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Introduction

Juvenile myelomonocytic leukemia (JMML) is a rare
myelodysplastic syndrome/myeloproliferative neoplasm
(MDS/MPN) of young children, characterized by clonal
expansion of monocyte/macrophage-lineage cells and by
granulocyte macrophage-colony stimulating factor (GM-CSF)
hypersensitivity.1 JMML responds poorly to standard
chemotherapy, and allogeneic bone marrow transplant (the
only curative therapy) has a high relapse rate approaching
40%.2 GM-CSF hypersensitivity is associated with hyperacti-
vation of Ras signaling, and can result from loss-of-function
mutations in NF1 (15% of JMML cases)3 or c-CBL (10-15%),4

or gain-of-function mutations in N-RAS or K-RAS (20%)5,6 or
PTPN11 (35%).7

PTPN11 encodes the protein tyrosine phosphatase, Shp2,
which is involved in many signaling processes and is known
to promote activation of Ras-MAPK signaling through incom-
pletely understood mechanisms.8 We previously demonstrat-
ed that the leukemia-associated mutations E76K and D61Y
result in GM-CSF-stimulated hyperproliferation, Erk hyper-

phosphorylation, and Akt hyperphosphorylation.9,10

Although the role of Ras-MAPK signaling in gain-of-function
Shp2-induced GM-CSF hypersensitivity is well-established,
the contribution of phosphoinositide 3-kinase (PI3K)-Akt sig-
naling remains to be clarified.

PI3Ks are a family of lipid kinases that generate lipid second
messengers which promote proliferation, survival and migra-
tion.  Class IA PI3Ks are heterodimers composed of one reg-
ulatory subunit, p85a (or its splice variants p55a or p50a),
p85β or p55γ, and one catalytic subunit, p110a, p110β or
p110δ. The regulatory subunits function to recruit the p110
catalytic subunits to phospho-tyrosine residues on membrane
associated proteins via their SH2 domains as well as to stabi-
lize the p110 catalytic subunits, preventing their rapid degra-
dation.11 Previous mechanistic studies demonstrated that
GM-CSF induces nucleation of a protein complex at GM-CSF
receptor βc chain at tyrosine (Y) 595 and/or Y612 consisting of
Shp2, Grb2 and/or Gab2, which are able to interact with p85
leading to activation of the PI3K-Akt pathway.12-14 This means
of PI3K activation can function independently of Ras. On the
other hand, GM-CSF also induces nucleation of an alternative
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Juvenile myelomonocytic leukemia is a lethal disease of chil-
dren characterized by hypersensitivity of hematopoietic pro-
genitors to granulocyte macrophage-colony stimulating factor.
Mutations in PTPN11, the gene encoding the protein tyrosine
phosphatase Shp2, are common in juvenile myelomonocytic
leukemia and induce hyperactivation of the phosphoinositide-
3-kinase pathway. We found that genetic disruption of Pik3r1,
the gene encoding the Class IA phosphoinositide-3-kinase reg-
ulatory subunits p85a, p55a and p50a, significantly reduced
hyperproliferation and hyperphosphorylation of Akt in gain-
of-function Shp2 E76K-expressing cells.  Elevated protein lev-
els of the phosphoinositide-3-kinase catalytic subunit, p110δ,
in the Shp2 E76K-expressing Pik3r1-/- cells suggest that p110δ
may be a crucial mediator of mutant Shp2-induced phospho-
inositide-3-kinase hyperactivation. Consistently, treatment
with the p110δ-specific inhibitor, IC87114, or the clinical
grade pan-phosphoinositide-3-kinase inhibitor, GDC-0941,
reduced granulocyte macrophage-colony stimulating factor

hypersensitivity. Treatment with the farnesyltransferase
inhibitor, tipifarnib, showed that Shp2 E76K induces hyperac-
tivation of phosphoinositide-3-kinase by both Ras-dependent
and Ras-independent mechanisms.  Collectively, these find-
ings implicate Class IA phosphoinositide-3-kinase as a rele-
vant molecular target in juvenile myelomonocytic leukemia.
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protein complex consisting of Shp2, Grb2 and Sos, leading
to Ras activation14 with subsequent PI3K activation by a
direct interaction between Ras and the PI3K p110 catalytic
subunit, making this means of PI3K activation Ras-depen-
dent.15 Thus, gain-of-function Shp2 mutants may con-
tribute to PI3K activation in both a Ras-independent
and/or Ras-dependent manner. 

