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ABSTRACT
T cell acute lymphoblastic leukemia/lymphoma (T-ALL) is an aggressive bone marrow cancer in
children and adults, and chemotherapy often fails for relapsing patients. Molecularly targeted
therapy is hindered by heterogeneity in T-ALL and mechanistic details of the affected pathways in
T-ALL are needed. Deregulation of Ras signals is common in T-ALL. Ras is genetically mutated to a
constitutively active form in about 15% of all haematopoietic malignancies, but there is a range of
other ways to augment signaling through the Ras pathway. Several groups including our own
uncovered that RasGRP1 overexpression leads to T-ALL in mouse models and in pediatric T-ALL
patients, and we reported that this Ras guanine nucleotide exchange factor, RasGRP1, cooperates
with cytokines to drive leukemogenesis. In our recent study by Ksionda et al. we analyzed the
molecular details of cytokine receptor-RasGRP1-Ras signals in T-ALL and compared these to signals
from mutated Ras alleles, which yielded several surprising results. Examples are the striking
differences in flux through the RasGDP/RasGTP cycle in distinct T-ALL or unexpected differences in
wiring of the Ras signaling pathway between T-ALL and normal developing T cells, which we will
discuss here.
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T cell acute lymphoblastic leukemia (T-ALL) or T cell
lymphoblastic lymphoma (T-LL) are currently treated
on separate clinical trials, although it is controversial
whether T-ALL and T-LL are different clinical presenta-
tions (progeny) of the same disease or separate diseases.
ETP T-ALL (Early T cell precursor acute lymphoblastic
leukemia) is a third type characterized by expression of
early developmental markers and usually relatively poor
clinical outcome.1 Here we collectively refer to T-ALL,
T-LL, and ETP T-ALL as “T-ALL.” T-ALL is an aggres-
sive bone marrow cancer that affects children and
adults,2 and despite improvements with modern chemo-
therapy treatment still fails for a substantial number of
patients who relapse.2,3 Current stratification efforts with
cell surface markers or gene expression have not yielded
clear insights in terms of subgrouping T-ALL patients
for therapy.4-7 We favor the idea that truly understand-
ing the different types of T-ALL (and perhaps knowing
what precision therapy to use for a specific T-ALL
patient) will require full biochemical stratification, which
is our motivation for studying perturbed pathways oper-
ating in T-ALL. One pathway involved is the Notch
pathway,8 which is often activated by retroviral integra-
tions and point mutations in mouse T-ALL9 and is a

common target of somatic mutations in human T-
ALL.10 A second commonly affected pathway is the Ras
pathway with »50% of all T-ALL cases demonstrating
hyperactive Ras signals.11

Various cell surface receptors activate the small
GTPase Ras through RasGEFs (guanine nucleotide
exchange factors). Once GTP-loaded, H-, N-, and K-Ras
function as powerful signaling switches and connect to
different effector pathways.12-15 RasGTP (active Ras) sig-
nals to RAF-MEK-ERK and PI3 kinase (PI3K)-Akt
kinase effector pathways that in turn stimulate cell cycle,
survival, and metabolic changes.16,17 Three RasGEF fam-
ilies can activate Ras: SOS (Son of Sevenless), RasGRP
(Ras guanine nucleotide releasing protein), and RasGRF
(Ras guanine nucleotide releasing factor). SOS1 and
SOS2 are ubiquitously expressed. RasGRP1, -3, and -4
are activators of Ras, whereas RasGRP2 activates Rap.18

RasGRP1 and -3 are highly homologous, play unique
roles in immune cells, and appear to be more frequently
dysregulated than other RasGEFs in cancers cells.19,20

Rasgrp1-deficient mice have a severe T cell development
defect in the thymus21 whereas Rasgrp3-deficient mice
show subtle defects in B cell development.22 RasGRP4
has been show to play an important role in mast cells
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and neutrophils functions.20 The default path to inacti-
vate Ras prevails in normal cells via the intrinsic, self-
inactivating GTPase function of Ras. This function is
enhanced by the action of RasGAPs (Ras GTPase activat-
ing protein). Ten different RasGAPs have been identified
in mammals with distinct regulatory domains. Most cell
types express different combinations of various Ras-
GAPs, arguing that the cellular function to enhance Ras
inactivation needs to be covered by multiple RasGAPs.23

Ras is genetically mutated to a constitutively active form
with impaired GTPase function in about 15% of all hae-
matopoietic malignancies,24 we will focus on T-ALL
here.

