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The Journal of Immunology

Talin1 Methylation Is Required for Neutrophil Infiltration
and Lipopolysaccharide-Induced Lethality

Thomas Jun Feng Lim and I-Hsin Su

Talin1, a well-established integrin coactivator, is critical for the transmigration of neutrophils across the vascular endothelium into

various organs and the peritoneal cavity during inflammation. Several posttranslational modifications of talin1 have been pro-

posed to play a role in this process. In this study, we show that trimethylation of talin1 at Lys2454 by cytosolic Ezh2 is substantially

increased in murine peritoneal neutrophils upon induction of peritonitis. By reconstituting talin1-deficient mouse myeloid cells

with wild-type, methyl-mimicking, or unmethylatable talin1 variants, we demonstrate that methylation of talin1 at Lys2454 is

important for integrin-dependent neutrophil infiltration into the peritoneal cavity. Furthermore, we show that treatment with an

Ezh2 inhibitor or reconstitution of talin1-deficient myeloid cells with unmethylatable talin1 significantly reduces the number of

organ-infiltrating neutrophils and protects mice from LPS-induced mortality. The Journal of Immunology, 2018, 201: 3651–3661.

C
ell adhesion and migration processes are highly dynamic
and require temporal and spatial coordination of a large
number of cytosolic and transmembrane proteins. For

example, the recruitment of neutrophils to sites of infection, which
is essential for pathogen clearance (1), is initiated by selectin-
mediated rolling of neutrophils along postcapillary venules,
where P-selectin glycoprotein-1 (CD162) expressed on the surface
of neutrophils interacts with constitutively expressed selectins on
the surface of endothelial cells (2–4). This process of neutro-
phil rolling promotes the interaction of chemokine receptor
CXCR2 expressed on the surface of neutrophils with endothelial
cell–bound chemokine CXCL1, thereby triggering a CXCR2-
dependent signaling cascade that eventually leads to the activa-
tion of LFA-1 (a dimer of b2-integrin and integrin aL) in a
talin1-dependent manner (5). Talin1 binding to the membrane
proximal NPxF motif and the membrane proximal region of the
b2-integrin tail induces structural changes in the LFA-1 integrin
heterodimer in neutrophils, converting it from a low-affinity state
to an active configuration with high binding affinity for ICAM-1, a
ligand expressed on the surface of endothelial cells (2). Recruit-
ment of kindlin3 to the membrane distal NxxF motif of b2-integrin
reinforces the high affinity integrin/ligand interaction (5, 6) and
ultimately leads to neutrophil arrest on the endothelial wall. Arrested
neutrophils then initiate transmigration through the activation of

Mac-1 (aMb2) and spread and crawl toward endothelial
cell junctions (paracellular migration route) or directly across
endothelial cells (transcellular migration route) for entrance to
tissues (7).
Proteins involved in the process of neutrophil migration are

typically regulated by protein/protein interactions and/or post-
translational modifications (PTMs) that include phosphorylation,
acetylation, ubiquitination, or proteolytic cleavage (8–11). Talin,
the intermediate molecule that links integrins to the actin cyto-
skeleton, is perhaps the molecule with the best-defined role in
regulating cell migration. It consists of a talin N-terminal head
domain (THD), with a high-affinity binding site for the integrin b

subunit, that is connected via an unstructured linker to a long
C-terminal rod domain consisting of 13 helical bundles (R1–R13)
(12). In the cytosol, talin adopts an autoinhibitory configuration
through the formation of intramolecular interactions between the
THD and the R9 domain (12–15). For talin activation, various
proteins and molecules have been shown to be involved. For ex-
ample, the interaction of Rap1/GTP-interacting adaptor mole-
cule (RIAM) with the talin rod domain releases talin from its
autoinhibitory conformation (16). Kank2 can also bind talin in the
vicinity of its actin-binding site 2 (ABS2), keeping it in an acti-
vated state at focal adhesion (FA) belts while simultaneously re-
ducing F-actin binding and traction force transmission to promote
FA disassembly (17) or the formation of fibrillar adhesions
(18, 19). Moreover, Skap2 can form a complex with Wiskott–
Aldrich syndrome protein (WASp) to promote global actin poly-
merization and the binding of talin1 and kindlin3 to integrin,
thereby regulating integrin activation and neutrophil recruitment
in vivo (20). It has also been shown that negatively charged
phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] at FAs may
enable the activation of talin (13). Upon activation, talin can be
regulated by calpain-mediated cleavage, followed by ubiq-
uitination or arginylation (21–24). Turnover of leukocyte FAs re-
quires proteasomal degradation of ubiquitinated THD, a process
that is antagonized by cyclin-dependent kinase 5 (CDK5)–mediated
phosphorylation of Ser425 in the THD (22). Arginylation of talin
has also recently been reported to be essential for cell/cell adhe-
sion (23). Additional PTMs may further alter talin function to
influence cell migration. Indeed, our recent reports suggest a
critical role for talin1 methylation in the regulation of adhesion
dynamics and tumorigenesis (25, 26). We have shown that histone

School of Biological Sciences, College of Science, Nanyang Technological Univer-
sity, Singapore 637551, Republic of Singapore

ORCID: 0000-0002-5894-9580 (I-H.S.).

Received for publication April 23, 2018. Accepted for publication October 15, 2018.

This work was supported by the Agency for Science, Technology and Research
Graduate Scholarship (to T.J.F.L.). This work was supported by the following
Singapore Ministry of Education, Singapore Ministry of Health, and National Medical
Research Council grants: Academic Research Fund Tier 1 RG40/13 and RG36/17,
MOE2013-T2-2-038, MOE2017-T2-2-054, and NMRC-CBRG/0057/201 (to I-H.S.).

Address correspondence and reprint requests to Prof. I-Hsin Su, Nanyang Techno-
logical University, 60 Nanyang Drive, Singapore 637551, Republic of Singapore.
E-mail address: ihsu@ntu.edu.sg.

