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K-Ras is frequently mutated in human cancers. Mutant (mt) K-Ras can stimulate both oncogenic transformation and apoptosis
through activation of extracellular signal-regulated kinase (ERK) and AKT pathways and the MST2 pathway, respectively. The
biological outcome is determined by the balance and cross talk between these pathways. In colorectal cancer (CRC), a K-Ras mu-
tation is negatively correlated with MST2 expression, as mt K-Ras can induce apoptosis by activating the MST2 pathway. How-
ever, wild-type (wt) K-Ras can prevent the activation of the MST2 pathway upon growth factor stimulation and enable transfor-
mation by mt K-Ras in CRC cells that express MST2. Here we have investigated the mechanism by which wt and mt K-Ras
differentially regulate the MST2 pathway and MST2-dependent apoptosis. The ability of K-Ras to activate MST2 and MST2-de-
pendent apoptosis is determined by the differential activation kinetics of mt K-Ras and wt K-Ras. Chronic activation of K-Ras by
mutation or overexpression of Ras exchange factors results in the activation of MST2 and LATS1, increased MST2-LATS1 com-
plex formation, and apoptosis. In contrast, transient K-Ras activation upon epidermal growth factor (EGF) stimulation prevents
the formation of the MST2-LATS1 complex in an AKT-dependent manner. Our data suggest that the close relationship between
Ras prosurvival and proapoptotic signaling is coordinated via the differential regulation of the MST2-LATS1 interaction by tran-
sient and chronic stimuli.

The Ras family of small GTPases comprises three isoforms: H-
Ras, N-Ras, and K-Ras (1). Mutations of these proteins, in

particular K-Ras, are present in more than 30% of cancers, making
Ras mutations one of the most frequent events in cancer (2). Upon
growth factor stimulation, Ras proteins cycle between an inactive
state bound to GDP and an active state bound to GTP. Ras acti-
vation is induced by guanidine exchange factors (GEFs), and in-
activation is catalyzed by GTPase activating proteins (GAPs),
which enhance the intrinsic ability of Ras to hydrolyze GTP (1).
Activated Ras proteins bind to several effector proteins that me-
diate a range of different biological processes, such as prolifera-
tion, differentiation, and apoptosis. The best-characterized Ras
effectors are Raf-1, phosphoinositide-3 kinase (PI3K), and
RalGDS (3). Raf-1 and PI3K pathways play a central role in the
regulation of prosurvival and proliferation signals, and aberrant
activation of these pathways is observed in most transformed cells
(4, 5). These pathways interact at different levels through various
positive and negative feedback loops upstream and downstream
of Ras. Hence, the cross talk between these important pathways
plays a central role in cell fate decisions (6).

Recently, the tumor suppressor RASSF1A was recognized as a
Ras effector, specifically of K-Ras (7, 8). The expression of
RASSF1A is frequently suppressed in cancer due to gene silencing
by promoter methylation (9, 10). RASSF1A is a member of the
Ras-associated family of proteins, which comprises 10 genes, each
featuring several splice variants. RASSF1A function is further reg-
ulated by phosphorylation (11) and is involved in the control of
cell cycle progression, microtubule stability, and apoptosis (10).
How RASSF1A regulates most of its biological effects is not well
understood, as it lacks catalytic activity. However, its role in apop-
tosis is better studied. RASSF1A can trigger apoptosis through at
least two pathways. One involves binding of RASSF1A to the Bax
binding protein MOAP-1/MAP-1 adaptor, which induces a con-
formational change that activates the proapoptotic function of

Bax (12, 13). The other mechanism relies on the stimulation of the
MST/Hippo pathway (14, 15), which is emerging as a central reg-
ulator of organ size, cell polarization, and apoptosis (16, 17).
RASSF1A dissociates MST2 from the inhibitory complex with
Raf-1 and stimulates MST2 kinase activity as well as binding to its
substrate LATS1 (18, 19). Activated LATS1 can phosphorylate dif-
ferent effectors, including YAP1. LATS1 phosphorylates YAP1 on
several residues (20), which have different functions. The phos-
phorylation of S127 plays a role in cell growth and size control and
inactivates the transcriptional function of YAP1 by promoting its
retention in the cytosol and degradation (20, 21). However,
RASSF1A stimulation causes LATS1 to phosphorylate YAP1 on a
different residue(s), which is yet to be identified, enabling YAP1 to
translocate to the nucleus and bind p73 (18). The YAP1/p73 com-
plex activates the transcription of several proapoptotic genes (18,
22). In addition, we have recently demonstrated that mutant (mt)
K-Ras regulates the MST2-LATS1 pathway through RASSF1A in
colorectal cancer (CRC) cells (7). In this case apoptosis is due to
LATS1 binding to and sequestering the ubiquitin ligase Mdm2
from p53, which results in the stabilization and activation of p53
and subsequent apoptosis (7). Thus, depending on the mode of
upstream activation the MST2-LAST1 pathway can utilize differ-
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ent downstream effectors. Another intricacy of this pathway, at
least in mammalian cells, is its differential regulation by mt versus
wild-type (wt) K-Ras. Whereas mt K-Ras stimulates apoptotic sig-
naling through this pathway, wt K-Ras can inhibit it (7).

Here, we have investigated the mechanistic basis for the differ-
ential regulation of the MST2 pathway by wt and mt K-Ras. We
show that the different activation dynamics of mt K-Ras and
RASSF1A are responsible for the differential effects of mt K-Ras
and wt K-Ras on the MST2 pathway. We also present evidence
that in response to growth factor stimulation RASSF1A specifi-
cally interacts with K-Ras but not H- or N-Ras. Furthermore, our
data indicate that mt and wt K-Ras differ in their abilities to acti-
vate AKT and that AKT activation is central for inhibiting the
MST2-LATS1 pathway.

