


TNF-a and IL-1b exhibited similar kinetics as that of RAW 264.7
macrophages (Fig. 7E). Pretreatment with STI571 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 3 105 per ml), the
number of neutrophils in the samples from STI571-treated animals
decreased to 1.5 3 105 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
PARP1 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

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 STI571
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 PARP1, which accounts for PARP1 tyrosine

phosphorylation and thereby the enhancement of PARP1’s cata-

lytic 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

FIGURE 6. c-Abl activity promotes RelA/p65 binding

with PARP1 and PARyaltion (A and B) c-Abl activity

promotes RelA/p65 binding with PARP1. RAW 264.7 cells

were mock treated or exposed to LPS (6STI571) for 1 h.

Immunoprecipitation was performed, and Ab against

PARP1 (A) or RelA/p65 (B) was used to get precipitate

complexes. Western blotting was performed using Abs

specific for p65 or PARP1 in the complexes, respectively.

(C and D) c-Abl activity promotes RelA/p65 PARyaltion.

(C) RAW 264.7 cells were treated as described above.

Immunoprecipitates were obtained by using Ab against

RelA/p65; PARylation levels of RelA/p65 were deter-

mined by Western blotting using Ab recognizing PAR.

(D) RAW 264.7 cells were transfected with siRNA tar-

geting c-Abl or the control for 48 h and then challenged

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.
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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 PARP1
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 PARP1,
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 H2O2 and sodium arsenite treatment and
phosphorylated PARP1 at Tyr 907. Phosphorylation of Y907 can
increase PARP1 enzymatic activity and reduce binding to a PARP

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-1b (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-1b (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. RNAwas extracted, and RT-PCR was performed to detect mRNA expression of TNF-a and IL-1b (n = 5). Data

were expressed as mean 6 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-1b. Similar results were

obtained from at least three independent experiments.
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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 Th1 cytokines. PARP1 and
elongation factor 1 a (EF-1a) were identified as Txk-associated
molecules that bound to the Txk-responsive element of IFN-g
gene promoter (55); however, whether Txk phosphorylates
PARP1 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 PARP1 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 STI571 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-ABL1 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-a and IL-1b (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 STI571 or c-Abl siRNA (Fig. 6C, 6D).
Consequently, the upregulation of TNF-a, Cxcl2, and IL-1b 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

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 6 SD, representative of

six experimental animals from one experimental run. (C) STI571 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 3200.
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strategy to treat inflammation-related disorders through the
inhibition of c-Abl–mediated tyrosine phosphorylation of
PARP1.
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Supplementary Figure 1 (S1): Inflammatory agent LPS-stimulated protein 

PARylation is regulated by c-Abl 

(a) Inflammatory agent LPS stimulation promotes protein PARylation.THP1 cells 

were challenged with LPS for various lengths of time. Western blotting was 

performed to detect protein PARylation levels in whole-cell lysates. (b) c-Abl activity 

is required for LPS-stimulated protein PARylation. THP1 cells were incubated with or 

without LPS for 1 h in the presence or absence of c-Abl inhibitor STI571. Cell 

extracts were subjected to western blotting to detect the level of protein PARylation. 

Similar results were obtained from at least three independent experiments. 

 

 



 

 

Supplementary Figure 2 (S2): c-Abl is required for tyrosine phosphorylation of 

PARP1 in response to inflammatory agent LPS. 

(a) Exposure of inflammatory agent LPS increases the levels of tyrosine 

phosphorylation (pTyr) of PARP1. THP1 cells were exposed to LPS 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. (b) Inhibition of c-Abl activity eliminates LPS-induced 

increase in pTyr of PARP1. THP1 cells were mock-treated or exposed to LPS 

(±STI571) for 1 h. WEs were prepared and immuno-precipitates were obtained using 

Ab recognizing PARP1. The levels of pTyr of PARP1 were detected by western 

blotting. Similar results were obtained from at least three independent experiments. 

 



 

 

 

Supplementary Figure 3 (S3): LPS-induced pro-inflammatory gene expression is 

enhanced by c-Abl. 

(a) Inflammatory agent LPS stimulates inflammatory gene expression in THP1 cells. 

Cells were incubated with LPS for various lengths of time. Real-time PCR was 

performed to detect the mRNA expression of TNF-α and IL-1β.  (b) c-Abl inhibition 

blocks up-regulation of inflammatory genes. THP1cells were mock-treated or exposed 

to LPS (±STI571) for 1 h. Real-time PCR was performed to detect the mRNA 

expression of TNF-α and IL-1β (n = 5). Data were expressed as mean ± SD and 

analyzed by one-way ANOVA. ** p < 0.01.                        


