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Mice null for the T-cell protein tyrosine phosphatase (Tcptp�/�) die shortly after birth due to complications
arising from the development of a systemic inflammatory disease. It was originally reported that Tcptp�/� mice
have increased numbers of macrophages in the spleen; however, the mechanism underlying the aberrant
growth and differentiation of macrophages in Tcptp�/� mice is not known. We have identified Tcptp as an
important regulator of colony-stimulating factor 1 (CSF-1) signaling and mononuclear phagocyte development.
The number of CSF-1-dependent CFU is increased in Tcptp�/� bone marrow. Tcptp�/� mice also have
increased numbers of granulocyte-macrophage precursors (GMP), and these Tcptp�/� GMP yield more
macrophage colonies in response to CSF-1 relative to wild-type cells. Furthermore, we have identified the
CSF-1 receptor (CSF-1R) as a physiological target of Tcptp through substrate-trapping experiments and its
hyperphosphorylation in Tcptp�/� macrophages. Tcptp�/� macrophages also have increased tyrosine phos-
phorylation and recruitment of a Grb2/Gab2/Shp2 complex to the CSF-1R and enhanced activation of Erk
after CSF-1 stimulation, which are important molecular events in CSF-1-induced differentiation. These data
implicate Tcptp as a critical regulator of CSF-1 signaling and mononuclear phagocyte development in
hematopoiesis.

Mice null for the T-cell protein tyrosine phosphatase
(Tcptp) develop a progressive inflammatory disease character-
ized by chronic myocarditis, gastritis, nephritis, and increased
production of gamma interferon (IFN-�) and tumor necrosis
factor alpha in vivo (27, 59). Macrophages from Tcptp�/� mice
are hypersensitive to IFN-� due to deregulated Jak/Stat sig-
naling, which leads to increased protein levels of the inducible
nitric oxide synthase and nitric oxide production (49). Due to
the severity of this phenotype, Tcptp�/� mice die shortly after
birth. It has been reported that Tcptp�/� mice have increased
numbers of splenic macrophages (59), suggesting that Tcptp
also plays a role in regulating macrophage development.

Colony-stimulating factor 1 (CSF-1) is the primary growth
factor that regulates the differentiation, proliferation, and sur-
vival of mononuclear phagocytes in vivo (42, 50, 51). The
CSF-1 receptor (CSF-1R) is expressed at low levels on multi-
potent hematopoietic progenitor cells, and at higher levels on
mononuclear phagocytic cells from the committed macrophage
progenitor cell to the fully differentiated macrophage. In fact,
mice null for either CSF-1 or CSF-1R have severely reduced
numbers of macrophages in vivo.

CSF-1 binding to the receptor results in the formation of
noncovalent homodimers of the CSF-1R that undergo auto-
phosphorylation at seven known tyrosine residues. Tyrosine
phosphorylation of the CSF-1R results in the recruitment and
activation of Src family kinases (14), Plc-�2 (8), and c-Cbl (57).
Binding of the Grb2 and Gads/Mona (10) adaptor proteins to
the CSF-1R results in the recruitment of members of the Gab
family of docking proteins. When tyrosine phosphorylated,
Gab family members bind to the protein tyrosine phosphatase
family member Shp2, which plays an important role in extra-
cellular signal-regulated kinase (Erk) activation (24). Although
many signaling pathways downstream of the receptor have
been identified, their contributions to the biological response
to CSF-1 during hematopoiesis remains elusive. Little is also
known about the regulation of receptor phosphorylation and
its relation to the differentiation, proliferation, and survival
signals initiated after CSF-1 binding (9, 26).

In this report, we demonstrate that Tcptp regulates differ-
entiation signals initiated by CSF-1. The number of macro-
phage CFU (CFU-M) in Tcptp�/� bone marrow is significantly
increased due to the increased responsiveness of granulocyte-
macrophage precursors (GMP) to CSF-1. We identify CSF-1R,
the receptor for CSF-1, as a physiological substrate of Tcptp
and demonstrate enhanced Erk activation in Tcptp�/� bone
marrow-derived macrophages (BMDMs). These data demon-
strate that the loss of Tcptp results in increased production of
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mononuclear phagocytes through deregulated CSF-1 signaling
and provide insight into the mechanism underlying the aber-
rant macrophage development in Tcptp�/� mice.

MATERIALS AND METHODS

Mice, cell culture, and transfections. The generation of Tcptp�/� mice has
been reported previously (59). All mice were maintained at the McGill Univer-
sity animal facility and treated in accordance with the guidelines approved by this
institution. BMDMs were obtained by flushing the femurs of 16-to-20-day-old
mice with Dulbecco’s modified Eagle’s medium (DMEM) and antibiotics (5
mg/ml penicillin, 5 U/ml streptomycin sulfate; Wisent, Saint-Jean-Baptiste de
Rouville, Quebec, Canada) supplemented with 10% (vol/vol) endotoxin-free
fetal bovine serum (FBS; Invitrogen). Cells were resuspended in the same me-
dium containing 120 ng/ml human CSF-1 (a kind gift of the Chiron Corp.).
Nucleated bone marrow cells were plated in CSF-1-supplemented medium, and
stromal cells and mature macrophages were removed by adherence to tissue
culture plates for 24 h. Suspension cells were plated at 1.5 � 105 cells/ml, and
BMDMs were allowed to differentiate for 7 days (49). For stimulations, BMDMs
were washed with phosphate-buffered saline (PBS) and depleted of CSF-1 for
16 h. BMDMs were then stimulated for the indicated times with 100 ng/ml mouse
CSF-1 (R&D Systems, Minneapolis, MN) in DMEM.