Abbreviations used in this article: ABS3, actin-binding site 3; BALF, bronchoalveo-
lar lavage fluid; BM, bone marrow; BSS, balanced salt solution; BUN, blood urea
nitrogen; EV, empty vector; Ezh2, enhancer of zeste homolog 2; FA, focal adhesion;
K2454me3, Ezh2-mediated trimethylation of talin1 at Lys2454; MHCII, MHC class
II; PTM, posttranslational modification; THD, talin N-terminal head domain.

Copyright� 2018 by The American Association of Immunologists, Inc. 0022-1767/18/$37.50

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1800567

 by guest on M
arch 5, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://orcid.org/0000-0002-5894-9580
http://orcid.org/0000-0002-5894-9580
mailto:ihsu@ntu.edu.sg
http://www.jimmunol.org/


methyltransferase enhancer of zeste homolog 2 (Ezh2)–mediated
trimethylation of talin1 at Lys2454 (K2454me3) in the actin-binding
site 3 (ABS3) disrupts the binding of F-actin to talin1, leading to
enhanced calpain-dependent cleavage of talin1 and elevated adhesion
turnover (25, 26).
Because the distribution of leukocytes and, in particular, the

extravasation of neutrophils into sites of infection or inflammation
is largely dependent upon integrin activation, we sought to de-
termine the physiological significance of talin1 methylation in vivo.
Our results showed that talin1/K2454 trimethylation in peritoneal
neutrophils was induced in vivo during the progression of peri-
tonitis. The importance of this methylation in regulating neutrophil
infiltration into the peritoneal cavity and LPS-induced mortality
was further demonstrated in chimeric mice with neutrophils
expressing talin1 methylation variants and mice treated with an Ezh2
inhibitor. Our studies indicate that Ezh2-mediated talin1/K2454me3
controls the migration of neutrophils and possibly other immune
cells under various disease conditions, resulting in broad impacts on
overall immune responses.

Materials and Methods
Mice

Tln1f/f mice (27) were crossed with LysM-Cre mice (28) to generate mice
with talin1-deficient myeloid cells. All mice were bred and maintained under
specific pathogen-free conditions at the animal facility of the School of
Biological Sciences, Nanyang Technological University. All mouse protocols
were conducted in accordance with the guidelines of the Nanyang Techno-
logical University Institutional Animal Care and Use Committee.

Organ collection and preparation

Organ collection and preparation was carried out as previously described
(25). Peritoneal cells were collected by peritoneal lavage using 5 ml ice-
cold RPMI 1640 medium or balanced salt solution (BSS) (29) supple-
mented with 2% FCS. Bronchoalveolar lavage fluid (BALF) was collected
according to the standard protocol. Single-cell suspensions were generated
and stained for flow cytometry analysis.

Production of retroviral supernatants

To produce retroviral supernatants for the transduction of bone marrow (BM)
stem cells, HEK-293T cells were transfected with 10 mg MIG/GFP empty
vector (EV), MIG/GFP wild-type talin1 (K2454), MIG/GFP/talin1/K2454F,
MIG/GFP/talin1/K2454A, MIG/GFP/talin1/K2454Q, or MIG/GFP/talin1/
W359A, along with 10 mg pCL-Eco retrovirus packaging plasmid. Virus-
containing supernatants were collected at 48 and 72 h and filtered (0.45 mm)
(Pall) before spin transduction of target cells (see below).

Generation of BM chimeras

Tln1f/fLysM-Cre mice were i.p. injected with 5-fluorouracil (150 mg/kg)
(Sigma-Aldrich) and sacrificed 4 d later. BM cells from Tln1f/fLysM-Cre
mice were harvested and erythrocytes lysed. Subsequently, BM cells were
cultured on fibronectin-coated (10 mg/ml) (Sigma-Aldrich) six-well plates
(Thermo Fisher Scientific) in complete RPMI 1640 medium (with 10% FCS,
55 mM 2-ME, 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine)
(Life Technologies) supplemented with 6 ng/ml IL-3, 10 ng/ml IL-6, and
10 ng/ml stem cell factor (all from PeproTech) for 2 d before transduction.
BM cells were transduced twice (on day 2 and 3) with retrovirus supernatant
containing 5 mg/ml polybrene (Sigma-Aldrich) at 1000 3 g for 1.5 h to
express N-terminal GFP-fused wild-type talin1 (K2454) or talin1 variants
(talin1/K2454F, K2454A, and K2454Q). EV was used as control. After two
rounds of transduction, transduced BM cells were FACS-sorted for GFP
expression and cultured for two to three more days before adoptive transfer
(53 105 GFP+ BM stem cells) into lethally irradiated (5.5 Gy 3 2) CD45.1
congenic wild-type mice. Reconstituted BM chimeric mice were fed with
water containing antibiotics for 2 wk before analysis 8 wk later.

Abs and reagents

The following Abs for flow cytometry analysis were used: CD45/APC/Cy7
(30-F11), CD45.2/APC (104), Ly6G/PE (1A8), CD11b/BV605 (M1/70),
CD11b/BUV395 (M1/70), F4/80/biotin (BM8), streptavidin/PeCy7,
Ly6C/FITC (HK1.4), MHC class II (MHCII)/PeCy5 (M5/114.15.2),
MHCII/Pacific Blue (M5/114.15.2), and anti-GFP (FITC) (ab6662)

(all from BioLegend, except CD11b/BUV395 from BD Biosciences and
anti-GFP FITC–conjugate Ab from Abcam). Intracellular staining was
performed using BD Cytofix/Cytoperm Kit (BD Biosciences) according to
manufacturer’s instructions. Topro3 (Invitrogen) and Live/Dead Fixable
Violet dye (Thermo Fisher Scientific) were used to exclude dead cells.
The following Abs for immunoprecipitation and Western blot were used:
Talin (8D4; Sigma-Aldrich), CD29 (12G10; Abcam), CD11b (ab133357;
Abcam), GFP (B-2; Santa Cruz Biotechnology), GAPDH (AM4300;
Thermo Fisher Scientific), Vav1 (no. 2502), and Ezh2 (D2C9) Abs (both
from Cell Signaling Technology). Talin1/K2454me3 custom Ab (25) was
generated by YenZym Abs (San Francisco, CA). Evans blue dye was
prepared according to the manufacturer’s instructions (Sigma-Aldrich).

