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c-Abl-Mediated Tyrosine Phosphorylation of PARP1 Is
Crucial for Expression of Proinflammatory Genes

Ameer Ali Bohio,”"Jr Aman Sattout,*”k Ruoxi Wang,*’* Ke Wang,”"Jr Rajiv Kumar Sah,lIE
Xiaolan Guo,*" Xianlu Zeng,*’ Yueshuang Ke,*" Istvan Boldogh,® and Xueqing Ba*"

Poly(ADP-ribosyl)ation is a rapid and transient posttranslational protein modification mostly catalyzed by poly(ADP-ribose)
polymerase-1 (PARP1). Fundamental roles of activated PARP1 in DNA damage repair and cellular response pathways are well
established; however, the precise mechanisms by which PARP1 is activated independent of DNA damage, and thereby playing a role
in expression of inflammatory genes, remain poorly understood. In this study, we show that, in response to LPS or TNF-« exposure,
the nonreceptor tyrosine kinase c-Abl undergoes nuclear translocation and interacts with and phosphorylates PARP1 at
the conserved Y829 site. Tyrosine-phosphorylated PARP1 is required for protein poly(ADP-ribosyl)ation of RelA/p65 and
NF-kB-dependent expression of proinflammatory genes in murine RAW 264.7 macrophages, human monocytic THP1 cells, or
mouse lungs. Furthermore, LPS-induced airway lung inflammation was reduced by inhibition of c-Abl activity. The present study
elucidated a novel signaling pathway to activate PARP1 and regulate gene expression, suggesting that blocking the interaction of
c-Abl with PARP1 or pharmaceutical inhibition of c-Abl may improve the outcomes of PARP1 activation-mediated inflammatory

diseases. The Journal of Immunology, 2019, 203: 1521-1531.

nuclear enzyme, catalyzing the formation of poly(ADP-

ribose) (PAR) on specific acceptor proteins by con-
suming substrate NAD™. This enzymatic process is designated
as poly(ADP-ribosyl)ation (PARylation), one of the essential and
conserved posttranslational protein modifications in eukaryotic cells
(1, 2). PARP1’s crucial roles in DNA transactions, such as chro-
matin replication, DNA damage repair, and gene transcription, as
well as its roles in cell death have been solidly established (1, 3).
Traditionally, PARP1 was documented to be activated by DNA
damage, including strand breaks and apurinic/apyrimidinic (AP)
sites and was thus functionally linked to DNA damage detection
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and repair as well as cell death (4-6). Once PARP1 engages DNA,
the interaction with DNA damage organizes PARP1 domains into
a collapsed conformation that can explain the strong activation
of PARP1 (7). Under such conditions, the primary target for
PARPI1-mediated PARylation usually is PARP1 itself, which is
called PARP1 automodification. Besides this, under conditions
lacking abundant DNA breaks, binding to nondamage DNA struc-
tures (e.g., hairpin, cruciform, stem-loop, as well as other specific
double-stranded sequences) has been considered as effective de-
terminants of PARP1 activation (8-10). In addition, recent studies
indicate that posttranslational modifications such as phosphoryla-
tion, acetylation, and methylation are alternative mechanisms for
the regulation of PARP1 activity (11).

In recent years, roles of PARP1 activation have been well ac-
knowledged as to be involved in regulation of proinflammatory
gene transcription in infectious and noninfectious as well as allergic
disorders (12-14). Proinflammatory agents (e.g., LPS, IL-1,
and TNF-a) that may not introduce severe damage to genomic
DNA increase the level of protein PARylation in various cell types
(15-18). However, signaling mechanisms eliciting PARP1 acti-
vation remain poorly elucidated. Studies have suggested that
PARP1 activity may be regulated through phosphorylation by
kinases that are parts of important regulatory pathways (19).
Among them, serine/threonine phosphorylation imposed by ERKs
represents a major alternative pathway to stimulate PARP1
(15, 20-22). Likewise, other serine/threonine kinases, such as
AMP-activated protein kinase (AMPK) and protein kinase C
(PKC) (23-25) have also been demonstrated to phosphorylate
PARPI1 and regulate its functions. PARP1 activation may be trans-
lated into PARylation of transcription factors (e.g., NF-kB, Spl, or
FOXP3) (15, 26) and thereby transcriptional modulation of target
genes positively or negatively.

In leukocytes, the roles of nonreceptor tyrosine kinases in the
transmission of membrane receptor-transduced immune signals
have drawn increasing attention (27, 28). However, to date,
whether tyrosine phosphorylation constitutes a regulatory mech-
anism in PARP1-mediated inflammatory gene transcription has
not been investigated. Our previous studies have addressed that the
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Abelson (ABL) family of nonreceptor tyrosine kinases c-Abl,
spleen tyrosine kinase (Syk), as well as lymphocyte cell kinase
(Lck) mediate signals transduced from the leukocyte-specific ad-
hesion molecules (including L-selectin, P-selectin glycoprotein
ligand-1, and (3,-integrin), directing the polymerization of actin
and thus regulating leukocytes’ adhesion and migration (29-33) or
stimulating proinflammatory cytokine expression in human leu-
kemic Jurkat T cells (34-36). Abl tyrosine kinase has also been
shown to be activated by TCR engagement, which is required for
maximal TCR signaling for T cell development and function of
mature T cells (28). c-Abl tyrosine kinase has been reported to be
involved in LPS-mediated activation of macrophages, prompting
an innate host response (37).

