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Introduction

 The Ral GTPases are key actors in Ras-dependent oncogenesis 
[1]. The mammalian RalA and RalB GTPases play roles on different  
levels of tumorigenesis ranging from basic hallmarks of cancer, 
such as anchorage independent growth, to invasion and metastasis  
formation [2]. Ral GTPases belong to the Ras superfamily of small 
GTPases [3]. They are activated by Guanosine Exchange Factors 
(Ral GEFs), and are direct effectors of Ras in human tumorigenesis  
[4-7]. RalA functions in human cell transformation [4,8,9], while RalB  
promotes tumor cell survival and regulates cell motility [10,11]. More 
specifically, RalA loss-of-function inhibits anchorage independent 
growth of transformed human cells, and RalB knockdown causes  
tumor cell apoptosis and blocks cancer cell motility [2]. The specificity 
of the distinct biological functions of RalA and RalB has remained  
elusive, although different post-translational modifications of Ral 
which regulate Ral subcellular localization and activity are likely  
involved to separate functions [8,12-15]. However, this functional 
specificity of RalA and RalB is lost in mice, since knockout of both 
Ral GTPases is necessary to inhibit Ras-induced tumorigenesis [16], 
suggesting that RalA and RalB have redundant functions in this  
model system. Moreover, a recent report describes RalA as a  
suppressor of early stages of Ras-induced carcinoma progression [17],  
indicating that RalA might have tumor suppressive functions besides 
its reported oncogenic role downstream of Ras.

 Downstream effectors of Ral GTPases include components 
of the Exocyst complex, Sec5 and Exo84, which support Ral  
functions in tumorigenesis [18]. It has been reported that the RalB-Sec5  
complex activates TBK1 to promote tumor cell survival [10], and 
the RalB-Exo84 complex functions in autophagy [19]. However, the  
RalA-Exocyst signaling pathway remains poorly understood in cancer 
cells [20]. In this context of RalA-Exocyst signaling, the relationship  
of RalA to MAP4K4 is also yet to be explored in much more  
detail. MAP4K4 is a serine/threonine protein kinase of the GCK-IV  
family [21,22], and has been reported to support cellular  
transformation, tumor cell adhesion and invasion [23-25]. MAP4K4 
is characterized by a unique C-terminal Citron Homology (CNH) 
domain [21], which is important for homodimerization and  
protein-protein interaction with Sec5, MEKK1 and beta1-integrin 
[10,26-28]. MAP4K4 has been defined as a Stress-Activated MAP 
Kinase (SAPK), driving the activation of MAPK-JNK cascades 
[22,29,30]. In Drosophila Msn, the fly counterpart of MAP4K4 [28], 
is part of a Ral-Sec5-Msn-JNK cascade regulating developmental- 
induced apoptosis [26]. However, the role of MAP4K4 as signaling 
partner of RalA and/or RalB has not been defined yet in human cells.

 RalA mediates TNF-α-induced p38 MAPK activation and  
JNK-dependent activation of FOXO [26,31]. Moreover, the  
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supports anchorage independent growth and cell transformation  
downstream of oncogenic Ras. However, one report describes 
RalA also as suppressor of early stages of Ras-induced carcinoma  
progression, proposing that RalA might also have tumor  
suppressive activities in specific settings, such as stress signaling. In  
tumorigenesis, regulation of Stress-Activated map Kinase (SAPK) 
pathways may determine cell survival or death in response to  
tumor environmental cues. While RalA regulates TNF-α signaling by  
contributing to SAPK activation, the role of Ral GTPases in  
response to other tumor environment driven stresses is largely  
unknown. Here, we describe the serine/threonine protein kinase 
NDR1 as a new partner of RalA signaling in control of SAPK. We  
report that under osmotic and oxidative stresses the Ste20-like MAP4K4  
kinase, an effector of RalA via the Exocyst complex, directly  
phosphorylates NDR1 on Thr444, a key regulatory residue for 
NDR1 activation. Moreover, we found that apoptosis induction  
triggered by TNF-α cytokine treatment or RASSF1A over expression 
signals through the RalA-MAP4K4-NDR1 pathway. This novel and  
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SAPK cascade can influence the fate of cancer cells in response to 
environmental and cellular stresses [32]. Together these findings  
suggested that RalA might regulate SAPK activation and stress  
responses. Here, we addressed these possible connections between 
RalA and MAP4K4 experimentally. More specifically, our study  
expands our understanding of how RalA signaling pathways mediate 
SAPK activation and determines the role of RalA in apoptosis induced 
responses to different types of environmental stresses. We identified 
MAP4K4 as a new upstream kinase of NDR1 (also known as STK38), 
an AGC serine/threonine protein kinase [33,34] that can be activated  
by Fas, TNF-α, osmotic and oxidative stresses [35-37]. Moreover, 
we demonstrate that RalA regulates NDR1 activation, via Exocyst  
and MAP4K4 signaling, to trigger apoptosis in response of  
extracellular stresses. Apoptosis triggered by overexpression of the tumor  
suppressor protein RASSF1A was also regulated by the RalA-Exocyst-
MAP4K4-NDR1 pathway.