Immunoprecipitation

Peritoneal or BM neutrophils were purified (Miltenyi Biotec) at different
time points and lysed in lysis buffer (20 mM HEPES, 1.5 mM EDTA,
2 mM MgCl2, 150 mM NaCl, and 1% Triton X-100) supplemented with
1% protease inhibitor mixture, 5 mM Na3VO4, 5 mM NaF, 1 mM DTT,
and 1 mM PMSF (all from Sigma-Aldrich). Lysates were centrifuged at
16,000 3 g for 10 min at 4˚C. The supernatant was collected and pre-
cleared with Protein G Sepharose beads (GE Healthcare) for 30 min at
4˚C. Anti-talin Ab was added to the lysates and incubated overnight at 4˚C.
Protein G Sepharose beads were added to the supernatant for 3–4 h at 4˚C.
Beads were washed three times in lysis buffer and boiled in 23 loading
buffer. Immunoprecipitation of talin1 or GFP/talin1 from HEK-293T cells
was performed in a similar fashion.

Induction of peritonitis and vascular permeability analysis

Mice were i.p. injected with 1 ml of 4% thioglycolate broth, fMLF (50 ng/
mouse), or various doses of zymosan A (all from Sigma-Aldrich) to induce
sterile peritonitis. Mice were sacrificed at the indicated time points upon
induction of peritonitis. Peritoneal cells were collected with 5 ml BSS (29)
containing 2% FCS and stained for flow cytometry analysis. To analyze
vascular permeability, 100 ml Evans blue dye (30 mg/kg) (Sigma-Aldrich)
was i.v. administered 30 min before inducing peritonitis. Peritoneal cells
were collected with 5 ml BSS (29) containing 2% FCS and were pelleted,
and the OD640 of the peritoneal fluid (supernatant) was used as a deter-
minant of Evans blue leakage into the peritoneal cavity. For experiments
involving the Ezh2 inhibitor GSK126 (Active Biochem), experimental
mice were i.p. injected with 10 mg/kg of inhibitor 48 and 1 h prior to
induction of peritonitis with 15 mg/kg body weight of LPS (O55:B5)
(Sigma-Aldrich).

LPS-induced endotoxemia

Mice were i.p. injected with 15 mg/kg of body weight of LPS (O55:B5)
(Sigma-Aldrich). Organs were collected from LPS-injected mice 20224 h
later, and single-cell suspensions were generated as previously described
(25). Cells were subsequently stained for flow cytometry analysis.

ELISA

Peripheral blood was collected from mice 20224 h after i.p. injection of
LPS or PBS. Blood leukocytes were removed by centrifugation, and the
amount of blood urea nitrogen (BUN) and creatinine was quantified using
specific ELISA kits (Thermo Fisher Scientific and Cayman Chemical).

Statistical analysis

Two-tailed Student t test was performed to obtain p value for most of the
statistical analysis shown in figures. Mantel–Cox log-rank test was used to
determine the significant changes in Kaplan–Meier survival analysis.
Figures were prepared using GraphPad Prism 7 (GraphPad Software). A p
value , 0.05 was considered significant as indicated by *0.01, p , 0.05,
**0.005 , p , 0.01, and ***p , 0.005.

Results
Talin1 is not required for the generation of innate immune cells

To study the functional roles of talin1 in innate immune cells,
we analyzed neutrophils and macrophages from control (Tln1f/f) and
Tln1f/fLysM-Cre mice in which the loxP-flanked Tln1 allele (Tln1f/f)
was conditionally deleted in myeloid-lineage cells. Our results
showed that talin1 was dispensable for the generation of neutrophils
(Fig. 1A, 1B) and macrophages (Fig. 1C, 1D) in vivo. However, we
detected an elevated number of talin1-deficient (Tln1f/fLysM-Cre)
neutrophils in the blood (Fig. 1A, 1B), which is likely due to reduced
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steady state integrin-dependent extravasation of neutrophils into inter-
stitial tissues, a process that requires functional talin1 (5). The modest
elevation of neutrophil numbers in the spleens of Tln1f/fLysM-Cre mice
could also reflect the increased numbers of neutrophils in the blood
circulation (Fig. 1B). Next, we stimulated control and Tln1-deleted
neutrophils with the chemotactic peptide fMLF and found that both wild-
type and talin1-deficient neutrophils were activated, as determined by the
upregulation of surface CD11b andMHCII expression (30, 31) (Fig. 1E).
Collectively, these data show that talin1 is dispensable for the generation
of neutrophils and macrophages in vivo and does not play a significant
role in the upregulation of MHCII and integrin upon activation.

Talin1 is crucial for the recruitment of neutrophils
during peritonitis

Because the infiltration of neutrophils across the peritoneum is an
integrin-dependent process (2, 32), talin1 deficiency is likely to
affect the recruitment of neutrophils during inflammation.
Therefore, we induced sterile peritonitis in mice by i.p. injection

of thioglycolate or fMLF to examine the integrin-dependent mi-
gration of neutrophils into the peritoneal cavity. Although the
numbers of wild-type and talin1-deficient neutrophils in the
peritoneal cavity were low and comparable under steady state
conditions (Fig. 2A–D), significantly higher numbers of wild-
type neutrophils, compared with talin1-deficient neutrophils,
were recruited to the peritoneal cavity at all time points after
thioglycolate (Fig. 2A, 2B) or fMLF administration (Fig. 2C, 2D).
This result was expected, because talin is known to be essential for
the extravasation of leukocytes through endothelial cells (2, 4).
However, we also noticed that fMLF elicited modest increases in
the numbers of infiltrating talin1-deficient peritoneal neutrophils
compared with the numbers of cells recruited by thioglycolate
(Fig. 2A–D). These results correlated with slightly elevated vas-
cular leakage, as indicated by the higher amount of Evans blue
dye in the peritoneal fluid of mice injected with fMLF, compared
with thioglycolate (Fig. 2E, 2F). These results support the gen-
eral consensus that talin is essential for integrin-dependent cell