Our previous work documented an LPS-induced activation of
PARP1 in murine macrophages (15, 38). Thus, we questioned
whether c-Abl functions as an activator of PARPI1. In the current
study, we demonstrated that exposure to inflammatory agents LPS
and TNF-a increased both protein tyrosine phosphorylation and
PARylation levels in murine macrophages and mouse lungs. In-
flammatory stimulation induced c-Abl nuclear translocation and
interaction with PARP1, leading to tyrosine phosphorylation of the
latter. Pharmacological inhibition or genetic depletion of c-Abl
prevented PARPI1 activation and decreased PARPI-NF-kB—
dependent inflammatory gene expression. We identified that the
conserved 829 tyrosine residue of PARP1 might be the major site
to be phosphorylated by c-Abl. Pharmacological inhibition of
c-Abl also reduced airway lung inflammation induced by LPS.
Given the central role of PARPI in inflammation, these results
suggest that c-Abl tyrosine kinase-mediated phosphorylation is
required for optimal PARPI1 activation. c-Abl inhibitors may
thereby have clinical use to treat inflammation-related diseases.

Materials and Methods

Abs and reagents

Mouse mAb against PARP1 (1:2000, B-10, sc-74470) and rabbit polyclonal
Ab against c-Abl (1:3000, K-12, sc-131) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti—B-tubulin (1:8000, HC101) and
anti—B-actin (1:8000, HC201) mouse mAbs were purchased from TRANS
(Beijing, China). Mouse mAb against PAR (1:2000, ALX-804-220) was
purchased from Alexis (San Diego, CA). Mouse mAb against FLAG
(1:8000, F1804) was purchased from Sigma-Aldrich (Saint Louis, MO). The
mouse anti-phosphotyrosine Ab pY20 (1:3000, ab10321) was purchased
from Abcam (Cambridge, U.K.). LPS (L2630) and TNF-a was purchased
from PeproTech (Rocky Hill, NJ).Tyrosine kinase inhibitor imatinib mesylate
STIS71 (CGP-57148B) was purchased from BioVision (Milpitas, CA).

Cell culture and treatment

Murine RAW 264.7 macrophages were cultured in DMEM (Invitrogen)
supplemented with 10% (v/v) FBS and antibiotics. Human monocytic THP1
cells were cultured in RPMI 1640 medium supplemented with 10% FBS,
10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose, penicillin (100 U/ml),
and streptomycin (100 pg/ml) (Invitrogen, Carlsbad, CA). For the immune
challenge, the dose of LPS was 200 ng/ml and the dose of c-Abl inhibitor
STIS71 was 10 nM. Human embryonic kidney 293/hTLR4A-MD2-CD14
(HEK 293) cells stably transfected with the human TLR4, MD2, and CD14
genes (InvivoGen, San Diego, CA) were used in transfection experiments as
described previously (38).

Reverse transcription and real-time PCR

Total RNA was extracted from RAW 264.7 cells using TRIzol reagent
(Invitrogen), and 1 pg of purified RNA from each sample was transcribed
to cDNA. The cDNA was used as a template for real-time PCR. Primers for
real-time PCR included the following: mCxcl2: forward: 5'-TCAATGC-
CTGAAGACCC-3', reverse: 5'-TGGTTCTTCCGTTGAGG-3'; mTNF-a:
forward: 5'-AACTCTCAAGCTGCTCTGCC-3’, reverse: 5'-CAAGGAA-
TCTCCTCCCCGTC-3"; mIL-1B: forward: 5'-AAGGAAGTGCGTGTC-
TCTCC-3', reverse: 5'-TCAAGGGGTGGCAGATAGTG-3', and mB-actin:
forward: 5'-AACAGTCCGCCTAGAAGCAC-3', reverse: 5'-CGATGA-
CATCCGTAAAGACC-3'. Real-time PCR was performed in combination
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with the SYBR Green qPCR Master Mix (catalog no. 638320; TaKaRa) in
an ABI 7000 thermal cycler. Relative expression levels of target genes
were calculated by the AA cycle threshold method.

Immunoprecipitation and Western blotting

RAW 264.7 cells (1 X 107 per sample) were stimulated as described above
and lysed in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Nonidet P-40, 2.5 mM sodium pyrophosphate,
1 mM glycerophosphate, 1| mM NazVO,, 1 mM NaF, and 20 pg/ml
aprotin/leupeptin/PMSF). Lysates were centrifuged at 4°C, 13,000 X g
for 30 min, and the supernatants were incubated with 30 pl of protein G
Sepharose (Amersham Bioscience) at 4°C for 2 h. The precleared super-
natants were incubated with the indicated Abs for 12 h and protein G
Sepharose for 2 h with continuous rotation. Immunoprecipitates were then
washed with lysis buffer and resolved by SDS-PAGE. After the proteins
were transferred to nitrocellulose membranes, the membranes were washed
with TBST and blocked with 5% nonfat dry milk and then incubated for
1 h each with the indicated primary Ab and HRP-conjugated secondary
Ab. Signal was detected using ECL Plus chemiluminescent detection
system (Amersham).

rDNA constructs

To constitute GST-fused PARP1 domain mutant plasmids, DBD, auto-
modification domain (AMD), and CD domains of murine PARP1 were
amplified by PCR using the murine cDNA from RAW 264.7 macrophages as
a template and cloned into the vector pGEX-4T-2. The open reading frame
of the inserted DNA was confirmed by sequencing, and the expression of the
GST-fused proteins was verified by SDS-PAGE. To construct eukaryotic
expression plasmids expressing wild-type (WT) Flag-tagged human PARP1
(h-PARP1), as well as Y775F, Y829F, and Y907F mutants, GFP-PARP1
plasmid (a gift from Professor G. G. Poirier from Laval University, QC,
Canada) was used as template and amplified by PCR using flag-tagged
PARP1 primers. The PCR-amplified product and p3X Flag CMV-10
plasmid vector were digested with restriction enzymes Nhel and Xbal.
Purified DNA fragment of PARP1 (flag tagged) was cloned into plasmid
vector (p3X Flag CMV-10) by T4 ligase enzyme to form rDNA. Con-
struction of Flag-PARP1 recombinant plasmid was confirmed by DNA
sequencing.