Deregulation of the Ras signaling pathway is a com-
mon event in T-ALL11 but somatic Ras mutations
(termed RasMUT here) such as KRasG12D that lock Ras in
the GTP-loaded state are relatively rare in most T-
ALL.25-27 In addition to lesions in Ras itself, mutations
can occur in genes encoding upstream receptors or in
other pathway constituents, chromosomal translocations
can have deregulating activities, and alterations in
expression levels of key components can have major
impacts on the activity through the Ras pathway.20,28

Recent studies have started to map out the pathways that
can lead to aberrant Ras signals in T-ALL. Whole
genome sequencing revealed activating mutations in the
cytokine receptor IL7R (Interleukin 7 receptor) and in
JAK1 and JAK3 (Janus kinase 1 and 3),1 and the IL7R
mutations found in T-ALL constitutively activate down-
stream JAK1 kinase.29 Studies with different mouse mod-
els and with pediatric T-ALL patient samples pointed to
a role for RasGRP1 in T-ALL leukemogenesis.20,30-33

Likewise, the inactivating function of RasGAPs on the
Ras pathway also appears critical; combined T cell-spe-
cific deletion of NF1 and p120 RasGAPs in mice leads to
development of T-ALL34 and NF1 is mutated in both
pediatric and adult T-ALL patients.35-37 In our recent
study by Ksionda et al.38 we describe the details of cyto-
kine receptor-Ras pathways in T-ALL and how Ras sig-
nals in T-ALL with RasGRP1 overexpression not only
differ from those in developing normal T cells (thymo-
cytes) but also from Ras signals in RasMUT T-ALL. Here
we will highlight four different vignettes from our
study.38

The first topic highlights the fact that the wiring for
cytokine-induced Ras activation is unique in RasGRP1-
overexpressing T-ALL and not seen in normal thy-
moctes. This is somewhat surprising since T-ALL are, in
general, arrested at an early developmental stage that
have the appearance (and gene expression features) of
distinct thymocyte subsets. Most of both T-ALL and
developing thymocytes express the T cell receptor (TCR)
and cytokine receptors (such as IL7R). While both

T-ALL and thymocytes load Ras with GTP in response
to TCR stimulation, only T-ALL cells activate Ras follow-
ing cytokine stimulation. Overexpression of RasGRP1 is
critical for this cytokine receptor-Ras pathway33 and
thus RasGRP1 created a rewiring that is not seen in nor-
mal thymocytes. Both TCR stimulation and cytokine-
induced Ras signaling via RasGRP1 yield strong and sus-
tained PI3K-Akt signals in T-ALL.38 However, the path-
ways involved are fundamentally different. The first clue
for this was provided by the fact that TCR stimulation
but not cytokine stimulation leads to strong calcium
influx in T-ALL cells. PLCg1 generates diacylglycerol
(DAG) and Inositol trisphosphate (IP3) and IP3 triggers
a pathway that generates the calcium flux. We noted
that, just like in normal thymocytes, PLCg1 signaling is
essential for a fully functional TCR signaling cascade to
Ras via RasGRP1 in T-ALL. In the canonical RasGRP1
pathway, PLCg1-generated DAG recruits RasGRP1 to
the membrane where RasGRP1 is phosphorylated and
activates Ras.20 Indeed, both TCR-induced RasGRP1
phosphorylation and increases in RasGTP were blocked
when inhibiting PLCg1 in T-ALL. By stark contrast,
PLCg1 is dispensable for effective cytokine-induced Ras
activation via RasGRP1. Instead, baseline levels of DAG
already seem to be sufficient to recruit (some of the)
overexpressed RasGRP1 to the membrane at steady state
in T-ALL. In agreement, these T-ALL reveal low and
constitutive levels of RasGRP1 phosphorylation that are
not increased upon cytokine stimulation. These results
implied that cytokine-induced Ras activation in
RasGRP1-overexpressing T-ALL does not follow a
canonical PLCg1-RasGRP1-Ras pathway, and we will
come back to this point. Our results also suggest that
PLCg1 inhibition as possible therapy for T-ALL would
likely be unsuccessful.

