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Hematopoietic cell phosphatase (HCP) is a tyrosine phosphatase with two Src homology 2 (SH2) domains that
is predominately expressed in hematopoietic cells, including cells whose growth is regulated by interleukin-3
(IL-3). The potential effects of HCP on IL-3-induced protein tyrosine phosphorylation and growth regulation
were examined to assess the role of HCP in hematopoiesis. Our studies demonstrate that, following ligand
binding, HCP specifically associates with the 13 chain of the IL-3 receptor through the amino-terminal SH2
domain of HCP, both in vivo and in vitro, and can dephosphorylate the receptor chain in vitro. The effects of
increasing or decreasing HCP levels in IL-3-dependent cells were assessed with dexamethasone-inducible
constructs containing an HCP cDNA in sense and antisense orientations. Increased HCP levels were found to
reduce the levels of IL-3-induced tyrosine phosphorylation of the receptor and to dramatically suppress cell
growth. Conversely, decreasing the levels of HCP increased IL-3-induced tyrosine phosphorylation of the
receptor and marginally increased growth rate. These results support a role for HCP in the regulation of
hematopoietic cell growth and begin to provide a mechanistic explanation for the dramatic effects that the
genetic loss of HCP, which occurs in motheaten (me) and viabk motheaten (me') mice, has on hematopoiesis.

The viability, proliferation, differentiation, and functional
activation of hematopoietic cells are regulated by hemato-
poietic growth factors through interaction with their cognate
receptors (2, 18, 20, 32, 36). Although a few hematopoietic
growth factor receptors (c-Fms and c-Kit) are receptor
tyrosine kinases, the majority of the hematopoietic growth
factor receptors belong to a large cytokine receptor super-
family that does not have intrinsic kinase activity. Never-
theless, ligand binding to receptors of the cytokine receptor
superfamily rapidly induces tyrosine phosphorylation of
cellular substrates as well as one or more of the receptor
chains. A critical role for tyrosine phosphorylation in growth
regulation has been suggested by the observations that
inhibitors of tyrosine kinases inhibit cell growth (56), that
inhibitors of tyrosine phosphatases can stimulate cell prolif-
eration in the absence of ligand (47, 54, 57), and that, among
mutant receptors, there is a direct correlation between the
ability to induce tyrosine phosphorylation and the ability to
support ligand-induced cell growth (34, 35, 45).
Although tyrosine phosphorylation has been shown to be

an essential component in growth regulation through the
cytokine receptors, little is known concerning its regulation.
Only recently have the protein tyrosine kinases that associate
with the receptors and mediate ligand-inducible tyrosine
phosphorylation been identified. Initially it was demonstrated
that Lck associates with the interleukin-2 (IL-2) receptor ,
chain (16, 27, 33), and subsequent studies have implicated
other Src family kinases in the responses to granulocyte-
macrophage colony-stimulating factor (GM-CSF) (4) and IL-3
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(58). However, when these associations have been examined,
they have been shown not to be required for mitogenesis.
Recently, it has been reported that c-Fes associates with the
receptors for GM-CSF (13) and erythropoietin (Epo) (14), but
whether this association is required for mitogenesis has not
been determined. Lastly, we have recently demonstrated that
the Janus kinase 2 (Jak2) associates with the membrane-
proximal region of the Epo receptor and is activated following
ligand binding (66). The association and activation of kinase
activity were shown to be required for mitogenesis. Jak2 has
also been implicated in the responses to IL-3 (51), GM-CSF
(44), growth hormone (1), and gamma interferon (12, 65),
while another Jak family kinase, Tyk2, is required for the
response to alpha interferon (61). On the basis of these
results, it has been hypothesized that the Jak family of kinases
may generally mediate the tyrosine phosphorylation that is
associated with ligand binding to receptors of the cytokine
receptor superfamily.

