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Dysregulated RasGRP1 Responds to Cytokine
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Enhanced signaling by the small guanosine triphosphatase Ras is common in T cell acute lymphoblastic
leukemia/lymphoma (T-ALL), but the underlyingmechanisms are unclear.We identified the guanine nucleo-
tide exchange factor RasGRP1 (Rasgrp1 inmice) as a Ras activator that contributes to leukemogenesis.
We found increasedRasGRP1 expression inmany pediatric T-ALL patients, which is not observed in rare
earlyTcell precursorT-ALLpatientswithKRASandNRASmutations, suchasK-RasG12D. Leukemiascreens
in wild-type mice, but not in mice expressing the mutant K-RasG12D that encodes a constitutively active
Ras, yielded frequent retroviral insertions that led to increasedRasgrp1 expression.Rasgrp1 andoncogenic
K-RasG12DpromotedT-ALL throughdistinctmechanisms. InK-RasG12DT-ALLs, enhancedRas activationhad
to be uncoupled from cell cycle arrest to promote cell proliferation. In mouse T-ALL cells with increased
Rasgrp1 expression, we found that Rasgrp1 contributed to a previously uncharacterized cytokine receptor–
activated Ras pathway that stimulated the proliferation of T-ALL cells in vivo, which was accompanied by
dynamic patterns of activation of effector kinases downstream of Ras in individual T-ALLs. Reduction of
Rasgrp1 abundance reduced cytokine-stimulated Ras signaling and decreased the proliferation of T-ALL
in vivo. The position of RasGRP1 downstreamof cytokine receptors aswell as the different clinical outcomes
that we observed as a function of RasGRP1 abundance make RasGRP1 an attractive future stratification
marker for T-ALL.
ienc
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INTRODUCTION

T cell acute lymphoblastic leukemia/lymphoma (T-ALL) is an aggressive
cancer of children and adults (1). Although dose-intensive therapies have
markedly improved the outcomes in children and adolescents with T-ALL,
the cure rates for adults with T-ALL remain less than 50%, and the prog-
nosis is poor for patients that relapse at any age (1, 2). Modern genotoxic
treatment regimens also carry a substantial risk of treatment-related toxic-
ity or adverse late effects (3). Thus, the development of more effective and
less toxic therapeutic agents that are based on the underlying molecular
pathogenesis is a high priority. However, T-ALL is a heterogeneous dis-
ease with diverse and complex cytogenetic abnormalities (4–6) and variable
developmental stages (7), which likely will complicate the identification
of universal target molecules. Gene expression microarray studies also
point to distinct developmental stages in T-ALL (8). In contrast to the suc-
cessful stratification of diffuse large B cell lymphomas (9), attempts to
1Department of Anatomy, University of California, San Francisco, San Francisco,
CA 94143, USA. 2Department of Chemical Engineering, Massachusetts Institute
of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA. 3De-
partment of Pediatrics, University of California, San Francisco, San Francisco, CA
94143, USA. 4Department of Pathology, University of New Mexico School of
Medicine, MSC 10 5590, Albuquerque, NM 87131, USA. 5Department of Pedi-
atrics, University of New Mexico School of Medicine, MSC 10 5590, Albuquerque,
NM 87131, USA. 6Department of Chemistry, Massachusetts Institute of Technol-
ogy, Cambridge, MA 02139, USA. 7Department of Biological Engineering, Mas-
sachusetts Institute of Technology, Cambridge, MA 02139, USA. 8Department
of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139,
USA. 9Institute for Medical Engineering and Science, Massachusetts Institute
of Technology, Cambridge, MA 02139, USA. 10Department of Immunology, Uni-
versity of California, San Francisco, San Francisco, CA 94143, USA.
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stratify T-ALL on the basis of developmental markers have not yet been
fruitful (4, 10–12).

Enhanced signaling by the small guanosine triphosphatase (GTPase)
Ras is implicated in the pathogenesis of ~50% of T-ALL cases (13), but
the molecular mechanisms causing aberrant Ras signaling in T-ALL are
not well understood. Ras is normally activated by guanosine triphosphate
(GTP) loading by Ras guanine nucleotide exchange factors (RasGEFs),
which include Son of Sevenless (SOS), Ras guanine nucleotide–releasing
protein (RasGRP), and Ras guanine nucleotide–releasing factor (RasGRF)
(14). The intrinsic, deactivating GTPase activity of Ras is strongly enhanced
by critical inhibitors of Ras, the Ras GTPase-activating proteins (RasGAPs)
(15). Somatic mutations in the gene encoding Ras that result in an accumu-
lation of the GTP-bound form of the Ras protein are among the most fre-
quent oncogenic lesions in metastasizing disease (16). Biochemically, these
mutations, such as K-RasG12D, lead to a severely impaired GTPase activity
of Ras (17) that is no longer enhanced by RasGAPs. For unknown reasons,
somatic NRAS and KRAS mutations are relatively rare in T-ALL (18–20),
accounting for only ~10% of T-ALL cases, which leaves a large proportion
of the T-ALL cases with enhanced Ras activation (13) that are unexplained.

Three studies have uncovered important insights regarding the role of
Ras and cytokine signaling in T-ALL. Whole-genome sequencing re-
vealed that NRAS and KRAS mutations, as well as activating mutations
in Janus activating kinase 1 (JAK1) and JAK3 or activating mutations in
IL7R [which encodes the interleukin-7 receptor (IL-7R)], occur with much
higher frequency in a specific subtype of T-ALL, early T cell precursor
(ETP) T-ALL, which is typically associated with a poor clinical outcome
(21). Biochemically, these T-ALL IL-7R mutations result in constitutive
activation of the kinase JAK1 downstream of the receptor independently
of IL-7 binding, which leads to cellular transformation and tumor formation
(22). The connection between IL-7 and T-ALL was further substantiated
w.SCIENCESIGNALING.org 26 March 2013 Vol 6 Issue 268 ra21 1
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in a third study that showed that the proliferation of xenografted patient
leukemia cells in the bone marrow and leukemia-associated morbidity are
diminished in a mouse model that is deficient in IL-7 (23).

In contrast to ETP T-ALL (21), somatic RAS mutations are relatively
rare in most T-ALL (18–20); however, Ras signaling is aberrantly high in
50% of cases (13). With analyses of pediatric T-ALL patient samples, in-
vestigation of common integration sites (CIS) in mouse leukemia virus
screens, and biochemical assays aided by in silico methods, we found that
Rasgrp1 is a frequently affected RasGEF in T-ALL. We found that
increased Rasgrp1 protein abundance contributed to Ras activation in
T-ALL in a manner that was biochemically distinct from that induced
by oncogenic K-RasG12D mutations. Increased Rasgrp1 abundance alone
resulted in only weak, basal Ras signaling that did not trigger cell cycle ar-
rest. Instead, we found that increased Rasgrp1 abundance cooperated with
cytokine receptor signaling to activate Ras and stimulate leukemogenesis.
Last, we observed a high degree of heterogeneity in the activation of ki-
nase pathways downstream of Ras, as well as evidence for plasticity in
prosurvival signaling pathways in response to perturbations in Rasgrp1.
We discuss how our data contrasting enhanced Rasgrp1 abundance with
oncogenic K-RasG12D mutations provide new hypotheses and potential tar-
gets that can be exploited in the future to better understand how to inter-
vene with different types of T-ALL Ras signaling with molecularly targeted
therapeutic agents.
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RESULTS

Computational analysis predicts that increased RasGRP
catalytic rate results in enhanced Ras activation,
whereas T-ALL patients display an extensive range in
RasGRP1 mRNA abundance
Through computational analyses and cellular assays, we previously dem-
onstrated that the RasGEF Rasgrp1 is necessary and sufficient to trigger
Ras activation in lymphocytes, in contrast to Sos1, a Ras activator that
functions best when Rasgrp1 is also present (24). To better understand
how enhanced Ras signaling occurs in 50% of T-ALL cases, we used com-
putational methods to simulate the activity of Rasgrp1. Given the identi-
fication of NRAS and KRAS mutations in ETP T-ALL (21), which occur
with only low frequency in other T-ALLs (18–20), we explored what other
biochemical events could, in principle, explain the enhanced Ras signaling
in ~50% of T-ALL cases (13). We used our established computational mod-
els (fig. S1A) that stochastically simulate the Ras activation-deactivation
cycle through Rasgrp, SOS, and RasGAP (24). To mimic NRAS or KRAS
mutations that impair the GTPase activity of Ras (17), we decreased either
the catalytic rate or the concentration of RasGAP in our model. As ex-
pected from the established inhibitory function of RasGAPs in the Ras
activation-deactivation cycle (15), both impairments in RasGAP (catalytic
activity and concentration) were predicted to lead to increases in the
steady-state abundance of RasGTP at low, basal amounts of SOS (Fig. 1,
A and B). These predictions remained the same when the constant amount
of SOS activity was increased (fig. S1, B and C).