To investigate the potential role of Class IA PI3K signal-
ing and its potential cooperative interaction with Ras sig-
naling in gain-of-function Shp2-induced GM-CSF hyper-
sensitivity and JMML pathogenesis, we examined the con-
sequence of genetic disruption of Pik3r1, which encodes
the regulatory subunits p85a, p55a and p50a. We further
tested the effect of PI3K catalytic subunit isoform-specific
inhibitors alone and in combination with Ras inhibition
using a farnesyltransferase inhibitor on GM-CSF-
stimulated proliferation, PI3K-Akt signaling and Ras-
MAPK signaling in gain-of-function Shp2 E76K-expressing
cells.

Design and Methods

Information concerning the Design and Methods of this
study are available in the Online Supplementary Appendix.

Results and Discussion

We previously demonstrated that gain-of-function
Shp2-expressing macrophages exhibit enhanced GM-CSF-
stimulated Akt activation.9 To confirm that this increased
Akt activation results from enhanced PI3K activity, we
performed PI3K assays using murine bone marrow-
derived macrophages transduced with WT Shp2 or Shp2
E76K, and found increased [32P]-labeled PIP3 levels in Shp2
E76K-expressing cells compared to WT Shp2-expressing
cells, both at baseline and following GM-CSF stimulation
(Figure 1A). Functionally, GM-CSF-stimulated hyperprolif-
eration of Shp2 E76K-expressing cells was reduced in a
dose-dependent manner by the PI3K inhibitor, LY294002,
to the level of WT Shp2 expressing cells as assessed by
[3H]-thymidine-incorporation (Figure 1B). Furthermore,
treatment with LY294002 significantly reduced hypersen-
sitivity of Shp2 E76K-expressing cells to increasing con-
centrations of GM-CSF (Figure 1C, compare purple line to
red line).

While LY294002 inhibition of proliferation provides use-
ful insight toward the relevance of PI3K in gain-of-
function Shp2-mediated GM-CSF hypersensitivity, inter-
pretation of these data is limited as LY294002 is able to
inhibit all classes of PI3K (IA, IB, II, and III) as well as to
inhibit the function of PI3K-related protein kinases.16 To
specifically evaluate the role of Class IA PI3K in activating
Shp2-induced GM-CSF hypersensitivity, we utilized
genetically modified mice generated by Terauchi et al.
lacking expression of regulatory subunit p85a, yet permit-
ting expression of the splice variants, p55a and p50a.17 In
3 independent experiments, we observed no correction in
GM-CSF hypersensitivity of hematopoietic progenitors
expressing Shp2 E76K in the absence of p85a alone (data
not shown).  Since p55a and p50a retain the SH2 domains
which recruit the PI3K catalytic subunits (p110a, p110β
and p110δ) to membrane-associated proteins, we hypoth-
esized that ablation of p85a alone is inadequate to correct
mutant Shp2-induced GM-CSF hypersensitivity. Using a

knock-out model of Pik3r1 which results in ablation of the
splice variants p55a and p50a, in addition to ablation of
p85a,18 we observed significant but incomplete correction
of GM-CSF hypersensitivity in Shp2 E76K-expressing cells
in [3H]-thymidine-incorporation assays (Figure 2A, com-
pare purple line to red and blue  lines).  Consistently, Akt
phosphorylation at both Ser473 and Thr308 at baseline
and following GM-CSF stimulation, was significantly
reduced in Shp2 E76K-expressing Pik3r1-/- cells (Figure 2B,
compare lanes 8 to 6 and lanes 4 to 2), but not completely
eliminated.  As the PI3K-Akt pathway has previously been
shown to positively feed back to the Ras-MAPK pathway
by direct phospholipid activation of Ras15,20,21 or by Rac1/2
and Pak1 activation leading to Mek phosphorylation,22,23