Materials and Methods
Cell lines, reagents and plasmids

 HeLa cells, HEK-HT (Human Embryonic Kidney cells stably  
expressing the early region of SV40 and the catalytic subunit of  
telomerase hTERT [38]) were grown in Dulbecco’s Modified  
Eagle Medium (DMEM) supplemented with 10% Fetal Bovine  
Serum (FBS), 1% penicillin/streptomycin and 1% L-Glutamine at 
37°C and 5% CO2 in humidified chamber on Falcon plastic dishes. 
Sorbitol was from Sigma, TNF-α from R&D systems, cycloheximide 
from VWR. Anti-RalB, anti-phospho-p38, anti-p38, anti-MAP4K4 
and anti-cleaved caspase-3 antibodies were from Cell Signaling.  
Anti-MINK was from BD Pharmingen. Anti-beta-actin and anti-flag 
antibodies were from Sigma. Anti-phospho-NDR was previously  
defined [39-42]. Anti-adaptin and anti-RalA antibodies were  
purchased from Becton Dickinson. Anti-NDR1 antibody was from 
Abnova. Anti-NDR1/STK38 (MCA4362Z) and anti-HA 3F10  
antibodies were from AbD Serotec and Roche, respectively.  
Anti-HA 12CA5 antibody was used as hybridoma supernatant. siRNA 
sequences against RalA, Sec5 and Exo84, as well as siRNA resistant 
RalA-myc were previously described [43]. RNA interference (RNAi) 
of MAP4K4 and NDR1 expression was achieved with siRNAs using 
the target sequences for MAP4K4 5’-AACATTATCCAAAGACTT-
GAA-3’ (siMAP4K4_I) and 5’-CCCGGAGATTCGTAAATACAA-3’ 
(siMAP4K4_II) (Qiagen); or NDR1 5’-CGTCGGCCATAAACAGC-
TA-3’ (siNDR1_I) (Qiagen) and 5’-GTAATAGGCAGAGGAGCAT-3’ 
(siNDR1_II). HA-MAP4K4 and HA-MINK in pcDNA3 plasmids 
were a kind gift of Giorgio Scita (IEO, Milano, Italy). GST-PHO1 is 
a fusion protein between GST and the NDR kinase peptide substrate 
KKRNRRLSVA [44]. GFP-RASSF1A and Maltose Binding Protein 
(MBP)-NDR1 kinase dead (K118R) were described previously [36].

Yeast two-hybrid screens

 Full-length Drosophila Msn (GenBank: gi:56323865) or amino 
acids 793-1220 of Msn were cloned into pB32 as C-terminal fusions 
to LexA. The constructs were used as baits to screen at saturation a 
highly complex, random-primed cDNA library in pP6 prepared 
from 0-12 h and 12-24 h whole Drosophila embryos. Full-length  
human NDR1 (GenBank: 31377778) was cloned into pB27 and used to 
screen a random-primed human fetal brain library. pB27, pB32 and pP6 
plasmids were derived from the original pBTM116 [45] and pGAD-
GH [46] vectors.. Between 40 and 200 million clones (4- to 20- fold the  
complexity of the library) were screened with each bait using a  

mating approach with Y187 (matα) and L40∆Gal4 (mata) yeast strains 
as previously described [47]. Positive colonies were selected on a  
medium lacking tryptophan, leucine and histidine, supplemented 
with 50 mM 3-aminotriazole for the Msn screens to suppress bait  
autoactivation. The prey fragments of the positive clones were  
amplified by PCR and sequenced at their 5’ and 3’ junctions. Clone 
identification was conducted on GenBank (NCBI) using a fully  
automated procedure.