Next, we performed several perturbations of Rasgrp and SOS, and we
noted that increases in the catalytic rate of Rasgrp also predicted substan-
tial correlative increases in RasGTP abundance (Fig. 1A). In contrast, when
we merely increased the number of Rasgrp molecules in the simulation, it
did not increase the abundance of RasGTP accordingly, indicating that
there was a parameter, in addition to the Rasgrp concentration, that was
rate-limiting (Fig. 1B). As before (24), we used our computational models
to formulate new hypotheses in this study, focusing on predictions of ma-
jor characteristics. However, we did not concentrate on fitting the models
ww
to the biological data in terms of specific amplitude and timing of re-
sponses or specific concentrations of signaling molecules.

Increased RasGRP1 mRNA abundance has been reported in micro-
array studies of primary human T-ALLs and cell lines (19, 25, 26). In con-
trast, RasGRP1 expression is decreased in the ETP T-ALL subtype (21).
We found that established human T-ALL lines exhibited a range of RasGRP1
protein abundance, showing up to a 10-fold increase compared to that in
normal human T lymphocytes (Fig. 1C). These T-ALL lines represent a
range of developmental stages on the basis of their cell-surface markers
(27). When we examined primary patient samples, we confirmed the pub-
lished microarray studies with real-time reverse transcription polymerase
chain reaction (RT-PCR) analysis of 11 pediatric T-ALL patients. Six pa-
tients had increased RasGRP1 mRNA abundance, whereas five patients
had RasGRP1mRNA abundance that was similar to those of normal bone
marrow donors (Fig. 1D). A similar small-scale survey also identified high
RasGRP1 expression in three of six T-ALL patients (28).

We subsequently investigated the expression patterns of all eight RasGEFs
through the analysis of microarray data from 107 pediatric patients that
were enrolled in the Children’s Oncology Group (COG) studies 9900/9404
and AALL03B1/AALL0434. We observed a 128-fold range in RasGRP1
expression (from 24 to 211 in normalized array intensities, Fig. 1E). This ex-
tensive expression range was unique to RasGRP1 and was not seen for the
genes encoding the other seven RasGEFs (Fig. 1F). Graphing the extent of
RasGRP1 expression as a function of clinical outcome revealed an inverse
correlation. With an arbitrary cutoff, 7 of 14 (50%) of patients that had
low RasGRP1 expression failed to achieve a first remission (induction fail-
ure) with treatment in the two clinical trials (Fig. 1G), whereas most of the
patients with high RasGRP1 expression (88 of 93, or 95%) went into re-
mission followed by a relapse or into complete continuous remission.

Rasgrp1 integrations are highly prevalent in mouse
T-ALLs generated by retroviral insertional mutagenesis
We next examined two independent mouse leukemia screens and identi-
fied Rasgrp1 as a CIS. In the first retroviral insertion mutagenesis (RIM)
screen, T lineage leukemias were induced by SL3-3 mouse leukemia virus
insertions in BALB/c mice. Fathers of SL3-3–infected mice were treated
with the N-ethyl-N-nitrosourea (ENU) mutagen (29) to generate random
mutations in the genome before being infected with leukemia virus. In 237
leukemias, CIS were found within ~159 kb of Rasgrp1, a frequency simi-
lar to that of the leukemia-associated oncogenes Evi5, Notch1, and pvt1
(Fig. 2A). As an example, Notch1 expression becomes activated by both
retroviral CIS and point mutations in mouse T-ALL (30), and Notch1 is a
very common target of somatic mutation in human T-ALL (31). In con-
trast to the abundant SL3-3 CIS in Rasgrp1, we found only one insertion
each in Rasgrp4 and Rasgrf1, but none in the genes encoding the other
five RasGEFs from a total of 6234 mapped integrations (Fig. 2B). Despite
our predicted effects of reduced RasGAP activity or abundance leading to
increased Ras activation (Fig. 1), we observed very few insertions in genes
encoding RasGAPs (Fig. 2C). Consistent with this finding, inactivation of the
RasGAP-encoding NF1 occurs infrequently in pediatric T-ALL (32), al-
though these results may reflect the lower statistical chance of interrupting
the coding region of the genes of inhibitors such as RasGAP proteins.
Most of the Rasgrp1 insertions mapped to the promoter region, some
to intron 1, and one single SL3-3 tag marked the 3′ untranslated region
(Fig. 2D and figs. S2, A and B, and S3).

CIS in Rasgrp1 have been reported in other RIM screens of smaller
scale (see fig. S2B for CIS positions) (33–35). Transgenic overexpression
of Rasgrp1 causes thymic lymphomas in mice (36), and retroviral overex-
pression of Rasgrp1 in bone marrow cells followed by transplantation into sub-
lethally irradiated recipient mice results in T-ALLwith CD3lowCD4+CD8+Thy1+
w.SCIENCESIGNALING.org 26 March 2013 Vol 6 Issue 268 ra21 2
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leukemic T cells (28), but the mechanisms by which Rasgrp1 contributes
to leukemogenesis have not been explored. In normal thymocytes, Rasgrp1
mRNA amounts are dynamic during development (37) and are reduced
in response to T cell receptor (TCR) stimulation (38). To investigate the
effect of CIS in Rasgrp1, we first generated clonal T-ALL cell lines from
primary leukemia tumors and subsequently derived daughter cell lines in
which we targeted Rasgrp1 or Sos1 expression with lentiviruses ex-
ww
pressing specific short hairpin RNAs (shRNAs). This panel of cells also
included two T-ALL cell lines (numbers 55 and 98) that had SL3-3 inte-
grations in loci other than Rasgrp1, and displayed similar amounts of the
TCR, CD4, and CD8 developmental markers to those of T-ALL cell lines
with Rasgrp1 insertions (Fig. 2E and fig. S3, B and C). The SL3-3 Rasgrp1
CIS T-ALL cell lines demonstrated increased amounts of Rasgrp1 mRNA
in comparison to those of the SL3-3 T-ALL 98 cell line (Fig. 2E and fig.
Fig. 1. Increased RasGRP1 abundance is
a common feature of human T-ALL. (A and
B) In silico prediction of the effect of changing
(A) the catalytic rates and (B) the concentra-
tions of RasGAP and RasGRP1 on Ras acti-
vation. The SOS concentration was set at a
basal amount (5 simulation concentration
units). Each data point reported represents
the average of 10,000 simulation trajec-
tories at 200 simulation time units. The error
bars indicate SDs, which measure cell-to-
cell variability. Qualitatively similar results
were observed when the SOS concentra-
tion was increased from 5 to 15 (see fig.
S1, B and C). (C) Western blotting analysis
of RasGRP1 protein abundance in a panel
of established human T-ALL lines with
abundance in normal T cells arbitrarily set
at 1. Data are representative of three
independent experiments. (D) Real-time
RT-PCR analysis of RasGRP1 expression
in bone marrow samples of pediatric T-ALL
patients (T; 18 years or younger) or healthy
donors (N). RasGRP1 mRNA abundances
were normalized to those of GAPDH, and
RasGRP1 expression was arbitrarily set to
1.0 in the sample from healthy donor N-1.
(E and F) Standard Affymetrix analyses
were used to generate and normalize sig-
nal intensities of RasGRP1 mRNA abun-
dances in samples from 107 pediatric
patients enrolled in the COG studies
9900/9404 and AALL03B1/AALL0434.
Analyses of robust multichip average
(RMA)–normalized data were plotted and
indicated a statistically significant 128-fold
range in the abundance of RasGRP1
mRNA, but not of any other RasGEF mRNA.
(G) RasGRP1 mRNA abundance plotted
as a function of clinical outcome. Low
RasGRP1 mRNA abundance correlated
with induction failure (IF). Patients with
greater RasGRP1 mRNA abundance in
general went into remission followed by re-
lapse (RE) or displayed complete continu-
ous remission (CCR).
A B
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S3C). Together, these data demonstrate that retroviral CIS in Rasgrp1 are
uniquely frequent and result in dysregulated, enhanced Rasgrp1 expres-
sion in mouse T-ALL.