we also examined phospho-Erk levels in the Pik3r1-/- cells.
As anticipated, genetic disruption of Pik3r1 resulted in a
significant reduction in Shp2 E76K-induced Erk hyper-
phosphorylation (Figure 2B, compare lanes 8 to 6 and
lanes 4 to 2), indicating that mutant Shp2-mediated PI3K
signaling affects the MAPK pathway as well.  

Although mutant Shp2-induced GM-CSF hypersensitiv-
ity was significantly reduced in cells lacking p85a, p55a
and p50a, the persistence of modest GM-CSF-stimulated
hyperproliferation suggested residual PI3K activity in
Pik3r1-deficient cells expressing oncogenic Shp2. In
Pik3r1-/- cells expressing Shp2 E76K, Akt phosphorylation
was almost completely abolished by LY294002 (Figure 2C,
compare lane 8 to 7), suggesting that the residual hyper-
proliferation of the Pik3r1-/- cells expressing Shp2 E76K
was due to persistent PI3K activation.  

One of the main functions of the PI3K regulatory sub-
units is to stabilize the p110 catalytic subunits and prevent
their degradation.11 However, given the remaining Akt
activation in the Pik3r1-/- cells which could be effectively
eliminated by LY294002, we predicted residual expression
of at least one of the catalytic subunits in the Shp2 E76K-
expressing Pik3r1-/- cells. Upon immunoblot analysis,
expression of p110β was ablated, while expression of both
p110a and p110δ persisted, albeit at substantially reduced
levels (Figure 2D, compare lanes 3 and 4 to 1 and 2, and 7
and 8 to 5 and 6).  The residual expression of p110a and
p110δ is potentially due to intact expression of the alter-
nate Class IA regulatory subunit, p85β, although we did
not observe a compensatory upregulation of p85β in the
Pik3r1-/- cells (data not shown). Notably, however, p110δ
expression was higher in the Shp2 E76K-expressing
Pik3r1-/- cells compared to the WT Shp2-expressing
Pik3r1-/- cells (Figure 2D, compare lanes 4 to 3 and 8 to 7).
Compiling results from 5 independent experiments, we
found p110δ expression to be significantly increased in the
Shp2 E76K-expressing Pik3r1-/- cells (Figure 2E). These
findings indicate preferential stabilization of p110δ in the
Shp2 E76K-expressing cells and implicate p110δ as a
potentially crucial mediator of gain-of-function Shp2-
induced hyperactivation of PI3K signaling. Although we
did not detect increased expression of p85β, it is possible
that in the absence of p85a, p110δ preferentially interacts
with p85β leading to its stabilization in Shp2 E76K
expressing cells.

Given the increased expression of p110δ in mutant
Shp2-expressing Pik3r1-/- cells, we examined the inhibito-
ry activity of the PI3K catalytic isoform-specific p110δ
inhibitor, IC8711424,25 on mutant Shp2-induced hypersen-
sitivity to GM-CSF. IC87114 significantly reduced the pro-
liferation of mutant Shp2-expressing hematopoietic cells
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in response to GM-CSF in a dose-dependent manner
(Figure 2F), further implicating p110δ as a relevant media-
tor of mutant Shp2-induced hypersensitivity to GM-CSF.
We next tested the effect of the PI3K inhibitor, GDC-0941,
which has been developed into a clinical grade pharma-
ceutical product26,27 and has highest specificity for p110a
and p110δ,28,29 and found inhibition of mutant Shp2-
expressing cells in a dose-dependent manner between 0.1
and 5 mM (Figure 2F). Importantly, while both the WT
Shp2- and Shp2 E76K-expressing cells demonstrate
reduced proliferation in response to IC87114 and GDC-
0941, higher concentrations of each drug were necessary
to significantly reduce proliferation of the WT Shp2-
expressing cells compared to the Shp2 E76K-expressing
cells (0.5 mM vs. 0.1 mM for GDC-0941 and 10 mM vs. 5
mM for IC87114, respectively), suggesting that at lower
concentrations, the mutant Shp2-expressing cells display
increased sensitivity to the PI3K isoform-specific
inhibitors. Consistent with reduced proliferation, both
IC87114 and GDC-0941 reduced GM-CSF-stimulated
hyper-phosphorylation of Akt, Erk, and Shp2 in mutant
Shp2-expressing cells (Figure 2G, compare lanes 7 and 8 to
lane 6).

