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Macrophages can undergo cell-cell fusion, leading to the formation of multinucleated giant cells and osteoclasts. This process is
believed to promote the proteolytic activity of macrophages toward pathogens, foreign bodies, and extracellular matrices. Here,
we examined the role of PTP-PEST (PTPN12), a cytoplasmic protein tyrosine phosphatase, in macrophage fusion. Using a mac-
rophage-targeted PTP-PEST-deficient mouse, we determined that PTP-PEST was not needed for macrophage differentiation or
cytokine production. However, it was necessary for interleukin-4-induced macrophage fusion into multinucleated giant cells in
vitro. It was also needed for macrophage fusion following implantation of a foreign body in vivo. Moreover, in the RAW264.7
macrophage cell line, PTP-PEST was required for receptor activator of nuclear factor kappa-B ligand (RANKL)-triggered macro-
phage fusion into osteoclasts. PTP-PEST had no impact on expression of fusion mediators such as 3-integrins, E-cadherin, and
CD47, which enable macrophages to become fusion competent. However, it was needed for polarization of macrophages, migra-

tion induced by the chemokine CC chemokine ligand 2 (CCL2), and integrin-induced spreading, three key events in the fusion
process. PTP-PEST deficiency resulted in specific hyperphosphorylation of the protein tyrosine kinase Pyk2 and the adaptor
paxillin. Moreover, a fusion defect was induced upon treatment of normal macrophages with a Pyk2 inhibitor. Together, these
data argue that macrophage fusion is critically dependent on PTP-PEST. This function is seemingly due to the ability of PTP-
PEST to control phosphorylation of Pyk2 and paxillin, thereby regulating cell polarization, migration, and spreading.

Cell—cell fusion is a process by which the membrane, cytoplasm,
and nucleus from different cells are combined to form a single
multinucleated cell (1-3). It is critical for oocyte fertilization, pla-
cental development, muscle cell differentiation, bone resorption,
and, possibly, tumor progression. Macrophages (Ms) are phago-
cytic cells involved in the elimination of pathogens, apoptotic
cells, senescent red blood cells, and tumor cells (4). They promote
tissue repair and wound healing and, paradoxically, can also stim-
ulate tumor growth. Under particular circumstances, M¢s have
the ability to undergo cell-cell fusion, thereby becoming multinu-
cleated giant cells (MGCs) and osteoclasts.

Md fusion is triggered by cytokines such as interleukin-4
(IL-4) and receptor activator of nuclear factor kappa-B ligand
(RANKL), which lead to formation of MGCs and osteoclasts, re-
spectively. MGCs were described by Langhans in as early as 1868.
They are seen in granulomatous conditions such as tuberculosis,
schistosomiasis, and sarcoidosis and following implantation of
foreign bodies. They likely play a beneficial role in the elimination
of pathogens and foreign bodies (5). However, they may also be
detrimental to the host, by promoting tissue destruction and fa-
cilitating survival of some pathogens. In contrast, osteoclasts are
involved in digestion of bone extracellular matrix and normal
bone resorption.

Although the cytokines leading to formation of MGCs and
osteoclasts are well-known, the effectors and regulators of M
fusion are still poorly understood (1-3). In both cases, exposure to
the triggering cytokine is believed to upregulate expression of fu-
sion mediators like E-cadherin and CD47, which confer the fu-
sion-competent state. Fusion-competent Ms then undergo che-
motaxis toward each other, followed by cell-cell attachment and,
ultimately, membrane fusion and multinucleation.

PTP-PEST (also named PTPN12) is a cytosolic protein ty-
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rosine phosphatase (PTP) (6, 7). It belongs to the PEST (proline-,
glutamic acid-, serine-, and threonine-rich) family of PTPs, to-
gether with PTPN22 and PTP-HSCEF (8). The PTPs are implicated
in a wide range of functions, including migration, adhesion, and
immune cell activation. PTP-PEST is expressed in nonimmune
and immune cells, albeit in the largest amounts in immune cells,
including Mds. PTP-PEST associates with and dephosphorylates
several cytoskeleton-associated proteins, including Cas, paxillin,
focal adhesion kinase (FAK), Pyk2, and PSTPIP (9-13). It can also
dephosphorylate other types of molecules not associated with the
cytoskeleton, such as Shc and various receptor protein tyrosine
kinases (PTKs). These multiple interactions are believed to ex-
plain the ability of PTP-PEST to regulate several cellular func-
tions, such as migration, adhesion, proliferation, and transforma-
tion.

PTP-PEST has been implicated in several cellular processes (8).
Analyses of embryo fibroblasts from a constitutive PTP-PEST-
deficient mouse and overexpression studies indicated that PTP-
PEST is a regulator of cellular adhesion and migration (14-16). It
is also needed for normal development of the embryo, as exem-
plified by the finding that mice lacking PTP-PEST in all cells ex-
hibited embryonic lethality (at embryonic day 10.5) (17). Studies
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using a conditional PTP-PEST-deficient mouse revealed that this
effect is due at least in part to a role of PTP-PEST in endothelial
cells during embryonic angiogenesis (18). PTP-PEST is also re-
quired for the reactivation of previously activated CD4* T cells, by
promoting homotypic interactions and cytokine exchanges be-
tween activated T cells (19). Lastly, PTP-PEST was reported to be
a tumor suppressor in human breast cancer and lung cancer,
seemingly as a result of its capacity to inhibit the oncogenic po-
tential of activated receptor PTKs (20).

Given the key role of PTP-PEST in cell-cell and cell-substra-
tum interactions (14-16), we addressed its possible involvement
in the Mo fusion process. We found that PTP-PEST is required for
the capacity of Mds to fuse into MGCs and osteoclasts. This is
seemingly due to a critical role of PTP-PEST in M¢ polarization,
migration, and spreading. This function correlates with the capac-
ity of PTP-PEST to dephosphorylate Pyk2 and regulate paxillin,
which also control M¢ migration and adhesion. Thus, PTP-PEST
and, presumably, its substrates, Pyk2 and paxillin, are newly iden-
tified key effectors of cell-cell fusion.