Cell transfections
 Reverse transfections of siRNAs were performed using  
Lipofectamine RNAiMAX (Invitrogen) as described by the  
manufacturer. At J0, a mix of siRNA with a final concentration of 10 nM 
was prepared with 500 µL optimem and 20 µL Lipofectamine RNAi-
MAX. After 10 minutes of incubation at room temperature, the mix 
was added onto 3×10E5 freshly plated cells in 6-wells plate in complete  
DMEM medium without antibiotics. 72 hours after transfection, cells 
are treated with chemicals if needed and lysed. For DNA transfection, 
at D0, 3×10E5 cells were plated in 6-wells plate in complete DMEM 
or 1×10E6 cells in 10 cm plates and were transfected next day using  
JetPEI (PolyPlus Transfection) or with JET PRIME (PolyPlus  
Transfection) for the pcDNA3 plasmid encoding for GFP-RASSF1A,  
according to the manufacturer’s instructions. 48 hours after  
transfection, cells are treated and lysed. In rescue experiments, cells were  
“reverse transfected” with siRNA at D0 and transfected with plasmids 
using JETPEI reagents at D1. Cells were lysed 48 hours after plasmid 
transfections.

Cell stress experiments
 Osmotic stress was generated by addition of sorbitol to cell  
culture medium at 0.3 M final concentration. To induce apoptosis, 1 M  
sorbitol or TNF-α (50 ng/ml) and cycloheximide (10 µg/ml) were  
added to the culture medium. To induce oxidative stress hydrogenper-
oxide (H2O2; Sigma) was diluted in PBS before addition to cell culture 
medium at indicated final concentrations.

Immunoblotting, immunoprecipitation, and pull down 
experiments
 Immunoblotting and immunoprecipitation experiments were  
performed as described [39]. Briefly, cells were lysed in lysis  
buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, 1 mM  
Na3VO4, 1% NP40, 1mM EDTA, 1 mM β-glycerophosphate, 50 mM 
NaF, 1 mM DTT, 1x protease inhibitors). Lysates were centrifuged at 
10,000 rpm for 10 min at 4°C, before separation by SDS-PAGE in AnyKD  
precast gels (Biorad), followed by immunoblotting. Signals were  
detected by enhanced chemoluminescence detection system (ECL, 
Amersham) using the Las-1000 plus Luminescent Image analyzer 
(Fuji) and quantified with Image Gauge software. Pull downs were 
performed as reported [10] using the Ral binding domain of Sec5 
fused to GST as Ral-GTP trap.

In vitro phosphorylation of recombinant NDR1 by MAP4K4

 COS-7 cells were maintained in DMEM supplemented with 
10% FBS, and transfected using Fugene 6 (Roche) according to the  
manufacturer’s instructions. Before harvesting, cells were treated for 
60 min with 1 μM Okadaic Acid (OA; Enzo Life Sciences). Full-length 
NDR1 kinase-dead (kd; K118A) C-terminally fused to MBP (pMALc2; 
NEB) was purified from bacteria using manufacturer’s instructions. 
To produce immunopurified HA-tagged MAP4K4, COS7 cells were 
transfected, treated with OA, and processed for immunoprecipitation  
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using anti-HA 12CA5 antibody as described earlier [39]. Immuno-
purified protein were then washed twice with kinase reaction buffer 
(5 mM Tris pH 7.5, 2.5 mM beta-glycerophosphate, 1 mM EGTA, 1 
mM Na3V04, 4 mM MgCl2, 0.1 mM DTT), before incubating at 30°C 
for 30 minutes in 20 μl of reaction buffer [5 mM Tris pH 7.5, 100 μM 
ATP, 2.5 mM beta-glycerophosphate, 1 mM EGTA, 1 mM Na3V04, 
4 mM MgCl2, 0.1 mM DTT, 10 μCi of [γ-32P]ATP (3,000 Ci/mmol;  
Hartmann Analytic)] in the absence or presence of MBP-NDR1(kd) 
(500 ng per reaction). Reactions were stopped by the addition of  
Laemmli buffer, before proteins were separated by SDS-PAGE.  
Subsequently, proteins were visualized by coomassie staining; gels 
dried and phosphorylated proteins visualized by autoradiography.  
Alternatively, kinase reactions were performed without [γ-32P] ATP 
and proteins were analyzed by immunoblotting as described [39].

