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Deficiency in either the interferon consensus sequence binding protein (ICSBP) or neurofibromin 1 (Nf1)
increases the proliferative response of myeloid progenitor cell to hematopoietic cytokines. Consistent with this,
we previously demonstrated that ICSBP activates transcription of the gene encoding Nf1 (the NF1 gene). In the
studies presented here, we determine that ICSBP tyrosine phosphorylation is necessary for the activation of
NF1 transcription. Since ICSBP is tyrosine phosphorylated in response to hematopoietic cytokines, these
studies identify a novel pathway by which cytokine-induced posttranslational modification of ICSBP results in
NF1 transcription. Nf1 subsequently inactivates cytokine-activated Ras, thereby creating a negative feedback
mechanism for cytokine-induced proliferation. In these studies, we also determine that ICSBP is a substrate
for SHP2 protein tyrosine phosphatase (SHP2-PTP). We find that wild-type SHP2-PTP dephosphorylates
ICSBP only in undifferentiated myeloid cells. In contrast, a leukemia-associated, constitutively activated
mutant form of SHP2-PTP dephosphorylates ICSBP in both myeloid progenitors and differentiating myeloid
cells. Activated SHP2-PTP mutants thereby inhibit ICSBP-dependent NF1 transcription, impairing this neg-
ative feedback mechanism on cytokine-activated Ras. Therefore, these studies suggest that leukemia-associated
ICSBP deficiency cooperates with leukemia-associated activating mutants of SHP2-PTP to contribute to the
proliferative phenotype in myeloid malignancies.

Neurofibromin 1 (Nf1) is a 2,818-amino-acid protein en-
coded by the NF1 gene (1). The Nf1 protein includes a Ras-
GAP domain which plays an important role in regulating the
proliferation of myeloid cells in response to hematopoietic
cytokines. Specifically, Nf1 Ras-GAP activity antagonizes gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF)-, stem
cell factor (SCF)-, or macrophage colony-stimulating factor
(M-CSF)-induced Ras activation in myeloid cells (2, 4, 34).
Therefore, Nf1-deficient myeloid cells exhibit increased prolif-
eration in response at low doses of these hematopoietic cyto-
kines (referred to as cytokine “hypersensitivity”). In humans,
congenital Nf1 deficiency is associated with neurofibromatosis
(8) and with a myeloproliferative/myelodysplastic disorder re-
ferred to as juvenile myelomonocytic leukemia (JMMoL) or
juvenile chronic myeloid leukemia (18). Acquired Nf1 defi-
ciency has also been documented for myeloid cells from human
subjects with acute myeloid leukemia (AML) and adult myelo-
dysplastic syndrome (MDS) (21). Therefore, although Nf1 ex-
pression is not restricted to hematopoietic cells, Nf1 deficiency
is implicated in the pathogenesis of several malignant myeloid
disorders. Consistent with this, NF1 deficiency results a myelo-
proliferative disorder in murine models (5, 33).

In previous investigations, we found that cytokine-induced
differentiation of either myeloid leukemia cell lines or murine
myeloid progenitor cells increases NF1 transcription and Nf1

expression. Cytokines implicated in this effect include M-CSF
and gamma interferon (IFN-�) (34). We also found that cyto-
kine-induced NF1 gene transcription requires the interferon
consensus sequence binding protein (ICSBP, or interferon reg-
ulatory factor 8 [IRF8]) (34). We determined that ICSBP ac-
tivates NF1 transcription via a proximal promoter cis element
which is similar to the previously described “PRDI” consensus
sequence for interferon regulatory factor (IRF) protein-DNA
binding (the PRDI consensus is TCACTT; the NF1 cis element
is CCACTTCC) (29, 34). However, previous studies deter-
mined that ICSBP represses artificial promoter constructs with
multiple copies of the PRDI element, while we found that
ICSBP activates this similar NF1 cis element (29, 34).

Like Nf1 deficiency, ICSBP deficiency has been described
for myeloid cells from human subjects with AML and MDS
(25). ICSBP-deficient mice also develop a myeloproliferative
disorder, and myeloid cells from these animals exhibit hyper-
sensitivity to the same hematopoietic cytokines as Nf1-deficient
cells do (14, 26, 34). Additionally, we found that proliferative
abnormalities in myeloid progenitor cells from ICSBP-deficient
mice can be rescued by expression of the Nf1 GAP-related do-
main (GRD) (34).

ICSBP is expressed exclusively in myeloid and B cells (23).
Consistent with this, most previously identified ICSBP target
genes encode proteins involved in the inflammatory response.
For example, ICSBP activates transcription of the genes en-
coding gp91PHOX (the CYBB gene), p67PHOX (the NCF2
gene), Toll-like receptor 4, and interleukin-12 (IL-12) in
phagocytic cells (11, 16, 25, 31). Transcriptional activation of
the CYBB and NCF2 genes requires interaction of ICSBP,

* Corresponding author. Mailing address: Feinberg School of Med-
icine, 710 North Fairbanks Court, Olson Pavilion Room 8524, Chi-
cago, IL 60611. Phone: (312) 503-4625. Fax: (312) 908-5717. E-mail:
e-eklund@northwestern.edu.

6311



interferon regulatory factor 1 (IRF1), and the ets protein
PU.1, with positive cis elements in these genes (11, 16). This
interaction requires ICSBP tyrosine phosphorylation, which
occurs during differentiation of myeloid leukemia cell lines or
myeloid progenitor cells (16). Therefore, differentiation-stage-
specific CYBB and NCF2 transcription is regulated by cyto-
kine-induced posttranslational modification of ICSBP. In un-
differentiated myeloid progenitor cells, ICSBP is a substrate
for the SHP1 protein tyrosine phosphatase (SHP1-PTP) (16).
During myeloid differentiation, SHP1-PTP activity decreases
and the activity of Jak2 (and possibly that of other unidentified
kinases) increases, resulting in ICSBP tyrosine phosphoryla-
tion (15, 16).

SHP1-PTP is a hematopoiesis-specific PTP with structural
similarity to the ubiquitously expressed SHP2-PTP (24). SHP1
and SHP2, which can be located in either the nucleus or the
cytoplasm (7, 16), contain conserved Src homology 2 (SH2)
and single PTP domains. In the inactive form, protein folding
renders the PTP domains in these proteins inaccessible to the
substrate (12). Activation of SHP1 and SHP2 involves the
interaction of their SH2 domains with phosphorylated tyrosine
residues from substrates or other proteins. This interaction
induces a conformational change which unmasks the PTP do-
main, activating the phosphatase (12). Few substrates have
been identified for either PTP, and the extent of similarity in
terms of substrate specificity between SHP1 and SHP2 is not
known.

Although SHP1 gene mutations have not been described in
association with any human disorder, recent studies identified
acquired mutations in the SHP2 gene in some human myeloid
malignancies. These mutations were found in myeloid cells
from human subjects with AML, MDS, and JMMoL in blast
crisis (3, 30). Modeling studies suggest that many of these
leukemia-associated SHP2 mutations result in conformational
changes which unmask the PTP domain (20, 30). The conclu-
sions of these modeling studies have been specifically con-
firmed by biochemical analysis of some of these mutants (17,
30). Therefore, these mutations induce constitutive SHP2-PTP
activation, which might be anticipated to influence regulation
of functional activity, substrate specificity, or both. Consistent
with this, functional studies of these leukemia-associated SHP2
mutants indicate that expression in myeloid cells confers hy-
persensitivity to a number of hematopoietic cytokines, includ-
ing GM-CSF and IL-3 (6, 22, 28).

Based on this previous work, our current studies investigate
the impact of ICSBP tyrosine phosphorylation on cytokine-
induced NF1 gene transcription in differentiating myeloid cells.
These studies also investigate the effect of constitutively acti-
vated, leukemia-associated SHP2 mutants on ICSBP regula-
tion of NF1 transcription. Additionally, we investigate whether
activating SHP2 mutants result in cytokine hypersensitivity by
impairing Nf1 expression.

MATERIALS AND METHODS

Plasmids and PCR mutagenesis. (i) Protein expression vectors. The ICSBP
cDNA was obtained from Ben Zion-Levi (Technion, Haifa, Israel), and the
full-length cDNA was generated by PCR and subcloned into the mammalian
expression vector pcDNA as described previously (11). Generation of specific
ICSBP tyrosine mutants by PCR site-directed mutagenesis has been previously
described (16). An ICSBP mutant with conserved IRF domain tyrosine residues

(Y92/95F ICSBP) changed to phenylalanine was used in the current studies. The
cDNAs for wild-type and dominant negative (C463S) SHP2 protein tyrosine
phosphatase were obtained from Stuart Frank (University of Alabama, Birming-
ham, AL) (10). A leukemia-associated, activating SHP2 mutant (E76K) (3) was
generated by site-directed mutagenesis with the Clontech QuikChange protocol
as described previously (11). Mutant clones were sequenced on both strands to
verify that only intended mutations had been introduced. Wild-type SHP2 and
E76K SHP2 were subcloned into the pMSCVneo vector for retroviral pro-
duction (Stratagene, La Jolla, CA). These cDNAs were also subcloned into the
pcDNAamp vector for in vitro protein translation. Wild-type SHP1 and SHP2
were subcloned into the pGEX1 vector (Amersham, Piscataway, NJ) for expres-
sion in Escherichia coli as a fusion protein with glutathione S-transferase (GST).
The cDNAs for the wild-type Nf1-GRD and a GAP mutant form of the GRD
were a kind gift from D. Wade Clapp (Indiana University, Indianapolis, IN).

(ii) Reporter constructs. The proximal 973 bp of the human NF1 5� flank was
a kind gift from Meena Upadhyaya (Institute of Medical Genetics, Cardiff,
United Kingdom). The promoter fragment was subcloned into the pCATE
reporter vector (Promega, Madison, WI). A 337-bp NF1 promoter truncation
mutant was generated by PCR and subcloned into the pCATE vector as de-
scribed previously (34). PCR products were sequenced to ensure that no unin-
tended mutations had been introduced. An artificial promoter construct was
generated with four copies of the ICSBP-binding cis element from the NF1
promoter (bp �320 to �337) linked to a minimal promoter and a CAT reporter
(the p-TATACAT vector). This construct is referred to as p-nf1TATACAT.

Oligonucleotides. Oligonucleotides were custom synthesized by MWG Biotech
(Piedmont, NC). Oligonucleotides representing sequences in the NF1 promoter
were generated to analyze chromatin coimmunoprecipitating with anti-ICSBP
antibody (F, 5�-CAGAGGAAAAGCTGGGCTTAAAT-3�; R, 5�-AGATCTGT
CCTCCCCGCGGCCGGGG-3�). These oligonucleotide sequences flank the
previously identified ICSBP-binding cis element in this promoter. Double-
stranded oligonucleotides used in electrophoretic mobility shift assays (EMSA)
represented the bp �320 to �337 NF1 promoter sequence (NF1-337; 5�-GGA
TCCTCACTCCGGTGGC-3�). This sequence has homology to the IRF-binding
PRDI consensus (5�-TCACTT-3�), which is underlined. Subcloning of this oli-
gonucleotide into a plasmid vector to generate radiolabeled EMSA probes has
been described previously (11).

Myeloid cell line culturing. The human myelomonocytic cell line U937 (19)
was obtained from Andrew Kraft (Hollings Cancer Center, Medical University of
South Carolina, Charleston, SC). Cells were maintained and differentiated as
described previously (11). For differentiation experiments, U937 cells were
treated for 48 h with 400 U per ml human recombinant IFN-� (Roche, India-
napolis, IN) (11).

Transfections and reporter gene assays. (i) Transfections for promoter anal-
ysis. U937 cells were cultured and transfected as previously described (11, 23,
34). Cells (32 � 106 per sample) were transfected with a vector to express
wild-type ICSBP (ICSBP/pcDNAamp), ICSBP with a mutation of conserved IRF
domain tyrosines (Y92/95F ICSBP/pcDNAamp), or an empty vector control;
wild-type SHP2 (SHP2/pSX), SHP2 with a leukemia-associated activating mu-
tation (E76K SHP2/pSX), or an empty vector control; the pCATE reporter
vector with the proximal 337 bp of the human NF1 promoter (337Nf1pCATE) or
an empty pCATE vector control; and p-CMV�gal (as a control for transfection
efficiency).

In other experiments, U937 cells were transfected with vectors to overexpress
wild-type ICSBP or a vector control; wild-type SHP2 (SHP2/pSX), SHP2 with a
leukemia-associated activating mutation (E76K SHP2/pSX), dominant negative
SHP2 (C463S SHP2), or an empty vector control; the minimal promoter/reporter
vector p-TATACAT with four copies of the bp �320 to �337 NF1 sequence
(nf1TATACAT); and p-CMV�gal. Transfectants were harvested 48 h after
transfection with and without incubation with recombinant human IFN-� (400
U/ml). Lysates were analyzed for CAT and �-galactosidase activity as described
previously (34).

(ii) Transfections for stable pools overexpressing SHP2. U937 cells were
transfected with an empty expression vector or a vector to overexpress wild-type
or E76K SHP2 as described above. After 24 h, the media were supplemented
with G418 to 1 mg/ml, and stable transfectant pools were selected over 14 days,
as previously described (11, 16). Stable transfectant pools were selected instead
of clones to compensate for possible integration site effects. All experiments were
repeated with at least two independent transfectant pools for each construct.

Murine bone marrow culturing and transduction. Bone marrow mononuclear
cells were obtained from the femurs of wild-type C57BL/6 mice. Sca1� cells were
separated using the Miltenyi magnetic bead system according to the manufac-
turer’s instructions (Miltenyi Biotechnology, Auburn, CA). Bipotential myeloid
progenitor cells were cultured (at a concentration of 2 � 105 cells per ml) for 48 h
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in Dulbecco minimal essential (DME) medium supplemented with 10% fetal calf
serum, 1% penicillin-streptomycin, 10 ng/ml murine GM-CSF (R&D Systems
Inc., Minneapolis, MN), 10 ng/ml SCF (R&D Systems Inc.), and 5 ng/ml murine
recombinant IL-3 (R&D Systems Inc.). After retroviral transduction, cells were
either maintained with GM-CSF plus SCF plus IL-3 (myeloid progenitor cells) or
switched to DME medium supplemented with 10% fetal calf serum, 1% peni-
cillin-streptomycin, and 10 ng/ml murine recombinant M-CSF (R&D Systems
Inc.) for 96 h (monocyte differentiation), with or without 400 U/ml recombinant
murine IFN-� (Roche, Indianapolis, Indiana) for the last 48 h. Cells were
harvested and cell lysates were used in Western blot experiments as described
below. Aliquots of the cells were used in proliferation assays as described below.