MATERIALS AND METHODS

Mice. Mice bearing a conditional allele of the gene encoding PTP-PEST
(Ptpn12%) were described elsewhere (19). They were backcrossed for at
least 12 generations to the C57BL/6 background. To generate mice lacking
PTP-PEST in Mds, Ptpni2”™ mice were bred with transgenic mice ex-
pressing the Cre recombinase under the control of the Lys2 promoter (also
known as the LysM promoter) (Jackson Laboratory, Bar Harbor, ME).
Genotyping to detect the floxed (fl) allele and Cre was performed as de-
tailed elsewhere (19). In all experiments, littermates were used as controls.
All animal experimentation was approved by the IRCM Animal Care
Committee and done in accordance with the regulations of the Canadian
Council for Animal Care.

Cells. To obtain peritoneal Mds, mice were injected intraperitoneally
with 4% (wt/vol) thioglycolate broth (BD Biosciences, Mississauga, ON,
Canada). After 3 to 4 days, animals were euthanized and Mds were col-
lected by peritoneal lavage with ice-cold phosphate-buffered saline (PBS).
To obtain bone marrow (BM)-derived Mbs (BMMds), femora and tibiae
from mice were flushed with ice-cold Dulbecco modified Eagle medium
(DMEM; Invitrogen, Burlington, ON, Canada) containing 10% heat-in-
activated fetal bovine serum (FBS; Invitrogen), 100 U/ml penicillin, and
100 pg/ml streptomycin (Invitrogen). Bone marrow cells were then
grown in bacterial petri dishes for ~7 days in the presence of tissue culture
medium supplemented with 30% (vol/vol) 1929 cell conditioned me-
dium as a source of colony-stimulating factor 1 (CSF-1) (21). To obtain
splenic Mds, spleen tissue was digested using DNase I and Liberase
(Roche, Mississauga, ON, Canada). Mds were then identified by flow
cytometry, using antibodies against CD11b, F4/80, and major histocom-
patibility complex class II (MHC-II). Granulocytes and monocytes were
quantified in BM, by gating on CD11b™ Ly6G™ cells and analyzing ex-
pression of CD11b and Ly6C. RAW264.7 cells were obtained from the
American Type Culture Collection (Manassas, VA). For downregulation
of PTP-PEST expression in RAW264.7 cells, cells were infected with a
retrovirus encoding the Ptpn12-specific small hairpin RNA (shRNA) ex-
pression vector pRS-Puro (Origene, Rockville, MD) following the proto-
col of the manufacturer. The Ptpn12-specific ShRNA sequence was GAG
ATTCAGTAAGTGCCTTGGAACAATAT. This retrovirus also encodes
the puromycin resistance marker, which enables selection of infected cells
in puromycin. After single-cell cloning of puromycin-resistant cells,
clones showing downregulated PTP-PEST expression were identified by
immunoblotting with anti-PTP-PEST antibodies. Pools of three indepen-
dent clones were used for subsequent experimentation. An irrelevant
shRNA-encoding construct provided by the manufacturer was used to
generate control cells.
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Flow cytometry and antibodies. Cell surface markers were detected
by multicolor flow cytometry, according to standard protocols. The fol-
lowing antibodies were used: anti-CD11b (monoclonal antibody [MAb]
M1/70), anti-F4/80 (MAb BM8), anti-Ly6C (MAb HK1.4), anti-Ly6G
(MAD 1A8), anti-B1 integrin (CD29; MAb HMb1-1), anti-B2 integrin
(CD18; MAb M18/2), anti-CD36 (MAb 72-1), anti-SIRPa (CD172a;
MAD P84), and anti-CD47 (MAb Miap301). They were purchased from
BD Biosciences (Mississauga, ON, Canada), eBioscience (San Diego, CA),
or BioLegend (San Diego, CA). Cells were analyzed on a BD Biosciences
FACSCalibur flow cytometer using CellQuest software (BD Biosciences).
Data were analyzed with Flow]Jo software (Tree Star Inc., Ashland, OR).
Rabbit antibodies against PTP-PEST, Pyk2, Csk, SIRP«, and PSTPIP-1
were generated in our laboratory (12, 19, 22-24). Antiphosphotyrosine
MADb 4G10 was obtained from Millipore (Billerica, CA). Antibodies rec-
ognizing FAK (catalog no. sc-558), Cas (catalog no. sc-860), STAT-6 (cat-
alogno. sc-981), phospho-STAT-6 (catalog no. sc-11762), arginase 1 (cat-
alog no. sc-271430), E-cadherin (catalog no. 610181), and paxillin
(catalog no. 610569) were obtained from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA) or BD Transduction Laboratories.

Proliferation and cytokine production assays. BMMds (10* cells)
were seeded in 24-well dishes with complete medium supplemented with
1929 cell conditioned medium. Every 2 days, cells were harvested and
counted using a hemocytometer. To measure cytokine production,
BMMds (10° cells per well) were stimulated for 24 h in 96-well plates in
the presence of the indicated concentrations of lipopolysaccharide (LPS;
InvivoGen, Burlington, ON, Canada). Cytokine release in the supernatant
was then quantitated using enzyme-linked immunosorbent assay (ELISA)
kits, as detailed by the manufacturer (R&D Systems, Burlington, ON,
Canada). Assays were performed in triplicate.

Mo fusion assays. M¢ fusion was analyzed as previously described
(25). Briefly, peritoneal macrophages were labeled with carboxyfluores-
cein succinimidyl ester (CESE) or 5-(and-6)-{[(4-chloromethyl)benzoyl]
amino} tetramethylrhodamine (CMTMR) (both from Invitrogen) and
then plated on Permanox-coated plastic slides (eight-well Lab-Tek cham-
ber slides; Nunc) in the presence or in the absence of IL-4 (Peprotech,
Rocky Hill, NJ). After 48 to 72 h, cells were fixed with 4% paraformalde-
hyde and stained with DAPI (4’,6-diamidino-2-phenylindole; Vector
Laboratories, Burlingame, CA) to detect nuclei. Image analysis was per-
formed with a Zeiss Axioplan fluorescence microscope. Four to five inde-
pendent images were acquired per well. After subtracting the background,
fluorescence was analyzed using MATLAB software (MathWorks, Natick,
MA). For induction of MGCs in vivo, mice were implanted subcutane-
ously in the back with round glass coverslips (diameter, 12 mm), as de-
scribed previously (26). After 4 days, the implants were removed, fixed in
methanol, and stained with hematoxylin-eosin (H&E; Sigma). To differ-
entiate RAW264.7 cells into osteoclasts, 2 X 10* cells were cultured in
alpha minimum essential medium supplemented with noninactivated
10% FBS (Wisent Inc., St-Bruno, QC, Canada) and RANKL. Culture me-
dium was replaced every 2 days with fresh RANKL-containing complete
medium. Cells were then fixed with formaldehyde (EMD Inc., Missis-
sauga, ON, Canada) and processed for staining of tartrate-resistant acid
phosphatase (TRAP), as described previously (27). Alternatively, they
were stained with DAPI. TRAP-positive cells and DAPI were detected by
microscopy. TRAP activity was also measured using a colorimetric assay
under linear assay conditions, as detailed by the manufacturer (acid phos-
phatase assay kit; Abcam, Burlington, ON, Canada).