PI3K-Akt signaling has a critical function in cell cycle
progression, cell proliferation, and regulation of apoptosis.
Accordingly, this pathway is frequently involved in onco-
genic signaling, and PIK3CA and PTEN (phosphatase and
tensin homolog, PI3K’s negative regulator) have been
identified as second and third most frequently mutated
genes in human cancer, respectively.39 During normal T
cell development, the PI3K-Akt pathway controls the dif-
ferentiation of thymocytes and their transition from the
double-negative to the double-positive stage, as well as the
survival of double-positive thymocytes after initiation of
pre-TCR signals.40 Genetic mutations in RAS,1 PI3K, and
PTEN41 have provided concrete proof for the frequent
involvement of the Ras-PI3K pathway in T-ALL. Several
groups including our own observed that Ras-PI3K signal-
ing is universally utilized in T-ALL, but with heteroge-
neous activation patterns.41-47 By contrast, the high usage
of PI3K-Akt signals is not seen in other hematologic
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malignancies.48 Given that PI3K inhibitors like GDC0941
are very potent agents,49 such inhibition may be useful as
therapy for T-ALL, although the heterogeneous activation
patterns observed in different T-ALL may complicate a
general application. We found that cytokine stimulation
of T-ALL preferentially triggers PI3K-Akt signaling over
RAF-MEK-ERK, and that Akt activation is highly depen-
dent on RasGRP1 expression.38 The exact molecular
mechanism for such differential PI3K-Akt signaling is not
known to date, but perhaps reflects the fact that T-ALL
blasts require PI3K but not MEK for viability and prolifer-
ation.50 The notion that RasGRP1 preferentially signals to
PI3K highlights the importance of the PI3K-Akt pathway
in T-ALL and makes it an attractive target for anti-cancer
therapy in leukemia.

The third vignette covers surprising insights that we
obtained regarding the RasGDP/RasGTP cycle in T-ALL.
The presence of high levels of RasGTP at basal state has
been widely reported in RasMUT leukemic cell lines and
patient samples (or other cancers), particularly when har-
boring the GTPase-crippling KRasG12D mutation (see
Fig. 1, left). In contrast, cells featuring wild type Ras but
elevated expression of RasGRP1 do not display high basal
levels of RasGTP when measured by traditional RasGTP
pulldown assays.46 However, RasGTP pulldowns only
measure the net amount of RasGTP at a certain time
point by fishing in the cell lysate with the portion of RAF
that binds RasGTP and miss the turnover rate of nucleo-
tide exchange on Ras. This RasGDP/GTP cycling can be
directly assessed employing a digitonin nucleotide

exchange assay that our collaborators in Dr. Ignacio
Rubio’s group optimized. This assay measures a radiola-
beled GTP that is loaded onto Ras. The radiolabeled phos-
phate is at the a position so that Ras remains radiolabeled
when Ras’ GTPase function hydrolyzes the RasGTP to
RasGDP (both are radiolabeled). This assay effectively
measures (cumulative) flux through the RasGDP/GTP
cycle (See Fig. 6a in ref. 38). Using this assay, we find that
non-immune cells usually have a very low rate of nucleo-
tide exchange. Normal immune cells expressing (some of
the) RasGRP family members show a much higher basal
rate of GTP loading onto Ras. Strikingly, T-ALL with
high RasGRP1 expression display exceptionally high
exchange rates, which is in stark contrast to RasMUT T-
ALL that show almost no nucleotide exchange (see
Fig. 1). Altogether this leads to a novel model that RasMUT

cells - which usually feature low expression of RasGRP1 -
display high levels of basal RasGTP but low levels of
RasGDP/GTP turnover, while Ras wild type cells with
high expression of RasGRP1 only have low (net) levels of
basal RasGTP yet a very high RasGDP/GTP turnover. Per
definition these result show that hydrolysis of RasGTP to
RasGDP is also extremely high in RasGRP1-overexpress-
ing T-ALL, pointing to the RasGAPs that are counterbal-
ancing and reducing the net RasGTP. We noted a broad
coverage of expression of different RasGAP family mem-
bers in 100 pediatric T-ALL samples,38 arguing that joint
activity of several RasGAP family members regulate the
RasGTP levels in T-ALL and not the activity of one par-
ticular RasGAP.