NDR1 kinase assays

 For endogenous NDR kinase assay, 72 hours before kinase assay, 
2×10 E6 HeLa cells were seeded on 10 cm dishes (transfected with 
siRNAs where indicated). Cells were treated with 0.3 M sorbitol for 
40 minutes, lysed and anti-NDR immunoprecipitation was performed  

as described above. After washing 3 times in lysis buffer beads were 
washed 2 times with kinase buffer (50 mM (pH 7.5-7.8) Hepes; 
20 mM MgCl2; 50 μM cold ATP) and resuspended in 20 μl kinase  
buffer. 10 μl kinase buffer containing 5 μCi ATP, [γ-32P]- 6000 Ci/
mmol 10 mCi/ml (Perkin Elmer) and 1 μg of GST-PHO1 target  
peptide was added to beads to start reaction. Samples were incubated for  
30 minutes at 25°C with agitation. To stop reaction, Laemmli buffer was 
added, and samples were subjected to SDS-PAGE. Phosphorylation  
levels were quantified by autoradiography using a Typhoon 9400  
scanner (GE Healthcare).

Results
RalA, MAP4K4 and NDR1 mediate stress-activated p38 
kinase phosphorylation
 In Drosophila, the Ral-Exocyst-Msn-JNK cascade regulates  
developmental-induced apoptosis [26]. In mammals, RalA mediates 
TNF-α-induced p38 MAPK activation, and oxidative stress-induced 
FOXO activation, suggesting that RalA may regulate stress responses  
[26,31]. Possibly RalA participates in stress support pathways, 
which cancer cells utilize to complement their acquired hallmarks of  

Figure 1: RalA, but not RalB, is required for p38 activation upon osmotic stress.
A.HeLa cells were transfected with indicated siRNAs and three days later 0.3 M sorbitol was added for indicated times. Cell lysates were subjected to SDS-PAGE 
and immunoblotted using indicated antibodies. p38 activation kinetics upon osmotic stress were quantified by comparing the ratios of phosphorylated (T180/Y182) 
with total p38. All values were normalized to the time point of 40 minutes of the siControl which was set as 100%. The 40 and 60 minutes time points were statistical 
different (Bonferroni and Student t-tests two-tailed, siControl vs. siRalA *P<0.05, n=3).
B. HeLa cells transfected with indicated siRNAs were stressed for 20 minutes with 400 μM H2O2 (oxidative stress) and processed for immunoblotting with indicated 
antibodies (Student t-test one tail, *P<0.05, n=3).
C. HeLa cells were transfected with indicated siRNAs and three days later 0.3 M sorbitol was added for indicated times. Cell lysates were subjected to immunoblot-
ting using indicated antibodies. p38 activation kinetics upon osmotic stress were examined as described in A. Activation curves did not display statistically significant 
differences upon RalB depletion.
D. To determine RalA activation upon osmotic stress, HeLa cells were stressed with 0.3 M sorbitol as indicated and cell lysates were subjected to Ral-GTP  
pull-downs, followed by quantification of immunoblots. The increase of RalA-GTP levels at 40 minutes is significant (Student t-test two-tailed, **P<0.05, n=3). 
Non-specific binding to GST alone is also shown and was subtracted from the specific RalA-GTP pull downs to determine RalA-GTP levels.
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cancer in order to improve their fitness within their tumor environment 
[48]. Therefore, we tested whether Ral GTPases contribute to stress  
signaling. By a genetic approach using RNA interference (RNAi), we 
first explored the role of RalA in osmotic stress signaling. Under a 
hyper osmotic stress triggered by 0.3 M sorbitol [49], HeLa cells  
displayed activation of the p38 MAPK, peaking between 20 and 40 
minutes (Figure 1A). In RalA depleted cells, p38 phosphorylation was 
significantly decreased at the 40 and 60 minutes time points (Figure 
1A). By exploring whether RalA is required for additional types of 
stress, we further show that RalA-depletion also interfered with p38 
activation induced by oxidative stress (Figure 1B), suggesting that 
RalA possibly functions as a hub by which different types of stress  

trigger p38 MAPK activation. In contrast, RalB depletion did not  
interfere with p38 activation (Figure 1C). Coherently, osmotic stress 
activates RalA as well as the p38 MAPK (compare Figure 1D and 
1A/C).