FDC-P1 cells expressing exogenous CSF-1R (FD-Fms) have been previously
described (44). FD-Fms cells were cultured in DMEM containing 10% (vol/vol)
FBS, antibiotics, and 5% WEHI-conditioned medium as a source of interleukin
3 (IL-3). Once cells reached a density between 5 � 105 and 7.5 � 105 cells/ml,
they were washed in serum and antibiotic-free RPMI medium (Wisent) and
resuspended at 20 � 106 cells/400 �l in a 0.4-cm-gap electroporation cuvette
(Bio-Rad, Mississauga, Ontario). A total of 40 �g of pEF-Tcptp-WT, pEF-
Tcptp-DA, or empty pEF vector was added, and cells were incubated for 10 min
at room temperature. Cells were pulsed at 960 �F/280V and then chilled on ice
for 10 min before being resuspended in 20 ml of FD-Fms culture medium.
Twenty hours after transfection, cells were washed with PBS and depleted of IL-3
for 4 h. Transfectants were then stimulated with 100 ng/ml CSF-1 (R&D Sys-
tems) in DMEM for the indicated times.

Immunoprecipitations, glutathione S-transferase (GST) mixing experiments,
and Western blotting. Cells were lysed with HNMETG buffer (50 mM HEPES
[pH 7.5], 150 mM NaCl, 1.5 mM MgCl2, 1.0 mM EGTA, 1.0% Triton X-100,
10% glycerol) supplemented with 10 mM NaF, 2 mM Na3VO4, and complete
protease inhibitor tablets (Roche). For substrate-trapping experiments, Na3VO4

was excluded from the lysis buffer. Lysates were cleared by centrifugation for 10
min at 10,000 � g and 4°C. For BMDM experiments, 100 �g protein in 500 �l
lysis buffer was used for immunoprecipitation, while 1 mg of protein in 1 ml lysis
buffer was used in the FD-Fms experiments. Immunoprecipitates were collected
on protein A or G Sepharose beads (Sigma, St. Louis, MO), washed three times
with HNMETG buffer containing 0.1% Triton X-100, eluted into sodium dodecyl
sulfate (SDS) sample buffer, and resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE).

The GST-Grb2-SH2 fusion protein was produced in DH5� cells by diluting an
overnight culture with an equal amount of LB medium containing 1 mM isopro-
pyl-�-D-thiogalactopyranoside (IPTG; Roche). Bacteria were lysed by sonication
in PBS-1% Triton X-100, and GST fusion proteins were purified on glutathione-
Sepharose beads (Amersham Pharmacia, Baie D’Urfé, Quebec, Canada) and
washed thoroughly with lysis buffer. A total of 4 �g GST-Grb2-SH2 was incu-
bated with 100 �g of BMDM lysates for 90 min and then washed three times
with HNMETG lysis buffer. Western blotting was performed as described
previously (49).

Antibodies. The anti-Tcptp antibody 6F3 has been previously described (49).
The antiphosphotyrosine antibody 4G10, anti-CSF-1R antibody for immunopre-
cipitation, and anti-Gab2 antibody were from Upstate Biotechnology (Lake
Placid, NY). The anti-CSF-1R (C-20) antibody for Western blotting, the anti-
Shp2 (C-18) antibody, the anti-Plc-�2 (Q-20) antibody, and the anti-Csk (C-20)
antibody were from Santa Cruz Biotechnology (Santa Cruz, CA). Affinity-puri-
fied anti-CSF-1R pY807 (catalog no. 3154), anti-phospho p42/44 mitogen-acti-
vated protein kinase (Thr202/Tyr204, catalog no. 4377), anti-phospho-Akt
(Ser473, catalog no. 4058), and anti-phospho-PDK1 (Ser241, catalog no. 3061) as
well as anti-p44/42 mitogen-activated protein kinase (catalog no. 9012) and
anti-Akt (catalog no. 9272) antibodies were from Cell Signaling Technology
(Beverly, MA). Mouse monoclonal antiactin antibodies were from Sigma
(Oakville, Canada). Affinity-purified anti-Shc antibodies have been described
previously (32). The rabbit anti-p62Dok-1 antibody was generated against a GST
fusion protein encoding the C terminus of mouse Dok-1.

Tissue staining. Rat monoclonal antibody to F4/80 was a gift from David
Hume (Department of Microbiology, University of Queensland). Tissues were
fixed in 10% neutral buffered formalin and paraffin embedded, and 5-�m sec-
tions were cut. An anti-rat ABC elite staining kit, an antiavidin blocking kit, and
hematoxylin for counterstaining were from Vector laboratories (Burlingame,
CA). Staining was performed as outlined by the manufacturer. A minimum of
three animals per tissue were analyzed. Pictures were taken at original magnifi-
cations of �20 and �40 on a light microscope (Leica).

Differentiation and flow cytometry of mononuclear phagocytic precursors. The
culture of committed mononuclear phagocytic precursor cells was performed as
described previously (52). Briefly, nucleated bone marrow cells from Tcptp�/�

and Tcptp�/� mice (2 � 105/ml) were cultured in RPMI medium supplemented
with 10% FBS, 5 ng/ml recombinant mouse IL-3 (R&D Systems), 12 ng/ml
human CSF-1, and 55 �M �-mercaptoethanol for 3 days. Each day, cells were
transferred to new flasks to remove adherent macrophages.

For flow cytometry analysis, cells were stained with 5 �g/ml ethidium mono-
azide (Molecular Probes, Eugene, OR) in 100 �l flow cytometry buffer (PBS plus
2% FBS plus 0.1% sodium azide) for 10 min on ice in the dark before exposure
to light for 10 min. Fc receptors were blocked with anti-CD16/32 (eBioscience,
San Diego, CA) for 15 min prior to the addition of anti-CD11b-fluorescein
isothiocyanate (FITC)-conjugated antibodies (BD Pharmingen, San Diego, CA)
for 30 min. Stained cells were washed twice with fluorescence-activated cell
sorter (FACS) buffer before fixing the cells in 1% paraformaldehyde in PBS.
Analysis was performed on Beckman-Coulter EPICS-Elite (Fullerton, CA). A
total of 10,000 events were analyzed for each experiment. Data were analyzed
using CellQuest software (BD Biosciences).

Carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling was per-
formed as indicated by the manufacturer (CFSE cell tracer kit no. V12883;
Molecular Probes), and committed mononuclear phagocytes were allowed to
proliferate for 3 days before analysis. Annexin V-propidium iodide staining for
apoptotic cells was performed using an annexin V-PE apoptosis detection kit
(Pharmingen; catalog no. 559763) prior to labeling with CFSE. Mac-1-positive
cells were gated and analyzed for annexin V-propidium iodide staining.

Clonogenic assays. All assays were performed in duplicate according to the
manufacturer’s instructions (Stem Cell Technology, Vancouver, British Colum-
bia). For the mixed clonogenic assays, 10,000 nucleated bone marrow cells were
plated in 1 ml of MethoCult GF (M3434) and colonies were scored after 12 days.
For CSF-1-dependent CFU (CFU-C) assays, MethoCult (M3231) (containing
serum with no additional growth factors) was supplemented with 100 ng/ml
mouse CSF-1 (R&D Systems), and cells were incubated for 7 days. The identity
of the colony types was scored visually. For GMP assays, 100 GMP were plated
in MethoCult (M3231) (containing serum with no additional growth factors)
supplemented with 100 ng/ml mouse CSF-1 (R&D Systems), and cells were
incubated for 7 days. Macrophage identity was confirmed by four-color flow
cytometry using anti-Ly6G-FITC, anti-CD14-phycoerythrin, and CD11b-allophy-
cocyanin-conjugated antibodies and propidium iodide.

Isolation of GMP. Approximately 10 � 106 bone marrow cells from Tcptp�/�

and Tcptp�/� mice were stained and analyzed by four-color flow cytometry using
the following markers: CD16/32 (Fc�RII/III)-FITC, lineage markers (CD3,
CD4, CD5, CD8, CD11b, CD19, DX5, and TER119), and CD127 (IL-7R�) as
well as Sca-1 (Ly6A/E) conjugated to phycoerythrin, CD117 (c-kit)-PECy7, and
CD34-Alexa 647. The acquisition of 1 � 106 live bone marrow cells was per-
formed for the analysis of GMP cells. GMP are defined as Lin�/CD127�/Sca-
1�/CD117�/CD34�/CD16/32hi. Antibodies were purchased from BD Bio-
sciences (Mississauga, Ontario, Canada), BioLegend (Vineland, Ontario,
Canada), Serotec (Raleigh, NC).

RESULTS

Tissue macrophages are increased in Tcptp�/� mice. Tcptp�/�

mice develop a progressive inflammatory disease characterized
by splenomegaly, lymphadenopathy, and nephritis and die pre-
maturely at 3 to 5 weeks of age (27). Using an anti-F4/80
antibody that recognizes macrophages (3), we observed a sig-
nificant increase in the number of tissue macrophages in sec-
tions from kidney and skin as well as spleen. Kidney sections
from Tcptp�/� mice had a pronounced increase in the number
of macrophages in the medulla (Fig. 1, compare E and F), and
in Tcptp�/� skin sections, there was a marked increase in
deep-dermal macrophages (Fig. 1, compare G and H). We also
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observed a substantial increase in the number of splenic mac-
rophages in sections from Tcptp�/� mice as previously re-
ported (59) (Fig. 1, compare panels A and C with panels B and
D). In previous studies of osteopetrotic mice, which are null for
CSF-1 expression, there is a severe loss of F4/80� staining in
both the kidney and the deep dermis (17, 58). This known
requirement for CSF-1 in the development of both kidney and
deep-dermal macrophages led us to investigate the role of
Tcptp in CSF-1 signaling.

Increased differentiation of mononuclear phagocytic precur-
sors in Tcptp�/� mice. CSF-1 is known to play an important
role in myelopoiesis in vivo. To assess any defects in hemato-
poiesis due to the deletion of Tcptp, we performed a clono-
genic assay to determine the frequency of hematopoietic pro-
genitors in Tcptp�/� and Tcptp�/� bone marrow cells. Using a
mix of cytokines (IL-3, stem cell factor [SCF], IL-6, and erythro-
poietin [Epo]), we observed a fourfold increase in the number
of CFU-M-derived macrophage colonies from Tcptp�/� bone

FIG. 1. Tissues from Tcptp�/� mice are infiltrated with F4/80� macrophages. Tissue sections from Tcptp�/� (A, C, E, and G) or Tcptp�/� (B,
D, F, and H) mice were stained with an anti-F4/80 antibody to detect tissue macrophages. Sections from spleen (A, B, C, and D), kidney (E and
F), and skin (G and H) are shown. Panels A, B, E, and F were photographed at an original magnification of �20, while panels C, D, G, and H
were photographed at an original magnification of �40. For each panel, a minimum of three mice of each genotype were analyzed. Arrows indicate
staining of deep dermal macrophages.
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marrow cells, while granulocyte CFU (CFU-G)-derived gran-
ulocytic colonies remained unchanged relative to wild-type con-
trols (Fig. 2). In addition, no significant change was observed in
the number of megakaryocyte-CFU-derived megakaryocytic col-
onies (CFU-Mk) or mixed multipotent progenitor colonies de-
rived from mixed granulocyte, erythroid, megakaryocyte, and
macrophage CFU (CFU-GEMM). Under high magnification, the
Tcptp�/� macrophage colonies did not differ significantly in size
or density from Tcptp�/� macrophage colonies. These data indi-
cate a role for Tcptp in hematopoiesis and demonstrate that the
loss of Tcptp results in increased generation of macrophage pre-
cursors.

Interestingly, we observed a threefold increase in the num-
ber of erythroid-CFU (CFU-E)-derived erythroid colonies in
Tcptp�/� bone marrow (Fig. 2). The increase in the number of
CFU-E most likely arises from an increase in Jak signaling
through the Epo receptor. Our work (49) and the work of
other groups (35, 54) have demonstrated that Tcptp regulates
Jak signaling events, and the role of Tcptp in Epo signaling is
currently being investigated.