In addition to identifying the protein tyrosine kinases, it is
evident that protein tyrosine phosphatases (PTPases) will
play an essential role in growth regulation. In particular,
PTPase inhibitors have been shown to transiently substitute
for growth factors and induce a mitogenic response (47, 54,
57). In addition, characteristically, the induction of tyrosine
phosphorylation is transient and returns to basal levels
within 20 to 30 min (21, 35, 70). The PTPases that mediate
these effects have not been identified.
Over the past several years, a variety of PTPases have

been identified and molecularly cloned (10). We have iden-
tified a PTPase that is preferentially expressed in hemato-
poietic cells and therefore was termed hematopoietic cell
phosphatase (HCP) (68, 69). The same phosphatase was
isolated in other studies and was variously termed PTP1C,
SHP, or SHPTP1 (30, 43, 48). HCP is a cytoplasmic protein
with a tyrosine phosphatase catalytic domain at the carboxyl
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terminus and two contiguous Src homology 2 (SH2) domains
at the amino terminus. SH2 domains are found in a variety of
signal-transducing proteins and mediate their association
with tyrosine-phosphorylated proteins (39). Recently the
crystal structure of an SH2 domain associated with a ty-
rosine-phosphorylated peptide has been described (63, 64).
The presence of SH2 domains in HCP suggests a role for this
phosphatase in signal transduction through its ability to
associate with proteins that are inducibly tyrosine phospho-
rylated. Consistent with this hypothesis, we have recently
demonstrated that HCP associates with c-Kit through the
SH2 domains of HCP following ligand binding and receptor
phosphorylation (70). A comparable association was not
detectable between HCP and c-Fms.
A role for HCP in regulating hematopoiesis has recently

been suggested by the consequences of genetic deficiencies
of HCP. Recent studies (50, 59) have demonstrated that the
motheaten (me) and viable motheaten (mev) mutations in
mice cause either the absence of (me) or a reduction in (mev)
HCP activity. Homozygous mice with the me and mev
mutations die at 3 and 9 weeks of age, respectively (49).
Among the pathological changes are a dramatic increase in
the total myeloid precursor cells, including CFU of granulo-
cyte-macrophage cells, CFU of erythroid cells, burst-form-
ing units of erythroid cells, and severe immunodeficiencies
affecting B-cell, T-cell and NK-cell differentiation and func-
tion. To attempt to obtain a mechanistic explanation for
some of these effects, we have explored the possibility that
HCP associates with and modifies the function of the IL-3
receptor (IL-3R). The results demonstrate that, following
ligand binding, HCP specifically associates with the tyrosine-
phosphorylated 13 chains of the IL-3R through the amino-
terminal SH2 domain of HCP. The results also demonstrate
that overexpression of HCP in IL-3-dependent cells sup-
presses growth while inhibition of HCP expression in these
cells does not inhibit growth but rather marginally increases
the growth response to IL-3. Together the data support the
hypothesis that, following IL-3 binding, HCP is recruited to
the activated receptor complex, where it dephosphorylates
the receptor and potentially other substrates and thereby
negatively affects signal transduction and growth.

MATERIALS AND METHODS

Cells and cell culture. DA-3 and transfected DA-3 cells (19,
35) were maintained in RPMI 1640 medium supplemented
with 10% fetal calf serum and recombinant murine IL-3 (30
U/ml).

Induction of protein tyrosine phosphorylation. Cells were
grown in medium supplemented with 0.5% fetal calf serum
for 16 h, and stimulation was initiated by adding recombinant
hematopoietic growth factors. All stimulations were per-
formed at 37°C. The hematopoietic growth factors used for
stimulation included recombinant murine IL-3 (30 U/ml).

Immunoprecipitation and Western blotting (immunoblot-
ting). Antisera against the IL-3R i chain and HCP were
developed by immunizing rabbits with keyhole limpet hemo-
cyanin-conjugated peptide corresponding to the C-terminal
15 amino acids of the Aic2A gene product (22) and HCP
peptide, as described elsewhere (70). For immunoprecipita-
tion, cells were lysed on ice in cold lysis buffer (50 mM Tris
[pH 7.4], 50 mM NaCl, 0.5% sodium deoxycholate, 0.2 mM
Na2VO4, 20 mM NaF, 1% Nonidet P-40, 2 mM phenylme-
thylsulfonyl fluoride, 20 ,g of aprotinin per ml, and 10%
glycerol). Cell lysates were clarified by centrifugation for 20
min at 10,000 x g at 4°C. Antibodies were added to cell
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FIG. 1. Construction and preparation of GST fusion proteins of
HCP. cDNA fragments encoding different domains of HCP were
cloned into pGEX vectors to create GST fusion proteins. Site-
specific mutations of Arg-30 to Lys-30 and Arg-136 to Lys-136 in the
FLVRE motif of the first and second SH2 domains (SH2N and
SH2C) are indicated. PTP, PTPase.