GST pulldown assay

GST and GST-fused proteins (GST-PARP1-DBD, GST-PARP1-AMD, and
GST-PARP1-CD) were expressed in Escherichia coli strain BL21. The
induction was performed by adding 1 mM isopropyl-B-p-thiogalactopyr-
anoside (IPTG) to the culture with OD 1.0 at 37°C for 3 h. Whole bacteria
lysates were applied to glutathione Sepharose (GE Healthcare Life Sci-
ence), and GST-tagged proteins were purified according to the manufac-
turer’s instructions. For pulldown experiments, GST and GST-fused
protein immobilized on 40 wl of glutathione Sepharose 4B were incubated
with 1 ml of cell extracts at 4°C for 3 h. After three washes with Nonidet
P-40 lysis buffer, the bound proteins were analyzed by Western blotting.

Immunofluorescence microscopy

RAW 264.7 cells were cultured on cover slips in 12-well plates and in-
cubated with LPS at 200 ng/ml for 1 h. Then the cells were fixed with 10%
formaldehyde for 10 min, permeabilized with 0.5% Triton X-100 for 5 min,
and blocked by incubation with 10% FBS for 30 min. For the detection of
c-Abl, cells were sequentially incubated for 1 h each with anti—c-Abl rabbit
polyclonal Ab (1:200) and TRITC-conjugated secondary Ab (1:200). The
nuclei of the cells were stained with DAPI dye for 5 min, and cells were
visualized by using a confocal microscope (Nikon, Tokyo, Japan).

Small interfering RNA

Small interfering RNAs (siRNAs) targeting murine c-Abl (1] GACUUA-
GAUUGAAGAAACU, 2] CCUUUGAUG CUUACAAACU) were used at
100 pM. Cells were seeded in plates, incubated in growth medium without
antibiotics overnight, and then transiently transfected with RNA oligos
using Lipofectamine 2000 following the manufacturer’s instructions. At
4-6 h posttransfection, cells were replaced with complete medium to
promote recovery.

Mouse work

Six- to eight-week-old female C57BL/6 mice (2025 g) were purchased from
Jilin University (Changchun, Jilin, China). Mice were housed in a specific
pathogen-free facility at Northeast Normal University (Changchun, Jilin,
China) and allowed unlimited access to sterilized feed and water. They were
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maintained at 23 * 1°C and kept under a 12-h light/dark cycle. All ex-
periments were conducted in accordance with the Chinese Council on
Animal Care Guidelines. Mice were anesthetized with pelltobarbita-
lumnatricum (6.5 mg-kg™") and then randomized to be challenged with
LPS (20 ng per mouse in 60 wl of saline) or 60 wl of pH-balanced saline
solution (pH = 7.4) using the intranasal route (39), with or without an i.p.
pretreatment of STI571 (100 mgkg™" in a 200-ul volume without anes-
thesia) or vehicle only (5% DMSO, 10% Tween 80 in saline) 60 min
before the LPS challenge (40). One hour later, mice lungs were collected,
and homogenates were prepared for RNA detection.

Evaluation of airway inflammation

Evaluation of mouse lung airway inflammation was performed as described
(41). Briefly, tracheae were cannulated, and lungs were lavaged by two
instillations of 0.6 ml of ice-cold PBS after LPS challenge for 16 h.
Bronchoalveolar lavage fluid (BALF) samples were centrifuged (800 X g
for 5 min at 4°C), and the supernatants were stored at —80°C for further
analysis. The pellet included total cells, for which cell counts in the BALF
were determined from an aliquot of the cell suspension using a hemocy-
tometer. Differential cell counts were performed on centrifuge preparations
(Shandon CytospinR 4 Cytocentrifuge; Thermo Fisher Scientific, Waltham,
MA). Cells were stained with modified Wright-Giemsa using HEMA-TEK
2000 Slide Stainer (Protocol) for differential cell counts. Differential cell
counts were performed in a blind fashion by two independent researchers
counting 1000 cells from each animal (each animal was counted near 16
different fields). Randomly selected fields were photographed using an
OLYMPUS Microscope System BX53P microscope with a built-in digital
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charge-coupled device color camera, DP73WDR. In parallel experiments,
lung tissue sections were processed for staining with H&E to identify
neutrophils in lung sections as we published previously (39). Randomly,
five fields of each sample were captured at a magnification of X160 using a
CoolSNAP HQ2 camera mounted on a Nikon Eclipse Ti microscope.

Statistical analysis

Results were tested for statistical significance using one-way ANOVA to
analyze changes in mRNA levels. All data values are presented as mean * SD
with significance set at *p < 0.05, **p < 0.01, ***p < 0.001.

Results

Increase in protein PARylation induced by inflammatory
stimuli is regulated by c-Abl

Murine RAW 264.7 macrophages and human monocytic THP1
cells were incubated with LPS at a concentration of 200 ng/ml for
different time intervals (0, 0.5, 1, 3, and 5 h). Western blot analysis
using Abs against PAR showed that the level of PARylated proteins
notably increased by 0.5 h and reached the maximum level at 1 h
after LPS stimulation (Fig. 1A, Supplemental Fig. 1A). To support
these results, RAW 264.7 macrophages were also challenged by
another immune challenger, TNF-a, at concentration of 10 ng/ml
for the same time intervals. The level of PARylated proteins no-
tably increased from 0.5 h on and reached the maximum level at
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Inflammatory agent-stimulated protein PARylation is regulated by c-Abl. (A and B) Inflammatory agents’ (LPS or TNF-a) stimulation