CSF-1 alone cannot promote the differentiation of mononu-
clear phagocytes from multipotent hematopoietic progenitor
cells. To promote commitment to the mononuclear phagocytic
lineage, CSF-1 must synergize with other growth factors, such
as IL-3, to act upon multipotent progenitor cells (4, 28). This
step, involving proliferation and differentiation, generates
committed mononuclear phagocytic precursors, which, sup-
ported by CSF-1 alone, can proliferate and differentiate fur-
ther to mononuclear phagocytes (monoblasts, promonocytes,
monocytes, and macrophages). To determine the number of
committed mononuclear phagocytic precursor cells present in
Tcptp�/� and Tcptp�/� bone marrow (CFU-C), we performed
clonogenic assays in the presence of CSF-1 alone. Under these
conditions, we observed a twofold increase in the number of
CFU-C-derived macrophage colonies in Tcptp�/� bone mar-
row (Fig. 3A).

To determine whether the increased number of CFU-C ob-
served in Tcptp�/� bone marrow reflects an increase in the
proliferation and differentiation of multipotent progenitor

cells in response to CSF-1, nucleated bone marrow progenitors
were cultured to yield committed mononuclear phagocytic pre-
cursors. The staining of nonadherent mononuclear phagocytic
precursor cells with the monocyte/macrophage lineage marker
CD11b indicated a significant increase in CD11b� cells derived
from Tcptp�/� bone marrow progenitors (65.00% � 2.09%)
(Fig. 3B) compared to those derived from Tcptp�/� bone
marrow progenitors (45.53% � 2.39%) (Fig. 3B).

To determine whether this increased generation of mono-
nuclear phagocyte precursors cells cultured from Tcptp�/�

bone marrow cells was due to increased proliferation,
Tcptp�/� mononuclear phagocyte precursors were labeled
with CFSE and allowed to proliferate for 3 days. Proliferation
results in the dilution of the CFSE label, which can be quan-
titated by flow cytometry. CFSE dilution was 1.5-fold greater in
Tcptp�/� mononuclear phagocyte precursors, indicating in-
creased proliferation of the Tcptp�/� cells (Fig. 3C and D). To
ensure that this increase in proliferation of Tcptp�/� mono-
nuclear phagocyte precursors was not due to increased apop-
tosis of Tcptp�/� cells or decreased apoptosis of Tcptp�/�

cells, annexin V-propidium iodide staining was performed. No
difference in the level of apoptosis of either Tcptp�/� or
Tcptp�/� mononuclear phagocyte precursors was observed un-
der the same conditions used in the CFSE proliferation assay
(Fig. 3E). In fact, upon growth factor withdrawal, a greater
percentage of Tcptp�/� precursors underwent apoptosis rela-
tive to wild-type precursor cells (data not shown). Therefore,
Tcptp�/� mononuclear phagocyte precursors proliferate to a
greater extent in the presence of CSF-1 than wild-type cells.
Furthermore, the increased frequency of CFU-C in vivo or
generation of mononuclear phagocyte precursors from
Tcptp�/� bone marrow in vitro was not due to any significant
increase in bone marrow cellularity because Tcptp�/� mice in
fact have a threefold reduction in the number of nucleated
bone marrow cells relative to their wild-type littermates (59).
Together, these data indicate that Tcptp regulates the devel-
opment of committed mononuclear phagocytic precursors
from primitive multipotential hematopoietic progenitors.

Increased generation of macrophages from GMP in re-
sponse to CSF-1. Prior to the generation of committed mono-
nuclear phagocytic precursors, hematopoietic stem cells differ-
entiate to a common myeloid precursor and then to a bipotent
GMP (41). To assess the role of Tcptp in early myeloid com-
mitment, we isolated and determined the number of GMP in
Tcptp�/� and Tcptp�/� mice (Fig. 4A and B). In Tcptp�/�

mice, the GMP number was increased fourfold (Fig. 4C).
Therefore, these data implicate Tcptp in the generation of
early myeloid progenitors in addition to the generation of
committed mononuclear phagocyte precursors.

Although CSF-1 alone cannot effectively support the growth
and differentiation of primitive hematopoietic precursors, we
hypothesized that Tcptp�/� GMP may be sensitive to the ef-
fects of CSF-1, which would provide an explanation for the
increased numbers of CFU-C observed in Tcptp�/� bone mar-
row. To determine whether GMP from Tcptp�/� mice could
respond to CSF-1 alone, we performed clonogenic assays with
100 GMP from both Tcptp�/� and Tcptp�/� mice in the pres-
ence of CSF-1. In the presence of CSF-1 alone, Tcptp�/� GMP
yielded fivefold more macrophage colonies than GMP from
Tcptp�/� mice (Fig. 4D), which, as expected, produced few

FIG. 2. Increased numbers of macrophage precursors in Tcptp�/� bone
marrow. Tcptp�/� or Tcptp�/� bone marrow cells (1 � 104) were
plated in methylcellulose containing IL-3, SCF, IL-6, and Epo. At day
12, colonies were scored under high magnification to determine colony
constitution and size (means � SD [error bars]; n 	 7; *, P 
 0.01).
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FIG. 3. Increased mononuclear phagocytic precursors in Tcptp�/� bone marrow. (A) Macrophage colonies derived from CFU-C in Tcptp�/�

or Tcptp�/� bone marrow cells (1 � 104) cultured in the presence of 100 ng/ml CSF-1. Colonies were scored at day 7 (n 	 6; means � SD [error
bars]; *, P 
 0.01). (B) Bone marrow cells from Tcptp�/� or Tcptp�/� mice were cultured for 3 days in the presence of IL-3 and CSF-1 to allow
proliferation and differentiation of multipotent progenitors to nonadherent mononuclear phagocytic precursors. Cells were stained with anti-
CD11b-FITC antibodies (solid line) to determine the percentage of mononuclear phagocytic precursors in both cell populations. Staining with an
isotype-matched control antibody is shown as a dashed line (means � SD [error bars]; n 	 4, *, P 
 0.01). (C) Increased proliferation of Tcptp�/�

committed mononuclear phagocyte precursor cells. Bone marrow cells were cultured as described for panel A to generate committed mononuclear
phagocytes, and cells were labeled with CFSE and allowed to proliferate for 3 days. CFSE fluorescence was measured by flow cytometry, and cell
populations were plotted as histograms. (D) Geometric means from histograms in panel C were plotted to quantitate CFSE dilution. Data were
analyzed by an unpaired, two-tailed Student t test (means � SD [error bars]; n 	 3; *, P 
 0.05). (E) Annexin V-propidium iodide staining of
apoptotic cells in the mononuclear phagocyte cultures used in CFSE proliferation assay.
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macrophage colonies in the presence of CSF-1 alone. There-
fore, these data demonstrate that GMP from Tcptp�/� mice
are responsive to CSF-1 and implicate Tcptp in the negative
regulation of myelopoiesis and CSF-1 signaling in early hema-
topoietic progenitors.

Tcptp�/� BMDMs have increased CSF-1R tyrosine phos-
phorylation. The observation that Tcptp�/� bone marrow con-
tains increased numbers of macrophage precursors is consis-
tent with the known role of CSF-1 in macrophage development.
Therefore, we examined the role of Tcptp in CSF-1R signaling in
macrophages. To examine the tyrosine phosphorylation status of
the CSF-1R following CSF-1 binding, Tcptp�/� and Tcptp�/�

BMDMs were stimulated with CSF-1, whole-cell lysates were
separated by SDS-PAGE, and Western blotting was performed
using antiphosphotyrosine antibodies. In these experiments, we
observed increases in the level of tyrosine phosphorylation of
several proteins in extracts from Tcptp�/� BMDMs compared to
that in extracts from wild-type BMDMs.

One of the most highly phosphorylated proteins migrated at

170 kDa, which corresponds to the approximate size of the
CSF-1R (Fig. 5A, top panel). At all time points, tyrosine phos-
phorylation of this protein was increased in extracts from
Tcptp�/� BMDMs relative to wild-type BMDMs, and the dif-
ference became more apparent at later time points. As deter-
mined by Western blotting using anti-CSF-1R antibodies, the
increase in tyrosine phosphorylation was not due to aberrant
expression of the CSF-1R in Tcptp�/� macrophages (Fig. 5A,
middle panel).

To further investigate whether the CSF-1R itself was hyper-
phosphorylated in Tcptp�/� macrophages, we immunoprecipi-
tated the CSF-1R from Tcptp�/� and Tcptp�/� BMDMs and
blotted the immunoprecipitates with antiphosphotyrosine an-
tibodies (Fig. 5B). We observed hyperphosphorylation of the
CSF-1R in Tcptp�/� BMDMs at 1, 3, and 10 min of stimula-
tion with CSF-1 compared to the receptor from wild-type mac-
rophages (Fig. 5B, top panel, and C). We also blotted CSF-1R
immunoprecipitates with a phosphorylation-specific antibody
directed against Y807, the activation loop tyrosine of the ki-

FIG. 4. Increased sensitivity of GMP from Tcptp�/� bone marrow to CSF-1. GMP from Tcptp�/� (A) and Tcptp�/� (B) bone marrow were
purified by FACS. These cells are defined as Lin�/Sca1�/CD127(IL-7R�)�, CD117(c-KIT)�, FcR�, and CD34�. (C) Graphical representation of
the number of GMP in Tcptp�/� and Tcptp�/� per 106 bone marrow cells. Error bars indicate standard deviations. (n 	 4; *, P 
 0.01).
(D) Colonies derived from 100 GMP in clonogenic assays with 100 ng/ml CSF-1. (means � SD [error bars]; n 	 4, *, P 
 0.01).
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nase. The phosphorylation of Y807 is a critical event required
for the activation of the CSF-1R to transmit signals required
for macrophage differentiation (16). In immunoprecipitates of
the CSF-1R from Tcptp�/� BMDMs, hyperphosphorylation of
Y807 was apparent at all time points but became more pro-
nounced at later time points (Fig. 5B, middle panel, and D).
Immunoblotting with anti-CSF-1R antibodies confirmed equal
immunoprecipitation and loading of the receptor in these ex-
periments (Fig. 5B, bottom panel).

Tcptp forms a substrate-trapping complex with the CSF-1R.
The observed hyperphosphorylation of the CSF-1R in
Tcptp�/� BMDMs suggested that the receptor itself could be
a direct substrate of Tcptp. To address this, we used a sub-
strate-trapping approach to determine whether the CSF-1R
could form an in vivo complex with Tcptp (21). In these ex-
periments, FDC-P1 cells expressing exogenous CSF-1R (FD-
Fms) were transfected with vector alone, wild-type Tcptp

(Tcptp-WT), or Tcptp-DA, substrate-trapping mutant that can
bind to potential substrates in vivo but cannot hydrolyze the
tyrosine phosphate ester.

Overexpressed Tcptp-WT or Tcptp-DA was immunoprecipi-
tated with anti-Tcptp antibodies and analyzed by Western blot-
ting with antiphosphotyrosine antibodies to reveal potential
coimmunoprecipitating substrates. We observed a single phos-
phorylated species that coimmunoprecipitated with Tcptp-DA
(Fig. 6, top panel). Significantly, no tyrosine phosphorylated
proteins coimmunoprecipitated with either the vector alone
control or the Tcptp-WT transfectants, indicating the specific-
ity of the interaction with the catalytic domain of Tcptp.

