the
indicated times, and fluorescence was determined using a fluorescence plate reader. (f) RAW264.7 cells transfected with siN.C or
siSOCS| (20 nM) for 24 h were incubated with FITC-E.coli (10 pg/ml) for the indicated times, and fluorescence was determined using a
fluorescence plate reader. (g) RAW264.7 cells transfected with the control empty plasmid or Flag-SOCS| plasmid were treated with
SNP (100 uM) for 3 h, followed by further incubation with FITC-E.coli (10 pg/ml) for 30 min, and fluorescence was determined using a
fluorescence plate reader. *p < 0.05, **p < 0.0 compared with controls.
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Figure 5. Schematic summary demonstrating the role of Syk in phagocytosis in macrophage-mediated inflammatory responses.

The role of Syk in the expression of ROS-generating
enzymes in macrophages was examined to understand
the molecular mechanism of Syk-induced ROS gener-
ation. Several ROS-generating enzymes have been
identified. iNOS catalyzes L-arginine to produce NO,*’
and NOX1 produces ROS by oxidizing NADPH.*®
AOC3 catalyzes the oxidative deamination of primary
amines, producing H,0,.*” AOX1 produces ROS by
oxidizing various aldehydes,*® and XDH generates ROS
by oxidizing ethanol.*” The mRNA expression of those
enzymes was increased in RAW264.7 cells following
LPS treatment. Interestingly, the mRNA expression of
iNOS, NOXI1, AOXI1, and XDH increased rapidly,
within 10 min of treatment, whereas AOC3 mRNA
expression increased gradually for up to 30 min after
LPS stimulation (Figure 3(a)). This indicates that, al-
though these are all ROS-generating enzymes, their
modes of action in generating ROS during macrophage-
mediated inflammatory responses differ. The mRNA
expression of these enzymes induced by LPS was de-
creased markedly in Syk’~ and Syk-deficient

RAW264.7 cells (Figures 3(b)—(d)), suggesting that
Syk induces ROS generation by upregulating the ex-
pression of ROS-generating enzymes in macrophages
during the inflammatory response.

A large number of studies have demonstrated that the
function of many intracellular signaling molecules is
modulated by protein modifications, such as phosphory-
lation and proteolytic processing, during inflammatory
responses.”'#°°73 Interestingly, this study found some
proteins that are tyrosine-nitrated by LPS and identified the
N-Tyr of SOCS1 during the LPS-stimulated inflammatory
response (Figures 4(a) and (b)). Because Syk induced ROS
generation under LPS-stimulated inflammatory conditions
(Figure 2), the functional relationships between ROS and
the N-Tyr of SOCS1 were investigated, and it was found
that LPS-induced ROS generation induced the N-Tyr of
SOCS1 in RAW264.7 cells (Figure 4(d)), indicating that
Syk-induced ROS generation modulates the function of
SOCSI1 via N-Tyr. The phagocytic activity increased by
Syk-induced ROS generation was inhibited by ROS
scavengers (Figure 2), and the N-Tyr of SOCS1 induced by
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LPS stimulation was inhibited dramatically by ROS
scavengers (Figure 4(d)). These results implicate SOCS1 as
a negative regulator of phagocytosis and show that the N-
Tyr of SOCSI1 induced by ROS generation inactivates
SOCSI1, explaining the induction of phagocytosis in
macrophages during the inflammatory response. Nitration
studies of manganese-dependent superoxide dismutase
(MnSOD) and cytochrome ¢ show that such modifications
can lead to loss-of-function or gain-of-function, respec-
tively, through structural protein modification.”*” In the
results of this study, SOCS1 overexpression decreased
phagocytic activity (Figure 4(e)), and SOCS1 inhibition by
siSOCSI increased phagocytic activity in LPS-stimulated
RAW264.7 cells (Figure 4(f)). Also, ROS generation re-
covered the phagocytic activity that was decreased by
SOCS1 (Figure 4(g)). These results suggest that ROS
generation inhibits SOCS1 function via the N-Tyr of
SOCSI, leading to induction of phagocytic activity in
macrophages.

Although these results clearly show that the role of Syk
in the phagocytic activity of macrophages occurs through
regulation of ROS generation and SOCS1 modification,
only a murine macrophage cell line, RAW264.7, was used
in this study. These results need to be further confirmed in
primary cells, such as bone marrow—derived macrophages
and circulating peripheral monocytes, and also in human
macrophages, such as THP-1, U937, and primary
monocytes/macrophages isolated from patients. Also, an in
vivo study using Syk KO mice will be critical in supporting
the in vitro results of this study. Moreover, the identifi-
cation of N-Tyr site(s) on SOCS1 during inflammatory
responses and the detailed mechanisms by which SOCS1
regulates phagocytosis surely need to be further
investigated.

Conclusion

This study demonstrated the role of Syk in phagocytosis
and the underlying molecular mechanisms of macro-
phagic inflammatory responses. Upon LPS stimulation,
Syk induces ROS generation by upregulating the ex-
pression of ROS-generating enzymes, which increases
the phagocytic activity of macrophages. A mechanistic
study revealed that Syk-induced ROS generation fa-
cilitated the phagocytic activity of macrophages by
inactivating SOCSI1, a negative regulator of phagocy-
tosis, via the N-Tyr of SOCS1 during the inflammatory
response (Figure 5). This study was designed to con-
tribute to the understanding of the role of Syk in
phagocytosis and to elucidate its underlying molecular
mechanism in macrophage-mediated inflammatory re-
sponses because selective Syk targeting is a promising
strategy to prevent and treat inflammatory responses and
diseases.
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Appendix

NF-xB  nuclear factor-xB
AP-1  activator protein-1
IRFs interferon regulatory factors
Syk spleen tyrosine kinase
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