promotes protein PARylation. RAW 264.7 cells were challenged with LPS or TNF-a for various lengths of time. Western blotting was performed to detect
protein PARylation levels in whole-cell lysates. (C and D) c-Abl activity is required for inflammatory agent-stimulated protein PARylation. RAW 264.7
cells were incubated with or without LPS for 1 h or TNF-a for 3 h in the presence or absence of c-Abl inhibitor (STI571). Cell extracts were subjected to
Western blotting to detect the protein PARylation. (E) siRNA of c-Abl blocked protein PARylation. RAW 264.7 cells were transfected with siRNA targeting
c-Abl or the control for 48 h and then challenged with LPS for 1 h. Western blotting was performed to detect protein PARylation levels. (F) LPS induces
protein PARylation in mice lungs. Mice were challenged with LPS (20 g per mouse) through the intranasal route for different time intervals, and then the
lungs were excised and homogenized. Western blotting was performed to detect the PARylation levels of each protein. (G) LPS-induced PARP1 activation
in mice lung is dependent on c-Abl. Mice were challenged with LPS for 1 h with or without i.p. pretreatment of STI571(30 mg-kg™"). Lung homogenates
were prepared, and Western blotting was performed to detect protein PARylation levels. Similar results were obtained from at least three independent

experiments.
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3 h postexposure with TNF-a (Fig. 1B). The increase in pro-
tein PARylation induced by both inflammatory stimuli (LPS and
TNF-a) was diminished when c-Abl tyrosine kinase inhibitor
STI571 was supplied (Fig. 1C, 1D, Supplemental Fig. 1B). To
further verify that c-Abl acts as an upstream modulator of PARP1
activation, we used siRNA targeting c-Abl. Knockdown of c-Abl
greatly inhibited LPS-induced increase in PARylated protein con-
tent and also notably lowered the basal protein PARylation level in
cells without LPS stimulation (Fig. 1E).

To further explore the role of c-Abl in PARP1 activation, a mouse
lung inflammation model was used as described previously (38).
Mice were challenged with LPS via the intranasal route for vari-
ous lengths of time (0, 0.5, 1, 3, and 5 h). Western blot analysis
showed that protein PARylation notably increased at 0.5 h and
reached a maximum level at 1 h post LPS exposure in mice lungs
(Fig. 1F). Pretreatment of mice with STI571 hampered LPS-induced
enhancement of protein PARylation (Fig. 1G). Similar results were
observed after TNF-a challenges (data not shown). The combined
data suggested that inflammatory stimuli-induced activation of nu-
clear enzyme PARP1 is a downstream event of nonreceptor tyrosine
kinase c-Abl signaling.

Inflammatory stimuli induce the association of c-Abl
with PARPI

To investigate the mechanism by which c-Abl increases protein
PARylation, we first examined whether c-Abl and PARP1 interact
upon LPS stimulation. Immunoprecipitates were obtained by using
PARP1 Ab, and Western blots showed a weak association of c-Abl
with PARP1 in the nontreated cells, which was markedly enhanced
by LPS stimulation from 0.5 h on and reached a maximum level
at 1 h (Fig. 2A). Likewise, the enhancement of the interaction
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between c-Abl and PARP1 (from 0.5 h on and reached a maximum
at 3 h) was also verified in the cells with TNF-a stimulation
(Fig. 2B). The interaction of the two proteins was eliminated by
treatment with c-Abl inhibitor STI571 (Fig. 2C-E). The presence
of DNase in the lysis buffer did not abolish the association of the
two molecules, implying the formation of the complex is not
mediated by DNA (data not shown). Next, we asked what do-
main(s) of PARPI interact(s) with c-Abl. PARP1 has three do-
mains through which it interacts with partner proteins. (Fig. 2F,
upper). GST-PARP1 domain expression plasmids were con-
structed (Fig. 2F, lower). A GST pulldown assay using GST-fused
PARP1 domains further revealed that the AMD of PARP1 enables
its binding with c-Abl (Fig. 2G). Furthermore, a question spon-
taneously arises as to whether LPS induces c-Abl nuclear trans-
location. In unstimulated cells, inactivated c-Abl is mainly located
in the cytoplasm and shuttles between cytoplasmic and nuclear
compartments upon induction, whereas PARP1 mainly resides in
the nucleus. RAW 264.7 cells were challenged with LPS for
various lengths of time (0, 0.5, 1, 3, and 5 h), and the subcellular
distribution of c-Abl was determined. Western blot analysis
showed c-Abl was notably translocated to nuclei at 0.5 h and
reached the maximum level at 1 h after LPS stimulation (Fig. 3A).
Nuclear translocation of c-Abl was further verified by immuno-
fluorescence staining (Fig. 3B).

c-Abl is involved in inflammatory stimuli-induced tyrosine
phosphorylation of PARP1

Because LPS and TNF-a stimulation enhanced the interaction
between c-Abl and PARP1, we predicted c-Abl played a role in the
phosphorylation of PARPI. Immunoprecipitation assay showed
that tyrosine phosphorylation level of PARP1 in RAW 264.7 cells
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c-Abl interacts with PARPI in response to exposure to inflammatory agents. (A and B) Exposure to inflammatory agents increases the

association of c-Abl with PARP1. RAW 264.7 cells were exposed to LPS (A) or TNF-a (B) for various lengths of time. Whole-cell extracts (WEs) were
prepared, and immunoprecipitates were obtained using Ab recognizing PARP1. The association of c-Abl with PARP1 was detected by Western blotting.
(C-E) STI571 blocked the association of c-Abl with PARP1. RAW 264.7 cells were mock treated or exposed to LPS (=STI571) for 1 h (C and E) and
TNF-a (+=STI571) for 3 h (D). WEs were prepared, and immunoprecipitates were obtained using Ab recognizing PARP1 or c-Abl. The blockage in
association of c-Abl with PARP1 or vice versa was detected by Western blotting. (F) Diagram of the domains in PARP1 and the schematics of the
GST-PARP1 domains expression plasmids. (G) AMD mediates the association of PARP1 with c-Abl. GST and GST-PARP1 domains were incubated with
equal amounts of WEs from LPS-treated cells. Levels of pulled-down c-Abl were detected by Western blotting. Similar results were obtained from at least
three independent experiments.
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was increased in response to LPS exposure (Fig. 4A), coinciding
with the kinetics of its interaction with c-Abl (Fig. 2A). Similar
results were obtained when THP1 cells were exposed to LPS
(Supplemental Fig. 2A) and when RAW 264.7 cells were exposed
to TNF-a (Fig. 4B). To determine the role of c-Abl in tyrosine
phosphorylation of PARP1, STI571 was applied, and LPS-induced
tyrosine phosphorylation of PARP1 in RAW 264.7 cells was
inhibited (Fig. 4C). Similar results were obtained when THP1
cells were exposed to STIS71 with LPS (Supplemental Fig. 2B)
and when RAW 264.7 cells were exposed to STIS71 with TNF-a
(Fig. 4D). To further specify the role of c-Abl in tyrosine phos-
phorylation of PARPI1, we used siRNA targeting c-Abl, and the
result showed that LPS stimulation failed to induce signifi-
cant tyrosine phosphorylation of PARPI1 in c-Abl-silenced cells
(Fig. 4E).