lysates, and the mixtures were incubated at 4°C for 60 min
with gentle agitation. Immune complexes were collected
with protein A-Sepharose 4B (Pharmacia) at 4°C for 30 min
and were washed gently in cold lysis buffer twice prior to
being boiled off in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) buffer and subjected to
SDS-PAGE analysis and Western blotting.
For Western blotting, protein samples, separated on SDS-

PAGE gels, were blotted to nitrocellulose membranes (Schlei-
cher & Schuell). The membranes were then blocked with 5%
dry milk in washing buffer (10 mM Tris [pH 7.4], 150 mM
NaCl, 0.1% Tween 20) for 2 h, incubated with the rabbit
polyclonal antibodies (1:3,000 dilution of whole serum) or
with the mouse monoclonal antiphosphotyrosine antibody
4G10 (1 ,ug/ml; UBI) for 2 h, washed for 1 h, incubated with
secondary antibodies for 1 h, and then washed for another 1 h.
Specific antibody signals were detected with an enhanced
chemiluminescence kit (Amersham) or "NI-labeled protein A
(ICN) following the manufacturer's procedures. Anti-,B-actin
monoclonal antibody (Amersham) was also used (1 ,ug/ml) in
Western detection as a control for loading variation of the
protein samples.
GST fusion proteins, in vitro binding assay, and PTPase

assay. pGEX vectors (Promega) were used to create gluta-
thione S-transferase (GST) fusion proteins of HCP. The
structures of the various GST-HCP fusion proteins are

shown in Fig. 1. Oligonucleotides complementary to murine
HCP cDNA sequences were synthesized (Operon) and used
as primers in polymerase chain reactions (Cetus) to derive
cDNA fragments encoding different regions of HCP or

cDNA fragments with site-specific mutations (Arg-30 to
Lys-30 and Arg-136 to Lys-136). These fragments were
cloned into pGEX vectors and transformed into BL12 Esch-
enchia coli bacteria, and then the fusion proteins were

purified from isopropyl-13-D-thiogalactopyranoside (IPTG)-
induced bacteria with glutathione-Sepharose beads (Pharma-
cia). For each in vitro assay, glutathione beads, with bound
fusion proteins (approximately 4 ,ug of fusion protein per

binding reaction), were incubated in cell lysates at 4°C for 90
min, washed gently four times with cold lysis buffer, boiled
off in SDS sample buffer, and analyzed by SDS-PAGE and
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FIG. 2. Association of tyrosine-phosphorylated IL-3R ,B mole-
cules to GST fusion protein containing the SH2 domains of HCP.
Growth factor-deprived DA-3 cells (5 x 106 cells per ml) were
stimulated with IL-3 for 0, 2, 5, 10, 20, and 30 min. Cell lysates were
prepared and analyzed by immunoprecipitation with antiserum
against the IL-3R 1 subunit as well as by a binding assay with a GST
fusion protein containing the two SH2 domains (SH2). Total cellular
proteins (A), proteins precipitated by anti-IL-3R 1 (B), or cellular
proteins bound to GST-SH2 (C) were resolved on SDS-PAGE gels
and transferred to membranes, and then the blots were probed with
a monoclonal antibody against phosphotyrosine. The migration
positions of the IL-3R ,B subunit and protein molecular size stan-
dards (in kilodaltons) are indicated.

Western blotting. Approximately 5 x 106 cells were used in
each binding reaction mixture.
For PTPase assays, the IL-3R 13 subunit was immunopre-

cipitated from DA-3 cells stimulated with IL-3 and incubated
with 1 ,g of GST or GST-HCP fusion proteins in PTPase
buffer {25 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic
acid)], pH 7.0; 5 mM EDTA; and 20mM dithiothreitol} for 10
min at 37°C. The reactions were terminated by adding 2x
SDS-PAGE sample buffer and boiling for 5 min. The phos-
photyrosine content of the IL-3R 1 proteins was determined
by SDS-PAGE and Western detection with monoclonal
antibody against phosphotyrosine as described previously
(70).