MATERIALS AND METHODS
Constructs and siRNA. Constructs encoding pCEFL-HA-H-Ras, -K-Ras,
-N-Ras, -K-RasV12, -H-RasV12, and -N-RasV12, pCEFL-Flag-GRF2, -K-
RasV12, -H-RasV12, and -N-RasV12, and pCEFL-AU5-SOS1 and pGEX-
4T-RBD have been described before (24, 25). HA-RASSF1A and Flag-
RASSF1A constructs have been described before (8). Myc-K-RasV12 was
cloned in the pEF6 plasmid. Small interfering RNAs (siRNAs) against
MST2, RASSF1A, LATS1, wt K-Ras, YAP1, and p73 have been described
and validated before (7, 18).

Cell culture. Cells were grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum. Subconfluent cells were
transfected with Lipofectamine 2000 (Invitrogen) by following the man-
ufacturer’s instructions.

Immunoprecipitation and immunoblotting. Immunoprecipitations
were performed as described before (18). Briefly, cells were lysed in 20
mM HEPES, pH 7.5, 150 mM NaCl, 1% NP-40, 2 mM NaF, 10 mM
�-glycerophosphate, 2 mM Na4P2O4, and protease and phosphatase in-
hibitors. After incubation at 4°C for 2 h, immunoprecipitates were washed
3 times with lysis buffer containing 0.5% NP-40, separated by SDS-PAGE,
and analyzed by Western blotting.

Antibodies and reagents. All antibodies were from commercial sourc-
es: mouse monoclonal antihemagglutinin (anti-HA) (Santa Cruz), anti-
HA– horseradish peroxidase (anti-HA-HRP) 3F10 (Roche), rabbit poly-
clonal anti-MST2 (Epitomics), goat polyclonal anti-MST2 (C-19; Santa
Cruz), mouse monoclonal anti-C-Raf (BD Transduction Laboratories),
goat polyclonal anti-LATS1 (n-18 and g-16; Santa Cruz), rabbit poly-
clonal anti-YAP1 (Santa Cruz), mouse monoclonal anti-RASSF1A
(eBioscience), rabbit polyclonal anti-RASSF1 (Santa Cruz), anti-p73
monoclonal antibody (MAb) (Ab4) (Neomarkers), anti-H-Ras mouse
monoclonal, anti-K-Ras mouse monoclonal and anti-N-Ras rabbit poly-
clonal (Santa Cruz), mouse monoclonal ppErk and rabbit polyclonal Erk
(Sigma), rabbit polyclonal phospho-YAP S127 (New England Biosci-
ences), mouse monoclonal Myc tag (Upstate), mouse monoclonal anti-
AU5 (Covance), rabbit polyclonal AKT, p-S308-AKT, p-S473-AKT, and
p-AKT-substrate cell signaling, rabbit polyclonal p-T180-MST2 cell sig-
naling (New England BioLabs), mouse monoclonal glycogen synthase
kinase 3B (GSK3B; Santa Cruz), and rabbit monoclonal phospho-
GSK3�/� (Ser21/9) (Cell Signaling) antibodies. LY294002, Akt inhibitor
IV, and epidermal growth factor (EGF) are from Calbiochem.

MST2 in gel kinase activity. MST2 kinase activity was measured as
before (19). Briefly, cell lysates were divided in half and MST2 was immu-
noprecipitated from both fractions as described above. For each sample
one immunoprecipitate aliquot was Western blotted for MST2 as a load-
ing control for the experiment, while the other immunoprecipitate ali-
quot was subjected to an in-gel kinase assay. For this purpose, immuno-
precipitates were resolved on an SDS-PAGE gel containing myelin basic
protein. The gel was washed 3 times to remove SDS with 20% propanol, 50
mM Tris, pH 8.0, and equilibrated with kinase buffer (40 mM HEPES, pH
8.0, 10 mM MgCl2, 0.5 mM EGTA, and 50 mM 25 mCi ATP) and [�-

32P]ATP and then incubated in kinase buffer with 25 mCi [�-32P]ATP for
2 h. After several washes with 5% trichloroacetic acid (TCA) and 1%
sodium pyrophosphate, the gel was dried and exposed to X-ray film.

Ras pulldown activation assay. Ras activation was measured as de-
scribed previously (25). Briefly, cells were lysed using MLB buffer (25 mM
HEPES, pH 7.5, 150 mM NaCl, 1% NP-40, 1% Na deoxycholate, 10%
glycerol, 10 mM MgCl2, and protease and phosphatase inhibitors). Active
(i.e., GTP-loaded) Ras was affinity purified using a recombinant GST-Raf
Ras binding domain (RBD) (amino acids 1 to 149) protein and detected
by immunoblotting with anti-K-Ras antibody. Three experiments were
quantified using ImageJ.

Apoptosis assays. Apoptosis levels were measured by assessing DNA
fragmentation using PI staining by fluorescence-activated cell sorter
(FACS) as described before (19). The graphs show the quantitation of cells
with fragmented (i.e., sub-G1) DNA content from at least 3 independent
experiments. Error bars represent standard deviations.