To further unveil the molecular mechanism of tyro-
sine phosphorylation of PARP1 by c-Abl, we constructed
eukaryotic expression plasmids expressing Flag-tagged WT
PARP1 and tyrosine site mutants. We analyzed the tyrosine
site(s) of h-PARP1 to consider the potential translational
significance of h-PARP1 tyrosine phosphorylation. Online
software (http://kinasephos.mbc.nctu.edu.tw/predict.php)
predicted that Tyr775 (Y775), Tyr829 (Y829), and Tyr907
(Y907) are potential sites of phosphorylation for h-PARP1.
All three tyrosine sites are conserved across phyla from in-
vertebrates (Drosophila) to mammals (humans) (Fig. 5A). In
light of the high transfection efficacy, HEK 293 cells were
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FIGURE 4. c-Abl is required for tyrosine phosphorylation of PARP1 in
response to inflammatory agents. (A and B) Exposure of inflammatory
agents increases the levels of tyrosine phosphorylation (pTyr) of PARPI1.
RAW 264.7 cells were exposed to LPS (A) or TNF-a (B) for various
lengths of time. Whole-cell extracts (WEs) were prepared, and immuno-
precipitates were obtained using Ab recognizing PARP1. The levels of
pTyr of PARP1 were detected by Western blotting. (C and D) Inhibition
of c-Abl activity eliminates the inflammatory agent-induced increase in
pTyr of PARP1. RAW 264.7 cells were mock treated or exposed to LPS
(£STI571) for 1 h (C) or TNF-a exposed (=STI571) for 3 h (D). WEs
were prepared, and immunoprecipitates were obtained using Ab recog-
nizing PARPI1. The levels of pTyr of PARP1 were detected by Western
blotting. (E) siRNA of c-Abl interferes with LPS-induced PARPI tyrosine
phosphorylation. RAW 264.7 cells were transfected with siRNA targeting
c-Abl or a control for 48 h and then challenged with LPS for 1 h. WEs
were prepared, and immunoprecipitates were obtained using Ab recog-
nizing PARP1. The levels of pTyr of PARP1 in the presence or absence of
c-Abl were detected by Western blotting. Similar results were obtained
from at least three independent experiments.

used. Cells were transfected with WT and mutant plasmids
and later were stimulated with LPS.

Immunoprecipitation assay using Ab recognizing the Flag tag
revealed that phosphorylation of WT Flag-PARP1 and Y907F
mutant was markedly increased in LPS-exposed cells, whereas that
of Y775F and Y829F mutants were not (Fig. 5B). This result
suggested that Y907 does not undergo phosphorylation in re-
sponse to LPS challenge. To pinpoint which tyrosine site of
PARPI is the target of c-Abl, WT as well as both Y775F and
Y829F mutants were transfected into HEK 293 cells, and then the
cells were stimulated with LPS in the presence or absence of
STI571. Immunoprecipitation assay revealed that STI5S71 was able
to lower the levels of tyrosine phosphorylation from WT Flag-
PARP1 and the Y775F mutant, but not Y829F, implying Y829 is
the site undergoing c-Abl-mediated tyrosine phosphorylation
(Fig. 5C). To exclude the possibility that the lack of response of
the Y829F mutant to STIS71 was due to the mutation disrupting
the interaction between c-Abl and PARP1, we compared the
coimmunoprecipitated c-Abl with WT-PARP1 or Y829F mutant,
and the result showed the Y829F mutation did not affect the in-
teraction of PARP1 with c-Abl (Fig. 5D).

c-Abl signals the function of PARP1 on NF-kB in response to
LPS stimulation

Our previous study demonstrated an LPS-induced PARP1-NF-«B
signal axis is a key for NF-kB—dependent proinflammatory gene
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FIGURE 5. PARPI1 Y829 might be the site phosphorylated by c-Abl in response to LPS stimulation. (A) Conservative comparison of tyrosine residues of
h-PARP1 in segment 751-930 with those relevant in other species through Drosophila to primate. Tyrosine residues that are conserved across all sequences
are highlighted with an asterisk (*) and tyrosine residues that are not conserved with a line (—). (B) Y775 and Y829 sites of PARP1 undergo phos-
phorylation in LPS-exposed cells. HEK 293 cells were transfected with WT Flag-PARP1 as well as Y775F, Y829F, and Y907F mutant plasmids and then
challenged with LPS for 1 h. Immunoprecipitates were prepared using flag Ab and then subjected to Western blotting to detect phosphorylation level.
(C) The Y829 site of PARP1 might be phosphorylated by c-Abl in response to LPS exposure. WT Flag-PARP1 as well as both Y775F and Y829F mutants
were transfected in HEK 293 cells, and then the cells were stimulated with LPS (=STI571) for 1 h. Immunoprecipitates were prepared using Flag Ab and
then subjected to Western blotting to detect phosphorylation levels. (D) Y829F mutation does not affect the interaction of c-Abl and PARP1. HEK 293 cells
were transfected with WT Flag-PARP1 and Y829F mutant plasmids and then challenged with LPS or left untreated for 1 h. Immunoprecipitates were
prepared using Flag Ab and then subjected to Western blotting to detect the interaction with c-Abl. Similar results were obtained from at least three
independent experiments.