FIGURE 1. Characterization of talin1-deficient neutrophils and macrophages. (A) Representative dot plots of Ly6G+CD11b+ neutrophils isolated from

the BM, spleen, and blood of control (Tln1f/f) and Tln1f/fLysM-Cre mice. (B) Absolute numbers of neutrophils were calculated based on the total cell

numbers and the percentages of neutrophils (n = 4 per genotype [BM, spleen, and peritoneal cavity (PEC)] and 10 per genotype [blood]), as determined by

flow cytometry (A). (C) Representative dot plots of macrophages from the BM, spleen, and PEC of control (Tln1f/f) and Tln1f/fLysM-Cre mice. (D) Absolute

numbers of macrophages were calculated based on the total cell numbers and the percentages of macrophages (n = 4 per genotype [BM, spleen, and PEC]),

as determined by flow cytometry (C). (E) Histograms of flow cytometry results show the expressions of CD11b and MHCII on wild-type and talin1-deficient

neutrophils upon i.p. injection of fMLF (n = 3 mice per genotype). Each data point in the scatter bar graphs indicates the cell number from one experiment

(B and D). The data shown was pregated on singlet, live cells (A and C), then Ly6G+CD11b+ neutrophils (A, B, and E) or the indicated macrophages (C and

D) were further analyzed. The dot blots (A and C) and histograms (E) are representative of three to four independent experiments. *0.01 , p # 0.05.
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migration (5) and suggest that vascular leakage may permit
marginal integrin-independent transmigration of talin1-deficient
neutrophils.

Peritonitis-induced talin1/K2454 trimethylation in
peritoneal neutrophils

Talin1 is functionally regulated by various PTMs (21–24). Because
cytosolic K2454me3 disrupts the binding of talin1 to F-actin,

leading to calpain-mediated cleavage of talin1 and adhesion
turnover (25, 26), we sought to determine whether the same
phenomenon also plays a role in the integrin-dependent transmi-
gration of neutrophils across the peritoneum. For these studies, we
purified wild-type peritoneal neutrophils at various time points
upon induction of peritonitis with thioglycolate or fMLF and
assessed the levels of talin1 trimethylation. Notably, we observed
a drastic increase in the level of K2454me3 in peritoneal

FIGURE 2. Peritonitis-induced talin1 methylation in peritoneal neutrophils. (A) Representative dot plots of Ly6G+CD11b+ peritoneal neutrophils at

various time points following thioglycolate-induced peritonitis. Control (Tln1f/f) and Tln1f/fLysM-Cre mice were i.p. injected with thioglycolate, and

peritoneal cells were collected at the indicated time points for flow cytometry analysis (n = 3 per genotype). (B) Absolute numbers of Ly6G+CD11b+

peritoneal neutrophils isolated from mice treated as described in (A). (C) Representative dot plots of Ly6G+CD11b+ peritoneal neutrophils upon

fMLF-induced peritonitis. Control (Tln1f/f) and Tln1f/fLysM-Cre mice were i.p. injected with fMLF, and peritoneal cells were collected at the indicated time

points for flow cytometry analysis (n = 3 per genotype). (D) Absolute numbers of Ly6G+CD11b+ peritoneal neutrophils isolated from mice treated as

described in (C). The data shown was pregated on singlet, live cells, then Ly6G+CD11b+ neutrophils were further analyzed (A and C). (E and F) To de-

termine the extent of vascular leakage, Evans blue dye was injected i.v. into experimental mice 30 min before inducing peritonitis. Quantification of Evans

blue dye in the peritoneal cavity after i.p. injection of (E) thioglycolate or (F) fMLF, at the indicated time points, is shown (n = 3 per genotype). (G and H)

Representative immunoblots of immunoprecipitated (IP) talin1 from purified wild-type BM neutrophils (one mouse) or infiltrated peritoneal neutrophils

(one mouse [60, 90, 120, and 240 min] or pooled from two to five mice for 10- and 30-min time points to acquire sufficient numbers of cells) in (G)

thioglycolate or (H) fMLF-induced peritonitis at the indicated time points. Immunoblots for Vav1 and Ezh2 represent proteins co-IP with talin1. Input

samples represent one twentieth of the cell lysate used for IP. Each data point in the scatter bar graphs indicates the cell number (B and D) or the amount of

Evans blue dye (E and F) from the peritoneal fluid of one mouse from each experiment. The data shown are representative of summaries of three inde-

pendent experiments (n $ 3 mice per genotype). *0.01 , p # 0.05, **0.005 , p # 0.01, ***p # 0.005. NC, neutrophils; TG, thioglycolate.
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neutrophils 10 min after thioglycolate (Fig. 2G) or fMLF (Fig. 2H)
administration, suggesting a possible role of talin1/K2454me3 in
neutrophil activation and transmigration into the peritoneal cavity.
Interestingly, the abundance of K2454me3 in peritoneal neutro-
phils gradually decreased over time (Fig. 2G, 2H), whereas the
numbers of peritoneal neutrophils increased with the induction of
peritonitis (Fig. 2A–D). This result suggests that K2454me3 is
likely to be transient, because it is required for the extravasation of
neutrophils and, therefore, only newly infiltrated neutrophils will
show high levels of K2454me3. As peritonitis progresses, the ratio
of newly infiltrated neutrophils within the total population of
peritoneal neutrophils decreases, hence the reduction in the
K2454me3 signal (Fig. 2G, 2H). In addition, our data revealed that
talin1 interacts with Vav1 and Ezh2 in neutrophils (Fig. 2G, 2H),
similar to what has been shown by us earlier in dendritic cells (25),
suggesting that Vav1-dependent, Ezh2-mediated trimethylation of
talin1/K2454 occurs in both cell types.