RESULTS
RASSF1A selectively interacts with K-Ras in a growth factor-
regulated manner. We recently have demonstrated that K-Ras
binds RASSF1A in a GTP-dependent manner and that K-Ras can
upregulate MST2 signaling through RASSF1A (7). This effect
seemed to be specific for K-Ras, since H-Ras and N-Ras failed to
activate MST2 signaling. Moreover, while oncogenic mt
K-RasV12 stimulated MST2 kinase activity and binding to its sub-
strate LATS1, oncogenic mt H-RasV12 or mt N-RasV12 exerted
an inhibitory effect upon MST2 activation. These observations
indicated that Ras isoforms differentially regulate the MST2 path-
way. This differential effect of Ras isoforms may be due to direct
regulation of RASSF1A signaling by the three isoforms or by indi-
rect regulation of the MST2 pathway through cross talk with other
signaling pathways regulated by N- and H-Ras. A possible inter-
action of Ras with RASSF1A proteins has been described in the
literature (26). However, the reports were contradictory. For in-
stance, it has been reported that RASSF1A binds preferentially to
H-Ras (27, 28) or K-Ras (10). These discrepancies likely arise from
the use of overexpression systems, different assays, or different cell
types. Therefore, in order to clarify this issue, we reevaluated this
issue using physiological growth factor stimulation in two exper-
imental systems, i.e., MCF7 breast carcinoma and HeLa cervical
carcinoma cells. In these cells we have a wealth of data on the
biochemical and biological consequences of MST2 signaling, in
particular the induction of apoptosis (18). HeLa is one of the few
immortalized cell lines that retain RASSF1A expression, while
MCF7 cells lack endogenous RASSF1A expression.

Therefore, we tested whether H-Ras and K-Ras can bind to
RASSF1A upon serum stimulation of MCF7 cells transfected with
a HA-RASSF1A expression vector (Fig. 1A). Endogenous K-Ras
coimmunoprecipitated with exogenously expressed RASSF1A,
and RASSF1A coimmunoprecipitated with endogenous K-Ras.
Serum increased this interaction and also induced the coprecipi-
tation of MST2, suggesting that RASSF1A can bind to K-Ras and
MST2 in a growth factor-induced manner. Both the RASSF1A and
MST2 interaction with K-Ras increased steadily over a time course
of 45 min of serum stimulation (see Fig. S1 in the supplemental
material). K-Ras also coimmunoprecipitated with endogenous
Raf-1 in a serum-stimulated fashion, but this interaction preceded
the interaction of K-Ras with MST2 showing that K-Ras engages
the Raf-1 and MST2 pathways with different kinetics. In contrast,
in the same type of experiment we did not observe any interaction
of RASSF1A with endogenous H-Ras or N-Ras (Fig. 1A and data
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not shown), indicating that K-Ras is the only member of the Ras
family that can bind to RASSF1A. It is possible that this observa-
tion was due to different levels of expression of the Ras isoforms in
MCF7 cells or to the different affinity of the Ras isoform-specific
antibodies. In addition, binding of RASSF family members to dif-
ferent Ras isoforms has been reported but has been investigated in
depth only for RASSF5 (29). RASSF1A was previously reported to
associate with K-Ras proteins using heterodimerization with
RASSF5 as an intermediate (8). Using purified protein fragments
the isolated Ras association domains of both RASSF5 and
RASSF1A also were shown to directly bind to recombinant H-Ras
protein in vitro (29, 30). In transfection experiments RASSF1A
coimmunoprecipitated with activated K-Ras (28), and one study
reported as unpublished results that RASSF1A binds better to K-
Ras than H-Ras (10). Our own data showing that mt K-Ras, but
not mt H-Ras or mt N-Ras, can activate MST2 (7) suggested that
RASSF1A binding may be selective for Ras isoforms. However, it is

problematic to draw definitive conclusions from the results of the
previous experiments as they are difficult to compare, having been
performed in very different experimental settings. Therefore, we
directly compared the capacities of H-, K-, and N-Ras isoforms to
associate with RASSF1A under the same experimental conditions
(Fig. 1B). For this purpose we coexpressed HA-tagged-Ras family
members with Flag-RASSF1A and stimulated the cells with EGF,
which is a known regulator of Ras and MST2 (23, 31, 32). Only
K-Ras coprecipitated with RASSF1A, confirming that K-Ras selec-
tively associates with RASSF1A (Fig. 1B). This result is further
supported by the observation that K-RasV12 coimmunoprecipi-
tated with RASSF1A, whereas no mt H-RasV12 or N-RasV12
could coimmunoprecipitate with RASSF1A (see Fig. S2 in the sup-
plemental material).

Interestingly, EGF regulated the interaction of K-Ras with
RASSF1A in a bimodal way, showing a transient peak at 15 min
and a second peak at the 45- and 60-min time points. This binding

FIG 1 (A) MCF7 cells were transfected with 1 �g HA-RASSF1A. After 16 h in 0.1% serum, cells were treated for the indicated time by readding serum to a final
concentration of 10%. Cell extracts were split in two and immunoprecipitated with anti-HA, anti-K-Ras (upper panel), or anti-H-Ras (lower panel) and Western
blotted with the indicated antibodies. (B) MCF7 cells were cotransfected with FLAG-RASSF1A and HA-K-, HA-H-or N-Ras wt. After 16 h of starvation (0.1%
serum), the cells were treated with EGF (100 ng/ml) for the indicated times. HA immunoprecipitates were subjected to Western blotting with the indicated
antibodies. (C) Endogenous K-Ras GTP levels were measured in EGF (100 ng/ml)-stimulated MCF7 cells transfected with Flag-RASSF1A. Error bars show
standard deviations.
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pattern followed the activation kinetics of K-Ras in MCF7 cells
transfected with RASSF1A and stimulated with EGF, where K-Ras
activation occurred biphasically with a first peak at 5 min and a
second smaller peak commencing after 45 min of stimulation (Fig.
1C). Interestingly, the first peak coincided with K-Ras binding to
Raf-1, while Raf-1 binding was back to basal levels at the second
peak of K-Ras activation These results show that EGF induces the
formation of K-Ras-RASSF1A and K-Ras-Raf-1 complexes in a
GTP-dependent but kinetically different manner. They further
suggest that K-Ras may coordinate different biological effects re-
sulting from the differential activation of the Raf-1 versus the
RASSF1A pathway as specified by the K-Ras activation kinetics.