Construction of inducible expression plasmids for HCP
transfection and cell proliferation assays. The plasmids
pMAMneo/HCP/S and pMAMneo/HCP/A were constructed
by inserting the murine HCP cDNA clone into the EcoRI site
of plasmid pMAMneo (Promega) in sense and antisense
orientations, respectively (see Fig. 7A). The inserted HCP
cDNA clone was expressed under the control of the mouse
mammary tumor virus long terminal repeat promoter, which
is inducible by dexamethasone (Dex) (46). The plasmid
DNAs were transfected into DA-3 cells by electroporation
(35). Transfected cells were selected in medium containing
G418 (0.5 mg/ml) and murine IL-3 (200 U/ml). Several
subclones for each plasmid were isolated by limited dilution
and analyzed for the expression of HCP in the absence or
presence of 5 ,uM Dex (Sigma). The clones that showed the
highest inducible HCP expression were selected for each
plasmid and used for further characterization. The prolifer-
ation of DA-3 transfectants in response to IL-3 (5 U/ml) in
the absence or presence of Dex (5 ,uM) was determined by
counting cells every 24 h following the initial plating of 2 x
104 cells per ml.
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FIG. 3. HCP coimmunoprecipitates with the IL-3R 1 subunit
following IL-3 stimulation. Growth factor-deprived DA-3 cells (5 x
106 cells per reaction) were stimulated with IL-3 for 5 min at 37°C,
and the cells were lysed in cold lysis buffer. Total cellular proteins
(A) or HCP and IL-3R 13 proteins, immunoprecipitated from the cell
lysates (B), were analyzed by SDS-PAGE and Western blotting. At
the top of the panels is indicated whether the protein samples were
from unstimulated (-) or IL-3-stimulated (+) cells. The antibodies
used for immunoprecipitation and Western detection are shown
beneath each panel. The positions of protein molecular size stan-
dards (in kilodaltons) and HCP are indicated. Anti-ptyr, antibody
against phosphotyrosine.

RESULTS

HCP associates with the IL.3R 13 subunit following ligand
binding. Our previous studies demonstrated that HCP tran-
siently associates with the c-Kit receptor kinase following
ligand stimulation but not with the c-Fms receptor (70). The
association with c-Kit occurs through the SH2 domain of
HCP and requires tyrosine phosphorylation of the c-Kit
protein. Although the receptors for most of the hematopoi-
etic growth factors do not have intrinsic kinase activity, they
are rapidly tyrosine phosphorylated following ligand bind-
ing. Therefore it was important to examine the ability of
HCP to associate with these receptors. Initially we examined
the potential association of HCP with the IL-3R following
IL-3 stimulation of the murine IL-3-dependent myeloid cell
line DA-3 (19). The murine IL-3R is a heterodimer that
consists of an IL-3-specific 70-kDa a subunit and one of two
alternative 130- to 140-kDa ,B subunits termed Aic2A and
Aic2B. The Aic2A subunit also associates with GM-CSF-
and IL-5-specific a subunits (17, 22, 25, 55). Both 13 chains
are inducibly tyrosine phosphorylated following ligand bind-
ing (8, 15, 38, 52). Stimulation of DA-3 cells with IL-3
induces a rapid, but transient, tyrosine phosphorylation of
several proteins (Fig. 2A), including two major proteins of
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FIG. 4. Tyrosine phosphorylation of HCP is not affected by IL-3
stimulation. Growth factor-deprived DA-3 cells (5 x 106 cells per
ml) were stimulated with IL-3 for 0, 2, 5, 10, 20, and 30 min at 37'C
and lysed in lysis buffer. Total cellular proteins were collected (A) or

HCP was immunoprecipitated from the cell lysates (B), and the
proteins were resolved in an SDS-PAGE gel, blotted to a membrane,
and probed with antibody against phosphotyrosine (anti-ptyr) or an

antiserum against HCP as indicated. The positions of HCP and
protein molecular size standards (in kilodaltons) are indicated.