Talin1 methylation promotes neutrophil transmigration across
the peritoneum

To test whether K2454me3 is essential for initiating the process
of neutrophil transmigration, we first transduced BM cells from
Tln1f/fLysM-Cre mice with retroviruses to express either N-terminal,
GFP-fused wild-type talin1, unmethylatable talin1 variants (talin1/
K2454A and talin1/K2454Q), or a methyl-mimicking talin1 variant
(talin1/K2454F to mimic the bulkiness and hydrophobicity of the
trimethyl group). Following transduction, talin1 variant–expressing
BM stem cells were FACS sorted (for GFP expression) and adop-
tively transferred into lethally irradiated recipient mice to generate
chimeric mice. Expression of the talin1 variants and GFP control
EV in neutrophils was validated by flow cytometry analysis for
intracellularly stained GFP signal (Fig. 3A, top). As controls, neu-
trophils from Tln1f/f and Tln1f/fLysM-Cre mice that did not receive
GFP-expressing cells are shown (Fig. 3A, top two traces from
histogram). We also observed comparable levels of exogenous GFP/
talin1 variants (from chimeric mice) and endogenous talin1 (Tln1f/f

mice) following staining for intracellular talin1 in neutrophils from
the indicated mice (Fig. 3A, bottom). Moreover, the expression of
talin1 variants in hematopoietic stem cells did not affect the repo-
pulation of neutrophils (Fig. 3B) or macrophages (Fig. 3C) in various
organs 8 wk postreconstitution. To determine the effects of talin1
variants on neutrophil transmigration in our chimeric mice, we used
thioglycolate-induced peritonitis because thioglycolate induced less
vascular leakage and integrin-independent neutrophil infiltration than
fMLF (Fig. 2). Our results showed significantly higher numbers of
neutrophils expressing wild-type talin1 (K2454) or methyl-mimicking
talin1 (K2454F) in the peritoneal cavity 4 h after thioglycolate in-
jection than neutrophils expressing unmethylatable talin1 variants
(Fig. 3D, 3E). These observations are in accordance with our previous
in vitro studies in which we showed that unmethylatable talin1 forms
very stable adhesion structures because of increased binding affinity
for F-actin (25, 26). Consequently, talin1/K2454A/Q-expressing
neutrophils are likely to remain tightly bound to the endothelium
and are not able to extravasate into the peritoneal cavity. In contrast,
talin1/K2454F may mimic talin1/K2454me3 (at least partially),
thereby reducing talin1 binding to F-actin, promoting adhesion
turnover, and allowing peritoneal extravasation to occur (Fig. 3D,
3E) (25, 26). The partial methyl-mimicking feature of the K2454F
variant was further supported by immunoblot analysis of immu-
noprecipitated GFP/talin1 variants, which showed that wild-type
trimethylated talin1 (K2454me3) and, to some extent, the methyl-
mimicking talin1/K2454F, but not the unmethylatable variants
talin1/K2454A and talin1/K2454Q, could be detected using our
custom, K2454me3-specific Ab (25) (Fig. 3F).

In previous studies, we demonstrated that exogenous expression
of talin1/K2454F is sufficient to rescue the migratory defect of
Ezh2-deficient dendritic cells (25). To examine the involvement of
Ezh2-dependent methylation of talin1 in the transmigration
of neutrophils across the peritoneum, we treated control (Tln1f/f)
mice with the Ezh2 inhibitor GSK126 before inducing peritonitis
with LPS. In this study, we used a dose of GSK126 (10 mg/kg)
that is well below the tolerable range for GSK126 treatment in
mice (15 or 50 mg/kg) (33, 34). Our results showed that, in the
absence of LPS, the numbers of wild-type peritoneal neutrophils
treated with or without GSK126 were low and comparable to the
numbers of peritoneal talin1-deficient neutrophils (Fig. 3G, 3H).
However, in the context of LPS-induced peritonitis, untreated
Tln1f/fLysM-Cre mice and GSK126-treated control mice both
showed significantly lower numbers of neutrophils in the perito-
neal cavity than untreated control mice (Fig. 3G, 3H), indicating
that the transmigration of neutrophils into the peritoneal cavity is
dependent upon the enzymatic activity of Ezh2, even in the
presence of endogenous talin1. Collectively, our data demonstrate
that Ezh2-mediated talin1/K2454me3 is required for neutrophil
transmigration across the peritoneum.

A high dose of zymosan A induces integrin-independent
infiltration of neutrophils

To study neutrophil transmigration in a more physiological setting,
we induced peritonitis using various doses of heat-inactivated
zymosan A, a glycan derived from the cell wall of yeast (35).
Similar to fMLF and thioglycolate, the infiltration capacity of
talin1-deficient neutrophils into the peritoneal cavity in response
to low doses of zymosan A (10 and 50 mg) was compromised
(Fig. 4A). A substantial increase in the number of talin1-deficient
neutrophils was detected in the peritoneal cavity upon treatment
with 200 mg zymosan A, but it was still significantly lower than
the number of infiltrated wild-type neutrophils (Fig. 4A). Inter-
estingly, comparable numbers of wild-type and talin1-deficient
neutrophils were detected in the peritoneal cavities of mice in-
jected with an extremely high dose of zymosan A (Fig. 4A,
500 mg), suggesting the usage of integrin-independent migration
by infiltrating neutrophils into the severely inflamed peritoneal
cavity. It is also likely that severe vascular leakage contributes to
the extravasation of talin1-deficient neutrophils. Indeed, a dose-
dependent increase of Evans blue dye in the peritoneal fluid and
tissues was observed in mice treated with increasing doses of
zymosan A (Fig. 4B, 4C). The amount of Evans blue dye in the
peritoneal cavity was relatively low in mice treated with up to
200 mg of zymosan A but increased dramatically upon treatment
with 500 mg of zymosan A (Fig. 4B, 4C) and correlated with the
dramatic increase in the number of talin1-deficient neutrophils in
the peritoneal cavity (Fig. 4A). These results support the concept
of integrin-independent extravasation of neutrophils under severe
inflammatory conditions.
Next, we induced peritonitis in our talin1-variant chimeric mice

using various doses of zymosan A to examine the physiological
relevance of talin1/K2454me3 in neutrophils under different grades
of inflammation.With low-grade inflammation andminimal vascular
leakage induced by injecting up to 200 mg of zymosan A, we ob-
served elevated numbers of infiltrated neutrophils expressing wild-
type talin1 or methyl-mimicking talin1/K2454F in the peritoneal
cavity, whereas substantially lower numbers of talin1-deficient
neutrophils (EV) or neutrophils expressing unmethylatable talin1
were recruited (Fig. 4D, 4E). Similar to our earlier experiments,
neutrophils were detected in the severely inflamed peritoneal cavity
induced by 500 mg of zymosan A regardless of the talin1 variant
expressed or the methylation status of K2454 (Fig. 4D, 4E). Taken
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FIGURE 3. Talin1 methylation is required for neutrophil infiltration during peritonitis. (A) BM (CD45.2+) cells isolated from 5-fluorouracil–treated