expression (15). To address the significance of c-Abl-mediated
PARP1 phosphorylation, we first examined the role of c-Abl in the
induced association of PARP1 with RelA/p65 (the transcription
activation subunit of NF-kB). Upon LPS stimulation, the amount
of RelA/p65S in the immunoprecipitate obtained by Ab against
PARPI1 was increased (Fig. 6A) and vice versa PARPI in the
immunoprecipitate obtained by Ab against RelA/p65 (Fig. 6B).
Accordingly, the PARylation level of RelA/p65 was also enhanced
(Fig. 6C) in line with our previous results. Notably, pretreatment
of cells with c-Abl tyrosine kinase inhibitor STIS71 diminished
the LPS-induced interaction of PARP1 with RelA/p65 as well as
PARylation of the latter (Fig. 6A—C). To specify c-Abl’s role in
RelA/p65 PARylation, siRNA targeting c-Abl was applied, and
data indicated that in cells deficient of c-Abl, RelA/p65 PARylation
was markedly impaired (Fig. 6D), underlining the upstream-activating
effect of c-Abl on the activation of PARP1-NF-«B signal axis.

c-Abl is required for proinflammatory gene upregulation
and inflammation

To further elucidate the significance of c-Abl-mediated activation
of PARP1-NF-«kB signaling pathway, expression of selected

NF-kB—driven genes was examined. RAW 264.7 or THP1 cells
were incubated with LPS for increasing time intervals (0, 0.5, 1, 3,
and 5 h). Real-time PCR showed that mRNA levels of TNF-a and
IL-1B increased and persisted at the maximum level during 1 h,
revealing an activation of cells in response to immune challenge
(Fig. 7A, Supplemental Fig. 3A). Likewise, incubation of RAW
264.7 macrophages with TNF-a resulted in a similar pattern of
Cxcl2 and IL-1 mRNA expression, which reached a maximum at
3 h (Fig. 7B). To determine the role of c-Abl in proinflammatory
gene expression, siRNA targeting c-Abl was used. c-Abl-deficient
RAW 264.7 cells were incubated with LPS for 1 h or not; real-
time PCR showed that LPS-induced expression of proin-
flammatory genes (TNF-a and IL-13) was decreased (Fig. 7C).
When c-Abl-deficient RAW 264.7 cells were incubated with
TNF-a for 3 h, upregulation of proinflammatory genes (Cxcl2 and
IL-1B) was blocked too (Fig. 7D). In THP1 cells, STIS71 was
supplied along with LPS for 1 h; real-time PCR showed that LPS-
induced expression of proinflammatory genes (TNF-a and IL-1)
was decreased by STIS71 (Supplemental Fig. 3B). Moreover,
mouse lungs were challenged with LPS for various lengths of
time (0, 0.5, 1, 3, and 5 h); RT-PCR showed that mRNA levels of
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with LPS for 1 h. Immunoprecipitates were obtained using
Ab recognizing RelA/p65. PARylation levels of RelA/p65
in the presence or absence of c-Abl were detected by
Western blotting. Similar results were obtained from at
least three independent experiments.

TNF-o and IL-1( exhibited similar kinetics as that of RAW 264.7
macrophages (Fig. 7E). Pretreatment with STI5S71 prevented the
upregulation of the inflammatory genes induced by LPS in mouse
lungs (Fig. 7F).

In other experiments, mice were euthanized 16 h after LPS
challenge, the lungs were lavaged, and the cell numbers in BALF
were determined. Although challenge with LPS induced the robust
recruitment of neutrophils to the airways (~5 X 10° per ml), the
number of neutrophils in the samples from STI571-treated animals
decreased to 1.5 X 10° per ml. STI571 inhibits LPS-induced
airway inflammation ~70% (Fig. 8A, 8B). In parallel experi-
ments, lung tissue sections were processed for staining with
H&E to examine the subepithelium accumulation of leukocytes
in lung tissues. The result showed that the administration of
STI571 markedly blocked LPS-induced airway lung inflam-
mation (Fig. 8C).

To dissect the significance and function of PARP1’s Y829 site in
transcriptional activation of NF-kB targets in an intracellular
context, we transfected WT, Y829F, and Y907F PARP1-expressing
plasmids in endogenous PARP1-silenced Raw 264.7 cells. Proin-
flammatory gene expression (TNF-a and IL-1B) in Y829F
mutant—expressing cells was strongly blocked compared with WT-
PARP1-transfected cells, but that in Y907F mutant—expressing
cells was not (Fig. 9A, 9B).

Discussion

PARPI1 is the most abundant and ubiquitous member of the PARP
family enzymes (42). Previous studies have explored a large
number of signaling pathways leading to PARP1 activation inde-
pendent of DNA damage under various inflammatory conditions
(16, 43-46); however, the precise mechanisms by which PARP1 is
activated and regulates the inflammatory genes expression remain
not comprehensively understood. In the present work, we inves-
tigated the role of nonreceptor tyrosine kinase c-Abl in PARP1
activation, gene expression regulation, and inflammation mecha-
nism in murine RAW 264.7 macrophages, human THP1 mono-
cytic cells, or mouse lungs exposed to proinflammatory agents
LPS or TNF-a. Results from cell culture showed that the increase
in protein PARylation induced by LPS or TNF-a was diminished
by c-Abl inhibitor STI571 or siRNA-mediated c-Abl knockdown
(Fig. 1A-E, Supplemental Fig. 1A, 1B). Results from mouse lungs
also confirmed that the increase in protein PARylation induced
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by LPS was diminished by the c-Abl inhibitor STI571 (Fig. 1F, 1G).
Moreover, LPS- or TNF-a—induced expression of proinflammatory
cytokines/chemokines was blocked due to expression knockdown
or inhibition of the activation of c-Abl (Fig. 7A-D, Supplemental
Fig. 3A, 3B) or was inhibited by preadministration of STIS71
in mouse lung tissues (Fig. 7E, 7F). Furthermore, LPS-induced
mouse airway lung inflammation is inhibited by STI571 admin-
istration (Fig. 8A—C). These data point to a unique activation
mechanism for PARP1 that is not associated with DNA damage
and is downstream of the activation of the nonreceptor tyrosine
kinase c-Abl.