Dysregulated Rasgrp1 and K-RasG12D are mutually
exclusive and cause distinct Ras activation as well
as in vitro and in vivo proliferative patterns
We also observed Rasgrp1 CIS in three of six T-ALLs in a second, smaller
screen with MOL4070 retrovirus in wild-type C57BL/6/129SvJ mice, and
we generated the C6 and C7 MOL4070 T-ALL cell lines. In contrast, 46
T-ALLs from the same MOL4070 RIM screen performed in mice with a
genetic K-RasG12D mutation (39) did not harbor any Rasgrp1 CIS, sug-
gesting that oncogenic K-RasG12D mutations and insertions in Rasgrp1 do
not have additive effects in leukemogenesis.

Similar to the regulation of its mRNA, Rasgrp1 protein abundance is
also regulated in a dynamic manner and decreases after the maturation of
www.SCIENCESIGNALING.org
normal developing T cells (40, 41). In agree-
ment with the effects of CIS in Rasgrp1
on its mRNA abundance, Rasgrp1 protein
amounts were about four- to sixfold greater
in all murine T-ALL with Rasgrp1 CIS than
in normal total thymocytes and lymph node
T cells (Fig. 3A and fig. S3D), differences
that are similar in magnitude to what we ob-
served for human T-ALL lines (Fig. 1C). In
contrast, Rasgrp1 protein was low in abun-
dance in the T-ALL 55 and 98 cell lines,
which had similar amounts of the markers
TCR, CD4, and CD8, but had other CIS, not
in Rasgrp1 (fig. S3D). Rasgrp1 protein was
practically undetectable in all six K-RasG12D

T-ALL lines (Fig. 3A and fig. S3D). Five
of these six K-RasG12D T-ALL lines had
undetectable cell-surface TCR, indicative
of these cell lines being at an earlier devel-
opmental stage than the other cell lines
examined. This mirrors the human disease
with RAS mutations and the early develop-
mental stage of ETP T-ALL (21). It is pos-
sible that Rasgrp1 protein is undetectable
in ETP T-ALL types (21) because, normal-
ly, early thymocyte subsets express low amounts
of Rasgrp1 (40, 41). Thus, our panel of mu-
rine T-ALL lines spans different develop-
mental stages, similar to what has been
reported for human T-ALL lines (27) and in
agreement with the apparent variation in the
developmental stages of primary T-ALL in
patients (4, 7, 8, 10–12).

Our panel of cell lines from SL3-3–
induced leukemias with Rasgrp1 integra-
tions and cell lines from MOL4070-induced
K-RasG12D mutant and wild-type leukemias
enabled us to directly compare the biochem-
ical effects of dysregulated Rasgrp1 and
oncogenic K-RasG12D expression on Ras, as
well as explore potential differences in the
underlying molecular mechanisms of the
associated T lineage leukemogenesis. We
first examined the amounts of RasGTP in
these clonal T-ALL lines under basal, serum-free conditions. As antici-
pated from their impaired GTPase function (17), all K-RasG12D T-ALL cell
lines had increased amounts of GTP-loaded Ras in the basal state com-
pared to that of Rasgrp1 T-ALL cell lines (Fig. 3A). In contrast, Rasgrp1
T-ALL lines displayed only low amounts of RasGTP under basal con-
ditions, which were further reduced in a T-ALL daughter line in which
Rasgrp1 abundance was reduced by 57% by Rasgrp1-specific shRNA
(fig. S3E).

Paradoxically, strong oncogenic signals can trigger cell cycle arrest and
promote apoptosis, and the p53–p21 CDK-interacting protein (p21CIP)
arrest pathway plays a central role in this response (42, 43). This pathway
can be induced by robust signals from Myc or Ras oncogenes and by
DNA damage, and it is often disrupted in cancer (42, 43). On the basis
of the different extents of basal Ras signaling in our T-ALLs, we hypothe-
sized that K-RasG12D and Rasgrp1 T-ALL might show distinct patterns of
cell cycle arrest. Indeed, the phosphorylation of p53 and the production of
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termined by real-time RT-PCR, was arbitrarily set at 1.0. Data are means and SEs from three independent
experiments.
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Fig. 3. Rasgrp1 and K-RasG12D oncogenes induce Ras activation to different
extents anddriveproliferation in distinctmanners. (A) Analysis of basal RasGTP
andRasgrp1abundances in the indicatedRasgrp1andK-RasG12DT-ALL lines.
Only 20% of the RasGTP pull-downmaterial was loaded for all K-RasG12D lines
to remain in the dynamic range for quantification by Western blotting analysis,
whichwas latercorrectedbya factorof 5. TheabundanceofRasGTP in1156S-O
cells was arbitrarily set to 1.0 by normalizing to the abundance of a-tubulin
protein. (B) Analysis of the p53-p21CIP cell cycle arrest pathway in the indicated
T-ALL lines. Phosphorylated p53 (pp53) was measured 6 hours after seeding
the cells in culture medium, whereas p21 abundance was determined after
24 hours. Protein loading controls and positive controls for cell cycle arrest
triggeredbydoxorubicin arepresented in fig. S4. (C) In vitro proliferation assays
ww
were performedwith cells incubated over a 100-hour periodwith completeme-
dium(condition1,brown),mediumwith20%ofnormal serumcontent (condition
2, orange), or completemediumwith doxorubicin (condition 3, blue). Cellswere
seededat 106/ml, and live cellswere counted over theperiod. A combination of
IL-2, IL-7, and IL-9was added to the culturemedium to ensure sufficient growth
factor presence. For additional growth curves andmeasurement of proliferation
in theabsenceof cytokines, see figs. S4andS5.Data in (A) to (C)are represent-
ative of three or more experiments. (D) Analysis of the in vivo proliferative
potential of K-RasG12D and Rasgrp1 T-ALL cells. T-ALL cells (1 × 105) were
injected subcutaneously into nude mice, and proliferation was determined by
measuring tumor volume (in cm3) over time. For additional images and growth
curves, see fig. S6. Each curve is derived from a single mouse.
w.SCIENCESIGNALING.org 26 March 2013 Vol 6 Issue 268 ra21 5

http://stke.sciencemag.org


R E S E A R C H A R T I C L E

 on M
arch 26, 2013 

stke.sciencem
ag.org

D
ow

nloaded from
 

the p53 target p21CIP were constitutively induced in the K-RasG12D T-ALL
cell lines 6, 3, and 51 (Fig. 3B). In a second group of K-RasG12D T-ALL
cell lines (which included lines 9, 15, and 7), we did not observe triggering
of the expected p53-p21CIP arrest pathway. In contrast, the abundances of
phosphorylated p53 and of p21CIP were very modest in all Rasgrp1 T-ALL
lines that had low amounts of RasGTP under basal conditions (Fig. 3B
and fig. S4). As a positive control, we showed that the p53-p21CIP path-
way was stimulated by doxorubicin-induced DNA damage in T-ALLs
(fig. S4, A and B).

These distinct biochemical features were reflected in different cellular
proliferative patterns in vitro. The K-RasG12D T-ALL cell lines 6, 3, and 51
underwent apoptosis and cell death in the absence of exogenous growth
factors, as measured by staining with annexin V– or with annexin V and
propidium iodide (PI) (fig. S4C). These same cell lines showed modest
proliferation in vitro that depended on the presence of IL-2, IL-7, and
IL-9 in the culture medium (Fig. 3C and fig. S5). The K-RasG12D T-ALL
cell lines 9, 15, and 7 and all of the Rasgrp1 T-ALL lines showed little
apoptosis and cell death (fig. S4, D and E), which resulted in exponen-
tial cellular proliferation in vitro even in the absence of cytokines or when
the amount of fetal calf serum in the medium was reduced (Fig. 3C and
fig. S5).