EGF suppresses the proapoptotic MST2 pathway down-
stream of RASSF1A. In light of the above data and our previous
work showing that activation of the EGF receptor can protect
against MST2-induced apoptosis (7), we studied how EGF stim-

ulation regulates the MST2 pathway in HeLa cells. These cells
express endogenous RASSF1A and allowed us to investigate en-
dogenous protein complexes (Fig. 2A). In unstimulated cells,
MST2 kinase activity was low, and MST2 coimmunoprecipitated
with Raf-1 and LATS1 but not with RASSF1A. EGF stimulation
rapidly disrupted the association between MST2 and LATS1 and
subsequently induced binding of MST2 to RASSF1A and Raf-1.
Concomitant with these changes in association, MST2 kinase ac-
tivity was first reduced and then enhanced by EGF. We have pre-
viously shown that MST2 bound to Raf-1 is inhibited whereas
MST2 bound to RASSF1A is activated (7). As Raf-1 and RASSF1A
compete for MST2 binding, the MST2-Raf-1 and MST2-
RASSF1A complexes are mutually exclusive but coexist as separate
complexes (7), Thus, although EGF increases the sequestration of
MST2 into the inhibitory complex with Raf-1, it also enhances the
formation of the activating MST2-RASSF1A complex resulting in

FIG 2 (A) Serum-starved HeLa cells were treated with EGF for the indicated times. MST2 immunoprecipitates were subjected to an in-gel kinase assay (MST2
KA) or Western blotted with the indicated antibodies. LATS1 immunoprecipitates were blotted with the indicated antibodies. Numbers indicate the fold kinase
activation obtained by dividing kinase activity by amount of MST2 immunoprecipitated. (B) HeLa cells were treated with LY294002 (10 �M) or Akt inhibitor (10
�M) for 45 min and stimulated with 10 nM EGF for a further 10 min. Cell lysates (10 �g) were analyzed by Western blotting using antibodies against phospho-
and total proteins as indicated. (C) HeLa cells were transfected with empty vector (�) or Flag-K-RasN17 (�). After serum starvation the cells were treated with
10 nM EGF for 5 or 45 min. The lysates were split in half and immunoprecipitated with MST2 or LATS1 antibodies. The immunoprecipitates were blotted with
the indicated antibodies. (D) HeLa cells were transfected with 1 �g of wt FLAG-MST2 (left panels) or the double mutant FLAG-MST2 T117/384A (right panels)
and HA-K-RasN17 where indicated. After 16 h in 0.1% serum the cells were treated with 10 nM EGF for 45 min. Cell lysates were split in half and immunopre-
cipitated with anti-MST2 or anti-LATS1 antibodies. The immunoprecipitates and cell extracts were Western blotted with the indicated antibodies. (E) HeLa cells
were transfected with empty vector or H-RasN17, K-RasN17, or N-RasN17 and then stimulated with 10 nM EGF for 10 min. Cell lysates (10 �g) were analyzed
by Western blotting using antibodies against phospho- and total proteins as indicated. (F) Serum-starved MCF7 cells transfected with HA-RASSF1A or empty
vector were treated with 10 nM EGF for 45 min. LATS1 immunoprecipitates were blotted for MST2 and YAP1 coprecipitation.
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an overall increase in MST2 kinase activity at later time points
(Fig. 2A). These observations suggested an intricate coordination
of the kinetics of MST2 activity by EGF.

Therefore, we analyzed other EGF effector pathways that are
known to impinge on the regulation of MST2. AKT can phos-
phorylate MST2 on Thr117 and Thr384, in a PI3K-dependent man-
ner, inhibiting MST2 kinase activity by preventing its autophos-
phorylation on Thr180 and enhancing its binding to Raf-1 (33).
Hence, we analyzed EGF-mediated AKT activation and MST2
phosphorylation in more detail. For this purpose we used an an-
tibody specific for AKT substrate phosphorylation motifs that al-
lowed us to monitor the AKT-directed phosphorylation of MST2
(33). In parallel, we measured MST2 activation by performing
in-gel kinase assays or using an anti-T180-MST2 specific anti-
body, which detects an autophosphorylation event that is essential
for MST2 activation (34). While EGF activated AKT rapidly, co-
inciding with the disruption of the MST2-LATS1 complex, MST2
kinase activation occurred later when AKT activity was declining
(Fig. 2A). Chemical inhibitors of AKT (AKT I) or its upstream
activator PI3K (LY294002) completely reverted the EGF-medi-
ated suppression of MST2 autophosphorylation and therefore its
activation (Fig. 2B). These results indicate that the high level of
AKT activity triggered by EGF early after stimulation promotes
sequestration of MST2 into the inactive complex with Raf-1, while
the decline of AKT activity at later time points permits MST2
activity to rise. Interestingly, the increase in MST2 kinase activity
occurs at a time when MST2 is dissociated from its substrate
LATS1, suggesting that it cannot translate into downstream effects
mediated by LATS1. Consequently, EGF activates MST2 but in-
terferes with its proapoptotic functions by disrupting MST2 bind-
ing to its substrate LATS1. In contrast, mt K-Ras enhances both
MST2 kinase activity and binding to LATS1, leading to an increase
in apoptosis (23). These results suggest that K-Ras promotes pro-
apoptotic signaling through the MST2 pathway when constitu-
tively activated by mutation but interferes when transiently acti-
vated by physiological growth factors. We currently do not know
the mechanistic basis for this differential effect of EGF and mt
K-Ras, but this finding is consistent with our previous results
showing that EGF activation of wt K-Ras interferes with MST2-
mediated apoptosis triggered by mt K-Ras (7).