Tln1f/fLysM-Cre mice were transduced with retrovirus to express either GFP control EV, wild-type talin1 (K2454), talin1/K2454F, talin1/K2454A, or talin1/

K2454Q and then adoptively transferred into lethally irradiated CD45.1 congenic wild-type mice. Reconstituted chimeric mice were analyzed 8 wk

posttransplantation. Histograms, as determined by flow cytometry, show the expression of intracellular GFP (top) and talin1 (bottom) in the BM neutrophils

of control (Tln1f/f), Tln1f/fLysM-Cre, or chimeric mice (indicated by K2454, EV, K2454F, K2454A, and K2454Q) (n = 3 per genotype). In this study,

enhancement of GFP/talin1 signal by intracellular staining for GFP with anti-GFP, FITC-conjugated secondary Ab was required upon fixation. (B)

Representative dot plots (left) and absolute numbers (right) of Ly6G+CD11b+ neutrophils from the BM and spleens of chimeric mice with myeloid cells

expressing the indicated talin1 variants (n = 4 per genotype). (C) Absolute numbers of macrophages in the BM (gated on F4/80+CD11b+ cells; left scatter

bar graph) and peritoneal cavity (PEC) (gated on F4/80hiCD11b+ or F4/80+CD11b+ cells; right scatter bar graphs) of chimeric (Figure legend continues)
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together, our data demonstrate that Ezh2-promoted talin1 methyl-
ation is required for neutrophil extravasation into the peritoneal
cavity under low to intermediate inflammatory conditions, but is
dispensable at high grades of inflammation.

Inhibition of talin1 methylation attenuates
LPS-induced mortality

Although a protective role for neutrophils in sepsis has recently
been proposed based on results obtained in mice with complete

depletion of neutrophils either by Ab treatment or diphtheria toxin
receptor–mediated conditional cell ablation (36), neutrophils are
generally associated with exacerbated inflammation and tissue
damage upon LPS exposure or in various physiological contexts
(37). Because K2454me3 of talin1 is essential for integrin-
dependent neutrophil transmigration, we wondered if chimeric
mice with talin1-deficient neutrophils or neutrophils expressing
unmethylatable talin1 variants would be better protected against,
or more susceptible to, LPS-induced mortality. Following LPS

mice (n = 4 per genotype). (D) Representative dot plots and (E) absolute numbers of Ly6G+CD11b+ neutrophils from chimeric mice 4 h after i.p. injection of

thioglycolate (n = 4 per genotype). (F) GFP/talin1 variants were overexpressed in HEK-293T cells and immunoprecipitated (IP) with anti-GFP Abs. Immu-

noblots were probed with anti-talin1/K2454me3–specific Abs. (G) Representative dot plots and (H) absolute numbers of peritoneal Ly6G+CD11b+ neutrophils

from PBS- or GSK126-treated control (Tln1f/f) and Tln1f/fLysM-Cre mice 24 h after i.p. injection of LPS (n = 10 per genotype). Each data point in the scatter bar

graphs indicates the cell number calculated for one mouse from each experiment (B, C, E, and H). The data shown was pregated on singlet, live cells, and then

Ly6G+CD11b+ neutrophils (A, B, D, E, G, and H) or the indicated macrophages (C) were further analyzed. The data shown are representative of summaries of

two (F) or three (A–E, G, and H) independent experiments. *0.01 , p # 0.05, **0.005 , p # 0.01, ***p # 0.005. TG, thioglycolate.

FIGURE 4. Talin1 methylation–independent extravasation of neutrophils under exaggerated inflammatory conditions. (A) Absolute numbers of

Ly6G+CD11b+ peritoneal neutrophils. Control (Tln1f/f) and Tln1f/fLysM-Cre mice were i.p. injected with various amounts of zymosan A. Peritoneal cells were

collected 4 h later and stained for flow cytometry analysis (n = 3 per genotype). (B) Quantification of Evans blue dye in the peritoneal cavity 4 h after i.p.

injection of zymosan A (n = 3 per genotype). Evans blue was injected before the induction of peritonitis, as described in Fig. 2E. (C) Representative images of

Evans blue–stained peritoneal membranes 4 h after i.p. injection of zymosan Awere taken by digital camera with microimaging mode (n = 3 per genotype). (D)

Representative dot plots and (E) absolute numbers of Ly6G+CD11b+ peritoneal neutrophils of chimeric mice with myeloid cells expressing talin1 variants (wild-

type talin1 [K2454], talin1/K2454F, talin1/K2454A, talin1/K2454Q, and EV as control) 4 h after i.p. injection of zymosan A (n = 2 per genotype). Chimeric

mice were generated as described in Fig. 3A. The data were pregated on singlet, live cells, and then Ly6G+CD11b+ neutrophils were further analyzed (A and D).