To investigate the basal proliferative potential of these cell lines in vivo,
we transplanted nude mice subcutaneously with T-ALLs because this
region of the mouse represents a nonhematopoietic site that typically lacks
abundant growth factors. Nude mice are also immunocompromised, which
enabled us to make a direct side-by-side comparison of T-ALL lines
derived from mice with different genetic backgrounds (BALB/c and
C57BL/6/129). In agreement with our earlier in vitro data, we found that
mice injected with the K-RasG12D T-ALL 3 and 6 cell lines never devel-
oped tumors subcutaneously, whereas all eight mice that received the
K-RasG12D T-ALL 9 or 15 cell lines developed palpable tumors after 12
to 14 days (Fig. 3D and fig. S6). Eight of the 10 mice that were injected
with two independent Rasgrp1 T-ALL cell lines (1156S-O and 1713S-N)
also developed tumors (Fig. 3D and fig. S6). We reduced the abundance
of Rasgrp1 in 1156S-O cells by 57% (by infecting them with retrovirus
expressing Rasgrp1-specific shRNA) and found that this decreased the
incidence of tumors in transplanted mice compared to mice transplanted
with 1156S-O cells expressing green fluorescent protein (GFP) (Fig. 3D
and fig. S6). Thus, increased Rasgrp1 abundance contributed to T-ALL
cell proliferation and tumor development in vivo. We did not observe the
antiproliferative effects of Rasgrp1-specific shRNA in T-ALLs in vitro at
the 96-hour time point (fig. S5), which indicated that the in vivo assays
were more stringent tests of growth potential.

Reduced Rasgrp1 abundance retards T-ALL
development in hematopoietic organs
Cytokines play an important role in leukemogenesis and leukemia pro-
gression, and transgenic overexpression of IL-7 or IL-9 promotes these
processes in mouse models (44, 45). These studies were further substan-
tiated by the identification of activating mutations in the gene encoding
IL-7R in T-ALL patients (21, 22). Cytokine receptors of the common
g-chain family relay signals through the common g chain to promote the
proliferation and survival of T-ALLs in response to stimulation by their
cytokines (46, 47). Part of this cytokine receptor response occurs through
the JAK–signal transducer and activator of transcription (STAT) axis (48),
which can be involved in T-ALL patients (49), although other pathways
could also play a role. To first test whether our T-ALL cell lines were
subject to autocrine cytokine stimulation, we examined the expression of
IL2, IL7, and IL9 in our clonal lines that were grown in log phase in tissue
culture. The K-RasG12D T-ALL 3 and 6 cell lines, which had impaired
ww
proliferation (Fig. 3), had relatively large amounts of IL2 and IL7 mRNAs
and small amounts of IL9mRNA, as measured by real-time RT-PCR anal-
ysis, with the amounts of IL9mRNA slightly increased compared to those
of activated CD4+ T cells (Fig. 4, A and B). In contrast, the amounts of
these cytokine mRNAs were negligible in all other T-ALL lines (Fig. 4A)
in vitro and after being transplanted subcutaneously into mice, and were
not affected by knockdown of Rasgrp1 (Fig. 4C), indicating that autocrine
stimulation of cells through IL-2, IL-7, or IL-9 production did not play a
substantial role in the proliferative responses of our T-ALL lines.

We reasoned that cell proliferation could be stimulated by cytokines
produced by stromal cells. To test this hypothesis, we injected Rasgrp1
T-ALL lines into the mouse circulatory system. Similar to what is ob-
served in T-ALL patients, Rasgrp1 T-ALL cell lines preferentially prolif-
erated in the hematopoietic organs of injected mice. Two weeks after the
introduction of 4000 cells into recipient mice, we observed large percent-
ages of GFP-marked 1156S-O and 3397S-E T-ALL cell lines in the bone
marrow and livers (Fig. 4D and fig. S7B). Knocking down Rasgrp1 in
1156S-O T-ALL cells by 57% with shRNA before being injected into
mice (Fig. 5B) significantly reduced the frequency of GFP+ cells in the bone
marrow and liver compared to that of control mice injected with cells in
which Rasgrp1 had not been knocked down (Fig. 4D, P = 0.011 and P =
0.007, respectively). Knockdown of Rasgrp1 by 37% in 3397S-E T-ALL
cells resulted in a similar trend in the bone marrow, although autofluores-
cence interfered with the lower amounts of GFP in this T-ALL line, par-
ticularly hindering the analysis in the liver (fig. S7, A and B). Knockdown
of Rasgrp1 was relatively stable in vivo and extended the mean survival
times of mice transplanted with 1156S-O T-ALL cells (fig. S7, C and D).

Histological examination of blood smears indicated an increased pro-
portion of circulating blasts in the peripheral blood of mice injected with
1156S-O T-ALL cells compared to that of mice injected with 1156S-O
cells in which Rasgrp1 was knocked down by shRNA (Fig. 4E). Similarly,
hematoxylin and eosin (H&E) and Rasgrp1 staining indicated a high
T-ALL burden in the bone marrow and livers of these mice. Morpholog-
ically homogeneous T-ALL blasts that were positive for Rasgrp1 in the
bone marrow resulted in a concomitant loss of cellular heterogeneity in
the bone marrow (for example, notice the decrease in megakaryocytes).
Similarly, T-ALL cells also efficiently proliferated in the liver and caused
destruction of the normal hepatocyte network (Fig. 4F). This pathology
was substantially reduced when Rasgrp1 was knocked down in the in-
jected cells (Fig. 4F). These results demonstrate that reducing Rasgrp1
abundance, even only partially, retards tumor growth in vivo, suggesting
that Rasgrp1 might be an attractive target molecule for future cancer
therapy.

Increased Rasgrp1 abundance enhances the
responsiveness of cells to diacylglycerol stimulation
Basal amounts of RasGTP are only modestly increased in Rasgrp1 T-ALL
cell lines; however, all of these cell lines exhibit substantial proliferative
responses in vitro. In normal lymphocytes, the membrane recruitment and
activation of Rasgrp1 depends on diacylglycerol (DAG), a second mes-
senger that is produced by phospholipase Cg (PLC-g) (50). To test wheth-
er Rasgrp1 T-ALL lines were responsive to DAG, we stimulated them
with phorbol 12-myristate 13-acetate (PMA), a synthetic version of
DAG, and monitored the activation of Ras. PMA most stimulated the pro-
duction of RasGTP when Rasgrp1 abundance was high. Induction of
RasGTP was more modest in a control T-ALL 55 cell line without CIS
in Ras-related genes coming from the same SL3-3 screen, and RasGTP
was also reduced in T-ALL lines expressing Rasgrp1-specific shRNA
(Fig. 5, A to C). The amount of Rasgrp1 in all of the T-ALL cell lines
also directly correlated with the extent of phosphorylation (and activation)
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Fig. 4. Potential role of cytokine
signaling in Rasgrp1 T-ALL. (A
and B) We used real-time RT-
PCR analysis to measure the
abundances of IL2, IL7, and IL9
mRNAs in the indicated T-ALL
cell lines that were maintained
in an exponential log phase in
tissue culture in complete medi-
um. In (B),CD4+Tcells thatwere
activated with PMA and ionomy-
cin were used as a positive con-
trol for IL9 expression. Relative
mRNA abundances are plotted
as the log2 of the inverse function
of the DCT (difference in cycles),
normalized to the abundance of
GAPDHmRNA. Data are means
and SEs from three independent
experiments. (C) Real-time RT-
PCRanalysis of cytokinemRNAs
from T-ALL that proliferated sub-
cutaneously in nude mice.
Means (horizontal bars) and
abundances in individual tumors
(symbols) are plotted. (D) Quan-
tification of the frequencyofGFP-
containing (GFP+) T-ALL cells in
individual mouse organs as
determined by flow cytometric
analysis.Fivemiceofeachgroup
were injected with 4000 T-ALL
cells andwere analyzed 14days
later. See fig. S7 for results with
the 3397 T-ALL cell line. Data
are representative of two inde-
pendent experiments, and each
dot represents an individual
mouse. Note the statistically sig-
nificant reduction inGFP+ cells in
the bone marrow and liver when
Rasgrp1 was knocked down
with shRNA (P < 0.05). (E and
F) Histological analysis of T-
ALL. (E) H&E staining of blood
smears at 17 days after sub-
cutaneous injection for GFP-
labeled 1156S-O-GFP T-ALL
demonstrated a high frequency
of T-ALL cells circulating in the
blood (blue cells). Injection of
20,0001156S-O-shRNARasgrp1
cells resulted in fewer T-ALL in
the blood, monitored at 22 days
after injection. (F) Bone marrow
and liver sections from themice
in (D) were analyzed for bone

marrow and liver morphology, as well as the presence of T-ALL blasts and Rasgrp1 abundance, by H&E and Rasgrp1 staining. Representative images
are shown from three mice for each condition tested.
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of the mitogen-activated protein kinase (MAPK) extracellular signal–
regulated kinase (ERK), which is downstream of the RasGTP–Raf kinase–
MEK (mitogen-activated or extracellular signal–regulated protein kinase
kinase) pathway (fig. S8, A to G).