Retroviral transduction of murine bone marrow myeloid cells. High-titer
murine stem cell retroviral supernatants were produced using the pMSCVneo
vector (for wild-type or E76K SHP2) or pMSCVpuro vector (for Nf1-GAP GRD
or GAP mutant Nf1-GRD) in the PT67 packaging cell line per the manufacturer’s
instructions (Stratagene). Filtered retroviral supernatants were used immediately
or stored at �80°C. Transductions of murine bone marrow myeloid progenitor
cells were performed as previously described (34). Briefly, cells were harvested,
and 4.0 � 106 cells were plated in 3 ml of DME medium supplemented with 10%
fetal calf serum, 10 ng/ml GM-CSF, 10 ng/ml SCF, and 5 ng/ml IL-3. An equal
volume of retroviral supernatant was added to each dish, and Polybrene was
added to a final concentration of 6 �g/ml. Cells were incubated for 8 h at 37°C
in 5% CO2 and then diluted threefold with medium supplemented as described
above. Cells were incubated overnight, and the procedure was repeated the next
day. The day after transduction, G418 was added to 250 ng/ml. In some exper-
iments, puromycin was added to 1.2 ng/ml. Cells were selected in antibiotic-
supplemented media for 48 h and then treated with cytokines as indicated. Each
experiment was repeated at least three times. Expression of transduced proteins
was independently verified for each experiment by Western blotting. Aliquots of
transduced cells were used in proliferation assays.

Isolation of nuclear proteins and electrophoretic mobility shift assays. Nu-
clear extract proteins were isolated from U937 cells by the method of Dignam
et al. with protease inhibitors (as described previously) (9). In some experiments,
U937 cells were differentiated with 400 U/ml of IFN-� before nuclear protein
isolation. For other experiments, total cell lysates were generated from murine
bone marrow-derived myeloid progenitor cells from wild-type or ICSBP�/�

mice. These cells were lysed in hypotonic buffer (buffer C) and dialyzed against
nuclear extract dialysis buffer (buffer D) according to the Dignam protocol cited
above.

Oligonucleotide probes were prepared and EMSA and antibody supershift
assays were performed as described previously (34). Antibodies to ICSBP (goat
polyclonal) and control glutathione S-transferase antibody were obtained from
Santa Cruz Biotech (Santa Cruz, CA).

Chromatin immunoprecipitation. U937 cells were cultured with or without
IFN-� for 48 h as described previously (11, 16). Cells for chromatin immuno-
precipitation were incubated with formaldehyde and lysed, and lysates were
sonicated to generate chromatin fragments with an average size of 2.0 kb (32).
Lysates underwent two rounds of immunoprecipitation with either antiserum to
ICSBP or preimmune serum as described previously (34). Antibody to ICSBP
and control preimmune serum were a kind gift from Stephanie Vogel (University
of Maryland, Baltimore, MD). Coprecipitated chromatin was analyzed by PCR
for ICSBP antibody-specific coprecipitation of the NF1 gene. For these experi-
ments, input chromatin was a positive control, and chromatin precipitated by
preimmune serum was a negative control. PCR products were analyzed by acryl-
amide gel electrophoresis. The identity of the PCR product was verified by subclon-
ing into a plasmid vector and subsequent dideoxy sequencing.

Immunoprecipitation and Western blotting procedures. (i) Western blots of
lysate proteins from murine bone marrow cells. Murine bone marrow cells were
lysed by boiling in 2� sodium dodecyl sulfate (SDS) sample buffer. Lysate
proteins (50 �g) were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to nitrocellulose according to standard techniques.
Western blots were serially probed with antibodies to Nf1, SHP2, ICSBP, total
extracellular signal-regulated kinase (ERK), phosphorylated ERK, and alpha
tubulin (to control for loading). Antibody to Nf1 (rabbit polyclonal raised to the
C terminus) was obtained from Santa Cruz Biotech. Antibody to ICSBP (goat
polyclonal) was also obtained from Santa Cruz Biotech (same as the antibody
used for EMSA).

(ii) Immunoprecipitation and Western blotting. U937 or murine bone mar-
row-derived myeloid cell stable transfectants were lysed under denaturing con-
ditions by boiling in denaturing lysis buffer (50 mM Tris [pH 7.5]). Radioimmu-
noprecipitation assay buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% NP-40, 5
mM EDTA) was added to the lysates, and proteins were immunoprecipitated
with antibody to phosphotyrosine (clone 4G10; Upstate Biotechnology, Char-

lottesville, VA), antibody to ICSBP (rabbit polyclonal antiserum from S. Vogel,
described above), or preimmune serum, as previously described (11, 16). Pre-
cipitated proteins were separated by SDS-PAGE and transferred to nitrocellu-
lose as described above. Western blots were serially probed with antibodies to
phosphotyrosine or ICSBP (goat polyclonal from Santa Cruz Biotech).

In vitro protein translation and phosphatase assay. In vitro-transcribed
ICSBP and E76K SHP2 mRNAs were generated from linearized template DNA
using the Riboprobe system according to the manufacturer’s instructions (Pro-
mega). In vitro-translated proteins were generated in rabbit reticulocyte lysate
according to the manufacturer’s instructions (Promega). Control (unpro-
grammed) lysates were generated by similar reactions in the absence of input
RNA. For these experiments, ICSBP (but not E76K SHP2) was radiolabeled by
including [35S]methionine in the translation reaction mixture.

For dephosphorylation assays, in vitro-translated ICSBP (10 �l) was incubated for
30 min at 30°C with either in vitro-translated E76K SHP2 or control lysate (1 �l).
The ICSBP tyrosine phosphorylation state was determined by immunoprecipi-
tating the reaction with antiphosphotyrosine or an irrelevant control antibody
under denaturing conditions as previously described (16). Precipitated proteins
were separated by SDS-PAGE, and autoradiography was then performed to
detect coprecipitating in vitro-translated ICSBP.

GST fusion protein pull-down assays. JM109 E. coli cells transformed with
SHP1 or SHP2 in the pGEX vector or control empty vector were grown to log
phase, supplemented to 0.1 mM isopropyl-�-D-thiogalactopyranoside (IPTG),
and incubated for 3 h at 37°C with shaking. The cells were harvested, resus-
pended in HN buffer (20 mM HEPES [pH 7.4], 0.1 M NaCl, 2 mM MgCl2, 0.1
mM EDTA, 0.5% Nonidet P-40, 0.1% Triton X-100, 2 mM phenylmethylsulfonyl
fluoride), and sonicated on ice. Debris was removed by centrifugation, and the
lysate was incubated for 30 min at 4°C with glutathione-agarose beads (Sigma
Biochemical, St. Louis, MO) and washed extensively with HN buffer. The beads
were preincubated for 30 min at 4°C with 5 �l of control rabbit reticulocyte lysate
and then for 1 h with 20 �l of [35S]methionine-labeled in vitro-translated protein
and washed extensively with HN buffer. Proteins were eluted with SDS-PAGE
sample buffer and separated on 10% SDS-PAGE gels, and an autoradiograph
was made.

Proliferation assays. Murine bone marrow myeloid progenitor cells from
wild-type or ICSBP�/� C57BL/6 mice were transduced with various combina-
tions of retroviral vectors to express wild-type SHP2, E76K SHP2, ICSBP, the
Nf1-GRD, a GAP mutant form of the Nf1-GRD, or an empty vector control.
Cells were selected for 96 h in G418 (250 ng/ml) and/or puromycin (1.2 ng/ml)
prior to proliferation assays. Cells were harvested and plated at 105 cells per 200
�l in a 96-well dish in DME medium supplemented with antibiotics and IL-3 but
without GM-CSF. After 48 h of deprivation, medium was supplemented with a
serial dilution of GM-CSF (10-fold from 10 ng/ml to 0.01 ng/ml or no cytokine).
Cells were stimulated with GM-CSF for 24 h at 37°C in 5% CO2. In other
experiments, deprived cells were cultured for 72 h at 37°C in 5% CO2 in a serial
dilution of M-CSF (10-fold from 10 ng/ml to 0.01 ng/ml or no cytokine). For all
proliferation assays, [3H]thymidine was added for the last 8 h of culturing. Cells
were harvested with an automated cell harvester, and 3H incorporated into DNA
was counted by scintillation counting according to standard techniques.

For all proliferation assays, Western blotting was performed on cells from the
same transduction procedure and selected and cultured under the same cytokine
conditions (GM-CSF at 10 ng/ml plus IL-3 at 10 ng/ml or differentiation with 10
ng/ml of M-CSF). This blotting was performed to verify the comparability of the
expression levels of wild-type and mutant proteins and to compare expression
levels between experiments. Representative blots are shown for each experiment.
Antibodies used for these blots include antibodies to SHP2, Nf1 (rabbit poly-
clonal raised to the C terminus), ICSBP (goat polyclonal), and control antibodies
from Santa Cruz Biotech (described above).

Statistical analysis. (i) Reporter gene assays. For reporter gene assays, groups
of transfectants were initially analyzed by the technique of analysis of variance
between groups. Conditions with reporter gene expression levels significantly
different from those of the others were identified by calculating the F value and
determining the P value for the null hypothesis (i.e., no difference between
conditions). For individual pairs of transfectants, paired Student’s t tests were
used to determine the significance of differences (P value) between individual
data sets. Calculations were performed using SigmaPlot and SigmaStat software
(Systat Software Inc, Richmond, CA).

(ii) Proliferation assays. The significance of differences in proliferation under
various conditions was determined using a paired Student’s t test as described
above and as previously reported (34).
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RESULTS

ICSBP tyrosine phosphorylation is necessary for IFN-�-
induced NF1 transcription in U937 myeloid leukemia cells.
Previously, we determined that IFN-�-induced differentiation
of U937 myeloid leukemia cells increases Nf1 mRNA abun-
dance and ICSBP-induced NF1 promoter activity (34). In
other previous studies, we identified ICSBP tyrosine residues
necessary for the activation of CYBB and NCF2 transcription
during IFN-�-induced U937 differentiation (tyrosine [Y] resi-
dues 92 and 95 in the IRF domain) (11, 16). We found that
phosphorylation of these tyrosine residues is essential for
ICSBP to participate in a multiprotein transcriptional activa-
tion complex which binds the cis elements in the CYBB and
NCF2 genes. In contrast, we found that wild-type and tyrosine
mutant ICSBP equivalently repress an artificial promoter con-
struct with multiple copies of the PRDI consensus sequence in
U937 cell transfection experiments (not shown) (16, 29, 34).
Wild-type and Y92/95F ICSBP proteins were equivalently sta-
ble in these studies (11, 16).

Therefore, in the studies reported here, we investigated
whether or not mutation of the same tyrosine residues prevents
ICSBP-induced NF1 promoter activation. For these studies,
U937 cells were transfected with an NF1 promoter/reporter
construct with the proximal 337 bp of the NF1 5� flank (337N
f1pCATE) or an empty vector control (34). Cells were cotrans-
fected with a vector to express wild-type ICSBP, tyrosine mu-
tant ICSBP (Y92/95F ICSBP), or empty expression vector
control (pcDNA). Tyrosine phosphorylation of endogenous
ICSBP is minimal in undifferentiated U937 cells but increases
during IFN-� differentiation (16, 29). We previously found that
tyrosine phosphorylation of overexpressed ICSBP is slightly
increased in comparison to that of the endogenous protein in
undifferentiated U937 cells (16). However, tyrosine phosphor-
ylation of overexpressed ICSBP is also significantly increased
by IFN-� differentiation of U937 cells (11, 16). Therefore,
transfectants were assayed with and without 48 h of IFN-�
differentiation (11, 16, 34).

In these studies, we find that overexpression of wild-type
ICSBP significantly increases reporter activity in comparison to
Y92/95F ICSBP overexpression or transfection with an empty
vector control without (F � 11.04; P � 0.004; n � 6) or with
(F � 43.9; P � 0.0001; n � 6) IFN-� (Fig. 1A). Consistent with
our previous studies, wild-type ICSBP overexpression signifi-
cantly increased NF1 promoter activity in comparison to trans-
fectants with empty, control pcDNA expression vector without
(P � 0.014; n � 6) and with (P � 0.0005; n � 6) IFN-�. In
contrast, expression of Y92/95F ICSBP did not significantly
alter reporter expression from the 337-bp NF1 promoter frag-
ment in comparison to transfectants with empty, control
pcDNA expression vector without (P � 0.84; n � 6) or with
(P � 0.78; n � 6) IFN-� treatment. Reporter expression from
empty, control reporter vector was insignificant and was not
influenced by ICSBP overexpression or IFN-� treatment and
therefore was subtracted as background from NF1 promoter
construct activity. Therefore, the same tyrosine residues that
are essential for ICSBP-induced CYBB and NCF2 transcrip-
tion are also involved in NF1 transcription.

In previous studies, we identified a positive cis element in
the NF1 promoter which is activated by ICSBP (�327 to �331

bp relative to the ATG) (34). Therefore, we investigated the
role of ICSBP tyrosine phosphorylation in the activation of this
specific NF1 cis element. For these studies, U937 cells were
transfected with a reporter construct containing a minimal
promoter linked to four copies of the ICSBP-binding NF1 cis
element (p-nf1TATACAT) or empty control vector (p-TATA
CAT). Cells were cotransfected with vectors to express wild-
type ICSBP, Y92/95F ICSBP, or an empty vector control, and
transfectants were analyzed with and without IFN-� differen-
tiation.

In these studies, we find that ICSBP overexpression signifi-
cantly increases reporter activity in comparison to that seen for
cells transfected with Y92/95F ICSBP expression vector or an
empty vector control without (F � 5.62; P � 0.01; n � 9) or
with (F � 11.83; P � 0.0006; n � 9) IFN-� (Fig. 1B). We find
that activity of the NF1 cis element is significantly increased by
ICSBP overexpression in comparison to transfection with an
empty vector control without (P � 0.016; n � 9) or with (P �
0.001; n � 8) IFN-� differentiation. In contrast, the effect of
Y92/95F ICSBP expression is not significantly different from
that of transfection with empty control vector on the activity of
the NF1 cis element without (P � 0.86; n � 4) or with (P �
0.98; n � 4) IFN-� treatment of the transfectants. Neither
wild-type nor Y92/95F ICSBP impacts reporter expression
from empty, minimal promoter p-TATACAT control with or
without IFN-�. These results suggest that the effect of ICSBP
tyrosine phosphorylation on NF1 transcription occurs via the
previously identified cis element.