As one of the hallmarks of JMML is Ras hyperactivation,
we next examined the contribution of Ras-dependent and
Ras-independent PI3K activation to mutant Shp2-induced
GM-CSF hypersensitivity and Erk and Akt hyperactiva-
tion.  This distinction has clinical relevance as the finding
of Ras-dependent only activation of PI3K would suggest
that targeting the Ras-MAPK pathway alone would suffice
to treat JMML, and that further inhibition with a PI3K
inhibitor would be redundant.  We first examined the
effect of adding Ras inhibition to genetic disruption of
Pik3r1. Consistent with previous studies, genetic disrup-
tion of Pik3r1 led to partial correction of GM-CSF-

stimulated proliferation of Shp2 E76K-expressing cells
(Figure 3A) as well as reduced phospho-Akt and phospho-
Erk (Figure 3B, compare lane 1 to lane 3). In the presence
of the Pik3r1-encoded regulatory subunits (WT cells),
addition of the farnesyltransferase inhibitor, tipifarnib,
resulted in reduced GM-CSF-stimulated hyperprolifera-
tion in a dose-dependent manner (Figure 3A, compare blue
bars) as well as reduced phospho-Akt and phospho-Erk
(Figure 3B, compare lane 1 to lane 2). However, in the
absence of Pik3r1-encoded regulatory subunits, addition
of tipifarnib did not result in a further reduction of Shp2
E76K-induced phospho-Erk or phospho-Akt beyond that
achieved by loss of the PI3K regulatory subunits (Figure
3B, compare lane 3 to lane 4). These biochemical findings
indicate that the Pik3r1-/- cells are less sensitive to Ras
inhibition than the WT cells. Consistently, tipifarnib treat-
ment reduced proliferation of Shp2 E76K-transduced
Pik3r1-/- cells by only approximately 30%, while tipi-
farnib treatment of the Shp2 E76K-transduced WT cells
induced a reduction of 50% (Figure 3A), again indicating
that the Pik3r1-/- cells are less sensitive to Ras inhibition
than the WT cells.  This reduced sensitivity to Ras inhibi-
tion suggests that the residual PI3K activity in the Pik3r1-
/- cells functions at least partially in a Ras-independent
manner.  This finding is particularly significant given the
observed increased expression of p110δ in Pik3r1-/- cells
expressing Shp2 E76K (Figure 2D and E) as p110δ, in con-
trast to p110a, can induce oncogenic transformation in a
Ras-independent manner.30