Based on the inducible tyrosine phosphorylation of this pro-
tein and its molecular weight, we hypothesized that this protein
was the CSF-1R. Reblotting of the membrane with anti-
CSF-1R antibodies confirmed that the CSF-1R coprecipitated
with Tcptp-DA in vivo (Fig. 6, middle panel). Immunoblotting

FIG. 5. The CSF-1R is hyperphosphorylated in Tcptp�/� macrophages. (A) BMDMs from Tcptp�/� or Tcptp�/� mice were stimulated with
100 ng/ml CSF-1 for the indicated time points. Equal amounts of lysates were resolved by SDS-PAGE and analyzed by Western blotting with an
antiphosphotyrosine antibody (top panel). The blot was reprobed with anti-CSF-1R antibodies (middle panel) and anti-Tcptp antibodies (bottom
panel) to demonstrate the correct genotype of the cells. (B) The CSF-1R was immunoprecipitated from Tcptp�/� or Tcptp�/� BMDMs stimulated
with 100 ng/ml CSF-1 as indicated. The immunoprecipitates were resolved by SDS-PAGE and analyzed by Western blotting with antiphospho-
tyrosine (top panel), anti-CSF-1R phospho-Y807 (middle panel), and anti-CSF-1R (bottom panel) antibodies. (C and D) Graphical representation
of total tyrosine phosphorylation of the CSF-1R (C) or phosphorylation of Y807 (D) in Tcptp�/� or Tcptp�/� BMDMs at 10 min after CSF-1
stimulation. Western blots were quantitated by densitometry. Data were analyzed by an unpaired, two-tailed Student t test with the results of the
wild-type set to 1 (means � SD [error bars]; n 	 3; *, P 
 0.05).
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with anti-Tcptp antibodies confirmed the overexpression of the
indicated proteins (Fig. 6, bottom panel). Coimmunoprecipi-
tation of the CSF-1R with the Tcptp-DA trapping mutant and
hyperphosphorylation of the CSF-1R in Tcptp�/� BMDMs
(Fig. 5) indicate that the CSF-1R is a physiological substrate of
Tcptp.

Tcptp�/� macrophages have increased Erk activation in
response to CSF-1. To examine the effect of the loss of Tcptp
on signaling pathways downstream of the CSF-1R, extracts
from CSF-1-stimulated Tcptp�/� and Tcptp�/� BMDMs were
examined for the activation of Erk and Akt kinases after CSF-1
stimulation. In Tcptp�/� BMDMs, we observed a dramatic
increase in the level of Erk activation relative to wild-type
samples (Fig. 7A and B) but no difference in Akt activation
between CSF-1-stimulated Tcptp�/� and Tcptp�/� macro-
phages was observed (Fig. 7A). We also did not observe any
change in the activation of PDK1 (2), an upstream activator of
Akt (Fig. 7C). Furthermore, the increased Erk activation in
Tcptp�/� BMDMs was not drastically prolonged, since at 30
min after CSF-1 stimulation, Erk activation was attenuated in
both Tcptp�/� and Tcptp�/� macrophages (Fig. 7C). These
data indicate that Tcptp regulates Erk activation downstream
of the CSF-1R. Erk activation is well known to be a requisite
event for the differentiation of several cell types (1, 56) and has
been recently shown to play an important role in CSF-1-in-
duced macrophage differentiation (22).

Tcptp�/� macrophages have increased tyrosine phosphory-
lation of Gab2 and Shp2 after CSF-1 stimulation. The recruit-
ment and phosphorylation of a Gab2/Shp2 complex to the
CSF-1R is a critical signaling event in macrophage differenti-
ation. The expression of a Gab2 mutant that cannot bind Shp2
was shown previously to inhibit CSF-1-induced macrophage
differentiation (30). Furthermore, the phosphorylation and ac-
tivation of Shp2 is required for Erk activation downstream of
several other receptor tyrosine kinases (24, 31, 37). Therefore,
we examined the tyrosine phosphorylation of both Gab2
and Shp2 in response to CSF-1 in Tcptp�/� and Tcptp�/�

BMDMs. Tyrosine phosphorylation of both Gab2 and Shp2
(Fig. 8A and B) immunoprecipitated from Tcptp�/� BMDMs
was increased in response to CSF-1 relative to immunoprecipi-
tates from Tcptp�/� BMDMs.

Since the recruitment and activation of the Gab2/Shp2 com-
plex is dependent on a Gab2/Grb2 interaction in other recep-
tor systems, we used a Grb2-SH2 domain fusion protein to
determine the extent of Grb2 binding to the CSF-1R in
Tcptp�/� and Tcptp�/� BMDMs after CSF-1 stimulation. In
these experiments, we observed increased Grb2 binding to the
CSF-1R in extracts from Tcptp�/� BMDMs relative to wild-
type cells (Fig. 8C). Therefore, increased Erk activation in
Tcptp�/� BMDMs is likely mediated by increased recruitment
of a Grb2/Gab2/Shp2 complex to the CSF-1R.

We also looked for changes in the tyrosine phosphorylation
of other proteins involved in Erk activation, including the re-
cently reported Shp2 substrate, Pag (61). The Shp2 protein
tyrosine phosphatase dephosphorylates the transmembrane
protein Pag (also known as Cbp), which recruits the tyrosine
kinase Csk that negatively regulates Src family tyrosine ki-
nases. As well, it has been reported recently that Tcptp can
target members of the Src family of kinases downstream of
the tumor necrosis factor alpha receptor (55). In Tcptp�/�

BMDMs, we did not observe a significant change in the ty-
rosine phosphorylation of Pag bound to Csk, nor did we ob-
serve any changes in the tyrosine phosphorylation of Plc-�2
(8), a downstream target of this Src activation pathway (6, 13)
or other Src targets Shc and p62Dok-1 (data not shown).