130 to 140 and 60 kDa. The phosphoproteins of 130 to 140
kDa were immunoprecipitated by antibodies to the IL-3R ,B
subunit (Fig. 2B). The 90-kDa, coimmunoprecipitating phos-
phoprotein seen in Fig. 2B is seen irregularly; thus its
significance is unclear. To determine whether any of these
phosphoproteins were bound by HCP, extracts were incu-
bated with GST fusion protein containing the two SH2
domains of HCP. The bound proteins were then isolated and
resolved on SDS-PAGE gels, and the blots were probed with
a monoclonal antibody against phosphotyrosine. As shown
(Fig. 2C), the 130- to 140-kDa proteins were specifically
bound by the SH2 domains of HCP, suggesting that HCP
associates with the IL-3R ,B subunits.
To further determine whether HCP associates with the

IL-3R subunits, lysates from unstimulated DA-3 cells or
cells stimulated with IL-3 were incubated with antibodies
against the IL-3R subunit. The immunoprecipitates were
then resolved by SDS-PAGE, and the blots were probed
with an antiserum against HCP. As illustrated (Fig. 3B, lanes
3 and 4), HCP was detected in immunoprecipitates of IL-3R
from stimulated but not from unstimulated cells, demon-

strating that HCP associates with the IL-3R subunits
following ligand binding.

Previous studies have shown that tyrosine phosphatases
are inducibly tyrosine phosphorylated following ligand stim-
ulation (9, 62, 67). It was therefore important to determine
whether HCP was inducibly tyrosine phosphorylated in
DA-3 cells following IL-3 stimulation. As shown (Fig. 4B),
there is an apparent, low level of tyrosine phosphorylation of
HCP in DA-3 cells, and this level did not alter over the times
examined following IL-3 stimulation. For controls, the
changes seen in the phosphotyrosine-containing proteins in
total cell lysates are shown (Fig. 4A), and the levels of
immunoprecipitable HCP were determined (Fig. 4B). We
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FIG. 5. GST fusion proteins of the first SH2 domain (SH2N) of

HCP specifically bind to tyrosine-phosphorylated IL-3R 1P. Growth
factor-deprived DA-3 cells were stimulated with IL-3 for min, and

cell lysates were prepared and analyzed by binding assays with GST

fusion proteins containing the SH2 domains of HCP. SDS-PAGE

and Western blotting were used to analyze total cellular proteins
from unstimulated (-) and IL-3-stimulated (+) cells (A); proteins of

IL-3-stimulated cells that bound to GST (G) or GST fusion proteins

containing the first (N) or the second (C) SH2 domain (B); and GST

fusion proteins containing the SH2 domain (wt) or GST-SH2 fusion

proteins with site-specific mutations of both Arg-30 and Arg-136 to

Lys (k301136), Arg-30 to Lys (k30), and Arg-136 to Lys (k116) (C). The

Western blots were detected with antibody against phosphoty-
rosine. The positions of IL-3R chain and protein molecular size

standards (in kilodaltons) are indicated.

have also failed to detect any changes in in vitro HCP

activity following IL-3 stimulation (data not shown).
The amino-terminal SH2 domain of HCP mediates its

association with the IL-3R 13 subunit. To determine the

domain of HCP that mediates its association with the IL-3R

subunit, GST protein and GST fusion proteins containing
the amino-terminal SH2 domain (N) or the second SH2

domain (C) of HCP were prepared and incubated with

lysates of DA-3 cells stimulated with IL-3 (Fig. SB). The

induction of tyrosine phosphorylation observed in these

experiments is also shown (Fig. 5A). As illustrated, only the

fusion protein containing the amino-terminal SH2 domain

was able to bind the tyrosine-phosphorylated IL-3R sub-

unit. Previous studies (31) have shown that replacement of

the highly conserved Arg residue with a Lys in the SH2

FLVRE motif in c-Abl can abrogate its binding to phospho-

tyrosine-containing proteins. We therefore made compara-

ble substitutions in one or both of the SH2 domains of HCP

(Arg-30 to Lys and Arg-136 to Lys) and prepared GST fusion

proteins of these mutants. In in vitro binding assays (Fig.

SC), the GST fusion protein containing the mutation in the

second SH2 domain bound the tyrosine-phosphorylated
IL-3R subunit as efficiently as the wild-type fusion protein
did. In contrast, mutation of the amino-terminal SH2 do-

main, or mutation of both SH2 domains, abrogated binding.
Therefore, HCP associates with the tyrosine-phosphorylated
IL-3R chain through its amino-terminal SH2 domain.