Pyk2 inhibition. For pharmacological inhibition of Pyk2, cells were
incubated for 2 days with the indicated concentrations of the Pyk2/FAK-
specific inhibitor PF-431396 (Synkinase, Melbourne, Australia) (28).
FcyRI-induced protein tyrosine phosphorylation, tyrosine phosphoryla-
tion of Pyk2 and paxillin, and IL-4-triggered fusion were then evaluated.

Migration, spreading, and conjugate formation assays. Migration
was analyzed in vitro using a Transwell migration apparatus (pore size, 8
pm; Corning, Lowell, MA). Mds (1 X 10° cells) in serum-free DMEM
were loaded in the upper chamber, while a total of 600 pl serum-free
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FIG 1 PTP-PEST deficiency in macrophages has no impact on proliferation or differentiation. (A) DNAs from the indicated tissues from Ptpn12"" Lys2-Cre™
mice were tested by PCR. Fragments of ~150 and ~260 nucleotides (nt) are expected for the wild-type and floxed alleles, respectively. Deletion of the floxed allele
in BMMds results in disappearance of the ~260-nucleotide fragment. Representative results of 3 independent experiments are shown. (B) Expression of
PTP-PEST protein in BMMds and peritoneal Mds was assessed by immunoblotting of total cell lysates with anti-PTP-PEST antibodies. Csk expression was
monitored as a control. Representative results of at least 5 independent experiments are shown. (C) Total splenocyte numbers (left) and proportions of
Mds—defined as CD11b™ F4/80™ cells—in spleen (middle and right) are shown. For the proportions of Mds, a representative flow cytometry analysis is shown
in the middle, whereas data from 5 independent mice (shown as symbols) are depicted on the right. For total cell numbers, average values from 5 independent
mice with standard deviations are shown. For proportions of Mds, average values are depicted by horizontal lines. Representative results of 3 independent
experiments are shown. (D) Granulopoiesis was studied by analyzing CD11b"* Ly6G™* bone marrow cells for expression of CD11b and Ly6C. Granulocytes are
defined as CD11b" Ly6C™ cells, whereas monocytes are defined as CD11b™ Ly6C" cells. Dot plot analyses of representative mice are shown on the left.
Percentages of granulocytes and monocytes were determined for five independent mice (shown as symbols in the two panels on the right). (E) Proliferation of
Mds in the presence of CSF-1 was assessed. Cells (10*) were seeded at day 0 (D0). Cell counts were then obtained at the indicated times. Average values from
triplicates with standard deviations are shown. Representative results of 3 independent experiments are shown. (F) Expression of M¢ markers on BMMds and
purified peritoneal M¢s was determined by flow cytometry. Representative results of more than 5 independent experiments are shown. (G) BMMdbs were
stimulated for 24 h with the indicated concentrations of LPS. Secretion of IL-6 and tumor necrosis factor alpha (TNF-a) was determined by ELISA. Assays were
done in triplicate. Mean values with standard deviations are shown. Under these conditions, production of IL-6 is inducible, whereas that of tumor necrosis factor

alpha is constitutive. Representative results of 2 experiments are shown. WT, wild-type mice; KO, knockout mice (mice with PTP-PEST-deficient Mds).

DMEM with or without chemoattractants (CSF-1, 200 ng/ml; stromal
cell-derived factor la [SDF-1a, 200 ng/ml; CC chemokine ligand 2
[CCL2], 120 ng/ml; all from Peprotech) was placed in the lower chamber.
After 3 h of incubation at 37°C, migrated cells in the lower chamber were
harvested and counted by flow cytometry using a flow cytometry absolute
count standard (Bangs Laboratories Inc., Fishers, IN). For in vivo migra-
tion, mice were injected intraperitoneally with thioglycolate, as detailed
above. After 2 days, animals were euthanized and M¢s were completely
collected by peritoneal lavage with ice-cold PBS. Total numbers of peri-
toneal cells were assessed. To study cell spreading, BMMds were starved of
CSF-1 overnight and coverslips were prepared by coating them overnight
with fibronectin, collagen, or vitronectin (10 pg/ml; BD Biosciences) at
4°C. On the following day, coverslips were washed with PBS and placed in
separate 6-well dishes. CSF-1-deprived Mds or RAW264.7 cells were har-
vested and seeded (1 X 10° cells) on the coverslips. After the indicated
periods of time at 37°C, Mds were fixed with 2% paraformaldehyde and
mounted on a glass slide for examination by contrast microscopy. Data
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from 8 to 10 independent fields were acquired. To evaluate conjugate
formation, Mds were labeled with CFSE or CMTMR, as specified above.
After labeling, equal numbers of CFSE- and CMTMR-labeled Mds (2 X
10° cells each) were incubated for the indicated times at 37°C in suspension to
induce conjugate formation. To stop the reactions, cells were fixed in para-
formaldehyde. Conjugate formation was detected by flow cytometry.
Confocal microscopy. To examine actin filament polarization,
BMMds (1 X 10° cells) were seeded on glass coverslips and incubated at
37°C for 24 h. After washing with PBS, cells were fixed with 2% parafor-
maldehyde and permeabilized with 0.2% Triton X-100. Cells were then
blocked with 1% bovine serum albumin—PBS at room temperature for 30
min and stained with Alexa Fluor 488-coupled phalloidin (Invitrogen) at
room temperature for 30 min. Then, coverslips were washed with PBS and
mounted on a glass slide for examination by confocal laser scanning mi-
croscopy (Zeiss LSM 710; Carl Zeiss Inc.). Data from 8 to 10 independent
fields were acquired. For quantification, an average of 200 cells was
counted per staining. In some experiments, cells were plated on glass
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FIG 2 PTP-PEST is necessary for macrophage fusion into multinucleated giant cells in vitro and in vivo. (A) Fusion in vitro. Peritoneal Mds were labeled with
CFSE (green) or CMTMR (red). They were then mixed and seeded on Permanox slides, in the absence (—) or the presence (+) of IL-4 (10 ng/ml). After 2 to 3
days, cells were stained with DAPI and analyzed by fluorescence microscopy. MGCs are yellow and possess multiple nuclei (examples are indicated by the red
arrows). The percentages of MGCs overall and the numbers of MGCs with different ranges of nucleus numbers are shown in the graphs at the bottom. Each
symbol represents an independent image field, and average values are shown as horizontal lines. In these experiments, wild-type (WT) controls were Ptpn12™/*
Lys2-Cre™ littermates, whereas knockouts were Ptpn121 Lys2-Cre™ mice. Representative results of 5 independent experiments are shown. (B) An experiment
was performed as detailed for panel A, except that both Ptpn12*'* Lys2-Cre™ (wild type [Cre-positive]) and Ptpn12"® Lys2-Cre™ (wild type [fl/fl]) littermates
were used as controls. (Top) Representative photographs; (bottom) quantitation of the total numbers of MGCs. (C) Fusion in vivo. Glass coverslips were
implanted subcutaneously into mice. After 4 days, they were removed and stained with H&E. (Left) A representative coverslip analyzed by light microscopy.
MGCs and Langhans cells are shown by arrows. (Right) Percentages of MGCs per total number of cells on the coverslip. Each symbol represents an independent
field from a total of three independent mice. Average values are represented by horizontal lines. Representative results of 3 independent experiments are shown.