To further test the hypothesis that both Ras-dependent
and Ras-independent activation of PI3K contributes to
mutant Shp2-induced hyperproliferation and hyperactiva-
tion of Erk and Akt, we next treated Shp2 E76K-trans-
duced cells with tipifarnib plus increasing concentrations
of the PI3K inhibitor, GDC-0941 to determine if PI3K inhi-
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Figure 1. Mutant Shp2 E76K-expressing cells demonstrate hyperactivation of PI3K and sensitivity to LY294002 treatment. (A) WT Shp2-
and Shp2 E76K-transduced cells were differentiated into macrophage progenitors and assayed for PI3K activity at baseline and in response
to 10 ng/mL GM-CSF for 60 min.  Experiment repeated on 2 independent occasions. (B) Proliferation of WT Shp2- and Shp2 E76K-trans-
duced bone marrow LDMNCs in response to GM-CSF 1 ng/mL in the presence of increasing concentrations of LY294002; representative of
2 independent experiments, n=4-5, *P=0.003 and *P<0.0001 comparing WT Shp2-expressing cells in the absence to the presence of
LY294002 5 mM and 15 mM, respectively; **P<0.0001 comparing Shp2 E76K-expressing cells in the absence to the presence of LY294002
5 mM and 15 mM, statistics performed using unpaired, two-tailed Student’s t-test. (C) Proliferation of WT Shp2- and Shp2 E76K-transduced
bone marrow LDMNCs in response to increasing GM-CSF concentrations in the presence and absence of 5 mM LY294002, n=3, *P<0.05 and
**P=0.06 comparing Shp2 E76K-expressing cells in the presence (purple line) and absence of LY294002 (red line), statistics performed
using unpaired, two-tailed student’s t test.
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bition could further reduce the proliferation of tipifarnib-
treated cells. We observed that treatment of Shp2 E76K-
transduced cells with GDC-0941 in the presence of tipi-

farnib further reduced proliferation in a dose-dependent
manner (Figure 3C).  We found a corresponding reduction
of Erk and Akt activation, also in a dose-dependent man-
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Figure 2. Ablation of p85a, p55a, and p50a and inhibition with PI3K catalytic isoform-specific inhibitors normalizes gain-of-function Shp2-
induced GM-CSF hypersensitivity.  (A)  Day 14.5 WT or Pik3r1-/- fetal liver cells were transduced with WT Shp2 or Shp2 E76K and subjected
to [3H]-thymidine incorporation assays; 3 independent experiments combined with n=3 replicates per experiment, *P<0.01 for Pik3r1+/+,
Shp2 E76K (red) versus Pik3r1-/-, Shp2 E76K (purple) at each concentration of GM-CSF; statistics performed using Prentice's rank sum test
for replicated block data.19 (B)  Immunoblots demonstrating reduced phospho-Akt and phospho-Erk in Shp2 E76K-expressing Pik3r1-/- cells
compared to Pik3r1+/+ cells, experiment repeated on 3 independent occasions. (C) Immunoblots demonstrating LY294002-mediated inhi-
bition of Akt activation in Shp2 E76K-expressing Pik3r1-/- cells, experiment repeated on 2 independent occasions.  (D)  Immunoblots exam-
ining p110a, p110β, and p110δ levels in WT Shp2- and Shp2 E76K-expressing Pik3r1+/+ and Pik3r1-/- cells.  (E)  Quantitation using den-
sitometry of immunoblot analyses comparing p110δ levels in WT Shp2- and Shp2 E76K-expressing Pik3r1-/- cells normalized to total Akt
expression; n=5, P=0.02, statistics performed using unpaired, two-tailed students’ t test. (F) Proliferation of WT Shp2- and Shp2 E76K-trans-
duced bone marrow LDMNCs in response to GM-CSF 1 ng/mL in the presence of increasing concentrations of GDC-0941 or of IC87114
(p110δ-specific); representative of 2 independent experiments, n=4-5, ^P=0.001, ^P<0.0001, and ^P<0.0001 comparing WT Shp2-express-
ing cells in the absence to the presence of GDC-0941 0.5 mM, 1 mM, and 5 mM, respectively; ^^P=0.002,  ^^P<0.0001, ^^P<0.0001, and
^^P<0.0001 comparing Shp2 E76K-expressing cells in the absence to the presence of GDC-0941 0.1 mM, 0.5 mM, 1 mM, and 5 mM, respec-
tively; *P=0.005, *P<0.0001, and *P<0.0001 comparing WT Shp2-expressing cells in the absence to the presence of IC87114 10 mM, 25
mM, and 50 mM, respectively; **P=0.002,  **P=0.0005, **P<0.0001, and **P<0.0001 comparing Shp2 E76K-expressing cells in the
absence to the presence of IC87114 5 mM, 10 mM, 25 mM, and 50 mM, respectively; statistics performed using unpaired, two-tailed students’
t-test. (G) Immunoblots demonstrating reduced phospho-Akt, phospho-Erk, and phospho-Shp2 in Shp2 E76K-expressing cells treated with 0.5
mM GDC-0941 or 5 mM IC87114, experiment repeated on 2 independent occasions.  
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ner (Figure 3D).  Collectively, these findings demonstrate
that the PI3K-Akt and Ras-MAPK pathway work in con-
cert to promote GM-CSF hypersensitivity of mutant Shp2-
expressing cells.