To confirm that the effect of EGF on the MST2-LATS1 inter-
action is mediated by K-Ras, we used the dominant inhibitory
mutant K-RasN17 (Fig. 2C). This mutant selectively inhibits the
activation of endogenous K-Ras with minor effects on H-Ras and
N-Ras activation (25). Expression of K-RasN17, but not of H- and
N-RasN17 (see Fig. S3 in the supplemental material), prevented
the decrease of the MST2-LATS1 interaction caused by EGF, sup-
porting the hypothesis that the inhibitory effect of EGF on MST2
signaling involves the K-Ras-dependent uncoupling of MST2
from LATS1. K-RasN17 also impaired the activation of AKT by
EGF as well as the phosphorylation of MST2 by AKT (Fig. 2C). As
previously shown, this phosphorylation inhibits MST2 (33), sug-
gesting that K-Ras can inhibit MST2 via activation of AKT. We
confirmed this hypothesis by expressing the FLAG-tagged MST2
(T117/384AA) double mutant. Contrary to what happened to
FLAG-tagged MST2 wt, the interaction of this mutant with LATS1
was not affected by EGF stimulation, confirming that AKT medi-
ates this effect (Fig. 2D).

In order to compare the role of different Ras isoforms in the
activation of AKT upon EGF stimulation, we used dominant in-

hibitory mutants of each Ras isoform. H-RasN17 is able to inhibit
the activation of all three Ras isoforms, while K-RasN17 and N-
Ras specifically inhibit the activation of their cognate wild-type
proteins and to a lesser degree the activation of H-Ras, allowing us
to discriminate which Ras isoforms are mediating the activation of
their different effectors (25). We expressed the three Ras domi-
nant inhibitory mutants and treated the cells with EGF for 10 min
(Fig. 2E). EGF activation of AKT was severely reduced by the ex-
pression of K-RasN17 (�60% reduction) and H-RasN17 (�43%
reduction) while N-RasN17 (�26% reduction) was less effective,
indicating that K-Ras is the main Ras isoform mediating AKT
activation upon EGF stimulation.

These data suggested that EGF-activated wt K-Ras should have
an inhibitory effect on the activation of the MST2 proapoptotic
signaling pathway initiated by RASSF1A. In order to test this hy-
pothesis we assessed how EGF affected the effects of RASSF1A
expression on downstream signaling events. As previously re-
ported, RASSF1A causes the release of YAP1 from LATS1 and
binding of YAP1 to p73, which together activate expression of the
proapoptotic BH3 domain protein Puma (18). The decrease of
LATS1-YAP1 interaction caused by RASSF1A was rescued by
treatment with EGF (Fig. 2F). These findings reveal opposite ef-
fects of EGF and stimulation of the Fas death receptor, which
elevated MST2 kinase activity and interaction with its substrate
LATS1 and promoted YAP1-p73 binding (7). This is likely due to
the activation of AKT antiapoptotic signal mediated by EGF-acti-
vated K-Ras.

Oncogenic K-Ras activates the MST2 pathway proapoptotic
signal in HeLa cells. In CRC cells oncogenic mt K-Ras promotes
apoptosis by activating the MST2 pathway, and this requires EGF
receptor activity and a wt K-Ras allele (7). The above data suggest
that in HeLa cells wt K-Ras can suppress MST2 pathway activation
by activating AKT and disrupting the interaction between MST2
and LATS1. These findings prompted us to perform a detailed
study of how oncogenic mt K-Ras affects the MST2 pathway in
HeLa cells. Overexpression of increasing amounts of mt K-RasV12
activated MST2 kinase activity and increased MST2-RASSF1A
and Raf-1-MST2 interactions in a dose-dependent manner (Fig. 3A).
In contrast, expression of oncogenic mt H- or N-RasV12 mutants
did not enhance MST2 kinase activity but reduced MST2 activa-
tion (Fig. 3B; see Fig. S4 in the supplemental material). This effect
is probably due to an indirect effect of this mutant on the regula-
tion of the MST2 pathway since only wt and mt-K-Ras, not H- or
N-Ras, can bind RASSF1A in these cells (Fig. 1; see Fig. S2 in the
supplemental material). Overall, these results showed that among
the different oncogenic Ras isoforms the MST2 pathway is specif-
ically activated by mt K-Ras. Therefore, these observations are
similar to what we observed when wt K-Ras was activated by phys-
iological stimuli, such as EGF (Fig. 1). In order to track down the
differences between wt and mt K-Ras signaling, we investigated
downstream MST2 signaling. K-RasV12 but not H-RasV12 or N-
RasV12 increased the binding of MST2 to LATS1 (Fig. 3C; see Fig.
S4B). In contrast, EGF disrupted the MST2-LATS1 complex (Fig. 2).
In MCF7 cells, which do not express endogenous RASSF1A, both
MST2 kinase activity and LATS1 binding were dramatically en-
hanced by the coexpression of RASSF1A and K-RasV12 (Fig. 3D; see
Fig. S5 in the supplemental material), indicating that K-RasV12 co-
operates with RASSF1A to activate LATS1.