KO, knockout mice (mice with PTP-PEST-deficient Mds).

coverslips and starved overnight in CSF-1-free DMEM supplemented
with 2% FBS. They were then washed and stimulated or not stimulated for
1 h with recombinant CSF-1 (50 ng/ml), prior to staining with phalloidin.

Immunoprecipitations and immunoblotting. Immunoprecipita-
tions and immunoblotting were performed as outlined elsewhere (29).

Statistical analyses and quantitation. Unpaired Student’s ¢ tests
(two-tailed) were performed using Prism software. Bands in autoradio-
grams were quantitated using Gel-Pro Analyzer (version 6.0) software
(Media Cynernetics, L.P.).

RESULTS

PTP-PEST deficiency has no impact on macrophage differenti-
ation and proliferation. To ascertain the role of PTP-PEST in M
fusion, mice expressing a conditional allele of the PTP-PEST-en-
coding gene, Ptpn12™" were crossed with transgenic mice ex-
pressing the Cre recombinase under the control of the lysozyme
promoter (Lys2-Cre mice; also commonly referred to as LysM-Cre
mice). This Cre-expressing transgenic mouse enables efficient and
specific deletion of target genes in mature Mds, as well as in neu-
trophils (30). In keeping with this, PCR analyses of DNA from
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heterozygous Ptpn12"* Lys2-Cre* mice showed that the floxed
Ptpnl2 allele was deleted in BMMds but not in tail tissue or thy-
mocytes (Fig. 1A). To assess the efficiency of PTP-PEST deletion,
BMM s and thioglycolate-elicited peritoneal Mds were obtained
from Ptpn12"" Lys2-Cre* mice (here referred to as PTP-PEST-
deficient mice) and Ptpni2™’" Lys2-Cre* littermate mice (here
termed control mice). Immunoblotting of cell lysates with anti-
PTP-PEST antibodies showed that Mds from Ptpni2"? Lys2-
Cre* mice had a >95% reduction of PTP-PEST expression, in
comparison to cells from control mice, indicating that PTP-PEST
was efficiently deleted (Fig. 1B).

PTP-PEST deficiency did not interfere with the generation of
Mds in vivo (Fig. 1C). In fact, it caused a modest (~25%) increase
in the proportion of Mds found in spleen. The basis for this ob-
servation is not known. It also did not affect granulopoiesis in vivo
(Fig. 1D). Lack of PTP-PEST also had no effect on the production
of BMMds in vitro, in response to CSF-1 (Fig. 1E). Furthermore, it
had no influence on the expression of CD11b and F4/80, two
differentiation markers expressed by mature Mds, or on the ex-
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pression of MHC-II molecules (Fig. 1F). Lastly, loss of PTP-PEST
had no impact on the ability of Mds to produce cytokines in
response to stimulation of Toll-like receptor 4 (TLR4) by lipo-
polysaccharide (Fig. 1G). Thus, lack of PTP-PEST had no appar-
ent impact on M¢ differentiation, proliferation, and cytokine
production. The effects of PTP-PEST deficiency on phagocytosis
will be described elsewhere.

PTP-PEST is required for macrophage fusion into MGCs.
We first examined the ability of PTP-PEST-deficient Mds to fuse
into MGCs (Fig. 2). This was done because the lysozyme-driven
Cre is well expressed in precursors of MGCs but is inconsistently
expressed in precursors of osteoclasts. Peritoneal Ms from PTP-
PEST-deficient or control mice were labeled with CFSE (which
exhibits green fluorescence) or CMTMR (which exhibits red flu-
orescence). They were then mixed and cultured for 3 to 4 days on
Permanox-coated slides, in the absence or in the presence of IL-4
(Fig. 2A). Fusion was assessed by detecting cells with yellow fluo-
rescence and by staining nuclei with DAPI. As expected, no M¢
fusion was observed in the absence of IL-4. However, in the pres-
ence of IL-4, Mds from control littermate mice exhibited promi-
nent fusion into MGCs. This was true whether Ptpn12™*'" Lys2-
Cre* or Ptpn12"" Lys2-Cre™ mice were used as controls (Fig. 2B).
In contrast, PTP-PEST-deficient M¢s had markedly reduced fu-
sion efficiency (Fig. 2A and B). Both the number of MGCs and the
number of nuclei per MGC were severely diminished.

We also tested the ability of Mds to fuse into MGCs in vivo, in
response to implantation of a foreign body (Fig. 2C). To this end,
glass coverslips were implanted subcutaneously into the back of
control or PTP-PEST-deficient mice. After 4 days, coverslips were
removed and stained with H&E. Control mice exhibited a prom-
inent accumulation of MGCs on the coverslip. They also showed
formation of Langhans giant cells, a variant of fused Mds classi-
cally found under granulomatous conditions and characterized by
the horseshoe-like distribution of nuclei (31). In comparison,
however, PTP-PEST-deficient mice had a near absence of MGCs
and Langhans cells. Hence, PTP-PEST was necessary for Mds to
fuse into MGCs in vitro and in vivo.