Because DAG amounts and turnover play a role in controlling Rasgrp-
induced Ras activation in normal lymphocytes (51), we used our compu-
tational model (Fig. 1) to explore the effects of incrementally increasing
the amounts of Rasgrp and DAG in T-ALL. Jointly varying the concen-
trations of both components, while keeping SOS at a fixed amount of 5 or
15, predicted a strong cooperation between the increased amounts of
Rasgrp and of the second messenger DAG in the simulations (Fig. 5, D
and E). Note that both concentrations of SOS resulted in sigmoid curves
for RasGTP abundances as a function of DAG and Rasgrp concentrations,
predicting that there is a threshold phenomenon for DAG-Rasgrp-Ras
signaling in T-ALL. These simulations led us to suggest the hypothesis
that sufficient amounts of basal DAG or newly generated DAG in re-
sponse to upstream receptor signals might be required for the effect of
increased Rasgrp1 abundance in T-ALL.

The amount of Rasgrp1, but not of Sos1,
determines the strength of the cytokine-Ras response
In normal lymphocytes, RasGRP1 and SOS1 are recruited to the plasma
membrane and cooperate to activate Ras when the TCR or B cell receptor
(BCR) is stimulated; however, RasGRP1 is dominant over Sos1 (52).
www.SCIENCESIGNALING.org
The dominant effect of RasGRP1 can be
explained by the fact that the RasGRP1-
generated RasGTP not only transmits sig-
nals to its downstream effectors, such as
the kinase Raf, but also exponentially en-
hances the GEF activity of SOS by binding
to SOS and allosterically activating SOS
so that much more RasGTP is produced
(24, 52, 53). Thus, the allosteric activation
of SOS is facilitated by RasGRP1. To pre-
dict how receptor signals might influence
Ras activation in our T-ALL, we incor-
porated receptor input into our computa-
tional models, following Riese et al. (51),
and determined RasGTP abundance as a
function of increasing concentrations of
Rasgrp and increasing receptor signal input
at simulation time units of t = 5 and 15
(Fig. 6, A and B). The resultant sigmoid
curves indicated that once Rasgrp concen-
trations surpass a certain threshold, in these
particular cases for arbitrary amounts of
Rasgrp greater than ~100 simulation con-
centration units, RasGTP is generated very
efficiently in the context of receptor stimu-
lation. Moreover, and conversely, it was pre-
dicted that when the amount of Rasgrp
drops below this threshold (for example,
when Rasgrp = 50 or 75 units; Fig. 6, A and
B), RasGTP generation will be very lim-
ited, even when signal input is substantial.

To test these predictions and to mimic
the exposure of T-ALL to physiological
stimuli such as growth factors produced
by stromal cells, we stimulated our cell lines
with a cocktail of the cytokines IL-2, IL-7,
and IL-9. Such stimulation resulted in strong RasGTP production in
Rasgrp1 T-ALL (Fig. 6, C to E). The shRNA-dependent knockdown of
Rasgrp1 by 55 and 48% in 1156S-O and T-ALL C6 cells, respectively,
resulted in markedly reduced cytokine-induced amounts of RasGTP com-
pared to those in control cells (Fig. 6, D and E), suggesting that Rasgrp1
responds to a cytokine receptor–induced signaling pathway. Note that
these cytokine-induced Rasgrp1-RasGTP responses were transient and
that the amounts of RasGTP generated were lower than the basal amounts
of RasGTP in the K-RasG12D T-ALL 3 line. In addition, a combination of
IL-2, IL-7, and IL-9 enhanced the already increased amount of RasGTP in
the K-RasG12D T-ALL 3 cell line (Fig. 6C).

Sos1 is found in our T-ALL lines (Fig. 6, C to E) and is presumably
recruited to stimulated cytokine receptors through the adaptor molecules
Shc and Grb2, which link the receptors to SOS, so it can activate membrane-
bound Ras (54). Our previous work suggested that Rasgrp transduces
essential low-level receptor signals to Ras in an analog manner until a
threshold of receptor input is reached, at which point the character of the
Ras activation is altered because SOS is also engaged, which results in
digital Ras signals or a sharp threshold that separates weaker signaling
from strong signaling (24, 55). This does not mean that Rasgrp alone can-
not generate strong Ras signals. For example, here we predicted (Fig. 1)
that for T-ALL, complete removal of SOS (SOS = 0) still enabled the gen-
eration of substantial amounts of RasGTP, provided that the simulation
concentration units of Rasgrp1 were sufficiently high (>~100). However,
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Fig. 6. The abundance of Rasgrp1,
but not of Sos1, is important for
cytokine-induced Ras activation
in T-ALL. (A and B) RasGTP pro-
duction as a function of Rasgrp con-
centration and receptor input at
(A) t = 5 simulation time units and
(B) t = 15 simulation time units.
Each data point represents the av-
erage of 10,000 simulation trajec-
tories. (C to E) Cytokine stimulation
induces strong, but transient, Ras
activation in the Rasgrp1 1156S-O
and C6 T-ALL cell lines and en-
hanced production of RasGTP in
the K-RasG12D T-ALL 3 cell line.
Lentivirally expressed shRNA led
to Rasgrp1 knockdown in 1156S-O
and T-ALL C6 by 55 and 38%, re-
spectively, which resulted in de-
creases in cytokine-induced RasGTP
abundance. Note that Sos1 abun-
dance was unchanged. (F) Computa-
tional predictions of receptor-induced
Ras activation as described in (A)
and (B) but in which all input from
SOS has been removed. (G) In con-
trast to the substantial decrease
in cytokine-induced Ras activation
in T-ALL C6 after a 38% reduction in
Rasgrp1 abundance, a reduction
in Sos1 abundance by 42% in the
same C6 T-ALL cell line had no
substantial effect on RasGTP gener-
ation. As a specificity control for the
shRNA for murine Sos1, C6 T-ALL
cells were transduced with lentivirus
expressing shRNA specific for hu-
man SOS1. Data in (C) to (E) and
(G) are representative of three in-
dependent experiments. (H) Pat-
terns of phosphorylation of ERK,
Akt, and IkBa in unstimulated hu-
man T-ALL lines. Data are represent-
ative of two experiments. (I) Pathway
analysis of individual subcutaneous
T-ALL tumors (from experiments in
Fig. 3D and fig. S6). The patterns
of phosphorylation of ERK, Akt,
and IkB demonstrate complex het-
erogeneity in K-RasG12D T-ALL as
well as plasticity in Rasgrp1 T-ALL.
Data are representative of three
experiments.
A Bt = 5 t = 15
pIκBα

α-tubulin
(loading)

pAkt

pIκBα

α-tubulin
(loading)

pAkt
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the exponential pattern of RasGTP generation was predicted to be absent
without SOS (Fig. 6F), which is consistent with our past experimental
results (24, 55). We tested the efficacy of various Sos1-targeting shRNA
constructs. Unfortunately, none of these resulted in a complete knockdown
of Sos1, and therefore, the effect of the predicted loss of exponential Ras
activation (Fig. 6F) is likely best tested through genetic Sos1-deleting
models that will have to be generated in the future. However, reduction
of Sos1 abundance by 42%, which was similar in magnitude to the knock-
down of Rasgrp1 observed earlier (Fig. 6, D and E), did not affect the
strength of cytokine-induced Ras activation in the T-ALL C6 cell line
(Fig. 6G). Thus, cytokine-induced Ras activation in Rasgrp1 T-ALL is
more sensitive to decreases in Rasgrp1 abundance than to decreases in
Sos1 abundance.

Gene expression profiling and cell-surface marker profiling have not
yet led to a successful stratification of T-ALL (4, 7, 8, 10–12), which con-
trasts with the successful classification of diffuse large B cell lymphoma
(9). Here, we made a start to explore the biochemical stratification of
T-ALL. The heterogeneity in cytogenetic abnormalities (4–6) and the dif-
ferences in developmental stages of T-ALL (7) are likely to increase the
biochemical diversity and may complicate the identification of a universal
molecular target for clinical intervention. Indeed, the limited cell prolifer-
ation assays that have been reported with T-ALL patient cells demonstrate
a wide range of responses to stimulation with various cytokines in vitro
(47), suggesting a high degree of heterogeneity in the signals transmitted
through the cytokine receptor pathways.