A
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FIG. 6. GST-HCP fusion protein dephosphorylates phosphoty-

rosine IL-3R ,B chain in vitro. The IL-3R P chain was immunopre-
cipitated from DA-3 cells which had been stimulated with IL-3. The
immunoprecipitates were incubated in the presence of GST protein
(lane G) or GST-HCP fusion protein (lane G-HCP) and then ana-
lyzed by SDS-PAGE and Western blotting. The blots were probed
with monoclonal antibody against phosphotyrosine (anti-ptyr) or
anti-IL-3R 1 antiserum as indicated. The position of migration of the
IL-3R P subunit is indicated.
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The ability to associate with the IL-3R ,B chain suggested
the possibility that the receptor is a substrate for HCP. To
assess this, cells were stimulated with IL-3 for 10 min and
the tyrosine-phosphorylated IL-3R chain was immunopre-
cipitated. The immunoprecipitates were subsequently incu-
bated with GST or a GST fusion protein containing the entire
HCP protein. Following incubation, the proteins were re-

solved by SDS-PAGE, blotted to nitrocellulose, and probed
with an antiserum against the IL-3R chain or a monoclonal
antibody against phosphotyrosine. As illustrated (Fig. 6),
incubation with the GST-HCP fusion protein resulted in the
loss of reactivity of the IL-3R chain with the monoclonal
antibody against phosphotyrosine but had no effect on the
reactivity with the antiserum against the receptor. There-
fore, HCP is capable of dephosphorylating the chain in in
vitro reactions.
HCP down-regulates IL-3-induced tyrosine phosphorylation

and proliferation. The association of HCP with the IL-3R
chain following ligand stimulation suggested a potential
functional role in the IL-3 response. To manipulate HCP
expression, we obtained clones of DA-3 cells into which we
had introduced the HCP cDNA, in sense and antisense
orientations, under control of the mouse mammary tumor
virus long terminal repeat promoter (Fig. 7A). The effects of
Dex on the levels of HCP are shown in Fig. 7B. In the
absence of Dex, the levels of HCP protein were similar,
although the levels in cells containing the antisense construct
were consistently slightly lower than those in cells contain-
ing the construct in the sense orientation. However, when
the cells were cultured in the presence of 10 ,uM Dex for 48
h, there was a marked effect on the levels of HCP. As
shown, there was an approximately 10-fold increase in HCP

FIG. 7. Inducible expression of sense and antisense HCP
cDNAs modulate HCP levels in DA-3 cells. (A) Murine HCP cDNA
was cloned into a pMAMneo vector in the sense (HCP/S) or
antisense (HCP/A) orientation under the control of the mouse
mammary tumor virus long terminal repeat (MMTV-LTR) pro-
moter, which is activated by Dex. (B) DA-3 transfectants of HCP in
the sense orientation (S; lanes 1 and 3) or HCP in the antisense
orientation (A; lanes 2 and 4) were grown in the absence (-) or
presence (+) of Dex (10 jxM) for 48 h, and cell lysates were
prepared. Total cellular proteins from these cells were analyzed by
SDS-PAGE and Western blotting. The Western blotting membranes
were probed with anti-HCP antiserum or anti-1-actin antibody. The
positions of HCP and 13-actin are indicated. SH2N and SH2C, first
and second SH2 domains, respectively; PTP, PTPase.

in cells containing the sense construct. Conversely, there
was an approximately 10-fold decrease in HCP in cells
expressing the antisense construct. Similar magnitudes of
changes in HCP activity were detectable in immunoprecipi-
tates of HCP (data not shown).
The effects of altering the levels of HCP on IL-3-induced

tyrosine phosphorylation were next examined (Fig. 8). Cells
were incubated for 24 h in the presence or absence of 10 JIM
Dex, deprived of growth factors for 12 h, and induced, or not
induced, with IL-3. In the absence of an HCP expression
construct, Dex did not have a detectable effect on the pattern
of IL-3-induced tyrosine phosphorylation or on the levels of
HCP (Fig. 8C). In cells containing the sense construct, Dex
induced a marked increase in HCP (Fig. 8A) and there were
detectably lower levels of tyrosine phosphorylation of the
IL-3R ,B chain following IL-3 stimulation. Conversely, in
cells expressing the antisense construct, Dex markedly
reduced the levels of HCP and there were detectably higher
levels of tyrosine phosphorylation of the IL-3R ,B chain