Figure 1. Schematic comparison of different oncogenic Ras signaling in RasMUT and RasGRP1-overexpressing T-ALL. Left: Leukemic cells
with constitutively active Ras display high net levels of active RasGTP and very low nucleotide exchange rates due to the defective
GTPase function of Ras. Middle: RasGRP1-overexpressing T-ALL show high levels of flux through the RasGDP/GTP cycle, yet low net lev-
els of RasGTP, presumably due to the high compensatory activity of RasGAP family members. Right: After cytokine activation, RasGRP1-
overexpressing T-ALL reveal elevated RasGTP levels and active downstream signaling, primarily through the PI3K-Akt pathway.
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Fourth, our results allow us to speculate on the physio-
logical or cell biological differences between RasMUT and
RasGRP1-overexpressing T-ALL. Strong and constitutive
Ras signaling in T-ALL - as driven by classic oncogenic
mutations locking Ras into it�s active RasGTP state - can
also trigger cell cycle arrest programs. We noted in the
past that not all RasMUT T-ALL can uncouple the arrest
programs to allow growth of leukemic blasts.46 Perhaps
this helps explain why RasMUT is relatively rare in T-ALL?
In contrast, overexpression of RasGRP1 in T-ALL does
not lead to constitutive Ras signaling but only to a high
RasGDP/GTP turnover, and should not induce cell cycle
arrest. Indeed, this is what we observed.46 Instead,
RasGRP1-overexpressing T-ALL can rapidly accumulate
RasGTP following receptor signal input (IL7R), resulting
in strong Ras downstream signaling and sustained prolif-
erative effects. To date it is still not fully understood how
such a cytokine receptor signal is integrated into the pro-
liferative signaling network in T-ALL cells. We could not
find evidence for cytokine-induced RasGRP1 activation.
RasGRP1 does not appear to couple to cytokine receptors
in the canonical, PLCg1-dependent manner as seen fol-
lowing TCR stimulation. A plausible model involves
decreased activity of RasGAPs upon cytokine stimulation,
which would automatically ramp up RasGTP due to the
high levels of constitutive GTP loading onto Ras by
RasGRP1 (see Fig. 1, right).

Furthermore, our findings illustrate a novel type of
oncogenic Ras signaling in cancer, driven by cytokine
receptor input together with high flux through the
RasGDP/RasGTP cycle caused by RasGRP1 overexpres-
sion. Clearly, this mode is very distinct from signals sent by
mutant forms of Ras but this does not mean that the
RasGDP/RasGTP cycle should be ignored in cancers with
RasMUT. Our work in T-ALL suggests that we should pay
more attention to the flux through this cycle in all cancer
types and the roles of the RasGEFs and RasGAPs herein.
Work from others point in the same direction; the impor-
tance of a balanced activity of RasGEF and RasGAP effec-
tors on the Ras signaling network was highlighted by a
recent study from the Lim lab, which analyzed in greater
detail how changes in those players can effectively alter the
amplitude and duration of the RasGTP levels. In addition,
they could also show that oncogenic RasMUT still depends
on the RasGEF/RasGAP circuit further shaping the Ras sig-
naling outcome.51 Development of small molecules that
specifically bind to the RasMUT KRASG12C and decrease the
viability of cancer cells with this mutation led to the realiza-
tion that there is a pocket in KRASG12C that may be a good
target for cancer therapy.52 Two subsequent studies reveal
that KRASG12C is still subjective to nucleotide exchange and
does not fully get “locked in” it�s constitutively active form.
This provided the opportunity to target KRASG12C with a

chemical inhibitor and successfully arrest it in the inactive
GDP-bound state, which resulted in robust growth retarda-
tion of KRASG12C mutant cell lines.53,54 These studies pro-
vide a true shift in paradigm and we should consider the
flux through the RasGDP/RasGTP cycle in future studies of
oncogenic Ras signals in different cancer types.

Lastly, it is of interest to return to the topic of hetero-
geneity observed between T-ALL patients. It is tempting
to speculate that different oncogenic Ras signals underlie
the heterogeneity that is observed and future in-depth
analysis of the differential signaling patterns involved is
essential to understand the underlying causes and to tai-
lor effective molecular therapies.
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