RasGTP signals to multiple effector kinase pathways, such as the Raf-
MEK-ERK and the phosphoinositide 3-kinase (PI3K)–Akt–mammalian
target of rapamycin (mTOR)–S6 kinase pathways that stimulate cell pro-
liferation and survival (54, 56). Directly targeting oncogenic Ras proteins
is difficult, because it would involve restoring the impaired GTPase func-
tion of Ras and it has not proven feasible to date (57). As a result, con-
siderable effort is ongoing to interfere with molecules downstream of Ras
in clinical settings, such as MEK or PI3Ks (56), as potential cancer thera-
pies. Consistent with the reported heterogeneous proliferative responses
(47), we observed heterogeneous patterns of phosphorylation of ERK and
Akt in our panel of human T-ALL cell lines that did not correlate with
RasGRP1 abundance (Fig. 6H). Variability in activity through the PI3K-
Akt pathway in some of these T-ALL lines was previously noted (26, 58).
Similarly, our murine T-ALL lines that proliferated after subcutaneous
injection in vivo also exhibited heterogeneous activation of these effector
kinase pathways. Analysis of cells from two tumors removed from mice
independently injected with the K-RasG12D T-ALL 15 cell line demon-
strated that they exhibited Akt signaling, whereas cells from two T-ALL
9–derived tumors with the same genetic K-RasG12D lesion did not (Fig. 6I).
Because cells from all eight tumors derived from the K-RasG12D T-ALL 15
and 9 cell lines proliferated to similar extents (fig. S6), we conclude that
the T-ALL 9 cells must have other signals engaged that have a biological
function similar to that of Akt signaling in T-ALL 15 cells. Moreover, we
found that clonal 1156S-O Rasgrp1 T-ALL that independently proliferated
in vivo used the prosurvival nuclear factor kB (NF-kB) pathway (59), as
determined by detection of the phosphorylation of the NF-kB inhibitor
protein IkBa (Fig. 6I). In two transplants with cells expressing Rasgrp1-
specific shRNA, NF-kB signaling appeared to be replaced by Akt sig-
naling (Fig. 6I), which also promotes cell survival (54, 56). The PI3K-Akt
pathway, which includes inhibitor signaling by phosphatase and tensin
homolog deleted from chromosome 10 (PTEN), is implicated in ~50%
of T-ALL patients (60). Furthermore, the TANK-binding kinase 1 (TKB1)–
NF-kB pathway can play a critical role in various human cancers with
oncogenic Ras mutations (61, 62); however, currently, we do not have fur-
ther evidence to substantiate a Rasgrp1–NF-kB pathway, nor do we have a
www
molecular understanding of the how cells switch from using NF-kB sig-
naling to using Akt signaling to survive. Thus, our panel of clonal mouse
T-ALL lines retained not only a complex level of heterogeneity but also
plasticity in terms of Ras effector activation. We postulate that this panel
of cell lines may serve as a useful tool for future studies to further explore
the heterogeneity and plasticity characteristics of Ras effector kinase path-
ways in patients.

DISCUSSION

We found that RasGRP1 expression is increased in many T-ALL pa-
tients as well as in mouse T-ALLs that were caused by leukemia virus–
dependent insertions in Rasgrp1. In contrast, RasGRP1 expression is
low in ETP T-ALL patients (21), and we observed no Rasgrp1 CIS on
a K-RasG12D mouse genetic background. We demonstrated that increased
Rasgrp1 abundance resulted in only modest basal Ras activation, which
did not trigger cell cycle arrest responses. Instead, our computational, bio-
chemical, and mouse model approaches demonstrated that Rasgrp1 ef-
fectively responds to cytokine receptor input to activate Ras in T-ALL,
revealing a previously uncharacterized cytokine receptor–Rasgrp1 path-
way. The kinase effector pathways downstream of Ras are not “locked-
in” but are highly heterogeneous in both human and murine T-ALL lines,
and biochemical “rewiring” occurred in a plastic manner after perturbation
of the signaling network. Reduction of Rasgrp1 retarded tumor growth,
which suggests that Rasgrp1 might be an attractive target for therapies
against T-ALL.

At this point, we do not know what causes the increased RasGRP1
mRNA abundance in human T-ALL. RasGRP3 is also found in the T cell
lineage, and RasGRP4 was originally isolated from acute myeloid leuke-
mia (AML) patient complementary DNA (cDNA) (63), but our micro-
array platform with 107 T-ALL patients and the large RIM screens for
T-ALL found changes only in Rasgrp1 among the RasGRPs tested
(Fig. 2). We are currently investigating the underlying mechanism for
the specificity regarding Rasgrp1. The absolute amount of Rasgrp1 pro-
tein is relatively modest in human T-ALL lines and our murine T-ALL,
even in those with the greatest amounts of Rasgrp1 mRNA. We hypoth-
esize that it is the dysregulation of expression rather than the absolute in-
crease in Rasgrp1 protein abundance that contributes to leukemogenesis.
In support of the regulation of expression as an important mechanism to
curb Rasgrp1 function, Rasgrp1mRNA amounts are dynamic in thymocyte
subsets (37) and are reduced in response to TCR stimulation (38), and
Rasgrp1 protein abundance decreases when thymocytes mature to T cells
(40, 41). Indeed, even a partial reduction in Rasgrp1 abundance had a
substantial effect on cytokine-induced Ras activation and proliferation of
cells in vivo, suggesting that Rasgrp1 may be an attractive molecule to
inhibit to interfere with cellular proliferation.

On the basis of the combined published microarray data (19, 25) and
our data here, we postulate that dysregulation of RasGRP1 is a common
feature of human T-ALL and that it is more frequent than are oncogenic
mutations in RAS. It is possible that signals from oncogenic Ras mutations
are too strong for cells of the T lymphocyte lineage. We observed that in
half of our mouse K-RasG12D T-ALL lines, the intrinsic Ras signal was
uncoupled from the p53-p21 response. Deletion of the p53 regulators en-
coded by the INK4A/ARF locus occurs very frequently in T-ALL patients
(4). Still, somatic mutations in NRAS and KRAS do not occur with high
frequency (18–20), and perhaps dysregulation of p53 alone is not suffi-
cient for K-RasG12D T-ALL to develop in patients. In support of this no-
tion, patients with ETP T-ALL that are now known to often carry strong
activating alleles, such as oncogenic KRAS or NRAS mutations or activat-
ing mutations in IL7R, demonstrate a very high burden of additional
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cytogenetic abnormalities (21). Perhaps a specific set of genetic abnor-
malities enables the ETP T-ALL cells to proliferate despite having strong
oncogenic signals that can trigger cell cycle arrest. ETP T-ALL is an
aggressive malignancy that is often associated with treatment failure
(64), and ETP T-ALL patients have low expression of RasGRP1 (21). We
found a strong correlation between low RasGRP1 expression and failure
to respond to treatment in two COG clinical trials with 107 pediatric T-ALL
patients. Lack of available DNA prevented us from directly testing this,
but it is tempting to speculate that the seven T-ALL patients that failed
treatment and had very low RasGRP1 expression instead had mutations
in KRAS or NRAS and may represent cases of ETP T-ALL. Future studies
need to focus on this aspect, particularly because RasGRP1may provide a
means of stratifying patients, ideally before treatment begins.

Rasgrp1-deficient mice show a selective defect in T lymphocyte devel-
opment (65), and Rasgrp1 and Rasgrp3 have predominantly been studied
as RasGEFs that operate downstream of the TCR and BCR (50). Reports
combined with our finding of a cytokine receptor–Rasgrp1–Ras pathway
indicate that RasGEFs of the Rasgrp family also operate downstream of
receptors other than the TCR and BCR. We therefore hypothesize that the
concept of dysregulated RasGRP1 responding to receptor input may be
more general and applicable to different types of cancer. There is some
evidence for this hypothesis. For example, in a Keratin5-RasGRP1 trans-
genic mouse model, RasGRP1 overexpression results mostly in skin
papilloma but synergizes with 12-O-tetradecanoylphorbol-13-acetate
(TPA) treatment to stimulate the tumorigenic response (66). TPA is a phorbol
ester that activates RasGRP1 as well as other molecules. RasGRP3 is found
in a subset of human prostate and melanoma cancer samples, and RasGRP3-
specific shRNA reduced hepatocyte growth factor (HGF)– or epidermal
growth factor (EGF)–induced Ras signaling in prostate or melanoma
cancer cell lines, as well as reduced xenograft tumor formation (67, 68).
Although a biochemical connection between the activation and membrane
recruitment of the RasGRPs and the HGF, EGF, and cytokine receptors
has not been firmly established, a role for DAG is possible. This might lead
to new opportunities to interfere with oncogenic Rasgrp signals through
the use of inhibitors of the PLC enzymes that produce DAG. Here, we fo-
cused on the role of Rasgrp1 downstream of the receptors for IL-2, IL-7,
and IL-9 in the activation of Ras. We would like to emphasize that it is very
plausible that Rasgrp1 responds to signaling by other receptors in T-ALL
or that it may activate pathways other than Ras that are aberrantly trig-
gered by increased, dysregulated Rasgrp1. These possibilities and the
question of whether DAG is a prerequisite for dysregulated Rasgrp1 to
be leukemogenic are important topics for future investigations. Regardless,
our results indicate that Rasgrp1 itself could be a very attractive target in
cancer therapy, especially because (i) our models predict that inhibition of
Rasgrp1 activity below a threshold will have profound effects on Ras ac-
tivation, and (ii) partial knockdown of Rasgrp1 has a noticeable effect on
the proliferation of T-ALL cells.