To reconfirm our previous results that the expression levels
of wild-type ICSBP and Y92/95F ICSBP are equivalent in these
studies, Western blotting was performed. Total cell lysates of
U937 transfectants were separated by SDS-PAGE, and West-
ern blots were probed for total ICSBP protein (Fig. 1C). Equal
loading was determined by reprobing the blot with an antibody
to alpha tubulin. A blot from a representative transfection
experiment is shown.

ICSBP tyrosine phosphorylation is necessary for Nf1 ex-
pression and cytokine hypersensitivity of differentiating mu-
rine bone marrow myeloid cells. We also investigated the im-
pact of ICSBP tyrosine phosphorylation on Nf1 expression in
myeloid progenitor cells from ICSBP-deficient mice, a non-
transformed model of myeloid differentiation. We previously
found that Nf1 expression is minimal in cultured, wild-type
murine bone marrow myeloid progenitor cells but increases
during ex vivo M-CSF differentiation of these cells (34). Con-
sistent with this, we found that both ERK phosphorylation
(activation) and proliferation decrease after 48 h of M-CSF
differentiation. We also found that ICSBP�/� myeloid progen-
itors express less Nf1 than wild-type progenitors and that Nf1
expression is not induced during ex vivo differentiation of
ICSBP-deficient cells (34). Consistent with this, ERK activa-
tion and cell proliferation are sustained in ICSBP-deficient,
M-CSF-differentiating cells. Additionally, ICSBP expression in
ICSBP-deficient cells rescues Nf1 expression, decreases ERK
activation, and abolishes GM-CSF and M-CSF hypersensitivity
(34). Cytokine hypersensitivity of ICSBP�/� myeloid progeni-
tor cells is also reversed by expression of the Nf1-GRD (34). In
previous studies, we also found that M-CSF differentiation
increases tyrosine phosphorylation of endogenous ICSBP in
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wild-type murine bone marrow myeloid progenitor cells and of
overexpressed ICSBP in ICSBP�/� cells (16, 34).

Therefore, to investigate the role of ICSBP tyrosine phos-
phorylation in cytokine-dependent Nf1 expression, cultured
ICSBP�/� myeloid progenitor cells were transduced with a
murine retroviral stem cell vector to express wild-type
ICSBP, Y92/95F ICSBP, or empty control vector (murine
stem cell retroviral vector). In control experiments, we
found that wild-type ICSBP and tyrosine mutant ICSBP
were equivalently expressed in the ICSBP�/� cells (Fig. 2A).
Myeloid progenitor cells were maintained with GM-CSF
plus SCF plus IL-3 or differentiated to monocytes with M-
CSF or M-CSF plus IFN-� as described previously (34). Nf1
protein expression and ERK activation in the cultured,
transduced cells were determined by Western blotting of
total cell lysates (Fig. 2A).

Consistent with our previous results (34), Nf1 is not detected
in blots of lysates from control vector-transduced ICSBP�/�

myeloid progenitor cells, with or without differentiation. Also
consistent with our previous studies, transduction with an
ICSBP expression vector induces Nf1 expression in cells
treated with GM-CSF plus SCF plus IL-3; the expression level
increases during ex vivo M-CSF differentiation. In contrast,
expression of Y92/95F ICSBP in ICSBP�/� cells does not
rescue Nf1 expression, with or without M-CSF differentiation
(Fig. 2A). Consistent with these results, ERK activation (phos-
phorylation) increases during M-CSF differentiation of ICSBP-

deficient myeloid progenitors transduced with an empty vector
control or Y92/95F ICSBP expression vector but not with a
vector to express wild-type ICSBP (Fig. 2A).

To correlate this result with a physiologic consequence, we

FIG. 1. Specific ICSBP tyrosine residues are necessary for induc-
tion of NF1 transcription. (A) Specific ICSBP tyrosine residues are
essential for NF1 promoter activation. U937 cells were cotransfected
with a reporter construct containing the proximal 337 bp of the NF1
promoter or an empty reporter vector control and a vector to overex-
press wild-type or Y92/95F ICSBP or the empty vector control. Re-
porter gene activity was assayed after 48 h of incubation with (� IFNg)
or without (no IFNg) IFN-� differentiation. Wild-type ICSBP induced
NF1 promoter activity in U937 cells with and without IFN-� treatment,
consistent with our previous results (34). In contrast, ICSBP with
mutation of conserved tyrosine residues in the IRF domain did not
significantly increase NF1 promoter activity in these transfectants with
and without IFN-� differentiation. Neither expression of wild-type or
Y92/95F ICSBP nor IFN-� treatment altered the activity of the empty
reporter vector control, which was subtracted as background. Bars
which are significantly different from others under the same cytokine
condition are indicated with asterisks. (B) Specific ICSBP tyrosine
residues are essential for activation of the ICSBP-binding-positive cis
element in the NF1 promoter. U937 cells were cotransfected with an
artificial promoter construct containing four copies of the positive cis
element from the NF1 promoter linked to a minimal promoter (p-nf1
TATACAT) or a minimal promoter vector control (p-TATACAT)
and a vector to overexpress wild-type or Y92/95F ICSBP or the empty
vector control. Reporter gene activity was assayed after 48 h of incu-
bation with (� IFNg) or without (no IFNg) IFN-� differentiation.
Wild-type ICSBP increased reporter activity from the NF1 cis element-
containing construct in U937 cells with and without IFN-� treatment.
In contrast, ICSBP with mutation of conserved tyrosine residues in the
IRF domain did not significantly increase activity of the NF1 cis ele-
ment in these transfectants with and without IFN-� differentiation.
Neither wild-type nor Y92/95F ICSBP had a significant impact on the
control minimal promoter reporter vector. Bars which are significantly
different from others under the same cytokine condition are indicated
with asterisks. (C) Wild-type ICSBP and Y92/95F ICSBP are equiva-
lently expressed in U937 transfectants. U937 cells were transfected
with a vector to overexpress wild-type or Y92/95F ICSBP or the empty
vector control. Lysate proteins from transfectants were analyzed with
and without IFN-� differentiation by Western blotting (WB). Blots
were serially probed with an anti-ICSBP antibody (goat polyclonal; see
Materials and Methods) or an antibody to alpha tubulin as a loading
control. Levels of overexpression of wild-type ICSBP and the tyrosine
mutant form of ICSBP were equivalent for these transfectants, con-
sistent with our previous results.
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determined the impact of expressing wild-type or Y92/95F
ICSBP on GM-CSF or M-CSF hypersensitivity of ICSBP�/�

myeloid progenitors. For these studies, an aliquot of cultured
ICSBP�/� myeloid progenitor cells, transduced with the retrovi-
ral vectors described above, was evaluated for proliferative re-
sponse to a dose titration of GM-CSF (Fig. 2B). Consistent with
our previous results, ICSBP reconstitution significantly decreases
the sensitivity of ICSBP�/� cells to GM-CSF-induced prolifera-
tion (P 	 0.02 at 0.01, 0.1, and 1.0 ng/ml of GM-CSF; n � 4). In
contrast, expression of Y92/95F ICSBP does not significantly alter
the proliferative response of ICSBP�/� cells to this cytokine (P 

0.2; n � 4). Therefore, ICSBP overexpression increases Nf1
expression and decreases GM-CSF hypersensitivity in myeloid
progenitor cells in a tyrosine phosphorylation-dependent manner.

In our previous studies, we also found that ICSBP�/� my-
eloid progenitor cells exhibit a prolonged proliferative re-
sponse during ex vivo M-CSF differentiation (34). In contrast,
wild-type myeloid progenitor cells or ICSBP�/� cells trans-
duced with an ICSBP expression vector undergo proliferation
arrest after 48 to 72 h of M-CSF differentiation. Therefore, we
tested an aliquot of ICSBP�/� cells expressing either wild-type
ICSBP or Y92/95F ICSBP (or transduced with empty control
vector) for proliferation in response to an M-CSF dose titra-

FIG. 2. Specific ICSBP tyrosine residues are necessary for cyto-
kine-induced Nf1 expression in murine bone marrow myeloid cells.
(A) Expression of wild-type ICSBP, but not Y92/95F ICSBP, rescues
Nf1 protein expression and M-CSF-induced down-regulation of ERK
in ICSBP�/� murine bone marrow myeloid progenitor cells. Bone
marrow myeloid progenitor cells from ICSBP�/� mice (cultured with
GM-CSF, IL-3, and SCF) were transduced with a murine stem cell
retroviral vector (MSCV) to express wild-type or Y92/95F ICSBP or an
empty vector control. Cell lysates were analyzed by Western blotting
(WB) for expression of Nf1, ICSBP, and phospho-ERK during M-CSF
differentiation. Wild-type ICSBP, but not Y92/95F ICSBP, rescues Nf1
expression in ICSBP�/� murine myeloid cells. Consistent with this,
activated ERK increases during M-CSF differentiation in ICSBP�/�

cells transduced with Y92/95F ICSBP or an empty vector control but
not with wild-type ICSBP. No ICSBP expression is detected for
ICSBP�/� myeloid progenitors transduced with an empty control vec-
tor, consistent with expectations. In contrast, ICSBP is approximately
equivalently expressed in ICSBP�/� cells transduced with a vector to
express wild-type or Y92/95F ICSBP. Antibody to Nf1 used in these
experiments is a rabbit polyclonal raised to the C terminus, and anti-
body to ICSBP is rabbit polyclonal (see Materials and Methods).
(B) Expression of wild-type ICSBP, but not Y92/95F ICSBP, rescues
GM-CSF hypersensitivity of ICSBP�/� murine bone marrow myeloid
progenitor cells. Bone marrow myeloid progenitor cells from
ICSBP�/� mice (cultured with GM-CSF, IL-3, and SCF) were trans-
duced with a murine stem cell retroviral vector to express wild-type or
Y92/95F ICSBP or an empty vector control (see above). An aliquot of
cells was deprived of cytokines for 24 h and then stimulated for 24 h
with a dose titration of GM-CSF as indicated. Cells were pulsed with
[3H]thymidine for the final 8 h of GM-CSF stimulation, and prolifer-
ation was determined by 3H incorporation into DNA. Reconstitution
with wild-type ICSBP decreases GM-CSF hypersensitivity, consistent
with our previous results (34). In contrast, ICSBP�/� cells overexpress-
ing Y92/95F ICSBP have a GM-CSF dose response which is not sig-
nificantly different from the dose response of ICSBP-deficient cells
transduced with empty vector. (C) Expression of wild-type ICSBP, but
not Y92/95F ICSBP, rescues prolonged proliferation of ICSBP�/�

murine bone marrow myeloid progenitor cells during M-CSF differ-
entiation. Bone marrow myeloid progenitor cells from ICSBP�/� mice
were transduced with a murine stem cell retroviral vector to express
wild-type or Y92/95F ICSBP or an empty vector control (see above).
An aliquot of cells was deprived of cytokines for 24 h and then differ-
entiated for 72 h with an M-CSF dose titration as indicated. Cells were
pulsed with [3H]thymidine for the final 8 h of M-CSF stimulation, and
proliferation was determined by 3H incorporation into DNA. Recon-
stitution with wild-type ICSBP abolishes prolonged proliferation of
ICSBP�/� cells during M-CSF-induced differentiation, consistent with
our previous results (34). In contrast, ICSBP�/� cells overexpressing
Y92/95F ICSBP have a proliferative response to M-CSF which is not
significantly different from that of ICSBP-deficient cells transduced
with empty vector.
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FIG. 3. Overexpression of E76K SHP2 (constitutively activated mutant), but not wild-type SHP2, decreases IFN-�-induced Nf1 expression in
myeloid cells. (A) Overexpression of E76K SHP2 inhibits IFN-�-induced Nf1 expression in U937 cells. U937 cells were stably transfected with a
vector to overexpress wild-type SHP2, E76K SHP2 (a leukemia-associated, constitutively activated mutant), or an empty vector control and
analyzed for expression of Nf1, SHP2, and ICSBP during IFN-� differentiation by Western blotting. Cells transfected with empty vector
demonstrate IFN-�-induced Nf1 expression, consistent with our previous studies (34). This level is not significantly different from that seen for cells
stably overexpressing wild-type SHP2. In contrast, stable overexpression of E76K SHP2 in U937 cells inhibits IFN-�-induced Nf1 expression. The
levels of overexpression of wild-type and activated mutant SHP2 are approximately equivalent in these stable transfectant cells, and overexpression
of these proteins does not alter ICSBP protein abundance relative to that seen for empty vector control transfectants. Antibody to Nf1 used in these
experiments is a rabbit polyclonal raised to the C terminus, and antibody to ICSBP is rabbit polyclonal (see Materials and Methods). Blots were
probed with an antibody to alpha tubulin as a loading control. (B) Expression of E76K SHP2 inhibits Nf1 expression in ex vivo-differentiating
murine bone marrow-derived myeloid progenitor cells. Wild-type bone marrow myeloid progenitor cells (cultured with GM-CSF, IL-3, and SCF)
were transduced with a murine stem cell retroviral vector (MSCV) to express wild-type SHP2, E76K SHP2, or an empty vector control. Cells were
maintained in this medium or were ex vivo differentiated with M-CSF. Cell lysate proteins were analyzed for expression of Nf1, phospho-ERK,
SHP2 and ICSBP by Western blotting. Expression of E76K SHP2 decreases Nf1 expression in myeloid progenitors and inhibits M-CSF-induced
expression. In contrast, overexpression of wild-type SHP2 does not alter Nf1 expression in comparison to the level seen for cells transduced with
the empty control vector. Consistent with this, phospho-ERK expression is increased in cells expressing E76K SHP2 in comparison to the level seen
for cells transduced with a vector to express wild-type SHP2 or an empty vector control. Overexpression levels of wild-type SHP2 and activated
mutant SHP2 were approximately equivalent in these transduced myeloid progenitor cells, and overexpression of these proteins did not alter
ICSBP protein abundance relative to that seen for empty vector control-transduced cells. Antibody to Nf1 used in these experiments is a rabbit
polyclonal raised to the C terminus, and antibody to ICSBP is rabbit polyclonal (see Materials and Methods). Blots were probed with an antibody
to total ERK as a loading control. (C) ICSBP does not rescue Nf1 expression in ICSBP�/� murine myeloid cells coexpressing E76K SHP2.
ICSBP�/� bone marrow myeloid progenitor cells (cultured with GM-CSF, IL-3, and SCF) were transduced with a murine stem cell retroviral vector
(MSCV) to express E76K SHP2 or an empty vector control and with a vector to coexpress ICSBP or an empty vector control. Cells were maintained
in this medium or were ex vivo differentiated with M-CSF. Cell lysate proteins were analyzed for expression of Nf1, SHP2, and ICSBP by Western
blotting. Consistent with previous results, Nf1 expression is rescued in ICSBP�/� cells transduced with vectors to express ICSBP and an empty
vector control. In contrast, cotransduction with vectors to express ICSBP and E76K SHP2 does not rescue Nf1 expression in ICSBP�/� cells. ICSBP
is not expressed in these cells in the absence of transduction with an ICSBP expression vector, and this expression is not altered by cooverexpression
of SHP2. Antibody to Nf1 used in these experiments is a rabbit polyclonal raised to the C terminus, and antibody to ICSBP is rabbit polyclonal
(see Materials and Methods). Blots were probed with an antibody to alpha tubulin as a loading control. WB, Western blot.
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tion (Fig. 2C). We found that levels of proliferation at 72 h are
not significantly different in control vector and Y92/95F
ICSBP-transduced cells (P 
 0.5; n � 3). In contrast, expres-
sion of wild-type ICSBP significantly decreases proliferation of
ICSBP�/� cells at 72 h in comparison to empty vector control-
transduced cells (P 	 0.01; n � 3). Therefore, both M-CSF-
induced Nf1 expression and M-CSF hypersensitivity are influ-
enced by phosphorylation of specific ICSBP tyrosine residues.