Using genetic, pharmacological and biochemical

approaches, these data demonstrate that hyperactivated
PI3K signaling in the presence of leukemia-causing gain-
of-function mutations in Shp2 contributes to GM-CSF
hypersensitivity in both a Ras-dependent and a Ras-inde-
pendent fashion.  These findings also suggest that inhibi-
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Figure 3. Ras and PI3K inhibition cooperative-
ly normalize gain-of-function Shp2-induced GM-
CSF hypersensitivity. (A)  Proliferation of WT
Shp2- and Shp2 E76K-transduced Pik3r1+/+
or Pik3r1-/- fetal liver cells in response to GM-
CSF 1 ng/mL in the presence of increasing
concentrations of the farnesyltransferase
inhibitor, tipifarnib; representative of 2 inde-
pendent experiments, n=8, *P<0.02 compar-
ing Pik3r1+/+, Shp2 E76K versus Pik3r1-/-,
Shp2 E76K in response to 1 ng/mL GM-CSF in
the absence of tipifarnib, ^P<0.001 comparing
Pik3r1+/+, Shp2 E76K-expressing cells in the
absence to the presence of tipifarnib at 1 mM
and 5 mM; ^^P<0.005 comparing Pik3r1-/-,
Shp2 E76K-expressing cells in the absence to
the presence of 1 μM tipifarnib;  ^^^P<0.001
comparing Pik3r1-/-, Shp2 E76K-expressing
cells in the absence to the presence of 5 mM
tipifarnib; statistics performed using unpaired,
two-tailed students’ t-test. (B) Immunoblots
demonstrating p110a, p110δ, phospho-Akt,
and phospho-Erk levels in Shp2 E76K-express-
ing Pik3r1+/+ cells compared to Pik3r1-/-
cells in the absence and presence of tipifarnib,
experiment repeated on 3 independent occa-
sions. (C) Proliferation of Shp2 E76K-trans-
duced cells in response to GM-CSF 1 ng/mL in
the presence of increasing concentrations of
tipifarnib and GDC-0941; representative of 2
independent experiments, n=7, *P<0.01 and
**P<0.001 comparing GDC-0941 0.5 mM and
1 mM to no GDC-0941 in the absence of tipi-
farnib; ^P<0.005 and ^^P<0.001  comparing
GDC-0941 0.5 mM and 1 mM to no GDC-0941
in the presence of 1 mM tipifarnib; #P<0.01,
##P<0.001, and ###P<0.001 comparing GDC-
0941 0.1 mM, 0.5 mM, and 1 mM to no GDC-
0941 in the presence of 5 mM tipifarnib; statis-
tics performed using unpaired, two-tailed stu-
dents’ t-test.  (D)  Immunoblots demonstrating
reduced phospho-Akt and phospho-Erk in Shp2
E76K-expressing cells treated with increasing
concentrations of GDC-0941 in the absence
and presence of increasing tipifarnib concen-
trations, experiment repeated on 2 independ-
ent occasions.
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tion of PI3K using catalytic subunit-specific inhibitors is a
feasible way to reduce GM-CSF-stimulated Akt and Erk
hyperactivation as well as hyperproliferation in mutant
Shp2-expressing hematopoietic cells.  These results sug-
gest that PI3K signaling may represent a novel therapeutic
target for JMML, particularly using the newer classes of
catalytic subunit-specific PI3K inhibitors that target
p110δ.
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