 In order to decipher the downstream molecular partners of RalA in 
stress signaling, we next studied the potential involvement of MAP4K4 
(Figure 2A), a member of the GCK-IV kinase family and known  
effector of Ral signaling via the Exocyst complex in flies [26]. A role 
for MAP4K4 in p38/MAPK activation has already been reported  
previously in gastrulation and LPS-induced inflammation of  
macrophages [29,30], while the involvement of MAP4K4 in stress- 
induced p38 activation has not been explored yet. As observed in  

Figure 2: MAP4K4 and NDR1 are necessary for p38 activation upon osmotic stress.
A.HeLa cells were transfected with indicated siRNAs and three days later 0.3 M sorbitol was added for indicated times. Cell lysates were subjected to SDS-PAGE 
and immunoblotted using indicated antibodies. p38 activation kinetics upon osmotic stress were quantified by comparing the ratios of phosphorylated (T180/Y182) 
with total p38. All values were normalized to the time point of 40 minutes of the siControl which was set as 100%. Activation curves displayed statistically significant 
differences (ANOVA, siControl vs. siMAP4K4, ***P<0.0002, n=3). The 20, 40 and 60 minutes time points were statistical different (Bonferroni test, siControl vs. 
siRalA P<0.05, n=3). MAP4K4 depletion was examined by mRNA quantification by real-time qPCR (siControl vs. siMAP4K4, ***P<0.0001, n=3).
B.Full-length Drosophila Misshapen (Msn) or its CNH domain (aa 793-1220) were used as baits to screen a Drosophila embryo library by Yeast Two-Hybrid (Y2H), 
revealing that the C-terminal region (aa 420-459) of Tricornered (Trc) interacted with Msn. Conversely, in a screen conducted on a human fetal brain library, full 
length human NDR1 kinase interacted with the CNH domain of MAP4K4 (aa 895-1273 of isoform 2). NDR1 and MAP4K4 are the human counterparts of Trc and 
Msn, respectively.
C.HeLa cells were transfected with indicated siRNAs and three days later 0.3 M sorbitol was added for indicated times. Cell lysates were subjected to immunoblot-
ting using indicated antibodies. p38 activation kinetics upon osmotic stress were examined as described in A. Activation curves displayed statistically significant 
differences (ANOVA, siControl vs. siNDR1, ***P<0.0001, n=3). The 20, 40, 60 and 80 minutes time points were statistical different (Bonferroni test, siControl vs. 
siRalA P<0.05, n=3). NDR1 depletion was examined by mRNA quantification (siControl vs. siNDR1, P<0.0001, n=3).
D. Indicated HeLa cell lysates without or with osmotic stress (40 minutes with 0.3 M sorbitol) were subjected to Western blot analysis as indicated. In the phos-
pho-NDR T444 blot the two bands correspond to the two isoforms of NDR kinases, NDR1 (lower band) and NDR2 (higher band).
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RalA-depleted cells (Figure 1A), knock down of MAP4K4 caused 
a 50% decrease of p38 activation upon osmotic stress induction  
(Figure 2A), suggesting that the MAP4K4-p38 pathway is triggered 
by osmotic stress downstream of RalA activation. To further elucidate  
the RalA-MAP4K4-p38 pathway, we conducted Yeast Two-Hybrid 
(Y2H) screens to identify novel players in this signaling cascade.  
Significantly, these screens revealed that Misshapen (Msn), the fly 
orthologue of human MAP4K4 [28], used as bait strongly interacted  
with the C-terminal hydrophobic motif of Tricornered (Trc) [50], 
the fly counterpart of human NDR1 [34] (Figure 2B). Reciprocally, a 
Y2H screen with full length human NDR1 as bait identified the CNH  
domain of MAP4K4 as interacting partner of NDR1 (Figure 2B). 
These Y2H data demonstrated that the interaction between MAP4K4 
and NDR1 is conserved between flies and humans.