Understanding the complexity of the Ras signaling network in T-ALL
and cancer in general will be essential to guide future clinical intervention
with small molecules that inhibit specific components in effector pathways
downstream of Ras. We report considerable heterogeneity and plasticity
in receptor-induced Ras effector pathways in either Rasgrp1 or K-RasG12D

T-ALL. Plausible sources of heterogeneity are different combinations of
CIS, acquired or induced (ENU) mutations, and the diverse developmental
stages found for T-ALL. Here, we focused mostly on the biochemical
mechanism of the role of RasGRP1 in T-ALL, and we did not address
the particular developmental stage(s) that Rasgrp1 might affect. Elegant
application of the Sleeping Beauty system in distinct developmental sub-
sets indicated that insertions in Rasgrp1 leading to T-ALL typically occur
in early hematopoietic subsets and often also acquire insertions in Notch1
www
(69). These studies also initiated the interesting discussion that ETP T-ALL
perhaps arises from a later developmental stage but differentiates back-
ward (69, 70).

A substantial portion (30 of 237) of SL3-3 T-ALLs with a Rasgrp1
CIS also contain a CIS in Notch1 (29). The statistical power of our large
SL3-3 RIM screen supports the likelihood that both pathways complement
each other and synergize in T-ALL oncogenesis. Similarly, we previously
reported that oncogenic K-RasG12D expression from the endogenous locus
cooperated with Notch1 CIS in T lineage leukemogenesis (39), and 10 of
13 T-ALLs arising from retroviral-mediated Rasgrp1 overexpression
carried Notch1 mutations (28). Given that mutations in NOTCH1 are
the most common oncogenic mutation in human T-ALL (31), it will be
of interest to determine the biochemical nature of RasGRP1 and Notch1
synergy in human T-ALL. We speculate that specific sets of co-insertions
might mirror the heterogeneity observed in patients. Future methodical
analyses of these RIM screens and derived clonal T-ALL lines that include
combined in silico, in vitro, and in vivo approaches to examine signals
(preferably with single-cell resolution) might eventually reveal a blueprint
of cooperating signaling networks that could help deconvolute the com-
plexity of hyperactive Ras signaling in human cancer.
MATERIALS AND METHODS

Computational models
For Figs. 1, A and B, and 5, D and E, and fig. S1, B and C, we modeled
the signaling network described in table SIVof Das et al. (24), as depicted
in fig. S1Awith the dotted area excluded. For Fig. 6, A, B, and F, we used
the model in Fig. 1A of Riese et al. (51), which is an extended model that
accounts for receptor input, as depicted in fig. S1A with the dotted area
included. We performed stochastic simulations of signaling networks by
solving the corresponding Master equation with the standard Gillespie
algorithm (71). The Master equation is a probabilistic description of the
time evolution of an intrinsically stochastic system governed by a set of
coupled chemical reactions. We found deterministic steady-state amounts
of RasGTP by finding the fixed points of the ordinary differential equa-
tions describing the system. In all stochastic simulations, we used a spa-
tially homogeneous simulation box of size V = area (4 mm2) × height
(0.02 mm). This choice of the system size ensures that the system is well
mixed. The initial concentrations and the rate constants were those in
tables S1 to S4 of Das et al. (24) and Tables 1 and 2 of Riese et al. (51),
except that we used 36 molecules/mm2 for PIP2 (phosphatidylinositol
4,5-bisphosphate) to match their published results (51). More details of
the simulation technique and choice of parameters can be found in the
supplemental materials of Das et al. (24) and Riese et al. (51).

Real-time RT-PCR
Total RNA was isolated from human bone marrow and cell lines derived
from mouse leukemias with Trizol (Invitrogen) extraction according to the
manufacturer’s protocol. RNAwas reverse-transcribed with random prim-
ers (Invitrogen) and Moloney murine leukemia virus reverse transcrip-
tase. Real-time PCR was performed in triplicate with AmpliTaq Gold
(Applied Biosystems) and the Applied Biosystems ABI 7300 thermo-
cycler. The extents of gene expression were normalized to that of GAPDH
and quantified with the comparative CT method according to the manufac-
turer’s instructions. The following combinations of primers and probes were
used to analyze the expression of mouse Rasgrp1: forward, TGGG-
CTTTCCACACAACTTTC; reverse, CACCAGGTCTTTGCACTGTTTG;
probe, FAM-AGAAACCACTTACCTGAAGCCCACCTTCTG-TAMRA;
and human RasGRP1: forward, AAGCTCCACCAACTACAGAACT;
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reverse, AGGGAGATGAGGTCCTTGAGAT; probe, FAM-CCACAT-
GAAATCAATAAGGTTCTCGGTGAG-TAMRA. Notably, bone marrow
samples were taken from T-ALL patients at blast crisis and consisted of a
typically high percentage of blasts in the marrow (close to 100%), and
these samples were therefore relatively homogeneous.

Gene expression profiling of pediatric T-ALL patients
We used the RNeasy isolation kit (Qiagen) to isolate RNA from pre-
treatment leukemic cell suspensions obtained from peripheral blood or
bone marrow. cDNA labeling, hybridization to U133_Plus_2 arrays
(Affymetrix), and scanning were performed at the Keck-UNM Genomics
Resource. The default RMA and MAS5 algorithms of Expression Console
(version 1.1; Affymetrix) were used to generate and normalize signal in-
tensities, as previously described (72–74).

T-ALL clinical trials and correlative analyses
After obtaining written informed consent in accordance with local institu-
tional guidelines, we collected peripheral blood and bone marrow from pa-
tients that were enrolled in the COG studies 9900/9404 and AALL03B1/
AALL0434, and we processed and cryopreserved these samples for future
tissue analyses. Failure to achieve a first remission (induction failure), re-
lapse after achieving a first remission, and complete continuous remission
were annotated for each patient. Further details regarding study design and
outcome correlates are available as previously described (74, 75) or at
http://www.cancer.gov/clinicaltrials. Analyses of RMA-normalized data
were performed with Prism 4 (GraphPad Software Inc.).

Generation and propagation of murine T-ALL cell lines
Frozen primary tumors from our previous SL3-3 screen (29) were thawed
in complete RPMI medium (Invitrogen) containing 20% fetal bovine
serum (FBS), penicillin (100 U/ml), streptomycin (100 mg/ml), 55 mM
b-mercaptoethanol, and IL-2, IL-7, and IL-9 (each at 10 ng/ml), which
resulted in the generation of bulk in vitro T-ALL cultures. Clonal T-ALL
cell lines were then generated by limiting dilution. All T-ALL lines were
subsequently propagated in RPMI, 10% FBS, containing penicillin, strep-
tomycin, and b-mercaptoethanol. The K-RasG12D T-ALL 6, 3, and 51 cell
lines were grown in the same medium supplemented with IL-2, IL-7, and
IL-9 (each at 10 ng/ml).