Expression of a leukemia-associated, constitutively acti-
vated SHP2 mutant inhibits cytokine-induced Nf1 expression
in U937 myeloid leukemia cells. The above-described results
suggest that impairment of cytokine-induced ICSBP tyrosine
phosphorylation might decrease Nf1 expression. Therefore,
mutations in signaling pathways that regulate ICSBP tyrosine
phosphorylation may lead to Nf1 deficiency. In previous stud-
ies, we found that ICSBP is a substrate for SHP1-PTP in
undifferentiated myeloid cells (16). Although leukemia-associ-
ated, activating mutations in the SHP1 gene in have not been
described, such mutations have been described in the gene
encoding the closely related SHP2-PTP. Therefore, we inves-
tigated the impact of one of these mutations (that for E76K
SHP2) on Nf1 expression (30). This is one of the most com-
monly described SHP2 mutant forms found in AML, MDS,
and JMMoL cells (3, 19, 30). This mutant form has also been
shown to induce GM-CSF hypersensitivity in murine myeloid
cell transduction experiments (6, 22, 28).

In initial studies, we determined the impact of expressing
E76K SHP2 on Nf1 expression in U937 myeloid leukemia cells.
For these studies, stable U937 transfectants overexpressing
wild-type SHP2, E76K SHP2, or an empty vector control were
generated. Stable transfectant pools were selected instead of
clones to avoid potential integration site effects, and at least
three independent transfectant pools were analyzed for each
construct. Lysate proteins from transfected cells with and with-
out IFN-� differentiation were analyzed for Nf1 expression by
Western blotting (Fig. 3A). We found that overexpression of
wild-type SHP2 does not significantly decrease Nf1 expression
in U937 cells either with or without IFN-� differentiation. In
contrast, expression of E76K SHP2 slightly decreases Nf1 ex-
pression in undifferentiated U937 cells and blocks IFN-�-in-
duced Nf1 expression during differentiation. These blots were
also analyzed to verify equivalent levels of overexpression of
wild-type SHP2 and E76K SHP2. The blots were stripped and
reprobed with an anti-ICSBP antibody to verify that total
ICSBP protein abundance is not altered for any of these trans-
fectants (Fig. 3A).

Expression of a leukemia-associated, constitutively acti-
vated SHP2 mutant inhibits Nf1 expression in murine bone
marrow myeloid cells. We also investigated the impact of over-
expressing wild-type or E76K SHP2 on Nf1 expression during
ex vivo differentiation of murine bone marrow myeloid pro-
genitor cells. For these studies, wild-type bone marrow myeloid
progenitors were cultured with GM-CSF plus SCF plus IL-3
and transduced with a vector to express SHP2, E76K SHP2, or
an empty vector control. Transduced cells were either main-
tained with GM-CSF plus SCF plus IL-3 or differentiated with
M-CSF as described above. Western blotting was performed
on lysates from transduced cells, with and without M-CSF
differentiation. In initial experiments, blots were probed with
antibodies to Nf1, phospho-ERK, and total ERK as described

above (Fig. 3B). Blots were also probed with an anti-SHP2
antibody to verify equivalent overexpression of wild-type SHP2
and E76K SHP2 and with an anti-ICSBP antibody to verify
that ICSBP protein abundance is not altered by transduction
with any of these vectors.

We found that overexpression of wild-type SHP2 does not
significantly impact Nf1 protein abundance in myeloid progen-
itors or ex vivo M-CSF-differentiated cells. In contrast, expres-
sion of E76K SHP2 decreases Nf1 expression in myeloid pro-
genitor cells and prevents induction of Nf1 expression during
M-CSF-induced differentiation (Fig. 3B). Consistent with this,
expression of E76K SHP2, but not wild-type SHP2, results in
sustained ERK activation during M-CSF differentiation.

We found that Nf1 expression in differentiating ICSBP�/�

murine myeloid progenitor cells is rescued by wild-type but not
Y92/95F ICSBP (see above). Therefore, we investigated the
ability of ICSBP to rescue Nf1 expression in ICSBP�/� my-
eloid cells cotransduced with a vector to express E76K SHP2.
For these studies, ICSBP�/� murine myeloid progenitors were
cultured with GM-CSF plus IL-3 plus SCF and transduced with
vectors to express ICSBP and E76K SHP2 (or an empty vector
control). Cells were transduced with vectors to express each
protein alone and to coexpress ICSBP with E76K SHP2. Cells
were either maintained with GM-CSF plus SCF plus IL-3 or
differentiated with M-CSF as described above. Western blots
of cell lysates were serially probed with antibodies to Nf1,
SHP2, ICSBP, and alpha tubulin (as a loading control). We
found that coexpression of E76K SHP2 prevents ICSBP from
rescuing Nf1 expression in ICSBP-deficient cells (Fig. 3C).
However, overexpression of ICSBP was not influenced by
cooverexpression of E76K SHP2.

Expression of a leukemia-associated, constitutively acti-
vated SHP2 mutant induces cytokine hypersensitivity in mu-
rine bone marrow myeloid cells. These studies suggest that
expression of leukemia-associated, activated SHP2 mutants
blocks cytokine-induced Nf1 expression during myeloid differ-
entiation. To determine the physiologic significance of this, we
initially investigated the impact of wild-type SHP2 and E76K
SHP2 on cytokine hypersensitivity in murine bone marrow
myeloid cells. For these experiments, an aliquot of the cul-
tured, transduced wild-type murine bone marrow myeloid cells
which are described above was also evaluated for proliferation
in response to a GM-CSF dose titration (Fig. 4A). We found
that overexpression of wild-type SHP2 does not significantly
alter the proliferative response to a dose titration of GM-CSF
in comparison to vector control-transduced cells (P 
 0.5; n �
3). In contrast, low GM-CSF doses induce more proliferation
in cells overexpressing E76K SHP2, consistent with the previ-
ous results of other investigators (6, 22, 28). This increase in
proliferation is significant at the lowest GM-CSF doses (P 	
0.002 for 0, 0.01, and 0.1 ng/ml GM-CSF; n � 3) and ap-
proaches statistical significance at higher doses.

Based on these results, we also tested the impact of express-
ing this leukemia-associated SHP2 mutant on prolonged pro-
liferation of murine bone marrow myeloid cells during M-CSF
differentiation. For these studies, an aliquot of transduced cells
was treated with a dose titration of M-CSF. Proliferation was
determined after 72 h, as described above (Fig. 4B). Consistent
with previous results, we found there is little proliferation of
empty vector-transduced cells at this time point. Similarly,
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FIG. 4. E76K SHP2 expression induces cytokine hypersensitivity in murine bone marrow myeloid progenitor cells which is reversed by expression of
the Nf1-GRD. (A) E76K SHP2 expression in murine bone marrow myeloid progenitor cells induces GM-CSF hypersensitivity. Wild-type bone marrow
myeloid progenitor cells (cultured with GM-CSF, IL-3, and SCF) were transduced with a murine stem cell retroviral vector to express wild-type SHP2,
E76K SHP2, or an empty vector control (Fig. 3B). An aliquot of cells was deprived of cytokines for 24 h and then stimulated for 24 h with a GM-CSF
dose titration as indicated. Cells were pulsed with [3H]thymidine for the final 8 h of GM-CSF stimulation, and proliferation was determined by 3H
incorporation into DNA. The GM-CSF proliferative response of SHP2-overexpressing cells is not significantly different from that of control vector-transduced
cells. In contrast, E76K SHP2 overexpression resulted in an increased proliferative response to GM-CSF in these cells. (B) E76K SHP2 expression in murine
bone marrow myeloid progenitor cells results in prolonged proliferation in response to M-CSF differentiation. Wild-type bone marrow myeloid progenitor cells
(cultured with GM-CSF, IL-3, and SCF) were transduced with a murine stem cell retroviral vector to express wild-type SHP2, E76K SHP2, or an empty vector
control (Fig. 3B). An aliquot of cells was deprived of cytokines for 24 h and then differentiated for 72 h with a dose titration of M-CSF as indicated. Cells were
pulsed with [3H]thymidine for the final 8 h of M-CSF stimulation, and proliferation was determined by 3H incorporation into DNA. At 72 h, the M-CSF
proliferative response of SHP2-overexpressing cells is not significantly different from that of control vector-transduced cells. In contrast, E76K SHP2 overex-
pression results in an increased and prolonged proliferative response to M-CSF in these cells. (C) GM-CSF hypersensitivity in E76K SHP2-overexpressing
murine bone marrow myeloid progenitor cells is abolished by expression of the Nf1-GRD. Wild-type bone marrow myeloid progenitor cells (cultured with
GM-CSF, IL-3, and SCF) were transduced with a murine stem cell retroviral vector to express E76K SHP2 and the Nf1-GRD, E76K SHP2 and a GAP mutant
Nf1-GRD, or an empty vector control. Cells were deprived of cytokines for 24 h and then stimulated for 24 h with a GM-CSF dose titration as indicated. Cells
were pulsed with [3H]thymidine for the final 8 h of GM-CSF stimulation, and proliferation was determined by 3H incorporation into DNA. GM-CSF
hypersensitivity in E76K SHP2-overexpressing cells is abolished by coexpression of the Nf1-GRD. In contrast, GM-CSF hypersensitivity in E76K SHP2 cells
is not significantly altered by coexpression of a GAP mutant form of the Nf1-GRD. (D) The prolonged proliferative response to M-CSF in E76K
SHP2-overexpressing murine bone marrow myeloid progenitor cells is abolished by expression of the Nf1-GRD. Wild-type bone marrow myeloid
progenitor cells (cultured with GM-CSF, IL-3, and SCF) were transduced with a murine stem cell retroviral vector to express E76K SHP2 and the Nf1-GRD,
E76K SHP2 and a GAP mutant Nf1-GRD, or an empty vector control. Cells were deprived of cytokines for 24 h and then differentiated for 72 h with a dose
titration of M-CSF, as indicated. Cells were pulsed with [3H]thymidine for the final 8 h of M-CSF stimulation, and proliferation was determined by 3H
incorporation into DNA. Prolonged M-CSF-induced proliferation in E76K SHP2-overexpressing cells is abolished by coexpression of the Nf1-GRD. In contrast,
prolonged M-CSF-induced proliferation in E76K SHP2 cells was not significantly altered by coexpression of a GAP mutant form of the Nf1-GRD.
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M-CSF-differentiating cells transduced with the wild-type
SHP2 expression vector did not proliferate significantly after
72 h. However, expression of E76K SHP2 in these cells results
in sustained proliferation after 72 h of M-CSF stimulation. The
increase in proliferation is statistically significant (P 	 0.002;
n � 3) at all M-CSF doses.

ICSBP deficiency, Nf1 deficiency, and E76K SHP2 expres-
sion all result in GM-CSF hypersensitivity and a sustained
proliferative response to M-CSF. We were interested in deter-
mining the contribution of impaired Nf1 expression to cytokine
hypersensitivity in E76K SHP2-expressing cells. Therefore, we
investigated the impact of cooverexpressing E76K SHP2 and
the Nf1-GRD on the proliferative response of cultured murine
myeloid progenitor cells to GM-CSF and M-CSF. For these
experiments, wild-type murine myeloid progenitor cells were
cultured as described above and transduced with a retroviral
vector to express E76K SHP2, with and without coexpression
of the Nf1-GRD or a GAP mutant form of the Nf1-GRD
(mut-Nf1-GRD). Proliferation in response to a dose titration
of GM-CSF was determined as described above (Fig. 4C). We
found that cooverexpression of a GAP mutant form of the
Nf1-GRD does not significantly alter the proliferative response
of E76K SHP2-expressing cells to GM-CSF (P 
 0.5; n � 3).
In contrast, coexpression of the wild-type Nf1-GRD and E76K
SHP2 significantly decreases GM-CSF-induced proliferation
of the transduced cells at all cytokine doses (P 	 0.002; n � 3).

We also studied whether expression of the Nf1-GRD in
E76K SHP2-expressing cells blocks sustained proliferation in
response to M-CSF treatment (Fig. 4D). We found that ex-
pression of the wild-type Nf1-GRD abolishes the sustained
proliferative response to M-CSF in murine myeloid cells ex-
pressing E76K SHP2. Indeed, M-CSF-induced proliferation in
cells expressing Nf1-GRD plus E76K SHP2 is not significantly
different from that in control, empty vector-transduced cells
(P 
 0.5; n � 3). In contrast, expression of mut-Nf1-GRD does
not alter the M-CSF proliferative response in cells expressing
E76K SHP2. These results further suggest the possibility that
cytokine-induced Nf1 expression is downstream of SHP2-PTP
activity in myeloid cells and indicate the functional conse-
quences to this relationship.