PTP-PEST is necessary for fusion of the RAW264.7 macro-
phage cell line into osteoclasts. Expression of Cre utilizing any of
the promoters tested so far has been inconsistent at deleting con-
ditionally targeted genes in osteoclasts. Therefore, to ascertain the
role of PTP-PEST in osteoclast formation, we took an alternative
approach using the mouse M cell line RAW264.7, which differ-
entiates into osteoclast-like cells in response to RANKL (Fig. 3).
RAW?264.7-derived osteoclasts share many of the characteristics
of bone marrow-derived osteoclasts (32). First, RAW264.7 cells
were infected with retroviruses encoding a PTP-PEST-specific
shRNA or an irrelevant shRNA. Puromycin-resistant clones were
selected and tested for PTP-PEST expression. Pools of clones were
then used for experimentation. PTP-PEST expression was re-
duced by >90% in cells bearing the PTP-PEST shRNA, in com-
parison to control cells (Fig. 3A). Then, cells were treated or not
treated with RANKL, and osteoclast formation was monitored by
staining with DAPI and by assaying for TRAP, a marker of oste-
oclast differentiation (Fig. 3B and C). The formation of multinu-
cleated cells and induction of TRAP in response to RANKL were
severely compromised in RAW264.7 cells lacking PTP-PEST, in
comparison to control cells (Fig. 3B and C).

These results support the idea that PTP-PEST is also required
for M¢ fusion into osteoclasts. Furthermore, they indicate that
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FIG 3 PTP-PEST is needed for macrophage fusion into osteoclasts. Cells of
the M cell line RAW264.7 were transduced with retroviruses encoding a
PTP-PEST-specific ShRNA or an irrelevant shRNA. (A) Expression of PTP-
PEST was assessed by immunoblotting of total cell lysates with anti-PTP-PEST
antibodies. Csk expression was monitored as a control. Representative results
of 3 independent experiments are shown. (B) Cells were treated or not treated
with RANKL. RANKL-stimulated cells were stained with DAPI and analyzed
by differential interference contrast (DIC) microscopy and fluorescence mi-
croscopy. The percentage of RANKL-stimulated cells forming osteoclasts was
quantitated in 5 independent fields (bottom). Average values with standard
deviations are shown. The arrows indicate osteoclast-like cells. (C) After 5
days, they were also fixed and stained for TRAP (purple) (top). A typical
osteoclast is shown by the arrow. TRAP activity was also quantitated using a
colorimetric assay (bottom). Representative results of 4 independent experi-
ments are shown. CTRL, control cells transduced with irrelevant shRNA; KD,
knockdown cells transduced with PTP-PEST-specific shRNA; pNPP,
para-nitrophenylphosphate.

the impact on Mo fusion seen in Fig. 2 is not due to an effect of
PTP-PEST deficiency in other cell types, such as neutrophils, but
rather is caused by a macrophage-intrinsic effect.

PTP-PEST is not needed for induction of fusion mediators.
To determine how PTP-PEST promoted fusion, we first focused
on the proximal events of the fusogenic cascade (Fig. 4). The IL-4
receptor (IL-4R) is a member of the cytokine receptor family
which primarily functions by activating the Jak-STAT pathways
(33). The major immediate effector of IL-4R is the transcription
factor STAT-6, which stimulates transcription of several of the
fusion mediators. Immunoblotting with a phosphorylation-spe-
cific antibody against activated STAT-6 showed that PTP-PEST
deficiency had no effect on the ability of IL-4 to trigger tyrosine
phosphorylation of STAT-6 (Fig. 4A).

The ability of IL-4 to induce expression of fusion mediators
was also tested (Fig. 4B and C). The latter include B1 integrins, 32
integrins, E-cadherin, CD36, CD47, dendritic cell (DC)-derived
protein DC-STAMP, and matrix metallopeptidase 9 (MMP-9).
Flow cytometry studies showed that a lack of PTP-PEST had no
influence on baseline expression of 1 integrins, 32 integrins, E-
cadherin, CD36, and CD47 (Fig. 4B). It also had no impact on the
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for the indicated times. Cells were then lysed and probed by immunoblotting with phosphorylation-specific antibodies against STAT-6 (top) or antibodies
directed against all STAT-6 molecules (bottom). Representative results of 3 independent experiments are shown. (B) As in panel A, except that cells were treated
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depicted by the filled gray curves. Representative results of 3 independent experiments are shown. (C) As in panel B, except that cells were lysed and probed by
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relative to the abundance of E-cadherin in unstimulated wild-type cells. Representative results of 3 independent experiments are shown. WT, wild-type mice; KO,

knockout mice (mice with PTP-PEST-deficient Mds).

capacity of IL-4 to augment expression of some of these receptors.
The lack of an effect on E-cadherin expression was confirmed by
immunoblotting with anti-E-cadherin antibodies (Fig. 4C).

In addition to triggering fusion, IL-4 can induce M¢ differ-
entiation into alternatively activated Mds, which are involved
in tissue repair and immunosuppression (34). To address if
PTP-PEST influenced the generation of alternatively activated
Mds by IL-4, the induction of arginase, a marker of alternative
activation, was evaluated (Fig. 4C). Arginase induction by IL-4
was not affected by PTP-PEST deficiency. Thus, PTP-PEST was
not required for proximal IL-4R signaling, induction of fusion
mediators, or IL-4-evoked differentiation into alternatively ac-
tivated Mds.

PTP-PEST promotes macrophage actin rearrangement, che-
motaxis, and spreading. Since the induction of fusion mediators
was not influenced by PTP-PEST, we examined the subsequent
events implicated in the fusion process (Fig. 5). Previous studies
showed that the ability of fusion-competent Mds to migrate to-
ward each other in response to chemokines, in particular, CCL2,
was critical for fusion (35, 36). Using a Transwell migration assay,
we observed that PTP-PEST deficiency markedly compromised
the capacity of Mds to migrate in response to CCL2 (Fig. 5A). This
was also true for chemotaxis induced by another chemokine, SDF-
la, and by the growth factor CSF-1. Likewise, PTP-PEST defi-
ciency resulted in diminished M migration in vivo, during thio-
glycolate-elicited peritonitis (Fig. 5B).
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Fusion also requires the ability of neighboring Mds to attach to
each other, in order to juxtapose the cellular membranes (1-3,
37-39). This adhesion is largely mediated by E-cadherin, which
bridges cell-cell contacts (37-39). To test the influence of PTP-
PEST on the ability of Mds to adhere to each other, a cell conju-
gation assay was performed (Fig. 5C). Mds were labeled with ei-
ther CFSE or CMTMR and were incubated in suspension for
various periods of time. Cells were then fixed, and conjugate for-
mation was detected by flow cytometry. The ability of PTP-PEST-
deficient Mds to form conjugates was only minimally reduced in
comparison to that of control Mds.