DISCUSSION

Macrophages and CSF-1 play important roles in the devel-
opment of inflammatory diseases. Tcptp�/� mice die shortly
after birth and suffer from splenomegaly, lymphadenopathy,
chronic myocarditis, gastritis, and nephritis, which are all
symptoms of an inflammatory disorder (12, 27). Although
Tcptp�/� macrophages are sensitive to activating stimuli, such
as IFN-� and lipopolysaccharide, the mechanism by which
Tcptp regulates the growth and development of this lineage
remained unclear. In this study, we have identified Tcptp as a
novel regulator of CSF-1 signaling and mononuclear phago-
cyte development.

We have demonstrated that several tissues in Tcptp�/� mice
have increased numbers of F4/80� macrophages. Since CSF-1
had been implicated as the primary growth factor regulating
the growth and development of macrophages in vivo, we in-
vestigated the role of Tcptp in CSF-1 signaling and macro-
phage differentiation. Analysis of the number and type of CFU
present in bone marrow revealed a fourfold increase in

FIG. 6. The CSF-1R coimmunoprecipitates with Tcptp substrate-
trapping mutants in vivo. FD-Fms cells were transfected with pEF-
Tcptp-WT, pEF-Tcptp-DA, or empty vector, and then stimulated with
100 ng/ml CSF-1. Tcptp immunoprecipitates were analyzed by West-
ern blotting with antiphosphotyrosine antibodies to reveal coimmuno-
precipitating substrates (top panel). Immunoprecipitates were then
blotted with anti-CSF-1R antibodies (middle panel) and anti-Tcptp
antibodies (bottom panel) to ensure overexpression of the indicated
constructs. The three right lanes contain whole-cell lysates of vector
transfected cells to demonstrate the specificity of Tcptp for the tyrosine
phosphorylated CSF-1R.
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CFU-M in Tcptp�/� mice relative to wild-type controls. It has
been previously demonstrated that CFU-C are the most prim-
itive cells upon which CSF-1 can act alone to promote differ-
entiation. CSF-1 can also act in concert with other cytokines to
promote the proliferation and differentiation of multipotent
hematopoietic precursor cells (4, 29). When we assessed the
number of CFU-C in Tcptp�/� and Tcptp�/� mice, we ob-
served a twofold increase in the number of committed mono-
nuclear phagocyte precursors present in Tcptp�/� bone mar-
row relative to the wild-type and increased proliferation of

Tcptp�/� committed mononuclear phagocyte precursors.
These data implicate Tcptp in the regulation of the prolifera-
tion and differentiation of multipotent cells to committed
mononuclear phagocyte precursors during hematopoiesis. Fur-
thermore, when we cultured GMP from Tcptp�/� mice in the
presence of CSF-1 alone, these cells generated fourfold more
macrophage colonies relative to Tcptp�/� GMP. Therefore,
the loss of Tcptp results in the sensitivity of early myeloid
progenitors to the effects of CSF-1.

The phosphorylation of the activation loop tyrosine in pro-

FIG. 7. Tcptp�/� macrophages have increased Erk activation.
(A) Lysates from Tcptp�/� or Tcptp�/� BMDMs stimulated with
100 ng/ml CSF-1 were analyzed by Western blotting with anti-
phospho-Erk and anti-phospho-Akt antibodies. (B) Graphical rep-
resentation of total Erk1/2 TEY phosphorylation in Tcptp�/� or
Tcptp�/� BMDMs at 10 min CSF-1 stimulation. Western blots
were quantitated by densitometry. Data were analyzed by an un-
paired, two-tailed Student t test with the results of the wild-type set
to 1 (means � SD [error bars]; n 	 3, *, P 
 0.05). (C) Increased
Erk phosphorylation after CSF-1 sitmulation in Tcptp�/� BMDMs
is not prolonged. PDK1 activity in lysates from Tcptp�/� or
Tcptp�/� BMDMs stimulated with 100 ng/ml CSF-1 was also an-
alyzed by Western blotting with anti-phospho-PDK1 antibodies.

VOL. 26, 2006 Tcptp REGULATES DIFFERENTIATION AND SIGNALING BY CSF-1 4157



tein tyrosine kinases is critical for the complete activation of
kinases. Similarly, the phosphorylation of Y807 in the CSF-1R
activation loop is required for proper phosphorylation and
activation of the receptor. In fact, Erk activation has been
shown to be dependent on the phosphorylation of Y807 (16).
Furthermore, the phosphorylation of Y807 is also an important
event in differentiation since FD-Fms cells expressing the
Y807F mutant CSF-1R proliferate in response to CSF-1 but
have a reduced capacity to differentiate (7). Our data identify
Tcptp as a novel regulator of CSF-1R Y807 phosphorylation
and Erk activation in CSF-1 signaling—two known molecular
events induced by CSF-1 that are required for effective mac-
rophage differentiation.

Recent studies have also demonstrated that the activation of
Erk is important for macrophage differentiation in response to
CSF-1 (22). However, the recruitment of Grb2/Sos complexes
to the receptor, which is the “classical” mechanism of Ras and
Erk activation, does not play a major role in promoting the
prolonged activation of Erk that is required for macrophage
differentiation. In fact, the disruption of Grb2/Sos complexes
in FD-Fms cells with cell-permeable peptides did not affect
Erk activation or the ability of these cells to differentiate in

response to CSF-1 (22). Therefore, these data implicate the
recruitment of Gab2/Shp2 as a critical pathway for Erk signal-
ing and differentiation.