In these studies, overexpression of E76K SHP2 was not
altered by transduction of the cells with a vector to express
wild-type or mutant forms of the Nf1-GRD (not shown). Be-
cause the antibodies available do not recognize the GRD of
Nf1, overexpression of these proteins was not confirmed by
Western blotting, consistent with previous studies by other
investigators (33).

ICSBP expression does not rescue cytokine hypersensitivity
in ICSBP�/� murine bone marrow myeloid cells expressing a
leukemia-associated, constitutively activated SHP2 mutant.
To determine the impact of ICSBP deficiency on E76K SHP2-
induced hypersensitivity, additional experiments were per-
formed. Initially, we determined the impact of E76K SHP2 on
proliferation in response to GM-CSF or M-CSF in ICSBP-
deficient cells. We also investigated the ability of ICSBP re-
constitution to rescue cytokine hypersensitivity in ICSBP�/�

cells expressing E76K SHP2. For these experiments, an aliquot
of the ICSBP�/� cultured, transduced wild-type murine bone
marrow myeloid cells, described above, was evaluated for the
proliferative response to a dose titration of GM-CSF (Fig. 5A).

We found that GM-CSF-induced proliferation is not signifi-
cantly different in ICSBP�/� cells transduced with E76K SHP2
or with an empty vector control (P 
 0.4; n � 3). In these
studies, ICSBP expression rescued GM-CSF hypersensitivity,
consistent with our previous results (P 	 0.01; n � 3). How-
ever, proliferation in response to a dose titration of GM-CSF
was not significantly different between ICSBP�/� cells trans-
duced with vectors to express E76K SHP2 plus ICSBP and
control vector-transduced cells (P 
 0.5; n � 3).

We also studied an aliquot of these transduced ICSBP�/�

bone marrow cells for the proliferative response to a dose
titration of M-CSF. We found that sustained proliferation in
M-CSF-treated ICSBP�/� cells was not significantly altered by
expression of E76K SHP2 (P 
 0.2; n � 3) (Fig. 5B). Consis-
tent with our previous studies, we found that the ICSBP ex-
pression rescues proliferation arrest in response to M-CSF
differentiation in ICSBP�/� myeloid progenitor cells. How-
ever, the proliferative response to M-CSF was not significantly
different between ICSBP�/� cells transduced with empty vec-
tor and cells transduced with E76K SHP2 plus ICSBP (P 
 0.6;
n � 3) (Fig. 5B). Therefore, these studies are consistent with
the impact of E76K SHP2 on tyrosine phosphorylation of
ICSBP and the impact of phosphorylation of ICSBP on cyto-
kine hypersensitivity.

Expression of a leukemia-associated, constitutively acti-
vated SHP2 mutant inhibits ICSBP-dependent, cytokine-in-
duced NF1 transcription. Based on the data described above,
we investigated whether activated SHP2 inhibits cytokine-in-
duced NF1 transcription. In our initial investigations, we de-
termined the effect of overexpressing wild-type or E76K SHP2
on the activity of the proximal 337 bp of the NF1 promoter. For
these studies, we used the same constructs employed in our
studies of ICSBP tyrosine phosphorylation described above.
U937 myeloid cells overexpressing wild-type or E76K SHP2
(or transfected with the pSX empty vector control) were co-
transfected with a 337-bp NF1 promoter/reporter construct
(337Nf1pCATE) or an empty pCATE vector control and a
vector to express ICSBP or an empty expression vector control
(pcDNA).

In these studies, we found that overexpression of ICSBP or
ICSBP plus SHP2 significantly increased activity from the NF1
promoter (for the entire group, F � 13.4; P � 0.0001; n � 3;
for the group without ICSBP or ICSBP plus SHP2, F � 1.2;
P � 0.3) (Fig. 6A). In undifferentiated U937 transfectants, we
found that overexpression of either wild-type or E76K SHP2
alone does not significantly decrease NF1 promoter activity,
although repression by E76K SHP2 approaches significance
(comparison between control and SHP2, P 
 0.51; n � 3;
between control and E76K SHP2, P 	 0.04; n � 3). Although
cooverexpression of SHP2 slightly decreases transcriptional
activation of the NF1 promoter by overexpressed ICSBP, this
decrease does not reach statistical significance (comparison
between ICSBP and ICSBP plus SHP2, P � 0.05; n � 3). In
contrast, cooverexpression of ICSBP and E76K SHP2 signifi-
cantly decreases the impact of ICSBP overexpression on NF1
promoter activity (P 	 0.004; n � 3). In these experiments,
reporter activity from the empty control vector is not altered by
overexpression of any of these proteins, and this activity was
subtracted as background.

Since IFN-� differentiation increases the impact of ICSBP
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on NF1 promoter activity in U937 cells (34), we performed the
same experiments with IFN-�-treated transfectants (Fig. 6A).
As for the studies done in the absence of IFN-� differentiation,
NF1 promoter activity levels are significantly different in trans-
fectants overexpressing ICSBP with and without wild-type
SHP2 (for the entire group, F � 122.3; P � 0.0001; n � 3; for
the group without ICSBP or ICSBP plus SHP2, F � 1.0; P �
0.5). Consistent with our previous studies, ICSBP overexpres-
sion significantly increases NF1 promoter activity in compari-
son to control vector transfectants (P 	 0.001; n � 3). Similar
what is seen for to undifferentiated transfectants, overexpres-
sion of SHP2 alone does not significantly decrease NF1 pro-
moter activity in IFN-�-treated transfectants (P � 0.5; n � 3).
In contrast, expression of E76K SHP2 alone significantly de-
creases NF1 promoter activity in differentiated transfectants
(P 	 0.01; n � 3). We also found that NF1 promoter activity in
transfectants cooverexpressing ICSBP and wild-type SHP2 is
not significantly different from that in transfectants overex-
pressing ICSBP alone (P � 0.1; n � 3). In contrast, cooverex-
pression of ICSBP and E76K SHP2 significantly decreases the
impact of ICSBP on NF1 promoter activity in IFN-�-treated
transfectants (P 	 0.001; n � 3). Indeed, NF1 reporter activity

is not significantly different between IFN-�-treated transfec-
tants overexpressing ICSBP plus E76K SHP2 and control vec-
tor transfectants (P 
 0.5; n � 3). Therefore, these results
indicate that E76K SHP2 expression inhibits ICSBP-induced
NF1 transcription in cytokine-treated U937 cells.

We next determined the impact of wild-type or E76K SHP2
on the ICSBP-binding NF1 promoter cis element. For these
studies, U937 cells overexpressing wild-type or E76K SHP2 (or
transfected with empty pSX control vector) were transfected
with the minimal promoter construct containing multiple cop-
ies of the NF1 promoter cis element linked to a reporter gene
(p-nf1TATACAT), described above. Control cells were trans-
fected with an empty vector containing the minimal promoter
and reporter (p-TATACAT). Cells were cotransfected with a
vector to express ICSBP or an empty vector control (pcDNA).
Reporter activity was assayed as previously described.

In a result similar to that obtained with the experiments
described above, NF1 cis element activity is significantly in-
creased in cells overexpressing ICSBP, with or without wild-
type SHP2 (for the entire group, F � 18.8; P 	 0.0001; n � 3;
for the group without ICSBP or ICSBP plus SHP2, F � 0.9;
P � 0.6). In these studies, ICSBP overexpression significantly

FIG. 5. Cytokine hypersensitivity of ICSBP�/� murine myeloid cells is not rescued by expression of ICSBP in the presence of coexpression of
E76K SHP2. (A) ICSBP expression fails to rescue GM-CSF hypersensitivity in ICSBP�/� murine bone marrow myeloid progenitor cells
coexpressing E76K SHP2. ICSBP�/� bone marrow myeloid progenitor cells (cultured with GM-CSF, IL-3, and SCF) were transduced with a
murine stem cell retroviral vector to express E76K SHP2 (or an empty vector control) and a vector to express ICSBP (or an empty vector control)
(Fig. 3C). An aliquot of cells was deprived of cytokines for 24 h and then stimulated for 24 h with a GM-CSF dose titration as indicated. Cells were
pulsed with [3H]thymidine for the final 8 h of GM-CSF stimulation, and proliferation was determined by 3H incorporation into DNA. The GM-CSF
proliferative response of E76K SHP2-overexpressing cells or of cells coexpressing E76K SHP2 and ICSBP is not significantly different from that
of control vector-transduced cells. In contrast, ICSBP overexpression results in a decreased proliferative response to GM-CSF in these cells.
(B) ICSBP expression fails to rescue the prolonged proliferation in response to M-CSF differentiation in ICSBP�/� murine bone marrow myeloid
progenitor cells coexpressing E76K SHP2. ICSBP�/� bone marrow myeloid progenitor cells (cultured with GM-CSF, IL-3, and SCF) were
transduced with a murine stem cell retroviral vectors to express E76K SHP2 (or an empty vector control) and a vector to express ICSBP (or an
empty vector control) (Fig. 3C). An aliquot of cells was deprived of cytokines for 24 h and then differentiated for 72 h with a dose titration of
M-CSF as indicated. Cells were pulsed with [3H]thymidine for the final 8 h of M-CSF stimulation, and proliferation was determined by 3H
incorporation into DNA. At 72 h, the M-CSF proliferative response of ICSBP-expressing ICSBP�/� cells is minimal, consistent with previous
results. In contrast, E76K SHP2 expression or coexpression of E76K SHP2 and ICSBP results in an increased and prolonged proliferative response
to M-CSF that is not significantly different from that of cells transduced with empty control vectors.
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FIG. 6. Activated SHP2 influences ICSBP-induced NF1 transcription in U937 myeloid leukemia cells. (A) E76K SHP2 inhibits ICSBP-induced
NF1 promoter activity in IFN-�-differentiated U937 myeloid leukemia cells. U937 cells were cotransfected with a reporter construct containing the
proximal 337 bp of the NF1 promoter or the empty reporter vector control and a vector to overexpress various combinations of ICSBP, wild-type
or E76K SHP2, or an empty vector control. Reporter gene activity was assayed after 48 h of incubation with (� IFNg) or without (no IFNg) IFN-�
differentiation. Overexpression of wild-type SHP2 does not significantly decrease NF1 promoter activity with or without cooverexpression of ICSBP
or with or without IFN-� differentiation. In contrast, although E76K SHP2 alone does not significantly decrease NF1 promoter activity in
undifferentiated U937 cells, expression of this mutant significantly decreases promoter activity in IFN-�-treated transfectants. Additionally, E76K
SHP2 significantly decreases ICSBP-induced NF1 promoter activity in both undifferentiated and IFN-�-treated U937 cells. Bars which are
significantly different from others under the same cytokine condition are indicated with asterisks. (B) E76K SHP2 inhibits ICSBP-induced
activation of the ICSBP-binding-positive cis element in the NF1 promoter in undifferentiated U937 myeloid leukemia cells. U937 cells were
cotransfected with an artificial promoter construct containing four copies of the ICSBP-binding-positive cis element from the NF1 promoter linked
to a minimal promoter (p-nf1TATACAT) or the empty minimal promoter vector control (p-TATACAT) and a vector to overexpress various
combinations of ICSBP, wild-type or E76K SHP2, or an empty vector control. Reporter gene activity was assayed after 48 h of incubation. Neither
wild-type nor E76K SHP2 overexpression alone significantly inhibited reporter activity from the NF1 cis element-containing construct. Coover-
expression of ICSBP and wild-type SHP2 slightly decreases ICSBP-induced reporter activity. In contrast, cooverexpression of E76K SHP2
completely blocks ICSBP-induced activity of the NF1 cis element. None of the overexpressed proteins have a significant impact on the control
minimal promoter reporter vector. Bars which are significantly different from others under the same cytokine condition are indicated with asterisks.
(C) E76K SHP2 inhibits ICSBP-induced activation of the ICSBP-binding-positive cis element in the NF1 promoter in IFN-�-differentiated U937
myeloid leukemia cells. U937 cells were cotransfected with an artificial promoter construct containing four copies of the ICSBP-binding-positive
cis element from the NF1 promoter linked to a minimal promoter (p-nf1TATACAT) or the empty minimal promoter vector control (p-TATA
CAT) and a vector to overexpress various combinations of ICSBP, wild-type or E76K SHP2, or an empty vector control. Reporter gene activity
was assayed after 48 h of incubation with IFN-� differentiation. Similar to the results for undifferentiated transfectants, neither wild-type nor E76K
SHP2 overexpression alters reporter expression from the NF1 cis element-containing construct. Additionally, cooverexpressed wild-type SHP2
does not significantly decrease the impact of overexpressed ICSBP on reporter activity from this construct. In contrast, E76K SHP2 significantly
decreases ICSBP-induced activation of the NF1 cis element in differentiated U937 cells. None of the overexpressed proteins have a significant
impact on the control minimal promoter reporter vector. Bars which are significantly different from others under the same cytokine condition are
indicated with asterisks. (D) Cooverexpression of E76K SHP2 does not alter ICSBP overexpression in U937 transfectants. U937 cells stably
transfected with a vector to express E76K SHP2 or the empty vector control were cotransfected with a vector to overexpress ICSBP (or an empty
vector control). Cell lysates from transfected cells were analyzed by Western blotting (WB) for SHP2 and ICSBP expression. ICSBP and SHP2
are overexpressed in the cells transfected with these expression vectors, as anticipated. Overexpression of one protein does not significantly impact
the overexpression of the other. Antibody to ICSBP is rabbit polyclonal (see Materials and Methods). Blots were probed with antibody to alpha
tubulin as a loading control.
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increases reporter expression from the NF1 cis element-con-
taining construct (P 	 0.001; n � 3) (Fig. 6B). ICSBP-induced
reporter activity is slightly decreased by cooverexpression of
wild-type SHP2 (P � 0.02; n � 3) but significantly decreased by
cooverexpression of E76K SHP2 (P 	 0.001; n � 3). Expres-
sion of the minimal promoter/reporter construct (p-TATA
CAT) is not altered by overexpression of any of these proteins
in U937 transfectants.