Spreading is an integrin-initiated response in which cells flat-
ten upon plating on an integrin ligand-coated adhesive surface
(40). Thus, to evaluate the role of PTP-PEST in cell-substratum
interactions, we tested the capacity of Mds to spread on glass
coverslips coated with various ligands for integrins (Fig. 5D). The
ability of Mds lacking PTP-PEST to spread in response to
fibronectin, collagen, and vitronectin was severely reduced. A
smaller fraction of PTP-PEST-deficient cells underwent full
spreading, and greater proportions underwent partial spreading
or did not spread. This was true for all three integrin ligands.

We also tested the impact of PTP-PEST deficiency on the abil-
ity of RAW264.7 cells to undergo migration and spread (Fig. 6). As
was the case for primary macrophages, PTP-PEST deficiency in
RAW?264.7 cells resulted in compromised chemotaxis in response
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FIG 5 PTP-PEST is required for macrophage migration and spreading. (A) The ability of peritoneal Ms to migrate in vitro was tested in a Transwell migration
assay (pore size, 8 wm). Mds were placed in the upper chamber, whereas the chemoattractants were placed in the lower chamber. After 3 h, the number of
peritoneal M¢s migrating into the lower chamber was ascertained by flow cytometry, as detailed in Materials and Methods. Average values with standard
deviations from three independent experiments are shown. Representative results of 3 independent experiments are shown. (B) The capacity of Mds to migrate
in vivo was analyzed by injection of thioglycolate into the peritoneal cavity. After 2 days, the number of Mds in the peritoneal cavity was determined by flow
cytometry. Symbols represent individual mice. Average values are shown as horizontal bars. Representative results of 4 independent experiments are shown. (C)
Peritoneal Ms were labeled with CFSE or CMTMR. They were then mixed 1:1 and incubated for the indicated times at 37°C. Cells were then fixed, and conjugate
formation was assessed by flow cytometry. Conjugates (boxed) are cell aggregates showing dual staining for CFSE and CMTMR. Percentages of conjugate
formation are shown at the right of each panel. Data are represented graphically at the bottom. Representative results of 3 independent experiments are shown.
(D) BMMds were seeded at 37°C on coverslips coated with the indicated ligands for integrins. After 10 min, cells were fixed and analyzed by microscopy.
Representative fields for the assay using fibronectin are shown at the top right. Arrowheads indicate cells showing full spreading. Quantitation of the data from
8 to 10 independent fields is presented at the top left and at the bottom. Average values with standard deviations are shown. Schematic representations of the

appearance of cells showing full, partial, or no spreading are depicted. Representative results of 3 independent experiments are shown.

to CCL2, SDF-1q, and serum (Fig. 6A). Likewise, it caused de-
creased spreading on fibronectin (Fig. 6B).

Actin organization was analyzed using confocal microscopy
(Fig. 7). BMMds were plated on glass coverslips, and actin fila-
ments were detected by staining of permeabilized cells with phal-
loidin, which detects actin filaments (Fig. 7A). As described else-
where (41, 42), control Mds had a heterogeneous morphology.
However, many cells exhibited flattening of their body and a
broad leading edge. They also exhibited multiple long filopodia.
Approximately 20 to 25% of cells had a polarized appearance, i.e.,
a preferential accumulation of actin filaments at one edge of the
cell. In contrast, PTP-PEST-deficient Mds were more elongated
and frequently bipolar. They also had very few filopodia. Lastly,
only ~10% of these cells exhibited a polarized appearance. The
impact of CSF-1 on actin organization was also examined (Fig.
7B). For this purpose, BMMbs were deprived of CSF-1 overnight
and then incubated or not incubated for 1 h with CSF-1. Addition
of CSF-1 resulted in a prominent increase of the number of con-
trol Mds having membrane protrusions known as lamellipodia.
This was also the case for PTP-PEST-deficient cells, although a
small decrease in the frequency of lamellipodium formation was
noted. Lamellipodia are proposed to help directional mobility
during cell migration.
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Hence, PTP-PEST played a critical role in the ability of Mds to
rearrange their actin cytoskeleton, undergo chemotaxis, and
spread on a substratum.

PTP-PEST regulates Pyk2 and paxillin in macrophages.
Next, we wanted to identify the intracellular tyrosine phosphory-
lation substrates through which PTP-PEST influenced M¢ fusion
(Fig. 8). Since a lack of PTP-PEST compromised M polarization,
migration, and adhesion, we focused on PTP-PEST substrates
known to influence these processes. The extent of tyrosine phos-
phorylation of the substrates was examined by antiphosphoty-
rosine immunoblotting (Fig. 8A). Tyrosine phosphorylation of
the PTK Pyk2 and the adaptor paxillin was increased 3- to 5-fold
in PTP-PEST-deficient Mbs compared to control Mds. These two
proteins are key regulators of cell migration, adhesion, and
spreading (43, 44). Little or no expression of FAK and Cas was
detected in these cells. The effect on tyrosine phosphorylation of
Pyk2 was constitutive, being seen both in the absence and in the
presence of IL-4 (Fig. 8B). In contrast, there was no increase in the
extent of tyrosine phosphorylation of PSTPIP-1 and SIRPa. A
selective increase in tyrosine phosphorylation of Pyk2 and, to a
lesser extent, paxillin was also seen in PTP-PEST-deficient
RAW264.7 cells (Fig. 8C). Although FAK was detectably expressed
in RAW264.7 cells, no effect on FAK tyrosine phosphorylation
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FIG 6 Altered migration and adhesion in PTP-PEST-deficient RAW264.7 cells. (A) The ability of RAW264.7 cells to migrate in vitro was tested in a Transwell migration
assay (pore size, 8 um). Mds were placed in the upper chamber, whereas the chemoattractants were placed in the lower chamber. After 3 h, the number of Mds migrating
into the lower chamber was ascertained by flow cytometry, as detailed in Materials and Methods. Representative results of 3 independent experiments are shown. (B)
RAW264.7 cells were seeded at 37°C on coverslips coated with fibronectin. After 30 min, cells were fixed and analyzed by microscopy. Representative fields for the assay
using fibronectin are shown on the right. Quantitation of the data from 8 to 10 independent fields is presented on the left. Average values with standard deviations are
shown. Arrowheads indicate cells with spreading. Representative results of 3 independent experiments are shown. CTRL, control cells transduced with irrelevant shRNA;
KD, knockdown cells transduced with PTP-PEST-specific sShRNA.