Further downstream, K-RasV12 did not affect the association
of LATS1 with YAP1 or YAP1 phosphorylation on S127 (Fig. 3E),
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which is thought to be a critical phosphorylation site for enabling
the oncogenic potential of YAP1. This observation also indicated
that mt K-Ras activation of apoptosis through the MST2 pathway
was not mediated by YAP1-p73, as we had previously observed
when the MST2 pathway was activated by Fas or overexpression of
RASSF1A (18). Therefore, we tested whether mt K-Ras-induced
apoptosis of HeLa cells was dependent on the other components
of the MST2 pathway (Fig. 3F; see Fig. S6 in the supplemental
material). siRNA-mediated downregulation of RASSF1A, MST2,
and LATS1, but not of YAP1 and p73, rescued mt K-Ras-induced
apoptosis, confirming that mt K-Ras-induced apoptosis in HeLa
is dependent on the kinase core of the pathway but uses an effector
different from p73.

Differential activation of AKT by mt K-Ras and wt K-Ras
explains their distinct regulation of the MST pathway. These
results confirmed the fundamental differences in the signaling
properties of wt versus mt K-Ras. While mitogen-activated wt
K-Ras inhibits the MST2 pathway, mt K-Ras activates it. This
functional divergence centers on the regulation of MST2-LATS1
and LATS1-YAP1 binding. Both the formation of MST2-LATS1
and disruption of LATS1-YAP1 complexes are critical for the in-
duction of apoptosis by RASSF1A (18). EGF disrupts MST2-
LATS1 complexes, whereas mt K-Ras promotes MST2-LATS1

binding. In addition, EGF, but not mt K-Ras, antagonizes the
RASSF1A-induced decrease of LATS1-YAP1 binding.

We have previously shown that AKT can inactivate MST2 by
direct phosphorylation (33) and that the antiapoptotic effect of wt
K-Ras in CRC cells requires the activation of AKT signaling (7).
Now we observe that upon EGF stimulation K-Ras-dependent
activation of AKT inhibits MST2 activation (Fig. 2D). Our previ-
ous findings also indicated that in CRC the inhibition of MST2 by
AKT was dependent on the presence of wt K-Ras, as mt K-Ras was
not able to exert this inhibition when HCT116 cells were depleted
of wt K-Ras. We observed the same paradoxical interaction be-
tween wt K-Ras and mt K-Ras in HeLa cells (Fig. 4A), where the mt
K-Ras induction of MST-LAST1 interaction was rescued by EGF
stimulation. This regulation of the MST2 pathway is mediated by
AKT, as PI3K inhibition increases the MST2-LAST1 interactions
and rescues MST2 inhibition caused by EGF (see Fig. S7 in the
supplemental material). This made us wonder whether mt K-Ras
and EGF-activated wt K-Ras could differentially regulate AKT ac-
tivation. To test this hypothesis, we transfected all three oncogenic
mt Ras isoforms into HeLa cells and compared their effects on
AKT activation with EGF (Fig. 4B). The expression of mt Ras
isoforms resulted in a modest activation of AKT, with N-RasV12
being the strongest activator, H-RasV12 the weakest, and

FIG 3 (A) HeLa cells were transfected with increasing amounts of Myc-K-RasV12. MST2 was immunoprecipitated and blotted for LATS1, Raf-1, and RASSF1A
coprecipitation. An in-gel kinase assay was performed for MST2 immunoprecipitates (MST2 KA). (B) HeLa cells were transfected with 0.5 �g of HA-H-RasV12,
HA-K-RasV12, or HA-N-RasV12 as indicated. After 16 h in 0.1% serum the cell lysates were Western blotted with the indicated antibodies. (C) LATS1 and MST2
coimmunoprecipitation in HeLa cells transfected with Myc-K-RasV12. (D) MCF7 cells were cotransfected with HA-RASSF1A and FLAG-K-RasV12. MST2 and
LATS1 immunoprecipitates were assayed for coprecipitation. Total lysates were Western blotted with the indicated antibodies. (E) HeLa cells were transfected
with increasing amounts of HA-K-RasV12. After 20 h of serum starvation, cells were lysed and LATS1 immunoprecipitates were blotted for YAP1 coprecipita-
tion. p73 protein levels and S127 phosphorylation were monitored in the extracts using specific antibodies. (F) HeLa cells were transfected with HA-K-RasV12
expression plasmid and 50 ng/ml siRNAs against RASFF1A, MST2, LATS1, and p73 as indicated. A nontargeting siRNA pool was used as a control. Protein
expression was monitored by Western blotting. Cells were assayed for apoptosis by measuring DNA fragmentation. Error bars show standard deviations (n � 3).
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K-RasV12 intermediate. In contrast, EGF treatment caused a
much higher activation of AKT than any of the oncogenic RasV12
proteins (�3-fold 	 mt K-Ras). Similarly, we observed that EGF
activated ERK1/2 more strongly than mt RasV12, although in this
case H-, K- and N-RasV12 activated ERK at similar levels. Impor-
tantly, the different abilities of EGF and mt RasV12 proteins to
activate AKT translated into a marked disparity of MST2 phos-
phorylation. Only EGF stimulated the phosphorylation of MST2
on AKT consensus sites, while RasV12 proteins were ineffective.
The different levels of AKT and extracellular signal-regulated ki-
nase 1 and 2 (ERK1/2) activation caused by EGF and transfected
RasV12 constructs are not due to poor transfection, as the trans-
fection efficiency was �90%. In order to assess for dosage effects,
we transfected increasing amounts of K-RasV12, showing that un-
der the conditions used the activation of ERK and AKT is satu-
rated (Fig. 4C). Thus, our data suggest that EGF interrupts MST2

signaling by stimulating the inhibitory phosphorylation of MST2
by AKT, whereas mt Ras is ineffective. The lower level of ERK1/2
and AKT1 activation caused by oncogenic Ras isoforms is likely
due to the activation of negative feedback loops that downregulate
these pathways in response to chronic stimulation (6). To test this
hypothesis in our cell systems, we performed an EGF stimulation
time course experiment in MCF7 and monitored the effect of
chemical inhibition of the AKT/ERK pathways. Our data indicate
that in MCF7 cells there is an ERK-dependent negative regulation
of AKT activation (Fig. 4D; see Fig. S8 in the supplemental mate-
rial). Furthermore, this feedback loop is also modulated by
RASSF1A (Fig. 4E; see Fig. S9 in the supplemental material), indi-
cating that the regulation of AKT and ERK signaling is also regu-
lated by the MST2 pathway.