VOL. 13, 1993
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FIG. 8. Comparison of IL-3-induced tyrosine phosphorylation
and proliferation of DA-3 transfectants. DA-3 transfectants of HCP
in the sense orientation (A), HCP in the antisense orientation (B),
and pMAMneo (C) were grown in the absence or presence of 10 ,uM
Dex for 24 h in medium supplemented with IL-3 for the initial 12 h
and deprived of growth factor for the remaining 12 h. The cells were
stimulated with IL-3 for 0, 2, 5, 10, 20, and 30 min, and cell lysates
were prepared at each time point. Total cellular proteins were
analyzed by SDS-PAGE and Western blotting. The Western blots
were probed with antibody against phosphotyrosine (anti-ptyr),
anti-HCP antiserum, and anti-p-antibody (anti-actin). The positions
of IL-3R p, HCP, ,-actin and protein molecular size standards (in
kilodaltons) are indicated.

following IL-3 stimulation. In addition, the presence of the
HCP expression constructs also affected the levels of ty-
rosine phosphorylation of other cellular substrates, although
the somewhat-more-variable detection of these proteins pre-
cludes a definitive conclusion.
The effects of altering HCP levels on cellular proliferation

are shown in Fig. 9A. In the absence of Dex (Fig. 9A,
HCP/A- and HCP/S -), there were only slight differences in
the cell numbers at 2 or 3 days following initiation of the
cultures. However, in the presence of Dex there were
dramatic differences in growth rates. The numbers of cells
containing the antisense construct which were cultured with
Dex were increased at days 2 and 3 relative to those which
were cultured in the absence of Dex. More dramatically, the
growth of cells containing the sense construct was markedly
reduced in the presence of Dex. In contrast, Dex had no
effect on the growth of the parental cells (Fig. 9B). These
results demonstrate that HCP negatively regulates the
growth of IL-3-dependent cells.
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FIG. 9. Increased expression of HCP suppresses IL-3-induced

proliferation. Stable cell clones isolated from DA-3 cells transfected
with the indicated constructs (A) and parental DA-3 cells (B) were

collected by centrifugation, resuspended in fresh medium, and
grown in the absence (-) and presence (+) of Dex (5 ,uM) in medium
supplemented with IL-3. The cell numbers were determined by cell
counting over a 3-day period. Each datum point is the average of the
results of two separate experiments, and error bars indicate stan-
dard deviations. HCP/A, DA-3 transfectants of HCP in the antisense
orientation; HCP/S, DA-3 transfectants of HCP in the sense orien-

tation. (B) Numbers along they axis indicate cells (104) per milliliter.

DISCUSSION

The regulation of protein tyrosine phosphorylation is
hypothesized to play a critical role in growth regulation of
cells of a variety of lineages, including IL-3-dependent
hematopoietic cells. In support of this hypothesis, activated
tyrosine kinases can abrogate the requirement of cells for
IL-3 (3, 24, 29, 41); IL-3 induces a rapid, but transient,
increase in protein tyrosine phosphorylation (21, 37, 52, 53);
and inhibitors of tyrosine phosphatases can partially replace
the requirements for growth factors (47, 54, 57). The studies
presented here explored the potential role of the PTPase
HCP in growth regulation of IL-3-dependent cells and dem-
onstrate that HCP associates with the tyrosine-phosphory-
lated IL-3R and down-regulates the response to IL-3.
A potential role for HCP in growth regulation was initially

suggested by the presence of SH2 domains. SH2 domains
are present in a variety of molecules that have been impli-
cated in signal transduction and mediate their association
with receptor protein tyrosine kinases, including c-Fms,
c-Kit, platelet-derived growth factor receptor, and epidermal

growth factor receptor (39). More recently, the SH2 domain
of phosphatidylinositol 3-kinase has been shown to mediate
its association with the tyrosine-phosphorylated receptors of
the cytokine superfamily, including the Epo receptor (5) and
the IL-4R (23). Therefore, both receptor kinases and the
cytokine receptor superfamily members may utilize compa-
rable biochemical means to recruit signal-transducing mole-
cules into active receptor complexes.
HCP associates with the IL-3R I chain through the

amino-terminal SH2 domain. This was demonstrated by the
ability of the isolated SH2 domain to bind as well as by the
ability of mutations in the FLVRE motif to abrogate binding.
Importantly, a comparable mutation in the second SH2
domain did not affect binding. Our previous studies (70)
demonstrated that the amino-terminal SH2 domain is also
involved in the association of HCP with c-Kit. Recent
studies of the structures of SH2 domains interacting with
peptides have indicated that an SH2 domain interacts with a
region of 6 to 10 amino acids flanking the target phosphoty-
rosine (64). In screening the structures of the IL-3R I chain
and c-Kit, we were not able to identify a tyrosine residue
with similar flanking amino acids that might predict the
binding sites. Studies are currently directed to identifying
the binding sites through mutational analysis.
The role of tyrosine phosphatases in growth regulation