Each data point in the scatter bar graphs indicates the cell number (A and E) or amount of Evans blue dye (B) from the peritoneal fluid of one mouse from each

experiment. Representative or summarized data from two (D and E) or three (A–C) independent experiments are shown. *0.01 , p # 0.05, ***p # 0.005.
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injection, we observed significant improvements in the survival of
chimeric mice with talin1-deficient neutrophils (EV) or neutro-
phils expressing unmethylatable talin1 variants (K2454A and
K2454Q), whereas mice with neutrophils expressing wild-type
talin1 (K2454) or methyl-mimicking talin1/K2454F were more
susceptible to LPS-induced mortality (Fig. 5A).
Multiorgan failure is a prominent feature of LPS-induced

mortality (38, 39). This is largely due to the excessive infiltra-
tion of neutrophils into organs such as the lungs, liver, and kid-
neys, leading to serious organ damage (37). With this in mind, we
examined the extent of organ damage by injecting LPS into our
chimeric mice and measured the levels of blood metabolites
such as creatinine and BUN (38, 40, 41). As expected, we
detected elevated amounts of creatinine and BUN in the blood
of LPS-treated mice compared with PBS-injected control mice
(Fig. 5B, 5C). We also detected higher amounts of creatinine and
BUN in the chimeric mice with neutrophils expressing wild-type
talin1 (K2454) or talin1/K2454F than in the chimeric mice
with talin1-deficient neutrophils (EV) or neutrophils expressing
unmethylatable talin1/K2454A or talin1/K2454Q (Fig. 5B, 5C).
These results indicate that talin1 methylation may be associated
with extensive organ damage.
Similar to the extravasation of neutrophils across the peritoneum,

the infiltration of neutrophils into various organs is also integrin
dependent (42); therefore, we proceeded to investigate the extent
of neutrophil infiltration into these organs in LPS-treated mice.
Twenty to twenty-four hours after the administration of LPS
into our chimeric mice, we observed markedly increased numbers
of infiltrated neutrophils in the liver (Fig. 6A, 6B), kidneys
(Fig. 6C, 6D), and lungs (Fig. 6E, 6F); all of which are known
to be critically damaged by LPS-induced endotoxemia (38–41).
We also observed the increased translocation of neutrophils into
the airspace of the lungs of LPS-treated chimeric mice as deter-
mined in BALF, compared with PBS-injected mice, whereas the
numbers of alveolar macrophages (F4/80+ Ly6G–) remained
constant under all experimental conditions (Fig. 6G, 6H). Similar
to our earlier observations that talin1/K2454me3 is essential for
integrin-dependent neutrophil transmigration across the endothe-
lium (Fig. 3), we consistently detected higher numbers of wild-type
neutrophils or neutrophils expressing methyl-mimicking talin1/
K2454F in various organs and the BALF of LPS-treated mice than
what was quantified in mice with talin1-deficient neutrophils or neu-
trophils expressing unmethylatable talin1/K2454A or talin1/K2454Q

(Fig. 6B, 6D, 6F, 6H). The numbers of neutrophils in the various or-
gans and BALF of our chimeric mice also positively correlated with the
increased mortality caused by LPS-induced endotoxemia (Fig. 5A).
Furthermore, the number of neutrophils in the peripheral blood in-
versely correlated with the numbers of BALF-isolated neutrophils from
the aforementioned chimeric mice (Fig. 6I, 6J). Collectively, these data
suggest an important role for talin1 methylation in the transmigration
of neutrophils from the blood into various organs in vivo during
LPS-induced endotoxemia.

Discussion
In this study, we have demonstrated that Ezh2-mediated talin1
methylation plays an important role in promoting the transmi-
gration of neutrophils across the peritoneum in several animal
models of sterile peritonitis. Furthermore, the inhibition of Ezh2-
mediated talin1 methylation greatly reduces the number of infil-
trating neutrophils into the peritoneal cavity as well as multiple
vital organs, which can significantly improve the survival rate of
mice treated with a lethal dose of LPS. These results are consistent
with the general consensus that neutrophils aggravate inflammation
and enhance the tissue damage that is frequently associated with
dysregulated neutrophil activation or neutrophil extracellular traps
(43, 44). Although neutrophils can efficiently eliminate invading
pathogens through various defense mechanisms, some neutrophil
products and the aforementioned dysregulation of neutrophil
functions could be detrimental to the host in LPS-induced
endotoxemia. In our experimental model, the reduced infiltration
of talin1-deficient neutrophils or neutrophils expressing unme-
thylatable talin1 did not increase LPS-induced mortality, which is
in contrast to what was observed in neutrophil-depleted mice (36).
This is likely due to the incomplete blockage of the migration of
these neutrophils, resulting in numbers of infiltrated neutrophils in
the peritoneal cavity and/or organs that are sufficient to confer
protection either through myeloperoxidase-dependent mecha-
nisms or pathways related to macrophage-dependent clearance of
apoptotic neutrophils to control and resolve the inflammation
(36, 45).
We also observed a prominent increase in the abundance of

talin1/K2454me3 in peritoneal neutrophils during peritonitis, but
not in BM neutrophils, suggesting an association of the methylation
event with neutrophil activation and integrin-dependent migration
of neutrophils into the peritoneal cavity as peritonitis progresses.
Interestingly, whereas neutrophils accumulated in the peritoneal

FIGURE 5. Inhibition of talin1 methylation protects against LPS-induced endotoxemia. (A) Kaplan–Meier survival analysis of chimeric mice with

myeloid cells expressing various talin1 variants (wild-type talin1 [K2454], talin1/K2454F, talin1/K2454A, talin1/K2454Q, and EV as control) after i.p.

injection of LPS (15 mg/kg body weight) (n = 4 per genotype). Chimeric mice were generated as described in Fig. 3A. (B and C) Quantification of BUN and

creatinine in the blood of chimeric mice i.p. injected with LPS or PBS control. Peripheral blood from chimeric mice was collected 20224 h after LPS or

PBS injection. Blood leukocytes were removed by centrifugation, and the amount of BUN and creatinine was quantified by ELISA (n = 2 per genotype).