was observed in these cells. Therefore, PTP-PEST was required for  the effect of a pharmacological inhibitor of this PTK, PF-431396
dephosphorylation of Pyk2 and paxillin. (Fig. 9) (28, 45-47). This inhibitor was reported to be efficient at

Pyk2 activity is required for macrophage fusion. To ascertain  suppressing the kinase activity of Pyk2 in vitro (50% inhibitory
the possible impact of dysregulation of Pyk2 on fusion, we tested ~ concentration, 31 nM). To ensure that PF-431396 was specific for
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FIG 7 Altered polarization of actin filaments in PTP-PEST-deficient macrophages. (A) BMMds were plated on glass coverslips, fixed, and stained with Alexa
Fluor 488-conjugated phalloidin to visualize actin filaments. Immunofluorescence was analyzed by confocal laser scanning microscopy (top). Two different
magnifications are shown. Polarized cells (arrowheads) are defined as cells in which the actin filaments are concentrated at one edge of the cell. Quantification
of actin polarization from 8 to 10 independent fields is presented (bottom). Average values with standard deviations are shown. (B) Cells were plated as described
for panel A and starved overnight in CSF-1-free DMEM containing 2% fetal bovine serum. They were then stimulated or not stimulated for 1 h with recombinant
CSF-1 (50 ng/ml). Actin rearrangement was analyzed as detailed for panel A. Immunofluorescence analyses are depicted at the top. Percentages of cells showing
lamellipodia are shown at the bottom. Lamellipodia are indicated by arrowheads. WT, wild-type mice; KO, knockout mice (mice with PTP-PEST-deficient Mds).
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FIG 8 Altered protein tyrosine phosphorylation in PTP-PEST-deficient macrophages. (A) The extent of tyrosine phosphorylation of the indicated substrates in
primary mouse Mds was analyzed by immunoprecipitation (IP) with substrate-specific antibodies, followed by immunoblotting with antiphosphotyrosine
(o-p.Tyr) antibodies. The presence of the substrates in the immunoprecipitates was confirmed by reprobing the membranes with the indicated antibodies. Note
that these Ms did not detectably express Cas and expressed little or no FAK. Representative results of 4 independent experiments are shown. NRS, normal rabbit
serum. (B) Tyrosine phosphorylation of Pyk2 was determined in peritoneal Ms, stimulated or not stimulated with IL-4. Representative results of 3 independent
experiments are shown. (C) The extent of tyrosine phosphorylation of the indicated substrates in RAW264.7 cells was analyzed as detailed for panel A.
Representative results of 5 independent experiments are shown. WT, wild-type mice; KO, knockout mice (mice with PTP-PEST-deficient Mds); CTRL, control
cells transduced with irrelevant shRNA; KD, knockdown cells transduced with PTP-PEST-specific sShRNA.

Pyk2 in Mds, its impact on overall protein tyrosine phosphoryla-
tion was first analyzed (Fig. 9A). PF-431396 had no effect on the
ability to trigger protein tyrosine phosphorylation upon engage-
ment of the high-affinity Fc receptor for IgG, FcyRI. Since FcyRI
is coupled to Src and Syk family PTKs in Mds, this observation
implied that PF-431396 was not inhibiting the functions of Src
and Syk PTKSs in these cells. In contrast, PF-431396 inhibited the
extent of tyrosine phosphorylation of Pyk2 and paxillin (Fig. 9B).
A partial decrease in the abundance of Pyk2 was seen, as is fre-
quently observed with other PTKs inactivated by chemical inhib-
itors. Nonetheless, the diminution of Pyk2 tyrosine phosphoryla-
tion was more marked than the decrease in its abundance,
implying that the intrinsic activity and autophosphorylation of
Pyk2 were also suppressed. Paxillin is known to bind and be a
substrate of Pyk2 (46, 48).

Next, Mds from control mice were incubated with various
concentrations of PF-431396, and IL-4-induced fusion was eval-
uated (Fig. 9C). Treatment of control Mds with PF-431396 re-
sulted in a dose-dependent abrogation of IL-4-induced M¢ fu-
sion. The inhibitor also suppressed the residual IL-4-induced
fusion observed in PTP-PEST-deficient Mds. Thus, the kinase
activity of Pyk2 was needed for M¢ fusion.

DISCUSSION

In this study, we examined the role of PTP-PEST in M¢ fusion,
using a conditional PTP-PEST-deficient mouse. PTP-PEST had
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no appreciable impact on M¢ differentiation in vitro or in vivo, the
proliferative response of Mds to CSF-1 in vitro, or TLR4-mediated
cytokine production. However, it was required for the capacity of
peritoneal Mds to fuse into MGCs in response to IL-4 in vitro.
Likewise, it was necessary for the ability of Ms to form MGCs and
Langhans cells, following implantation of a foreign body (glass
coverslip) in vivo. It was also needed for the aptitude of RAW264.7
cells to fuse into osteoclasts after exposure to RANKL in vitro.
Unfortunately, PTP-PEST appeared to be inefficiently deleted in
osteoclast precursors from Ptpn12%" Lys2-Cre™ mice, precluding
a valid analysis of osteoclast formation in vivo (data not shown).
Nonetheless, on the basis of our data with RAW264.7 cells, it
seems probable that PTP-PEST is also needed for osteoclast fu-
sion.