Mutant K-Ras-induced apoptosis is due to chronic K-Ras ac-
tivation. The above results suggested that the sustained activation

FIG 4 (A) HeLa cells were transfected with HA-K-Ras where indicated. After serum starvation for 20 h the cells were treated with 10 nM EGF and 10 nM
LY294002 as indicated. MST2 was immunoprecipitated and blotted for LAST1 interaction. Lysates were blotted with the indicated antibodies. The lower panel
was spliced from the same gel. (B) HeLa cells were transfected with 1 �g of Flag-H-, -K-, or -N-RasV12 expression plasmids or treated with EGF for 5 min as
indicated. MST 2 was immunoprecipitated and examined for phosphorylation on AKT consensus sites by an anti-AKT substrate antibody. Protein expression
and phosphorylation in lysates were monitored with the indicated antibodies. (C) HeLa cells were transfected with 0.5 or 1 �g of Flag-K-RasV12 plasmid. Cells
were serum starved for 20 h before lysates were blotted with the indicated antibodies. (D) MCF7 cells were serum deprived where indicated and treated with 10
�M UO126 for 1 h as indicated. Cells were then incubated with 10 nM EGF for the indicated times. Lysate protein levels and phosphorylation were monitored
with the indicated antibodies. (E) MCF7 cells transfected with increasing amounts of HA-RASSF1A were serum starved for 20 h and treated with 10 nM EGF for
the indicated times. Lysates were blotted with the indicated antibodies.
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of mt Ras may be responsible for the inability to constrain MST2
activity. Another explanation for this paradoxical effect of K-Ras
signaling upon MST2 may be based on the qualitatively different
biochemical properties of oncogenic mt K-Ras and wt K-Ras. To
distinguish between these two scenarios, we used Hke3 cells
(KRAS�/wt), which are an isogenic derivative of HCT116
(KRASmt/wt) cells where the mt KRAS allele has been knocked out

(35). We previously used this cell line pair to show that mt K-Ras
induces apoptosis via activation of the MST2 pathway (7). We
overexpressed two Ras guanidine exchange factors (RasGEFs),
SOS1 and GRF2, that cause chronic activation of endogenous K-
Ras (25) or stimulated the cells with EGF for 5 min or 16 h. Over-
expression of SOS1 and GRF2 resulted in a constitutive activation
of endogenous K-Ras (Fig. 5A), while EGF stimulation resulted in

FIG 5 (A) Hke3 cells were transfected with AU5-SOS1 or Flag-GRF2 expression plasmids or treated with EGF (100 ng/ml) for the indicated times. The levels of
activated K-Ras were measured by pulldown. (B) Hke3 cells were transfected with AU5-SOS1 or GRF2 or treated with EGF for 20 h, and the levels of apoptosis
were determined by measuring DNA fragmentation. Error bars show standard deviations (n � 6). (C) HeLa cells were transfected as for panel A, and lysates were
blotted with the indicated antibodies. (D) HeLa cells were transfected with AU5-SOS1 and Flag GRF2. After 16 h in 0.1% serum the cells were lysed and
immunoprecipitated with anti-MST2. Lysates were blotted with the indicated antibodies. (E) HeLa cells were transfected with the indicated plasmids or siRNAs,
and the levels of apoptosis were measured as described above. SCRB, scrambled, nontargeting siRNA. Error bars show standard deviations (n � 4).
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a transient activation of K-Ras, which had returned to basal levels
at the 16-h time point. Importantly, the overexpression of SOS1 or
GRF2 induced apoptosis (Fig. 5B), suggesting that apoptosis is a
consequence of the chronic hyperactivation of K-Ras, i.e., a quan-
titative trait rather than a qualitative difference between mt and wt
K-Ras signaling.

We also confirmed this hypothesis by experiments in HeLa
cells. EGF activated both ERK and AKT. Overexpression of SOS1
and GRF2 induced a slight stimulation of ERK activity, but no
AKT activation was observable as detected by the phosphorylation
of AKT substrates or AKT itself (Fig. 5C). Furthermore, overex-
pression of SOS and GRF2 strongly increased the MST2-LATS1
interaction (Fig. 5D), Their effect on MST2 autophosphorylation
was less dramatic and rather subtle with GRF2 compared to that
with SOS. The reason for this differential behavior is unclear at
present. As seen in Hke3 cells, SOS1 and GRF2 overexpression
increased apoptosis, which could be abrogated by siRNA-medi-
ated downregulation of K-Ras or MST2 (Fig. 5E). These results
strongly indicated that the chronic activation of K-Ras either by
mutation or overexpression of RasGEFs is sufficient for the acti-
vation of apoptosis and that the MST2 pathway is mediating this
effect.