We also determined the impact of IFN-� differentiation on
the ability of overexpressed wild-type or E76K SHP2 to influ-
ence ICSBP activation of the NF1 cis element in U937 trans-
fectants. These experiments were performed as described
above, and reporter activity was assayed after 48 h of IFN-�
differentiation (Fig. 6C). As in our previous studies, ICSBP
overexpression, with or without wild-type SHP2 overexpres-
sion, significantly increases the activity of the minimal pro-
moter construct with multiple copies of the NF1 cis element
(for the entire group, F � 171.1; P 	 0.0001; n � 3; for the
group without ICSBP or ICSBP plus SHP2, F � 1.3; P �
0.3). In contrast, cooverexpression of E76K SHP2 abolishes
the ICSBP-induced increase in reporter activity (compari-
son to control vector transfectants, P 
 0.8; n � 3). These
studies indicate that activated SHP2 significantly abolishes
ICSBP-induced NF1 transcription in cytokine-treated cells
via the previously identified ICSBP-binding NF1 promoter
cis element.

In these studies, expression of E76K SHP2 decreases the
impact of ICSBP overexpression on these reporter constructs.
We hypothesize that this is due to an effect of E76K SHP2 on
the phosphorylation state of ICSBP. However, another possi-
ble explanation might be that expression of E76K SHP2 de-
creases ICSBP overexpression. To investigate the latter possi-
bility, Western blotting of lysate proteins from U937 transfections,
with and without IFN-� differentiation, was performed. These
studies showed that E76K SHP2 expression does not impact
overexpression of ICSBP in U937 cells (Fig. 6D). The role of
E76K SHP2 on ICSBP tyrosine phosphorylation is investigated
below.

The studies described above suggest that activated, mutant
SHP2 inhibits ICSBP-dependent activation of NF1 transcrip-
tion. However, these studies do not indicate the impact of
endogenous, wild-type SHP2 on ICSBP functional activity.
Therefore, we investigated the role of SHP2 in regulating
ICSBP-induced NF1 transcription in undifferentiated myeloid
cells. For these experiments, U937 stable transfectant pools
were generated with a vector to express a previously described
dominant negative form of SHP2 (C463S SHP2) (10). In these
studies, U937 cells were transfected with p-nf1TATACAT or
control p-TATACAT reporter constructs, described above.
Cells were cotransfected with a vector to express C463S SHP2
or empty control vector (pSX) and a vector to express ICSBP
or an empty vector control (pcDNA). Reporter gene transcrip-
tion was assayed as described above (Fig. 7A).

We found that expression of the dominant negative form of
SHP2 increases reporter expression from the NF1 cis element-
containing construct to an extent similar to that of the over-
expression of ICSBP (P � 0.5; n � 3). Additionally, coover-
expression of ICSBP and C463S SHP2 significantly increases
reporter expression from the p-nf1TATACAT construct in
comparison to overexpression of ICSBP or C463S SHP2 alone

(P 	 0.01; n � 3). Therefore, inhibition of SHP2-PTP activity
in undifferentiated myeloid cells increases the impact of ICSBP
on the NF1 cis element.

In control experiments, we found that wild-type and CS463
SHP2 are equivalently overexpressed in these U937 transfec-
tants by Western blotting of cell lysate proteins (Fig. 7B). We
also found that expression of this dominant negative SHP2
does not influence ICSBP expression in U937 transfection ex-
periments.

Expression of a leukemia-associated, constitutively acti-
vated SHP2 mutant inhibits binding of endogenous ICSBP to
the NF1 cis element. To identify the mechanism by which
expression of an activated SHP2 mutant abolishes ICSBP-
induced NF1 transcription, we investigated the impact of this
mutant on ICSBP binding to the NF1 promoter. In previous
studies, we identified a specific protein complex that interacts
with the positive cis element at �320 to �336 bp of the NF1
promoter (34). We found that binding of this complex is in-
creased by IFN-� differentiation of U937 myeloid leukemia
cells (34). We determined that ICSBP is a component of this
complex by EMSA and chromatin immunoprecipitation (34).
Therefore, we performed initial experiments to determine if
stable expression of either wild-type or E76K SHP2 alters
binding of the ICSBP-containing complex to �320 to �336 bp
of the NF1 promoter. The U937 stable transfectants overex-
pressing wild-type or E76K SHP2 or an empty vector control
are described above. Nuclear proteins were extracted from
these transfectants with and without IFN-� differentiation.

By using EMSA with nuclear proteins from untreated cells,
we found that overexpression of wild-type SHP2 slightly de-
creases the binding of the previously described complex in
comparison to that seen with nuclear proteins from control
vector-transduced cells (Fig. 8A). However, binding of the
complex significantly decreases in EMSA with nuclear proteins
from untreated U937 cells expressing E76K SHP2. EMSA with
nuclear proteins from control, IFN-�-differentiated U937 cells
demonstrates an increase in complex binding to the �320-
to �336-bp NF1 probe, consistent with previous results (Fig.
8A). EMSA with nuclear proteins from IFN-�-treated, wild-
type SHP2-overexpressing U937 transfectants demonstrates
protein complex binding that is not different from that seen for
IFN-�-treated vector control cells. In contrast, stable expres-
sion of E76K SHP2 significantly inhibits IFN-� induction of
protein complex binding to the �320- to �336-bp NF1 probe.

To verify that ICSBP is a component of the protein complex
binding the �320- to �336-bp NF1 probe in these experi-
ments, additional EMSA were performed (Fig. 8B). Nuclear
proteins from IFN-�-treated U937 stable transfectants were
preincubated with antibody to ICSBP or preimmune serum.
EMSA were performed to determine whether an ICSBP cross-
immunoreactive protein is a component of the complex bind-
ing the �320- to �336-bp probe. Consistent with previous
studies, we found that ICSBP antibody disrupts protein com-
plex binding to the �320- to �336-bp NF1 probe in EMSA
with nuclear proteins from IFN-�-differentiated control U937
cells. In EMSA with nuclear proteins from IFN-�-treated
U937 stable transfectants expressing E76K SHP2, anti-ICSBP
antibody slightly disrupts this complex. These studies suggest
that ICSBP is a component of the protein complex binding to
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this NF1 cis element in these transfectant cells and that binding
is decreased by E76K SHP2 expression.

We also used chromatin immunoprecipitation to determine
if overexpression of wild-type or E76K SHP2 influences ICSBP
binding to the positive cis element in the NF1 promoter. We
previously used this technique to demonstrate that IFN-� dif-
ferentiation of U937 cells increases ICSBP binding to this
region of the NF1 promoter (34). U937 cells stably transfected
with wild-type or E76K SHP2 expression vector or an empty
vector control were assayed for in vivo ICSBP binding to the
NF1 cis element. DNA-protein cross-links were generated in
vivo, and chromatin coprecipitation with anti-ICSBP antibody
(or control preimmune serum) was analyzed by PCR for the
presence of the NF1 cis element. Stable transfectant cells were
analyzed with and without IFN-� differentiation.

In these studies, we found that overexpression of wild-type
SHP2 slightly decreases in vivo ICSBP binding to the NF1 cis
element in differentiated and undifferentiated U937 cells (Fig.
8C). In contrast, overexpression of E76K SHP2 abolishes in
vivo ICSBP binding to the NF1 cis element in this assay with
and without IFN-� differentiation. Consistent with the EMSA
results, these studies suggest that E76K SHP2 expression im-
pairs ICSBP binding to the positive NF1 cis element. This is
consistent with the results of the functional studies described
above.

Expression of a leukemia-associated, constitutively acti-
vated SHP2 mutant inhibits cytokine-induced tyrosine phos-
phorylation of ICSBP. ICSBP tyrosine phosphorylation occurs
during cytokine-induced myeloid differentiation (16, 34). In
the current studies, we found that ICSBP tyrosine phosphory-
lation is necessary for Nf1 expression during cytokine-induced
differentiation of both U937 myeloid leukemia cells and mu-
rine bone marrow myeloid progenitor cells. We also found that
expression of a constitutively active form of SHP2 inhibits
ICSBP-induced Nf1 expression in these two models of myeloid
differentiation. Therefore, we next investigated whether ex-
pression of this leukemia-associated SHP2 mutant impairs cy-
tokine-induced ICSBP tyrosine phosphorylation.

We first determined the impact of overexpressing either
wild-type or E76K SHP2 on ICSBP tyrosine phosphorylation
in differentiating U937 cells. For these studies, stable U937
transfectants (see above) were differentiated with IFN-� under
conditions previously determined to result in tyrosine phos-
phorylation of endogenous ICSBP. Wild-type SHP2 and E76K
SHP2 were shown to be equivalently overexpressed in these
transfectants, as discussed above (Fig. 3A). Nuclear proteins
were isolated and immunoprecipitation was performed under
denaturing conditions with antibody to phosphotyrosine or an
irrelevant control antibody. Immunoprecipitated proteins were
analyzed by probing Western blots with an anti-ICSBP anti-

FIG. 7. Endogenous SHP2 activity influences the impact of ICSBP on NF1 promoter activity in U937 myeloid leukemia cells. (A) C463S SHP2
(dominant negative mutant) activates the positive cis element in the NF1 promoter and increases ICSBP-induced activation in U937 myeloid
leukemia cells. U937 cells were cotransfected with an artificial promoter construct containing four copies of the ICSBP-binding-positive cis element
from the NF1 promoter linked to a minimal promoter (p-nf1TATACAT) or the empty minimal promoter vector control (p-TATACAT) and a
vector to overexpress various combinations of ICSBP, C463S SHP2, or an empty vector control. Reporter gene activity was assayed after 48 h of
incubation. C463S SHP2 expression alone significantly increases reporter expression from the NF1 cis element-containing construct. Additionally,
cooverexpression of C463S SHP2 significantly increases the impact of ICSBP overexpression on this cis element in undifferentiated transfectants.
Neither overexpressed protein has a significant impact on the control minimal promoter reporter vector. Bars which are significantly different from
others under the same cytokine condition are indicated with asterisks. (B) Wild-type SHP2 and CS463 SHP2 (a dominant negative) are equivalently
overexpressed in U937 transfectants. Stable U937 transfectants were generated with wild-type SHP2 (see above), a dominant negative mutant form of
SHP2 (CS463), or the empty control vector. Cell lysates were analyzed by Western blotting (WB) for expression of SHP2 and ICSBP. Both forms
of SHP2 are equivalently overexpressed in these U937 transfectants. Overexpression of wild-type SHP2 and CS463 SHP2 does not influence
expression of ICSBP. Antibody to ICSBP used in these experiments was a goat polyclonal (see Materials and Methods). Blots were probed with
antibody to alpha tubulin as a loading control.
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body (Fig. 9A). In parallel experiments, nuclear proteins were
also immunoprecipitated with antibody to ICSBP or an irrel-
evant control antibody. Immunoprecipitated proteins were an-
alyzed by Western blots serially probed with antiphospho-
tyrosine antibody and anti-ICSBP antibody (as a loading
control) (Fig. 9B).

Consistent with previous studies, we found that tyrosine-
phosphorylated ICSBP is abundant in IFN-�-treated U937
cells. Additionally, we found that wild-type SHP2 overexpres-

sion does not significantly decrease ICSBP tyrosine phosphor-
ylation under these conditions. In contrast, expression of E76K
SHP2 inhibits IFN-�-induced ICSBP tyrosine phosphorylation.
Abundance of total ICSBP protein is not altered by overex-
pression of either wild-type or E76K SHP2 in these U937
stable transfectants, as also demonstrated in Fig. 3A. These
results suggest that expression of leukemia-associated, acti-
vated SHP2 blocks differentiation-induced ICSBP tyrosine
phosphorylation in this myeloid leukemia cell line.

FIG. 8. SHP2-PTP activity influences ICSBP interaction with the positive cis element in the NF1 promoter in U937 myeloid leukemia cells.
(A) E76K SHP2 expression decreases in vitro interaction of a specific protein complex with the NF1 cis element in assays with U937 nuclear
proteins. EMSA were performed with a probe representing the ICSBP-binding NF1 cis element and nuclear proteins isolated from U937 cells
stably overexpressing wild-type or E76K SHP2 or transduced with an empty vector control, as indicated. Nuclear proteins were isolated from U937
cells with and without IFN-� differentiation. Consistent with our previous studies, IFN-� treatment increases binding of a specific protein complex
to this probe in control vector assays (34). In assays with nuclear proteins from undifferentiated U937 cells, overexpression of wild-type SHP2
slightly decreases protein complex binding to the NF1 probe, and binding is almost completely abolished by E76K SHP2 expression. In contrast,
only E76K SHP2 overexpression demonstrably decreases complex binding in assays with nuclear proteins from IFN-�-differentiated U937 stable
transfectants. (B) ICSBP is a component of the in vitro complex which binds to the NF1 cis element with and without E76K expression. EMSA
were performed with a probe representing the ICSBP-binding NF1 cis element and nuclear proteins isolated from U937 cells stably overexpressing
E76K SHP2 or transduced with an empty vector control as indicated. Nuclear proteins were isolated from IFN-�-differentiated U937 cells. Binding
assays were performed with preincubation with anti-ICSBP antibody or preimmune serum as indicated. Binding of the specific complex is disrupted
by the ICSBP-specific antibody (goat polyclonal; see Materials and Methods), but not by an irrelevant control antibody, consistent with our
previous results with nontransfected U937 cells (34). (C) Both wild-type SHP2 and E76K SHP2 decrease in vivo interaction of ICSBP with the NF1
cis element in undifferentiated U937 myeloid leukemia cells, but only E76K SHP2 significantly decreases ICSBP binding in IFN-�-differentiated
U937 cells. In vivo interaction of ICSBP with the positive NF1 cis element in U937 cells stably overexpressing wild-type or E76K SHP2 or
transduced with the empty control vector was analyzed by chromatin immunoprecipitation. Chromatin coprecipitating with an anti-ICSBP antibody
(rabbit polyclonal antiserum; see Materials and Methods) was PCR amplified with primers flanking the ICSBP-binding NF1 cis element.
Chromatin coprecipitating with preimmune serum was a negative control in these studies. Total input chromatin (nonprecipitated) was a positive
control. Overexpression of wild-type SHP2 decreases and overexpression of E76K SHP2 abolishes in vivo binding of ICSBP to the NF1 cis element
in undifferentiated U937 cells. However, in IFN-�-differentiated cells, only E76K SHP2 overexpression demonstrates a significant effect on ICSBP
binding to this cis element.
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We next investigated the impact of overexpressing wild-type
or E76K SHP2 on tyrosine phosphorylation of endogenous
ICSBP in ex vivo-differentiating murine bone marrow myeloid
cells. In our previous studies, we found that endogenous