Shp2 recruitment through members of the Gab family of
scaffold proteins is an important mechanism for Erk activation
in numerous signaling pathways, and the function of Gab fam-
ily members in the activation of Erk is conserved from Dro-
sophila to mammals (20, 24, 31, 38, 46). The differentiation of
Shp2-null embryonic stem cells using in vitro CFU assays was
unable to yield any granulocyte and macrophage precursors,
thereby implicating the activation of Shp2 as an important
event in macrophage development (43). In fact, the overex-
pression of a Gab2 mutant lacking the Shp2 binding sites in
FD-Fms cells inhibited macrophage differentiation in response
to CSF-1 (30). In accordance with a role for Gab2 in CSF-1-
induced Erk activation, Gab2-null mice have severely reduced
Erk activation in mast cells after treatment with both immu-
noglobulin E and SCF (25) and the differentiation of mast cells
was also found to be severely impaired in Gab2�/� animals
(39). Shp2 also can also attenuate Akt activation via the de-
phosphorylation of PI3K binding sites on Gab proteins in a
negative feedback loop mechanism (60). However, in Tcptp�/�

FIG. 8. Increased recruitment and tyrosine phosphorylation of a Grb2/Gab2/Shp2 complex after CSF-1 stimulation in Tcptp�/� macrophages.
(A) Gab2 was immunoprecipitated from CSF-1-stimulated Tcptp�/� or Tcptp�/� BMDMs. Protein complexes were resolved by SDS-PAGE and
analyzed by antiphosphotyrosine blotting and then by blotting for total Gab2 protein. (B) Anti-Shp2 immunoprecipitates from CSF-1-stimulated
Tcptp�/� or Tcptp�/� BMDMs were analyzed by antiphosphotyrosine immunoblotting as described for panel A. (C) Lysates from unstimulated
and CSF-1-stimulated Tcptp�/� or Tcptp�/� BMDMs were incubated with a GST-Grb2-SH2 domain fusion protein. The complexes were resolved
by SDS-PAGE and analyzed by Western blotting with an anti-CSF-1R antibody. Input lysates from the experiment were blotted with an
anti-CSF-1R antibody to ensure equal amounts of the CSF-1R were used and with an anti-Tcptp antibody to ensure the genotype of the cells used
in the experiment.
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macrophages we did not observe any significant changes in the
level of Akt activation or the activity of PDK1, an upstream
activator of Akt, relative to the wild type. This is likely due to
the fact that PI3K can bind the CSF-1R directly, which can
result in Akt activation independently of Gab2 recruitment.
The precise mechanism underlying the increased recruitment
of a Grb2/Gab2/Shp2 complex in Tcptp�/� macrophages is
unclear. Although our data imply that hyperphosphorylation of
one or both of the known Grb2 binding sites (Y697 or Y921)
may be involved, we are unable to test this directly since rel-
evant phosphospecific antibodies are not available. However,
the hyperphosphorylation of Y807 in Tcptp�/� macrophages
likely leads to changes in the overall phosphorylation status
and kinetics of CSF-1R activation, which could in turn favor
the formation of a specific signaling protein complex.

Another protein tyrosine phosphatase family member, Shp1,
also plays an important role in myeloid cell differentiation,
proliferation, and activation (48). In fact, motheaten mice, which
express either a null or hypomorphic mutant of Shp1, have
increased numbers of macrophages in the extremities, resulting
in arthritis, and increased levels of macrophages in the lungs,
resulting in fatal pneumonitis (23, 47). The CSF-1R is also
hyperphosphorylated in Shp1 mutant macrophages (5, 11).
Shp1 mutant mice also have increases in the numbers of CSF-
1-responsive CFU-C and granulocyte-macrophage CFU in
bone marrow (36), indicating that Shp1 plays an important role
in myeloid differentiation. However, unlike Tcptp�/� mice,
motheaten mice have increased numbers of both granulocytes
and macrophages (53). We observed changes in only the num-
ber of CFU-M in Tcptp�/� bone marrow, while the number of
CFU-G was comparable to the wild-type. Recent studies have
also demonstrated that the expression of a dominant-negative
Shp1 mutant affects the differentiation of both granulocytes
and macrophages in a cell autonomous manner (40). These
data indicate a significant difference between the functions of
Tcptp and Shp-1 in myeloid cells. Shp1 most likely acts as a
general regulator of myelopoiesis and proliferation, while
Tcptp specifically acts to balance mononuclear phagocyte dif-
ferentiation in vivo through its action upon the CSF-1R.

The lineage commitment of hematopoietic stem cells is
thought to be determined by stochastic changes in the levels of
lineage-specific transcription factors in these cells (19), but the
effects of the extracellular environment, in the form of cyto-
kines and growth factors, cannot be completely excluded (34).
One model of hematopoiesis proposes that lineage-specific
growth factors and cytokines promote the survival and growth
of committed cells, while another model implicates these ex-
trinsic signals in commitment decisions. The negative regula-
tion of CSF-1 signaling by Tcptp partly explains the increase in
CFU-M that we observed in Tcptp�/� mice; however, we can-
not exclude changes in other growth factor and cytokine sig-
naling pathways involved in early myelopoiesis that are directly
affected by the loss of Tcptp. However, the increase in GMP in
Tcptp�/� mice indicates that CSF-1 also plays a role in early
myeloid differentiation.

It is possible that the expression levels of lineage-specific
transcription factors involved in myelomonocytic differentia-
tion may be affected in Tcptp�/� hematopoietic progenitor
cells, thereby influencing lineage commitment. The level of
one such transcription factor, PU.1, has been shown to regu-

late the development of the myelomonocytic lineage, and its
regulation may prove to be an important mechanism underly-
ing the phenotype observed in Tcptp�/� mice (18, 33, 45).
However, our results do demonstrate that the loss of a single
specific regulator can bias early cell fate decisions during he-
matopoiesis. Recently, the deletion of Socs3 demonstrated its
role as a specific negative regulator of G-CSF signaling and
neutrophil proliferation and development (15).

In this report, we have identified Tcptp as a novel regulator
of CSF-1 signaling, and we have also demonstrated that the
production of committed mononuclear phagocyte precursors
from Tcptp�/� bone marrow progenitors is increased. These
data implicate Tcptp and CSF-1 in the early regulation of
myelopoiesis. The identification of specific negative regulators
of hematopoiesis, such as Tcptp, is an important step in un-
derstanding how cellular responses to extracellular cues affect
the intracellular mechanisms of lineage selection.
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