could be envisioned to be either positive or negative. Inhib-
itor studies have suggested a negative role for PTPases in the
growth regulation of hematopoietic cells (47, 54, 57). How-
ever, in T lymphoid cells, the lack of CD45, a receptor
PTPase, is associated with an inability to respond through
the T-cell antigen receptor in either proliferation or protein
tyrosine phosphorylation (28, 42), suggesting that CD45
plays a positive regulatory role. This has been hypothesized
to involve the removal of phosphates from negative-regula-
tory sites on Src family kinases (26).
Recent studies have suggested that a phosphatase that is

closely related to HCP is also positively involved in growth
regulation. In particular, several groups have cloned a
PTPase, containing two amino-terminal SH2 domains, which
is variously termed Syp, PTP 1D, and SH-PTP2 (9, 11, 62).
Syp is more widely expressed than HCP and is inducibly
tyrosine phosphorylated in the response to platelet-derived
growth factor or epidermal growth factor. Tyrosine phos-
phorylation of Syp activates its phosphatase activity and is
hypothesized to function as a positive signalling component
by dephosphorylation of phosphotyrosines that negatively
regulate the signalling potential of proteins such as the Src
kinases, comparable to the model proposed for CD45. In
support of a positive role in growth regulation, the Dros-
ophila homolog of Syp, corkscrew, functions downstream of
the Torso receptor tyrosine kinase in a positive manner (40).

In contrast to Syp, HCP can be hypothesized to be
essential for the down-regulation of growth signals in hema-
topoietic cells. This hypothesis is most strongly supported
by the phenotype of mutant mice that genetically lack or are
deficient in HCP (49, 50, 60). The motheaten (me) and viable
motheaten (mev) mutations were initially characterized as
contributing to immunodeficiency; however, a variety of
hematopoietic lineages have been subsequently shown to be
affected. The mutations are associated with CSF-1-indepen-
dent proliferation of macrophages and increased sensitivity
of CFU of erythroid cells to Epo. There is also a dramatic
increase in the numbers of erythroid precursors in the
spleens, consistent with an effect on cells at a stage of
differentiation which is normally regulated by the levels of
IL-3. Thus the phenotypes of me and mev mice suggest that

VOL. 13, 1993



7584 YI ET AL.

HCP negatively regulates a number of hematopoietic lin-
eages.
A general role for HCP as a negative regulator in hemato-

poiesis is supported by the observation that it associates
with several receptors. In addition to the IL-3R complex, we
have observed association of HCP with the GM-CSF recep-
tor, which shares a common P subunit with the IL-3R (17,
22, 36, 71). This further suggests that HCP can associate
with the IL-SR complex, which also utilizes the same, shared
3 subunit. We have previously shown that HCP associates
with c-Kit (70), although, interestingly, association with the
c-Fms was not detected under comparable conditions. It
should be noted, however, that it has been reported that
CSF-1 induces tyrosine phosphorylation of HCP (67). More
recently we have found that HCP also associates with the
tyrosine-phosphorylated Epo receptor (72) in a region of the
receptor that has been shown to negatively affect the re-
sponse to Epo (6). This region, when deleted by mutations in
humans, causes erythrocytosis (7). Since the phosphoryla-
tion of one or more chains of receptors is commonly ob-
served among the cytokine receptors, it will be of interest to
examine other receptors for their ability to associate with
HCP.

In summary, the data support the hypothesis that HCP is
essential for the down-regulation of the response of hemato-
poietic cells to growth factors. As a consequence of growth
factor stimulation, the individual receptors are inducibly
tyrosine phosphorylated. The receptors are then capable of
recruiting HCP to the active receptor complex, where it can
dephosphorylate the receptor as well as other substrates for
tyrosine phosphorylation that have been recruited to the
complex. In addition, HCP may dephosphorylate and
thereby inactivate Jak2 kinase. These reactions ensure that
in the absence of continual growth factor binding, the
receptor complexes are not constitutively activated. The
extent to which HCP plays a comparable role in the lym-
phoid lineages is currently being evaluated.
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