In the current study, we observed the induced interaction be-
tween c-Abl and PARPI, which accounts for PARP1 tyrosine
phosphorylation and thereby the enhancement of PARP1’s cata-
Iytic activity (Fig. 2A-E). We identified that the conserved 829
tyrosine residue of PARP1 might be the major site to be phos-
phorylated by c-Abl (Fig. 5). PARP1—c-Abl interaction has not, to
our knowledge, been reported before. Proteomic studies an-
nounced a large number of proteins interacting with or serving
as substrates of c-Abl, including tyrosine kinases (both receptor
and nonreceptor types), cytoskeleton-regulating proteins, signal
adaptors, and DNA damage response proteins (47), yet PARP1
was not on these lists. Our previous study documented how acti-
vated c-Abl kinase interacts with transcription factor AP-1 to form
a complex in the CSF-1 promoter region to regulate gene tran-
scription in the L-selectin ligation-activated leukocytes (34). In the
current study, whether interaction between PARP1 and c-Abl oc-
curs on target gene promoter regions was not investigated. c-Abl is
able to physically bind with PARP1 through the AMD of PARP1
(Fig. 2F, 2G), which is in line with a report showing that the AMD
of PARP1 is prone to mediating PARP1’s association with its
partners (48). PARP1 is a nuclear enzyme, whereas c-Abl resides
in both the cytoplasm and the nucleus and shuttling between two
compartments, which is based on its three nuclear localization
signals and single nuclear export signal. In nucleus, c-Abl reg-
ulates transcription and chromatin, which may involve three high-
mobility group-like boxes (HLB) that bind to DNA (49). Studies
documented DNA damage agents that induced c-Abl nuclear
translocation in which c-Abl modified DNA damage response
proteins or apoptotic proteins, participating in DNA damage re-
pair or cell death (50, 51). In the current study, we observed that
c-Abl is primarily located in cytoplasm and undergoes nuclear
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FIGURE 7. Inflammatory agent-induced proinflammatory gene expression is enhanced by c-Abl. (A and B) Inflammatory agents stimulate inflammatory
gene expression in murine macrophages. RAW 264.7 cells were incubated with LPS for various lengths of time. Real-time PCR was performed to detect the
mRNA expression of TNF-a and IL-18 (n = 5) (A). RAW 264.7 cells were incubated with TNF-a for various lengths of time. Real-time PCR was
performed to detect the mRNA expression of Cxcl2 and IL-1B (n = 5) (B). (C and D) c-Abl knockdown blocks upregulation of inflammatory genes. RAW
264.7 cells were subjected to siRNA targeting c-Abl and then mock treated or exposed to LPS for 1 h; real-time PCR was performed to detect the mRNA
expression of TNF-a and IL-1B. Inset, Western blotting shows efficacy of c-Abl knockdown (n = 5) (C); c-Abl—deficient RAW 264.7 cells were mock
treated or exposed to TNF-a for 3 h, and real-time PCR was performed to detect the mRNA expression of Cxcl2 and IL-183 (n = 5) (D), **p < 0.01. (E) LPS
stimulates inflammatory gene expression in mice lungs. Mice were exposed to LPS through the intranasal route for various lengths of time. Mice lungs were
collected, and homogenates were prepared. RNA was extracted, and RT-PCR was performed to detect mRNA expression of TNF-a and IL-1 (n = 5). Data
were expressed as mean * SD. Difference significance was analyzed by one-way ANOVA. (F) c-Abl inhibition blocks upregulation of inflammatory genes
in mice lungs. Mice were exposed to LPS through the intranasal route for 1 h with or without an i.p. pretreatment of STI571. Mice lungs were collected, and
homogenates were prepared. RNA was extracted, and RT-PCR was performed to detect the mRNA expression of TNF-a and IL-1{3. Similar results were
obtained from at least three independent experiments.

translocation in response to LPS stimulation (Fig. 3), suggesting a
potent membrane receptor-mediated signal-induced redistribution
of c-Abl. However, whether nuclear translocation of c-Abl is in-
dispensable for the increased interaction of c-Abl and PARPI1
needs further elucidation.

Our previous studies and those of others elucidated ERK1/2-
mediated serine phosphorylation of PARP1. ERK1/2 promotes
PARP1 activation through direct phosphorylation of PARP1
at serine 372 and threonine 373 (15, 20, 21). In addition,
phosphorylation of other serine sites of PARP1 has also been

reported to result in its DNA-independent activation (52). The
hormone-activated kinase CDK2, in complex with Cyclin E and
progesterone receptor, phosphorylates Ser785 and Ser786 of
PARP1, which are essential for the enhanced activity of PARPI,
shown by remarkable increases in PAR and PARP1 levels in breast
cancer cells upon progestin stimulation (52). More recently, it
was reported that the receptor tyrosine kinase c-Met translocated
into the nucleus upon H,O, and sodium arsenite treatment and
phosphorylated PARP1 at Tyr 907. Phosphorylation of Y907 can
increase PARP1 enzymatic activity and reduce binding to a PARP
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FIGURE 8. c-Abl activity is responsible for LPS-induced lung inflammation. (A and B) Visual depiction and quantification of cells in BALF.
Mice were mock treated or challenged with LPS in the presence or absence of pretreatment with STI571. After 16 h, mice were euthanized,
lungs were lavaged, and the cell numbers in BALF were determined. Ten to sixteen randomly selected fields of view per cytospin slide were
photographed (A). Differential cell counts were performed after modified Wright-Giemsa staining. Data are average = SD, representative of
six experimental animals from one experimental run. (C) STIS71 administration blocked LPS-induced subepithelium accumulation of leuko-
cytes in lung tissues. Mice were treated as described above. Lung tissue sections were processed for staining with H&E to examine the sub-
epithelium accumulation of leukocytes in lung tissues. Similar results were obtained from at least three independent experiments. Original

magnification X200.