Previous studies showed that several sequential steps are im-
plicated in M¢ fusion. They include, in order, (i) induction of
fusion mediators, (ii) cell polarization, chemokine-triggered mi-
gration, and integrin-mediated adhesion, (iii) cell-cell attach-
ment, and (iv) cell fusion and multinucleation. PTP-PEST-defi-
cient peritoneal Mds had no appreciable defect in IL-4-induced
upregulation of fusion mediators, including the adhesion mole-
cules E-cadherins and  integrins, indicating that the proximal
fusogenic cascade was not regulated by PTP-PEST (Fig. 10). This
is unlike other regulators of protein tyrosine phosphorylation,
such as the receptors TREM-2 and OSCAR, the adaptors DAP12
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FIG 9 The activity of Pyk2 is required for macrophage fusion. (A) Peritoneal macrophages were incubated or not incubated for 2 days with the indicated
concentrations of PF-431396. Cells were then washed and stimulated (+) or not stimulated (—) for 2 min with a mouse IgG2a antibody (MAb 7G7), a
high-affinity ligand for FcyRI. After lysis, phosphotyrosine-containing proteins were detected by immunoblotting with antiphosphotyrosine (a-p.Tyr) anti-
bodies. Representative results of 2 independent experiments are shown. (B) Cells were treated with PF-431396 as detailed for panel A but were not stimulated with
IgG2a. After cell lysis, the indicated substrates were recovered by immunoprecipitation and probed by antiphosphotyrosine immunoblotting. Relative tyrosine
phosphorylation of the substrates (shown at the bottom) was calculated by quantifying the bands in the antiphosphotyrosine immunoblots and correcting for the
total amounts of protein detected in the immunoblots with antibodies against the individual substrates. (C) Peritoneal Mds from wild-type (WT) mice or
PTP-PEST-deficient (knockout [KO]) mice were labeled and processed for macrophage fusion assay as detailed in the legend to Fig. 2, with the exception that
cells were treated or not treated with the indicated concentrations of the Pyk2 inhibitor PF-431396. After 2 to 3 days, cells were analyzed by fluorescence
microscopy (left). MGCs are yellow. Quantitation of the data is shown on the right. Five independent microscope fields were used for quantitation. Represen-
tative results of 3 independent experiments are shown.
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Although PTP-PEST deficiency had no effect on the proximal
fusogenic cascade, PTP-PEST-deficient mouse Mds exhibited
compromised polarization of actin filaments. They also exhibited
reduced migration in response to CCL2, a chemokine involved in
Mé fusion (35, 36). In addition, they had a diminished aptitude to
spread on surfaces coated with the integrin ligands fibronectin,
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lular matrix is also known to promote M¢ fusion (36, 50). There-
fore, we believe that PTP-PEST promoted M¢ fusion into MGCs
by stimulating actin rearrangement, chemotaxis, and integrin-
mediated adhesion (Fig. 10). As defects in chemokine-induced
migration and integrin-triggered spreading were also seen in PTP-
PEST-deficient RAW264.7 cells, it seems probable that this mech-
anism also explains the ability of PTP-PEST to promote fusion
into osteoclasts.

PTP-PEST deficiency resulted in enhanced tyrosine phosphor-
ylation of a specific set of intracellular proteins in Ms. In perito-
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FIG 10 Role of PTP-PEST in macrophage fusion. PTP-PEST is required for
the ability of macrophages to fuse into multinucleated giant cells and oste-
oclasts. This is due to a role of PTP-PEST in the control of polarization,
chemokine-induced migration, and integrin-triggered adhesion. The roles of
some of the other signaling molecules implicated in macrophage fusion are
also indicated. See Discussion for further details.
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neal Mbs, BMMdbs, and RAW264.7 cells, it yielded augmented
tyrosine phosphorylation of Pyk2 and paxillin. These effects were
constitutive, being seen in the absence of any added stimulation.
They were not amplified by addition of IL-4. No effect on other
substrates, such as PSTPIP-1 and SIRPa, was observed. This pro-
file was distinct from the profiles previously observed in PTP-
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PEST-deficient fibroblasts, T cells, and endothelial cells, in which
hyperphosphorylation of Cas, paxillin, FAK, and PSTPIP-1, hy-
perphosphorylation of Pyk2, and hyperphosphorylation of Cas
and FAK, respectively, was observed (11, 16, 18, 19). Thus, the
substrates regulated by PTP-PEST vary from one cell type to the
other. This may reflect divergences in the expression patterns of
the substrates.

The only substrate having a known catalytic activity and
showing enhanced tyrosine phosphorylation in PTP-PEST-de-
ficient mouse M¢s and RAW264.7 cells was Pyk2. Experiments
with a pharmacological inhibitor of Pyk2, PF-431396, showed
that this inhibitor resulted in a dose-dependent suppression of
IL-4-triggered fusion by normal Mds. This was accompanied
by suppression of tyrosine phosphorylation of paxillin, an
adaptor implicated in the control of cell migration and adhe-
sion (44). Hence, the enzymatic function of Pyk2, perhaps
through phosphorylation of paxillin, appeared to be necessary
for Mo fusion.

It might seem paradoxical that the inhibition of Pyk2 activ-
ity caused by PF-431396 and the augmentation of Pyk2 activity
induced by PTP-PEST deficiency had the same inhibitory im-
pact on Mo fusion. However, these convergent effects are not
unheard of. Another eloquent example was reported for PTP-
PEST-deficient fibroblasts (13, 16). These cells exhibited en-
hanced tyrosine phosphorylation of Cas, FAK, and paxillin that
was accompanied by a migration defect. Paradoxically, fibro-
blasts lacking either of these PTP-PEST-regulated substrates
also had a migration defect (16, 44, 51, 52). Thus, lack or inhi-
bition of a substrate can have the same deleterious impact on
migration as constitutive enhancement of tyrosine phosphor-
ylation of this substrate. This is presumably because both alter-
ations cause a spatiotemporal dysregulation of the migration
machinery that results in altered migration.

In summary, the data reported herein showed that the phos-
phatase PTP-PEST is an essential regulator of M fusion into
MGCs and osteoclasts. This effect does not relate to the ability
to influence expression of fusion mediators in response to fu-
sion-inducing cytokines. Rather, it correlates with the ability of
PTP-PEST to control actin rearrangement, chemokine-trig-
gered migration, and integrin-induced adhesion, seemingly
through Pyk2 and, perhaps, paxillin. These findings contribute
to a better understanding of the M fusion process. The ability
of eukaryotic cells to undergo fusion is a highly conserved pro-
cess (1-3). It is also critical for many other events, such as
oocyte fertilization and muscle cell differentiation. Given the
broad expression of PTP-PEST in mammalian cells, it is tempt-
ing to speculate that PTP-PEST may also have a crucial role in
these other fusion processes.
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