ICSBP was minimally tyrosine phosphorylated in murine bone
marrow myeloid progenitor cells cultured with GM-CSF plus
IL-3 (34). We also found that ICSBP tyrosine phosphorylation
increased during ex vivo M-CSF differentiation of these cells

FIG. 9. E76K SHP2 expression significantly decreases ICSBP tyrosine phosphorylation in cytokine-differentiated myeloid cells. (A) E76K SHP2
expression decreases ICSBP tyrosine phosphorylation in IFN-�-differentiated U937 myeloid leukemia cells. U937 cells were stably transfected with
vectors to overexpress wild-type or E76K SHP2 or an empty vector control. Cells were differentiated with IFN-� to induce ICSBP tyrosine phosphory-
lation. Nuclear proteins were immunoprecipitated under denaturing conditions with an antibody to phosphotyrosine residues or an irrelevant control
antibody, as indicated. Immunoprecipitated proteins were separated by SDS-PAGE, and Western blots were probed with an anti-ICSBP antibody (goat
polyclonal; see Materials and Methods). IFN-�-induced ICSBP tyrosine phosphorylation is abolished by E76K SHP2 expression in U937 cells. In contrast,
overexpression of wild-type SHP2 decreases ICSBP tyrosine phosphorylation only slightly under these conditions. (B) E76K SHP2 expression decreases
ICSBP tyrosine phosphorylation in IFN-�-differentiated U937 myeloid leukemia cells without altering ICSBP protein abundance. U937 cells were stably
transfected with vectors to overexpress wild-type or E76K SHP2 or an empty vector control. Cells were differentiated with IFN-� to induce ICSBP tyrosine
phosphorylation. Nuclear proteins were immunoprecipitated under denaturing conditions with an antibody to ICSBP (rabbit polyclonal antiserum) or
preimmune serum as indicated. Immunoprecipitated proteins were separated by SDS-PAGE, and Western blots were serially probed with an antiphos-
photyrosine antibody and an anti-ICSBP antibody (goat polyclonal; see Materials and Methods). IFN-�-induced ICSBP tyrosine phosphorylation is
abolished by E76K SHP2 expression in U937 cells. In contrast, overexpression of wild-type SHP2 decreases ICSBP tyrosine phosphorylation only slightly
under these conditions. Total ICSBP protein is not altered by expression of wild-type or E76K SHP2. (C) E76K SHP2 expression decreases ICSBP
tyrosine phosphorylation in M-CSF-differentiated murine bone marrow myeloid progenitor cells. Wild-type bone marrow myeloid progenitor cells
(cultured with GM-CSF, IL-3, and SCF) were transduced with a murine stem cell retroviral vector (MSCV) to express wild-type SHP2, E76K SHP2, or
an empty vector control. Cells were maintained in this medium or ex vivo differentiated with M-CSF. Cell lysate proteins were immunoprecipitated under
denaturing conditions with an antibody to phosphotyrosine residues or an irrelevant control antibody as indicated. Immunoprecipitated proteins were
separated by SDS-PAGE and analyzed by use of Western blots probed with an anti-ICSBP antibody (goat polyclonal; see Materials and Methods).
Although ICSBP tyrosine phosphorylation in M-CSF-differentiated cells is slightly decreased by wild-type SHP2 overexpression, it is abolished by
expression of E76K SHP2. The asterisk indicates the specific immunoreactive band. (D) E76K SHP2 expression decreases ICSBP tyrosine phosphory-
lation in M-CSF-differentiated murine bone marrow myeloid progenitor cells but does not alter ICSBP protein abundance. Wild-type bone marrow
myeloid progenitor cells (cultured with GM-CSF, IL-3, and SCF) were transduced with a murine stem cell retroviral vector (MSCV) to express wild-type
SHP2, E76K SHP2, or an empty vector control. Cells were maintained in this medium or ex vivo differentiated with M-CSF. Cell lysate proteins were
immunoprecipitated under denaturing conditions with an antibody to ICSBP (rabbit polyclonal) or preimmune serum as indicated. Immunoprecipitated
proteins were separated by SDS-PAGE and analyzed by use of Western blots serially probed with antiphosphotyrosine and anti-ICSBP (goat polyclonal)
antibodies. ICSBP tyrosine phosphorylation in M-CSF-differentiated cells is abolished by expression of E76K SHP2. Total ICSBP protein is not altered
by expression of wild-type or E76K SHP2. IP, immunoprecipitation; WB, Western blot.
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(34). Therefore, we determined the tyrosine phosphorylation
state of ICSBP in M-CSF-differentiated murine bone marrow-
derived myeloid cells transduced either with wild-type or E76K
SHP2 or with empty retroviral vector control. Cell lysates were
immunoprecipitated under denaturing conditions with anti-
body to phosphotyrosine or with an irrelevant control anti-
body. Immunoprecipitates were analyzed by use of Western
blots probed with anti-ICSBP antibody (Fig. 9C). Cell lysates
were also immunoprecipitated with an antibody to ICSBP or
with an irrelevant control antibody. Immunoprecipitates were
analyzed by Western blotting with antiphosphotyrosine anti-
body and anti-ICSBP antibody as described above for U937
immunoprecipitates (Fig. 9D).

In these studies, we found that overexpression of wild-type
SHP2 only minimally decreases ICSBP tyrosine phosphoryla-
tion in comparison to what is seen for vector control-trans-
duced cells. In contrast, expression of E76K SHP2 inhibits
M-CSF-induced tyrosine phosphorylation of ICSBP under
these conditions. Overexpression of wild-type and E76K SHP2
does not significantly alter the abundance of total ICSBP pro-
tein in comparison to control vector-transduced cells, as was
also found for the results shown in Fig. 3B. Wild-type SHP2
and E76K SHP2 were equivalently overexpressed in these ex-
periments, consistent with data shown in Fig. 3C (not shown).
These studies suggest that the leukemia-associated form of
SHP2 inhibits ICSBP tyrosine phosphorylation in response to
cytokine-induced differentiation in nontransformed myeloid
progenitor cells.

ICSBP interacts with SHP2. In previous studies, we found
that ICSBP interacts with SHP1 in vitro and in vivo and is a
substrate for SHP1-PTP activity (16). Based on our functional
data described above, we investigated whether ICSBP also
interacts with SHP2. First, we investigated the interaction of
ICSBP with SHP2 in U937 myeloid leukemia cells. For these
studies, nuclear proteins were immunoprecipitated with anti-
body to SHP2. Other investigators previously demonstrated
that SHP2 is found in both the nuclei and cytoplasms of U937
cells (7). As a positive control, the lysates were also immuno-
precipitated with anti-SHP1 antibody or with an irrelevant
antibody as a negative control. Immunoprecipitates were ana-
lyzed by probing Western blots with an anti-ICSBP antibody
(Fig. 10A). Blots were serially probed with anti-SHP2 and
anti-SHP1 antibodies as controls. We found that ICSBP coim-
munoprecipitates with SHP1, consistent with previous investi-
gations (16). Additionally, we found a level of coprecipitation
of ICSBP with SHP2 which is approximately equivalent to that
for coprecipitation with SHP1. These studies suggest that
ICSBP interacts either with SHP2 or with an SHP2-interacting
protein.

We were also interested in determining if ICSBP coprecipi-
tates equivalently with wild-type, activated, and dominant neg-
ative forms of SHP2. Differences in interaction levels might
imply additional mechanisms by which SHP2 mutants influ-
ence ICSBP tyrosine phosphorylation and therefore activity.
For example, the E76K SHP2 mutant might function as a
substrate trap, suggesting that dephosphorylation is only one
mechanism by which this activated mutant form impacts
ICSBP transcriptional activation function. For these studies,
we used the U937 stable transfectants discussed in the sections
above. In these transfectants, wild-type SHP2, E76K SHP2,

and CS463 SHP2 are equivalently expressed (as is demon-
strated in Fig. 3A and 7B). As in the experiment described
above, nuclear proteins from U937 stable transfectants were
immunoprecipitated under denaturing conditions with an an-
tibody to SHP2. Immunoprecipitates were analyzed by West-
ern blotting for interaction with ICSBP. Blots were also probed
with antibody to SHP2 to ensure equivalent levels of immuno-
precipitation of the wild-type and mutant forms of this protein
(Fig. 10B). We found that ICSBP coimmunoprecipitates equiv-
alently with each of these overexpressed forms of SHP2. Less
ICSBP coprecipitates with SHP2 from empty vector-trans-
fected cells, consistent with the decreased expression of SHP2
in these cells. Since overexpression of wild-type SHP2, E76K
SHP2, and CS463 SHP2 does not alter abundance of the
ICSBP protein, these studies indicate that each of these forms
of SHP2 interacts with ICSBP. These studies also suggest that
interaction of ICSBP with the activated or dominant negative
forms of SHP2 is equivalent to the interaction with wild-type
protein in the context of overexpression in U937 cells.

To further investigate whether the interaction between
ICSBP and SHP2 is direct or indirect, we performed assays
with recombinant proteins. For these studies, SHP2 was ex-
pressed in E. coli as a fusion protein with glutathione S-trans-
ferase (SHP2/GST). SHP1/GST was a positive control and
GST a negative control for specific ICSBP interaction in these
studies (16). Equivalent amounts of GST proteins were incu-
bated with in vitro-translated, 35S-labeled ICSBP, and proteins
were purified by affinity to a glutathione-linked matrix. Copre-
cipitating ICSBP was identified by SDS-PAGE followed by
autoradiography, as previously described (16). We found that
ICSBP coprecipitates with both SHP1/GST and SHP2/GST
but not with control GST (Fig. 9C). Loading was evaluated by
Coomassie staining of the gel to verify affinity purification of
the GST proteins (Fig. 10C).

E76K SHP2 dephosphorylates ICSBP in vitro. The studies
described above suggest that ICSBP interacts with SHP2. How-
ever, it is possible that ICSBP is dephosphorylated not by SHP2
but by another protein in a multiprotein complex. Therefore, we
determined the ability of recombinant SHP2 to dephosphory-
late recombinant ICSBP. For these studies, in vitro-translated,
35S-labeled ICSBP was incubated with in vitro-translated (unla-
beled) SHP2. In previous studies, we demonstrated that ICSBP is
tyrosine phosphorylated when in vitro translated in rabbit reticu-
locyte lysate (16). In the current studies, the impact of E76K
SHP2 on ICSBP tyrosine phosphorylation was compared to the
impact of incubation in control reticulocyte lysate. Reaction mix-
tures were immunoprecipitated under denaturing conditions with
antiphosphotyrosine antibody or an irrelevant control antibody.
Tyrosine-phosphorylated ICSBP was identified by autora-
diography of immunoprecipitates as previously described
(16) (Fig. 11A). We found that incubation with E76K SHP2
decreases ICSBP tyrosine phosphorylation in this assay.

We next investigated the functional significance of E76K
SHP2 dephosphorylation of ICSBP for ICSBP binding to the
NF1 cis element. In these studies, we determined the effect of
in vitro treatment of ICSBP with recombinant E76K SHP2 on
ICSBP interaction with the NF1 cis element probe. The goal of
these studies was to determine if in vitro phosphatase treat-
ment prevents ICSBP from reconstituting the protein complex
which binds the NF1 cis element in EMSA with lysate proteins

VOL. 26, 2006 ACTIVATED SHP2 MUTANTS INHIBIT NF1 TRANSCRIPTION 6327



from ICSBP�/� murine myeloid cells. In initial experiments,
we investigated protein complex binding to the NF1 cis
element probe in EMSA with lysate proteins from ex vivo
M-CSF-differentiated murine myeloid progenitor cells. We
compared levels of complex binding in EMSA with lysates
from ICSBP�/� cells transduced with empty vector, ICSBP�/�

cells transduced with ICSBP expression vector, and wild-type
cells (Fig. 11B). In these studies, we found that protein
complex binding to the NF1 cis element probe in EMSA
with lysate proteins from M-CSF-differentiated ICSBP�/�

cells is increased by transduction with an ICSBP expression
vector (Fig. 11B).

Therefore, we determined whether in vitro binding of this
protein complex to the NF1 cis element probe is increased by
including in vitro-translated ICSBP in the binding reaction.
For these studies, lysate proteins from M-CSF-differentiated
ICSBP�/� murine myeloid cells were incubated with in vitro-
translated wild-type or Y92/95F ICSBP (or control reticulocyte
lysate). These proteins were used in EMSA with the NF1 cis
element probe (Fig. 11C). We found that protein complex

FIG. 10. ICSBP interacts with SHP2-PTP. (A) ICSBP coimmunoprecipitates with either SHP1 or SHP2 from U937 myeloid leukemia cell lysate
proteins. Nuclear proteins from U937 cells were immunoprecipitated under nondenaturing conditions with an anti-SHP1 or -SHP2 antibody or an
irrelevant control antibody. Anti-SHP1 was a positive control (16) and an irrelevant antibody a negative control for ICSBP coimmunoprecipitation
in these studies. Immunoprecipitating proteins were separated by SDS-PAGE and analyzed by use of Western blots serially probed with antibodies
to SHP1, SHP2, and ICSBP (goat polyclonal antibody) as indicated. ICSBP coimmunoprecipitates from U937 lysate proteins with antibody to
either SHP1 or SHP2. (B) ICSBP coprecipitates equivalently with overexpressed wild-type SHP2, E76K SHP2, and CS463 SHP2 from U937
myeloid leukemia cell lysates. Nuclear proteins from stable U937 transfectants overexpressing wild-type, E76K, or CS463 SHP2 (or transfected with
an empty vector control) were immunoprecipitated under nondenaturing conditions with an anti-SHP2 antibody or an irrelevant control antibody.
Immunoprecipitating proteins were separated by SDS-PAGE and analyzed by use of Western blots serially probed with antibodies to SHP2 and
ICSBP (goat polyclonal) as indicated. ICSBP coimmunoprecipitates with equivalent efficiencies from nuclear proteins derived from cells overex-
pressing SHP2, E76K SHP2, or CS463 SHP2. Consistent with the lower SHP2 expression seen for vector control-transduced cells, ICSBP is less
abundant in immunoprecipitates from these cells. (C) Recombinant ICSBP interacts with recombinant SHP1 or SHP2. ICSBP was in vitro
translated (in the presence of [35S]methionine) in rabbit reticulocyte lysates. SHP1 and SHP2 were expressed in E. coli as fusion proteins with
glutathione S-transferase. Interaction between ICSBP and SHP1/GST, SHP2/GST, or control GST was determined by pull-down assay. SHP1/GST
is a positive control and GST a negative control for specific ICSBP interaction in this assay (16). Equality of loading was determined by Coomassie
staining of the SDS-PAGE gels as shown. We found that ICSBP interacts specifically with either SHP1/GST or SHP2/GST. IP, immunoprecipi-
tation; WB, Western blot.
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binding to the probe was increased by inclusion of wild-type
ICSBP, but not Y92/95F ICSBP, in the binding reaction.
Therefore, we preincubated in vitro-translated wild-type or
Y92/95F ICSBP (or control lysate) with E76K SHP2 (or con-
trol lysate) under the conditions used to obtain the results
shown in Fig. 11A. EMSA was performed with the NF1 cis
element probe and lysate proteins from M-CSF-differentiated
ICSBP�/� cells supplemented with wild-type or Y92/95F
ICSBP (or control reticulocyte lysate) which was preincubated
with E76K SHP2 (or with control reticulocyte lysate). We
found that preincubation with E76K SHP2 prevented wild-type
ICSBP from reconstituting the NF1 cis element-binding pro-
tein complex in EMSA with lysate proteins from ICSBP�/�

cells (Fig. 11C). In contrast, preincubation with control reticu-
locyte lysate did not have any impact on ICSBP binding to the
NF1 cis element probe in these experiments.