 NDR1 belongs to the NDR/LATS subgroup of the AGC  
serine/threonine kinase family [33,34] and is activated by Fas, TNF-α,  
osmotic and oxidative stresses [35-37]. Therefore, our Y2H results  
suggested that NDR1 might function together with RalA and MAP4K4  

upstream of p38 activation in the osmotic stress response. Supporting  
this hypothesis, NDR1 depletion decreased p38 activation under  
osmotic stress (Figure 2C). Two independent siRNAs specifically  
targeting NDR1 yielded similar results (Figure 2C and data not 
shown), showing that the observed effect is due to specific depletion  
of NDR1. NDR1 knockdown resulted in a similar p38 activation  
defect as observed in RalA- or MAP4K4-depleted cells (compare  
Figures 1A, 2A and 2C), supporting the notion that NDR1 can  
function together with RalA and MAP4K4 in osmotic stress signaling. 
Using a specific anti-phospho Thr444 NDR antibody (anti-T444-P) 
only detecting active NDR1 kinase phosphorylated at the key  
regulatory Thr444 residue in the hydrophobic motif [39-42], we  
further found that after 40 minutes of osmotic stress NDR1 was  
highly phosphorylated on Thr444 (Figure 2D), suggesting that NDR1 
was activated upon osmotic stress induction. Taken together, these  

results demonstrate that RalA, MAP4K4 and NDR1 regulate p38 
MAPK activation with similar kinetics and suggest that RalA, 
MAP4K4 and NDR1 may function in the same osmotic stress  
signaling pathway.

The Ral GTPase effector MAP4K4 regulates NDR1 kinase 
by hydrophobic motif phosphorylation under stress.
 Activation of NDR1 is triggered upon phosphorylation on  
conserved residues, and the key residue Thr444 is located in the  
conserved C-terminal hydrophobic motif [51]. Upon Thr444  
phosphorylation by MST kinases NDR1 activation is induced, which 
plays a role in the regulation of apoptosis, centrosome duplication, 
and cell cycle progression in mammalian cells [36,40,41,52]. MST 
kinases and MAP4K4 belong to the same GCK kinase family [21], 
suggesting that MAP4K4 might represent a novel upstream kinase 
of NDR1 by phosphorylating Thr444 of NDR1. Therefore, we tested 
whether MAP4K4 is required for Thr444 phosphorylation in cells and 
whether MAP4K4 can phosphorylate recombinant NDR1 on Thr444 
(Figure 3). Indeed, depletion of MAP4K4 led to a substantial decrease  

of NDR1-phosphorylation upon osmotic stress (Figure 3A). Similar 
results were obtained with a second independent siRNA targeting 
MAP4K4 (data not shown). This suggested that endogenous MAP4K4 
is required for efficient Thr444 phosphorylation of NDR1 upon  
osmotic stress. To test whether NDR1 is a direct substrate for MAP4K4, 
recombinant affinity purified MBP-NDR1 kinase dead fusion protein 
was incubated with MAP4K4 wild-type and kinase dead, obtained by 
expression in HEK293 cells and immunoprecipitation with anti-HA 
antibodies (Figure 3B). As expected, immunoprecipitated active wild 
type but not the kinase dead (kd) form of HA-MAP4K4 displayed  
autophosphorylation activity (Figure 3B, upper panel). Significantly,  
active MAP4K4 phosphorylated recombinant MBP-NDR1 (kd)  
(Figure 3B, lane 5), while inactive MAP4K4 (kd) in similar quantities did 
not (Figure 3B, lane 6). To decipher whether NDR1 is phosphorylated  
by MAP4K4 on Thr444, the kinase assay was repeated with unlabelled  