DISCUSSION

K-Ras mutation is one of the most frequent events in cancer (2),
but paradoxically K-Ras is the only member of the Ras family that
can activate apoptosis (36). Our recent work has helped to identify
the MST2 pathway as one of the signaling pathways that mediates
K-Ras proapoptotic effects and has shown that this apoptosis sig-
nal is repressed to allow CRC progression (23). Oncogenic K-Ras
activates the RASSF1A-MST2-LATS1 pathway, resulting in the
stabilization and activation of the tumor suppressor p53 due to
LATS1-mediated sequestration of the p53 ubiquitin ligase
MDM2. We also have shown a statistically significant inverse cor-
relation between MST2 expression and KRAS gene mutation in
human CRC patients with metastatic disease (7), suggesting that
shutting down the proapoptotic signal mediated by MST2 is nec-
essary for mt K-Ras-driven cancer progression. Interestingly, we
also observed that wt K-Ras can prevent mt K-Ras-induced apop-
tosis by inhibiting MST2 signaling. This antiapoptotic effect of wt
K-Ras requires EGF receptor (EGFR) signaling and the activation
of AKT. The evidence described here provides a mechanistic ex-
planation of the differences in MST2 pathway regulation by wt
K-Ras and mt K-Ras.

RASSF1A is a specific effector of K-Ras. Both mt K-Ras and wt
K-Ras bind to RASSF1A, promoting the formation of the
RASSF1A-MST2 interaction. However, they have very different
effects on the downstream regulation of the pathway. Wt K-Ras
activated by EGF interrupts the pathway by physically decoupling
MST2 from LATS1. On the other hand, mt K-Ras increases the
formation of the MST2-LAST1 complex, leading to enhanced
apoptosis. These differences are encoded by the activation kinetics
rather than qualitative differences in signaling between mt and wt
K-Ras, as the chronic activation of wt K-Ras by overexpression of
RasGEFs also induces apoptosis.

According to our data, a main difference between mt K-Ras
and EGF-activated wt K-Ras is their ability to activate AKT. While
mt K-Ras only weakly activates AKT, EGF causes robust AKT
activation and induces AKT-mediated phosphorylation of MST2.
AKT phosphorylation of MST2 blocks MST2 activity and binding

to RASSF1A but promotes MST2 interaction with Raf-1 (33). This
mechanism can change the ratio between the inactive and active
populations of MST2 that are bound to Raf-1 and RASSF1A, re-
spectively. Therefore, K-Ras promotes two competing pathways:
one by recruiting RASSF1A and MST2 and another via AKT acti-
vation that stimulates binding of MST2 to Raf-1. Indeed, EGF
enhances the formation of both MST2-Raf-1 and MST2-
RASSF1A complexes. These complexes compete with each other
in terms of both formation and effects. The existence of negative
feedback from ERK1/2 and AKT is likely to explain the differential
regulation of the MST2 pathway mediated by mt K-Ras and wt
K-Ras. Chronic activation of K-Ras downstream pathways results
in the activation of several positive and negative feedback loops
(6) that may be responsible for the different biological effects me-
diated by this protein. The nature of the feedback loops that are
regulating the cross talk among the ERK and AKT pathways seems
to be cell type specific and may explain the resistance to drugs
specifically developed to target these pathways (4, 6).

In summary, the current work explains the differential regula-
tion by wt K-Ras and mt K-Ras of the MST2 pathway. It also helps
to explain how wt K-Ras collaborates with mt K-Ras to facilitate
CRC progression. An interesting possibility is that MST2 activity
is also regulated by the other Ras isoforms. Although H-Ras and
N-Ras do not interact with RASSF1A, expression of their onco-
genic mutants decreases MST2 kinase activity (Fig. 3B). Interest-
ingly, we also have observed that the overexpression of oncogenic
H-Ras and N-Ras decreases MST2 kinase activity in HCT116 CRC
cells (7), pointing to the possibility that these isoforms also pre-
vent the activation of the MST2 pathway in this cell system. Al-
though we could not detect H-RasV12 and N-RasV12 induction
of MST2 phosphorylation by AKT in HeLa cells, it is possible that
these proteins induce such effects in other cell systems. There is
clear evidence from the literature that the different Ras isoforms
differentially activate PI3K-AKT in a cell- and tumor-specific
fashion (37). For instance, collaboration of wt N-Ras with mt
H-Ras has been proposed to be necessary for the maintenance of
the transformed phenotypes in different cells (38). It has also been
reported that cross talk between K-Ras and N-Ras signals may be
necessary for the regulation of migration and proliferation in
transformed cells (39, 40). Two recent reports have increased the
evidence for collaboration between mt Ras and wt Ras isoforms in
cancer, showing that SOS allosteric activation by mt K-Ras is re-
sponsible for the activation of wt Ras isoforms and necessary for
tumorigenesis and that the wt Ras isoforms are regulating EGFR
downstream signals to facilitate mt Ras transformation (41, 42).
Interestingly, mutations in all three Ras isoforms have been re-
lated to poor prognosis in thyroid tumors, and concomitant mu-
tations of K- and N-Ras are observed in myeloma (43, 44). All
these data strongly support the notion that cross talk between the
different Ras isoforms and their wt and mt versions can play a
major role in tumor maintenance (39).

The observation that the activation of MST2 proapoptotic sig-
nals is closely regulated by the ERK and the AKT pathways and
EGFR signaling at different levels may be of use in the design of
new therapeutic treatments. Conceivably, preventing the phos-
phorylation of MST2 by AKT or the inhibitory interaction of
MST2 with Raf-1 would allow the activation of apoptosis by
MST2. Drugs designed to activate MST2 kinase activity may help
to prevent the resistance observed to the therapeutic agents spe-
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cifically targeting the ERK and PI3K-AKT pathways shown in
many clinical trials (4).
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