None of these in vitro-translated proteins significantly
bound the NF1 cis element probe in the absence of lysate
proteins from ICSBP�/� cells. This result suggests that ICSBP
binds the NF1 cis element as part of a multiprotein complex.
For all of these experiments, unprogrammed reticulocyte ly-
sate was used to equalize the total amount of in vitro-trans-

FIG. 11. ICSBP is dephosphorylated in vitro by E76K SHP2.
(A) ICSBP is a substrate for SHP2 in vitro. In vitro-translated,
[35S]methionine-labeled ICSBP was incubated with in vitro-translated
(unlabeled) activated (E76K) SHP2 or control reticulocyte lysate. In-
cubation reactions were immunoprecipitated under denaturing condi-
tions with an antiphosphotyrosine or an irrelevant control antibody.
Immunoprecipitating proteins were separated by SDS-PAGE, and
ICSBP was detected by autoradiography. Tyrosine-phosphorylated
ICSBP was detected after incubation with control lysate but not with
E76K SHP2. Input protein lanes are a control for loading. MSCV,
murine stem cell retroviral vector. (B) ICSBP expression in ICSBP�/�

bone marrow murine myeloid progenitor cells reconstitutes the posi-
tive NF1 cis element-binding protein complex in EMSA. Wild-type and
ICSBP�/� murine bone marrow myeloid progenitor cells (cultured
with GM-CSF, IL-3, and SCF) were transduced with a murine retro-
viral vector to express ICSBP (for ICSBP�/� cells) or with an empty
vector control (for both wild-type and ICSBP�/� cells). Cells were ex
vivo differentiated with M-CSF, and total cell lysates were isolated.
Lysates were used in EMSA with the NF1 cis element probe as indi-
cated. Expression of ICSBP in ICSBP�/� cells substantially reconsti-
tuted the protein complex binding the probe representing the positive
NF1 cis element. The upper arrow represents the ICSBP-containing
complex, and the lower arrow represents free probe. (C) Treatment
with E76K SHP2 prevents in vitro-translated (IVT) ICSBP from re-
constituting the protein complex that binds the NF1 cis element in
EMSA with lysate proteins from ICSBP�/� murine myeloid cells.
ICSBP�/� murine bone marrow myeloid progenitor cells (cultured
with GM-CSF, IL-3, and SCF) were ex vivo differentiated with M-CSF,
and total cell lysates were isolated. Wild-type ICSBP and Y92/95F
ICSBP were in vitro translated in reticulocyte lysate. These proteins
(or control reticulocyte lysate) were preincubated with in vitro-trans-
lated E76K SHP2 (or control lysate). In vitro-translated proteins were
used in EMSA with the positive NF1 cis element probe with lysate
from M-CSF-differentiated ICSBP�/� murine myeloid cells or buffer
only as indicated. In vitro-translated wild-type ICSBP, but not Y92/95F
ICSBP, reconstitutes protein complex binding to the NF1 cis element
probe in EMSA with ICSBP-deficient lysates. Preincubation of in
vitro-translated ICSBP with E76K SHP2, but not control reticulocyte
lysate, abolishes the ability of ICSBP to reconstitute this complex. In
vitro-translated proteins do not generate a specific protein complex
with this probe in the absence of lysate proteins from ICSBP�/� cells.
The upper arrow represents the ICSBP-containing complex, and the
lower arrow represents free probe.
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lated proteins in binding reactions. In vitro-translated proteins
that were not incubated with E76K SHP2 were sham incubated
in control reticulocyte lysate.

DISCUSSION

In previous studies, we found that ICSBP activates NF1
transcription in differentiating myeloid cells (34). In the cur-
rent study, we determine that NF1 transcriptional activation
requires cytokine-induced phosphorylation of specific tyrosine
residues in the ICSBP-IRF domain. These results therefore
identify a novel pathway by which hematopoietic cytokines,
such as M-CSF and IFN-�, induce NF1 transcription in my-
eloid cells. Our current studies also suggest that ICSBP is a
substrate for SHP2-PTP in undifferentiated myeloid cells,
thereby identifying SHP2-PTP as a negative regulator of this
pathway. However, we find that a previously described, leuke-
mia-associated, constitutively activated SHP2 mutant dephos-
phorylates ICSBP in both undifferentiated and cytokine-differ-
entiated myeloid cells. Consistent with these results, the
current studies and previous work by others indicate that the
expression of leukemia-associated, activated SHP2 mutants
induces cytokine hypersensitivity in myeloid cells and myelo-
proliferation in murine models, similar to ICSBP or Nf1 defi-
ciency.

Our results suggest that such leukemia-associated SHP2 mu-
tants may not be susceptible to the (unknown) mechanisms
which normally regulate PTP activity during myelopoiesis. In
our previous studies, we found that SHP1 protein decreases in
the nuclear fraction and increases in the cytoplasmic fraction
during IFN-� differentiation of U937 cells (16). Other investi-
gators found that SHP2 translocates to the nucleus in response
to prolactin stimulation in mammary epithelial cells in a Stat5-
dependent manner (7). In our studies, IFN-� treatment of
U937 cells did not alter SHP2 protein in the nuclear fraction.
However, there are other possible mechanisms for SHP2 reg-
ulation. For example, cytokine-induced signaling events
might decrease protein interaction with the SHP2 SH2 do-
mains, altering conformation and masking the PTP domain.
It is possible that cytokine signaling decreases availability of
a nonsubstrate protein which interacts with this domain. Or,
if phosphorylated tyrosine residues on the substrate are
necessary for SH2 domain interaction, these residues might
be unavailable due to cytokine-induced interaction with
other proteins. This issue is the subject of ongoing investi-
gations in the lab.

Our studies suggest that leukemia-associated, activating
SHP2 mutants decrease the impact of hematopoietic cytokines
on ICSBP tyrosine phosphorylation. This prevents cytokine-
induced Nf1 expression, resulting in unopposed Ras activation
in response to these cytokines. Consistent with this, we found
that expression of activated SHP2 prevents ICSBP expression
from rescuing GM-CSF and M-CSF hypersensitivity in ICSBP-
deficient myeloid cells. Also, cytokine hypersensitivity of
ICSBP-deficient myeloid cells is not altered by E76K SHP2
expression These studies suggest that SHP2 and ICSBP influ-
ence cytokine-induced proliferation through a common path-
way. These studies also identify a mechanism by which leuke-
mia-associated SHP2 mutants impact Nf1 expression, thereby
contributing to the proliferative/leukemic phenotype. How-

ever, SHP2 is likely to impact multiple substrates relevant to
proliferation. Therefore, there are likely to be additional ge-
netic lesions that are complemented by activating SHP2 mu-
tants and that contribute to disease progression in myeloid
malignancy.

Previous investigations indicate that ICSBP protein abun-
dance is one factor which influences ICSBP target gene regu-
lation. Other studies indicate that posttranslational modifica-
tion of ICSBP impacts protein-protein and protein-DNA
interactions, also impacting target gene transcription. For ex-
ample, we found that ICSBP tyrosine phosphorylation is im-
portant for the determination of lineage- and differentiation-
stage-specific CYBB and NCF2 transcription (16). Similarly,
our current studies indicate the importance of cytokine-in-
duced ICSBP tyrosine phosphorylation for NF1 transcriptional
regulation. Other investigators found that ICSBP represses
expression of an artificial promoter construct with multiple
copies of the PRDI consensus sequence in U937 transfections
(29). This repression is abolished by ICSBP tyrosine phosphor-
ylation during IFN-� differentiation. Consistent with these re-
sults, we found that the PRDI construct is repressed by both
wild-type and tyrosine mutant ICSBP in undifferentiated U937
cells but only by the tyrosine mutant form in IFN-�-treated
transfectants.

We previously identified a mechanism by which ICSBP ty-
rosine phosphorylation contributes to CYBB and NCF2 tran-
scription during myeloid differentiation (16). We found that
phosphorylation of ICSBP tyrosines 92 and 95 is necessary for
interaction with PU.1 and IRF1 at composite ets/IRF se-
quences in these genes (11, 16). In the current studies, we find
that phosphorylation of the same tyrosine residues increases
cytokine-induced ICSBP interaction with the NF1 cis element.
Other investigators found that nonphosphorylated ICSBP
binds directly to PRDI sequence DNA binding sites. Tyrosine
phosphorylation decreases direct ICSBP binding and increases
binding as a heterodimer with IRF1 or IRF2, switching the
effect of ICSBP from repression to activation (29). The NF1 cis
element is similar to both PRDI and ets/IRF consensus se-
quences. However, ICSBP does not repress the NF1 cis ele-
ment in undifferentiated U937 cells, an effect unlike that on the
PRDI consensus. Defining the mechanism by which ICSBP
tyrosine phosphorylation increases interaction with the NF1 cis
element is an area of ongoing investigation in the lab.

Therefore, regulation of ICSBP activity is multifactorial, de-
pending on protein abundance and posttranslational modifica-
tion. Consistent with this, we find that ICSBP overexpression
increases NF1 promoter activity in IFN-�-treated and un-
treated U937 cells, although the increase is greater in differ-
entiated transfectants. However, we also find that ICSBP-in-
duced NF1 transcription requires specific tyrosine residues in
both undifferentiated and differentiated transfectants. This is
consistent with our previous observations that overexpression
of ICSBP in U937 cells induces some tyrosine phosphorylation,
which is increased by IFN-� differentiation (16). Our experi-
ments with dominant negative forms of SHP1 (16) and SHP2
suggest that the capacity of the endogenous PTPs to dephos-
phorylate ICSBP is overwhelmed by ICSBP overexpression in
undifferentiated U937 cells. Consistent with this, we find that
E76K SHP2 expression has minimal effect on Nf1 protein
abundance and NF1 promoter activity in undifferentiated
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U937 cells but a greater impact in the presence of ICSBP
overexpression. ICSBP deficiency is part of the malignant phe-
notype of U937 cells. Given the minimal tyrosine phosphory-
lation of endogenous ICSBP in U937 cells, PTP activity may
not be rate limiting and additional activity might not influence
ICSBP function. However, the impact of SHP2 on endogenous
ICSBP is suggested by the ability of a dominant negative SHP2
to increase NF1 promoter activity in the absence of ICSBP
overexpression in undifferentiated U937 cells.

In contrast to these results, we find that E76K SHP2 expres-
sion decreases Nf1 protein abundance in murine bone marrow
myeloid progenitor cells. This difference is likely to be due to
differences both in the cytokine conditions of the two models
and in the levels of abundance of endogenous ICSBP in normal
and transformed cells. Additionally, our studies demonstrate
that tyrosine phosphorylation is essential for ICSBP-induced
Nf1 expression during M-CSF differentiation of these cells.
These studies suggest the importance of ICSBP posttransla-
tional modification in both transformed and nontransformed
models of myeloid differentiation. This is consistent with the
well-documented role of posttranslational modification in reg-
ulating transcription factors that are activated by hematopoi-
etic cytokine receptors (such as Stats).

ICSBP regulates at least three aspects of myeloid differen-
tiation. First, ICSBP regulates transcription of genes involved
in the inflammatory response. These genes confer important
aspects of the phagocyte phenotype, and their expression is
restricted to mature myeloid cells. Second, ICSBP decreases
BclXL expression in immature myeloid cells (13). ICSBP re-
pression of BclXL expression is decreased in activated phago-
cytes, enhancing cell survival. Third, ICSBP activates NF1 gene
transcription in response to hematopoietic cytokines (34). In-
creased Nf1 expression inactivates cytokine-activated Ras, re-
sulting in proliferation arrest after the initial proliferative
response. Therefore, ICSBP is involved in regulation of cyto-
kine-induced phenotypic differentiation, apoptosis, and prolif-
eration in myeloid progenitor cells.

In mice, SHP1 deficiency accelerates myeloid differentiation
and enhances activation of mature phagocytes. Activation of
SHP2 leads to myeloid progenitor expansion in mice. These
documented effects of SHP1 and SHP2 are not mutually ex-
clusive. Our studies suggest that either PTP could impact my-
eloid progenitor hypersensitivity (through NF1 regulation) and
differentiation progression (through oxidase gene regulation)
via an effect on ICSBP tyrosine phosphorylation. ICSBP ex-
pression is frequently decreased in myeloid progenitor cells
from subjects with various myeloid malignancies, including
MDS (27). Activating SHP2 mutants have been associated with
disease progression from myelodysplasia to secondary AML
(18, 21). Our current studies suggest that the impact of de-
creased ICSBP abundance on target gene transcription would
be augmented by activated SHP2 mutants which block cyto-
kine-induced ICSBP tyrosine phosphorylation. Combining
these two leukemia-associated abnormalities would decrease
myeloid-specific gene transcription and impair down-regula-
tion of cytokine activated Ras. The net result would be differ-
entiation blockage, cytokine hypersensitivity, and sustained
cellular proliferation, all important components of the malig-
nant myeloid phenotype.
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