Figure 3: MAP4K4 phosphorylates NDR1 on Thr444 upon stress induction.
A.HeLa cells transfected with siControl or siMAP4K4 were stressed with 0.3 M sorbitol as indicated. Cell lysates were subjected to SDS-PAGE and immunoblotting 
with indicated antibodies. In siMAPK4-transfected cells, MAP4K4 was depleted by 80%. The histogram shows the ratio between phosphorylated and total NDR1 in 
non-stimulated vs. stressed cells comparing siControl or siMAP4K4, revealing statistically significant differences (Student t-test, stimulated vs. non-stimulated cells; 
siControl 40 minutes vs. siMAP4K4 40 minutes: **P<0.01, n=3).
B.OA-treated lysates of Cos7 cells transiently expressing empty vector (lanes 1 and 2), wild-type HA-MAP4K4 (wt; lanes 3 and 5) or kinase-dead HA-MAP4K4 (kd; 
lanes 4 and 6) were subjected to immunoprecipitation with anti-HA 12CA5 antibody. Immuno-purified proteins were then processed for standard kinase assays 
without (lanes 1, 3 and 4) or with MBP-NDR1 kinase-dead (kd) (lanes 2, 5 and 6), followed by SDS-PAGE and autoradiography (upper panel). The positions of 
HA-MAP4K4 and MBP-NDR1 (kd) are indicated by arrows. K, relative molecular mass in thousands. In lower panels, identical kinase assays were performed using 
unlabelled ATP and MBP-NDR1 (kd) as a substrate followed by immunoblotting using indicated antibodies.
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ATP followed by immunoblotting using anti-T444-P antibody (Figure 
3B, bottom panels), showing that MAP4K4 can phosphorylate NDR1 
on the activating Thr444 residue in vitro (Figure 3B, lane 5). These 
data reveal that NDR1 is a bona fide substrate of MAP4K4, since 
MAP4K4 is able to directly phosphorylate NDR1 on the activating 
Thr444 residue and participate in NDR1 activation upon osmotic 
stress. Therefore, our data suggest that MAP4K4 is a new upstream 
kinase of NDR1, regulating NDR1 activation under osmotic stress.

RalA and Exocyst regulate NDR1 activation upon several 
stresses
 The results shown in Figures 1 and 2 tempted us to speculate  
that RalA might regulate NDR phosphorylation via MAP4K4.  
Therefore, we investigated whether RalA is required for Thr444  
phosphorylation upon osmotic stress induction. Indeed, as observed  
in MAP4K4-knockdown cells (Figure 3A), in RalA-depleted cells  

NDR1 phosphorylation on Thr444 was reduced upon osmotic  
shock (Figure 4A), revealing that endogenous RalA is required 
for normal stress induced phosphorylation of NDR1. Importantly, 
this decrease of NDR1 phosphorylation in RalA-depleted cells was 
completely restored by expression of a siRNA-resistant RalA allele  
(Figure 4B), thereby demonstrating the specificity of our RNAi approach.  
RalA was also needed to promote oxidative stress induced NDR1  
phosphorylation in HEK-HT (Figure 4C), an immortalized but  
untransformed human epithelial cell line, demonstrating that RalA 
regulates NDR1 phosphorylation upon induction of different stresses 
in different human cell lines, irrespective whether the cell lines are  

transformed or not. This further suggests that RalA-NDR1 signaling is 
possibly a widespread stress response pathway.

 The importance of RalA in NDR1 kinase activation under stress 
was further evaluated by measuring NDR1 kinase activity using a 
specific NDR substrate [44]. In control cells, immunoprecipitated 
endogenous NDR1 from cells treated by 0.3 M sorbitol was able to 
phosphorylate the GST-PHO1 peptide containing the NDR kinase 
substrate signature (Figure 5A). This phosphorylation was decreased 
upon depletion of NDR1 (Figure 5B) or absent when a scrambled 
peptide substrate was used (data not shown). Immunoprecipitated  
NDR1 from RalA-depleted cells showed a decreased capacity in  
peptide phosphorylation in contrast to controls (Figure 5A). These 
results demonstrate that RalA is necessary for normal NDR1 kinase 
activation under osmotic stress, hence establishing RalA as novel  
upstream regulator of NDR1 in osmotic stress response signaling.