In vitro stimulation and biochemical analyses
To analyze RasGTP abundance under basal conditions, we washed T-ALL
lines with phosphate-buffered saline (PBS) containing magnesium and calci-
um and rested them in PBS for 2 hours at 37° before subjecting the cells to
RasGTP pull-downs as described previously (24). For stimulations, cells were
washed and rested in PBS for 30 min and stimulated with PMA (25 ng/ml)
or with IL-2, IL-7, and IL-9 (each at 100 ng/ml), followed by RasGTP
pull-downs and preparation of NP-40 lysates. NP-40 lysis buffer was
supplemented with protease and phosphatase inhibitors [10 mM sodium
fluoride, 2 mM sodium orthovanadate, 0.5 mM EDTA, 2 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium molybdate, aprotonin (10 mg/ml),
leupeptin (10 mg/ml), pepstatin (1 mg/ml)], and lysates were incubated for
20 min at 4°C. Western blotting analysis was performed with antibodies
specific for murine Rasgrp1 (m199, a gift from J. Stone), a-tubulin (Sigma),
Ras (Upstate), phosphorylated p53 at Ser15 (Cell Signaling), p21 (M-19,
Santa Cruz Biotechnology), phosphorylated PLC-g1 pY783 (Invitrogen),
phosphorylated ERK1/2 (p44/42 MAPK, Cell Signaling), phosphorylated
IkBa Ser32 (Cell Signaling), and phosphorylated Akt Ser473 (Cell Signaling).
To detect human RasGRP1, we generated a rabbit monoclonal antibody,
JR-E80-2, by immunization with GPFTFPNGEAVEHGEESKDRTIMLM-
RasGRP1 peptide together with Epitomics. Western blots were visualized
www
with enhanced chemiluminescence and imaging on a Fuji LAS 4000
image station (GE Healthcare). The protein bands in Western blots
were quantified with Multi Gauge software, and densitometry (pixel
intensity) was determined within the linear range of the exposure. Amounts
of the proteins of interest are typically presented as a ratio of a loading
control.

Measurement of in vitro proliferation of K-RasG12D

and Rasgrp1 T-ALL cell lines
T-ALL cell lines were seeded at 1 × 106 cells/ml in complete RPMI me-
dium (Invitrogen) containing 10% FBS, penicillin, streptomycin, and
b-mercaptoethanol; medium with 20% of the normal amount of FBS;
or complete RPMI medium containing doxorubicin (100 ng/ml). Cell lines
were grown with or without IL-2, IL-7, and IL-9 (each at 10 ng/ml).
Samples were collected after 24, 48, 72, and 96 hours and counted with
a Vi-Cell cell viability analyzer (Beckman Coulter).

Analysis of the p53-p21CIP cell cycle arrest pathway
Cells (4 × 106) were harvested from T-ALL lines from in vitro growth
assays after 6 and 24 hours. Samples were also collected for staining with
annexin V and PI (BD Biosciences) and were processed according to the
manufacturer’s protocol. Cells were centrifuged and resuspended in radio-
immunoprecipitation assay lysis buffer (1% NP-40, 1% sodium deoxy-
cholate, 0.1% SDS, 50 mM Mops, 150 mM sodium chloride, 2 mM EDTA)
supplemented with protease and phosphatase inhibitors. Lysates were cen-
trifuged for 20 min at 4°C, and 2× sample buffer was added to the super-
natants. Protein samples were separated on a precast 4 to 12% gradient gel
(Invitrogen) for P-p53 and p21 analysis.

In vivo proliferation of K-RasG12D and Rasgrp1 T-ALL lines
T-ALL cells (1 × 105) were injected subcutaneously into Nude-Foxn1nu

mice (Harlan). Tumor volume was determined by external caliper mea-
surement and calculated as follows: tumor volume = 1/2 (length × width2).
Mice were monitored and euthanized once adverse effects were observed.
Tumors were removed and single-cell suspensions were prepared for pro-
tein and RNA extraction. Cells were resuspended in NP-40 lysis buffer
supplemented with protease and phosphatase inhibitors and incubated at
4°C for 20 min. Lysates were centrifuged at 4°C for 20 min, and sample
buffer was added to the supernatants. Proteins were separated on a 10%
SDS-polyacrylamide gel and were analyzed by Western blotting. Mice were
handled according to the Institutional Animal Care and Use Committee
regulations, described in the Roose laboratory UCSF (University of Cal-
ifornia, San Francisco) mouse protocol AN084051 “Ras Signal Transduc-
tion in Lymphocytes and Cancer.”

shRNA experiments
Oligonucleotides containing Hap I and Xho I sites were annealed and
ligated into Hap 1– and Xho I–digested pSicoR-puro-t2a-eGFP to cre-
ate mRasgrp1-1503–pSicoR-puro-t2a-eGFP and hRasGRP1-1503–
pSicoR-puro-t2a-eGFP. The oligonucleotide sequences are as follows.
For mRasgrp1-1503: sense oligonucleotide, 5′-TGATCGCTGCAAGC-
TTTCCATTCAAGAGATGGAAAGCTTGCAGCGATCTTTTTTC-3′;
antisense oligonucleotide, 5′-TCGAGAAAAAAGATCGCTGCAAGCTT-
TCCATCTCTTGAATGGAAAGCTTGCAGCGATCA-3′. For hRasGRP1-
1503: sense oligonucleotide, 5′-TGAT–TGCTGC–GAG–TTTTCCATTCA-
AGAGATGGAAAACTCGCAGCAATCTTTTTTC-3′; antisense oligo-
nucleotide, 5′-TCGAGAAAAAAGATTGCTGCGAGTTTTCCATCTC-
TTGAATGGAAAACTCGCAGCAATCA-3′. Targeting of the 1503 region
was based on previous work (76). hRasGRP1-1503 targets human RasGRP1,
has three mismatches with the same sequence in mRasgrp1-1503, and
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served as a specificity control. Clonal T-ALL lines were infected with len-
tivirus through standard spin infections and selected by culture in the pres-
ence of puromycin (0.5 mg/ml). Similarly, annealed oligonucleotides were
ligated into pSicoR-puro-t2a-eGFP to create mSos1-1313–pSicoR-puro-
t2a-eGFP and hSOS1-1313–pSicoR-puro-t2a-eGFP, based on published
targeting sequences (77). hSOS1-1313 targets human SOS1, has two mis-
matches with the same sequence in mSos1-1313, and served as a specificity
control. For mSos1-1313: sense oligonucleotide, 5′-TGACAGTGTTGCAA-
TGAGTTTTCAAGAGAAACTCATTGCAACACTGTCTTTTTTC-3′;
antisense oligonucleotide, 5′-TCGAGAAAAAAGACAGTGTTGCAAT-
GAGTTTCTCTTGAAAACTCATTGCAACACTGTCA-3′. For hSOS1-1313:
sense oligonucleotide, 5′-TGACAGTGTTG–TAATGA–ATTTTCAAGA-
GAAATTCATTACAACACTGTCTTTTTTC-3′; antisense oligonucleotide,
5′-TCGAGAAAAAAGACAGTGTTGTAATGAATTTCTCTTGA-
AAATTCATTACAACACTGTCA-3′.

In vivo comparison of Rasgrp1 T-ALL cells and Rasgrp1
T-ALL cells containing Rasgrp1-specific shRNA
BALB/c mice (Harlan) were injected with 4 × 103 Rasgrp1 or shRNA
Rasgrp1 T-ALL cells by retro-orbital injection. Mice were euthanized after
14 days, and lymph nodes, spleen, liver, thymus, lungs, kidneys, and
femurs were removed. Single-cell suspensions were prepared and analyzed
to determine the percentage of GFP+ cells present in each tissue by flow
cytometry. Unpaired Student’s t tests were applied to explore the effects of
Rasgrp1 knockdown.

Sternums and livers were fixed in 10% buffer formalin (Fisher Scien-
tific) for 24 hours and maintained in 70% ethanol at 4°C until they were
embedded in paraffin. Paraffin-embedded sections (10 mm) were stained
with H&E or with anti-Rasgrp1 antibody (Abcam, 37927) to detect
Rasgrp1 abundance, and slides were used for descriptive histopathology.
Briefly, slides were deparaffinized and rehydrated followed by antigen re-
trieval in Trilogy buffer (Cell Marque) at 90°C for 45 min. Slides were
washed in PBS-T (0.1% Tween 20 in PBS), blocked with blocking buffer
[50 mM tris-HCl (pH 7.6) containing 1% bovine serum albumin], and
stained with primary antibody (rabbit anti-RasGRP1 antibody at 1:500 di-
lution) overnight at 4°C. After being washed with PBS-T, slides were in-
cubated with Alexa Fluor 488–conjugated donkey anti-rabbit antibody
(Invitrogen, 1:1000) for 50 min at room temperature. Slides were washed
and mounted with Vectashield mounting medium (Vector Laboratories).
013 
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