inhibitor, thereby rendering cancer cells resistant to PARP inhibition
(53). Our present study did not observe Y907 undergoing
phosphorylation in cells exposed to LPS, indicating different
tyrosine kinases may be activated under various stimulation
conditions that direct PARP1 phosphorylation at different sites.
However, both serine and tyrosine phosphorylations are observed
in cells upon LPS stimulation (15, 54), which opens a question
as to how these two modifications cross-talk. The role of
nonreceptor tyrosine kinases in PARP1 phosphorylation and
activation has not drawn much attention. An early study
documented that Txk, a member of Tec family tyrosine kinases,
is involved in the expression of Thl cytokines. PARP1 and
elongation factor 1 o (EF-1a) were identified as Txk-associated
molecules that bound to the Txk-responsive element of IFN-y
gene promoter (55); however, whether Txk phosphorylates
PARPI in vivo was not addressed. In this study, we explored if
the interaction between nonreceptor tyrosine kinase c-Abl and
nuclear enzyme PARP1 resulted in the latter’s tyrosine phos-
phorylation and enzymatic activation (Fig. 4, Supplemental
Fig. 2).

The software program (KinasePhos) (56) predicted that Y775,
Y829, and Y907 are tyrosine phosphorylation sites. Site muta-
tion analyses showed the weakened PARPI1 tyrosine phosphor-
ylation on mutants of Y775 and Y829 but not Y907, excluding a
c-Met-mediated PARP1 phosphorylation in response to LPS
exposure (Fig. 5B). Out of the remaining two sites, Y829 was
identified as the substrate that is subjected to c-Abl-mediated
modification because administration of STI5S71 could further
reduce the extent of tyrosine phosphorylation of PARP1 Y775F
mutant upon LPS stimulation (Fig. 5C). Y829 is adjacent to
“the PARP signature,” a sequence of 50 aa (residues 859-908)
that shows 100% homology among vertebrates and possesses
PARP1 catalytic activity (57, 58). Phosphorylation of Y829
may lead to a conformational change in PARP1 that leaves its

active site exposed. So far, three generic anti-pY Abs (4G10,
pY20, and p-TYR-100) have been commonly used for phos-
phoproteomic approaches, and they display a sequence pref-
erence (59). The Ab used in the current study is pY20, which
may omit other phosphorylated sites. Nevertheless, analysis of
119 separately validated ABL1, ABL2, and BCR-ABLI sub-
strates revealed an enrichment for acidic residues (D or E) at po-
sition +1 (47), supporting Y829 as the substrate of c-Abl in the
current study.

Stimulation of macrophages with LPS endotoxin, a component
of the outer membrane of Gram-negative bacteria, results in the
production of various cytokines, including TNF-« and IL-13 (60).
The critical role of PARP1 in NF-kB—dependent immunity gene
activation is conserved in both mammals and Drosophila (61, 62).
In this study, we observed the increase in the association of
PARP1 with the transcription activation subunit of NF-kB (RelA/
p65) as well as the enhanced PARylation level of RelA/p65,
which is in line with our previous results (15). Notably, pretreat-
ment of cells with STI571 diminished LPS-induced interaction of
PARP1with RelA/p65 (Fig. 6A, 6B). Moreover, RelA/p65 PAR-
ylation was blocked by STIS71 or c-Abl siRNA (Fig. 6C, 6D).
Consequently, the upregulation of TNF-a, Cxcl2, and IL-13 was
abolished in the cells subjected to pharmacological inhibition or
expressional deficiency of c-Abl (Fig. 7, Supplemental Fig. 3) as
well as in the cells expressing Y829F PARP1 (Fig. 9). Impor-
tantly, LPS-induced airway lung inflammation was reduced by
administration of STI571 (Fig. 8). Combined data are strength-
ening the crucial role of c-Abl in activation of PARP1-NF-kB
signal axis.

In summary, this study demonstrated that in response to
immune stimuli, binding of c-Abl with PARP1 and tyrosine
phosphorylation of PARP1 are crucial for PARP1-NF-kB
signaling pathway-mediated upregulation of proinflammatory
genes and lung inflammation. Our data also suggest a potential
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FIGURE 9. Proinflammatory genes’ mRNA expression is impaired in
Y829F PARP1-expressing cells. Endogenous PARPI in Raw 264.7 cells
was silenced using siRNA targeting a distinguished sequence of PARPI,
and human WT PARPI1, Y829F PARPI, and Y907F PARP1 expressional
plasmids were transfected and then the cells were stimulated with LPS or
not for 1 h. Immunoblotting was performed to detect the interference of
endogenous PARPI as well as the ectopic expression of Flag-tagged WT,
Y829F, and Y907F PARP1 (A). Raw 264.7 cells as described above were
used; proinflammatory genes’ mRNA levels were detected by RT-PCR and
electrophoresis (upper) or real-time PCR (lower) (B). Data were expressed
as mean * SD. Difference significance was analyzed by one-way ANOVA.
*¥p < 0.01.

strategy to treat inflammation-related disorders through the
inhibition of c-Abl-mediated tyrosine phosphorylation of
PARPI.
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