Each data point in the scatter bar graphs indicates the amount of BUN (B) or creatinine (C) from one mouse. The data shown are representative of

summaries of two independent experiments.
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FIGURE 6. Talin1 methylation promotes neutrophil infiltration and organ damage during LPS-induced endotoxemia. Representative dot plots (A, C, E, G, and I) and

absolute numbers of neutrophils (B,D, F,H, and J) isolated from the liver (A and B), kidney (C and D), lung (E and F), BALF (G and H), and peripheral blood (I and J) of

chimeric mice with myeloid cells expressing talin1 variants (wild-type talin1 [K2454], talin1/K2454F, talin1/K2454A, talin1/K2454Q, and EV as control) (n = 2 per

genotype). Chimeric micewere generated as described in Fig. 3A. Organs and BALFwere collected 20224 h after i.p. injection of LPS (15 mg/kg body weight) or PBS

control. Organs were processed, and cells were stained for flow cytometry analysis. The data were pregated on singlet, live cells. Neutrophils were defined as Ly6G+ or

Ly6G+CD11b+ cells (B, D, F, H, and J). Alveolar macrophages were defined as F4/80+Ly6G2 cells [(H), right]. Each point in the scatter bar graphs indicates the cell

number calculated from one experiment (B, D, F, H, and J). The data shown are representative of summaries of two independent experiments.
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cavity, the intensity of talin1 methylation decreased gradually over
time. This suggests that the methylation of talin1 at K2454 is likely
to be transient, with the methyl group being actively removed by
demethylase(s). Methylated talin1 could also be degraded over
time, because we have previously reported that methyl-mimicking
talin1/K2454F promotes talin1 cleavage (26). Moreover, although
i.p. administration of thioglycolate or fMLF promotes the suc-
cessive recruitment of neutrophils over a period of 4 h, only newly
infiltrated neutrophils would express high levels of talin1/
K2454me3. Therefore, as peritonitis progresses, the proportion
of newly infiltrated neutrophils within the total peritoneal neu-
trophil population would be reduced, resulting in reduced (diluted)
talin1/K2454me3 signal. Alternatively, increased vascular leak-
age, in conjunction with increased numbers of infiltrating neu-
trophils through integrin-independent mechanisms, could also
contribute to the reduced talin1/K2454me3 signal. In fact, pro-
nounced vascular leakage and integrin-independent migration of
control and talin1-deficient neutrophils were observed at high
doses of zymosan A (500 mg). However, peritonitis induced by
fMLF or thioglycolate in our current experimental setting did not
promote substantial integrin-independent infiltration of talin1-
deficient neutrophils into the peritoneal cavity. Thus, we con-
clude that the talin1 methylation signal in peritoneal neutrophils is
transient.
ABS3, where the Ezh2-mediated talin1/K2454 methylation site

is located (25), is believed to be critical for the initiation of F-actin
binding (13, 46). We reported previously that the trimethylation of
talin1/K2454 (K2454me3), or using a mutant talin1 that substi-
tutes Lys2454 with the methyl-mimicking amino acid phenylala-
nine (K2454F), disrupts talin1 binding to F-actin. In contrast,
substituting Lys2454 with unmethylatable residues alanine or
glutamine (K2454A or Q) results in strong talin1 binding to
F-actin (25). Consequently, expression of the methyl-mimicking
talin1 mutant promotes adhesion turnover, whereas expression of
either of the unmethylatable talin1 mutants results in very stable
FAs (25, 26). It is currently unclear whether talin1/K2454me3
regulates adhesion turnover by affecting molecules associated
with adhesion structures other than ABS3-associated F-actin.
However, we have demonstrated unperturbed interactions of the
talin1 methylation variants with CD11b and CD29 in a separate
study conducted using BM-derived dendritic cells (T.J.F. Lim and
I-H. Su, unpublished observations). Taken together, we predict
that Ezh2-mediated talin1 methylation is unlikely to interfere with
the binding of talin1 to integrins or other FA proteins in the
context of neutrophil transmigration.
The expression levels of our exogenous talin1 variants are

largely comparable to the levels of endogenous talin1 and exhibit
perinuclear localization (26), suggesting that talin1, regardless of
its origin or methylation status, can form autoinhibitory configu-
rations and does not constitutively contribute to adhesion turnover.
This is in accordance with our current data showing that the dis-
tributions of wild-type talin1 and talin1 variant–expressing neu-
trophils and macrophages are comparable in the BM of chimeric
mice. However, once activated, neutrophils arrest and crawl on the
inflamed endothelium to reach the ideal vascular emigration site
before initiating the process of transmigration (47). At this stage,
talin1/K2454 methylation is likely to be required for adhe-
sion turnover. Indeed, similar numbers of infiltrated peritoneal
neutrophils expressing wild-type talin1 (K2454) or the methyl-
mimicking talin1/K2454F suggest that adhesion turnover is
comparable between these neutrophils. It is possible that the talin1
methylation–induced dissociation of F-actin at ABS3 (25) is
highly efficient; as such, the half-lives of adhesion structures
associated with wild-type talin1 and talin1-K2454F may be

comparable. We also cannot rule out the possibility that the
methyl-mimicking residue phenylalanine (F) is not a complete
substitute for the trimethylated lysine residue. Currently, there is
no suitable way to estimate the efficiency of in vivo talin1
methylation. However, our data suggest that the substitution of
lysine (K) with phenylalanine (F) may not fully mimic trimethy-
lation, as indicated by the reduced detection of talin1/K2454F
using the anti-methyl/talin1–specific Ab that was raised against
K2454me3 peptides (25). Thus, we do not expect talin1/K2454F-
expressing neutrophils to exhibit enhanced or defective extrava-
sation capabilities.
Aside from neutrophils, macrophages were also talin1 deficient or

expressed various talin1 variants in our BM chimeric mice; however,
integrin-dependent migration and/or extravasation is not required for
the localization of tissue-resident, large peritoneal macrophages (48).
As for the monocyte-derived small peritoneal macrophages, the
deletion of loxP-flanked genes by Lyz2 promoter–driven Cre
recombinase is not as efficient in monocytes as it is in neutrophils
and macrophages (28). It is likely that endogenous talin1 is still
expressed in blood monocytes during their transmigration into the
peritoneal cavity before terminally differentiating into macro-
phages. Therefore, it is unlikely that talin1 methylation regulates the
effector functions of other myeloid cells besides neutrophils in our
experimental setting of LPS-induced endotoxemia. Collectively, our
study reveals a physiological role for talin1 methylation in sterile
peritonitis. Based on these results, we predict that inhibiting talin
methylation, such as by blocking the lysine methyltransferase Ezh2,
may be a valid strategy for treating inflammatory disorders asso-
ciated with neutrophils. This novel mechanism is likely to regulate
immune responses mediated by different immune cells and have
broad relevance to various disease conditions.
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