 The Sec5 subunit of the octameric Exocyst complex constitutes 
a molecular link between MAP4K4 and Ral in flies [26]. Within the 
Exocyst complex, two subunits, Sec5 and Exo84 interact with RalA 
and RalB [53,54] and execute Ral-dependent signal transduction 
[10,12,19,43,55]. Consequently, the involvement of Sec5 and Exo84 
in RalA and MAP4K4-dependent NDR1 phosphorylation was  
tested (Figure 5C). Sec5 or Exo84 were independently depleted 
in HeLa cells followed by osmotic stress treatment. As observed in  
RalA- or MAP4K4-depleted cells, knock-down of Sec5 or Exo84 alone 
abolished NDR1 phosphorylation upon osmotic stress (Figure 5C),  

Figure 4: RalA regulates NDR1 phosphorylation on Thr444 in stress conditions.
A. HeLa cells were transfected with indicated siRNAs and treated with 0.3 M sorbitol for 40 minutes. NDR1 activation measured by Thr444 phosphorylation was 
quantified as described in Figure 3A. Histograms display statistically significant changes in the ratio between phospho- and total-NDR1 (Student t-test, **P<0.05, 
n=3).
B. HeLa cells were first transfected with indicated siRNAs, followed by transfection with indicated plasmids (empty vector, plasmid without insert; RalA WT, siRNA 
resistant myc-RalA). Cell lysates were analyzed as described above in section A (Student t-test, **P<0.05, n=3). Noteworthy, the effect caused by RalA depletion 
was suppresses by the expression of siRNA-resistant RalA.
C.HEK-HT cells transfected with indicated siRNAs were stressed with 600 or 800 μM H2O2 and processed for immunoblotting using indicated antibodies.
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indicating that the Exocyst complex is also functioning upstream of 
NDR1 in osmotic stress signaling.

RalA and MAP4K4 are upstream regulators of NDR1 in 
stress-induced apoptosis signaling
 High osmolarity stress induces apoptosis in HeLa cells and other  
cancer cells lines [49,56]. Since RalA-Exocyst-MAP4K4 signaling  
regulates NDR1 activation (Figures 3-5) and NDR1 activation 
is necessary for efficient apoptosis signaling [35-37], the role of 
RalA in apoptosis caused by hyperosmolarity was explored in our  
settings (Figure 6). High osmolarity, such as 1 M sorbitol [57], but 
not 0.3 M sorbitol (data not shown), promoted after 2 hours the  
cleavage of caspase 3 (Figure 6A), a well established marker for on-going  
apoptosis. Under these conditions, NDR1 was highly phosphorylated  
after 30 minutes and returned to the basal level after 3 hours  
(Figure 6A). NDR1 phosphorylation and cleaved caspase 3 were strongly  
decreased in RalA-depleted cells (Figure 6A), showing on the one 
hand, that RalA mediates apoptosis induced by hyperosmolarity, 
and on the other hand, that NDR1 is activated in a RalA-dependent  
manner in this cellular setting.

 As reported [36] upon TNF-α treatment, NDR1 phosphorylation 
was induced after 1 hour of treatment and cleaved caspase-3 appeared 
after 3 hours (Figure 6B). RalA depletion caused a decrease of 50% 
in both NDR1 and caspase 3 activation (Figure 6B). In contrast,  
despite the reported role of RalB in keeping apoptosis at bay to  
promote cancer cell survival [11], TNF-α activated caspase 3 and 
NDR1 in RalB-depleted cells similarly to control cells (data not 
shown), suggesting that RalB is not required for TNF-α-induced 
apoptosis in this setting. Furthermore, in MAP4K4-depleted cells, 
TNF-α induced caspase 3 cleavage and NDR1 phosphorylation were 
reduced (Figure 6C). In summary, these results indicate that RalA 
and MAP4K4 represent a crucial link between the activation of the 
pro-apoptotic signaling pathway and the onset of an NDR1-dependent  
apoptotic program triggered by TNF-α.

 In the apoptosis pathway, NDR1 also functions downstream of the 
tumor suppressor protein RASSF1A [36]. In HeLa cells, RASSF1A 
overexpression promotes apoptosis by inducing NDR1 phosphor-
ylation, which triggers a pro-apoptotic program, resulting in PARP  
cleavage [36]. In these conditions depletion of RalA caused a decrease 
in RASSF1A overexpression-induced NDR1 phosphorylation and  

Figure 5: RalA and Exocyst are required for NDR1 kinase activation in stress signaling.
A.HeLa cells were transfected with indicated siRNAs and stimulated for 40 minutes with 0.3 M sorbitol. Endogenous NDR1 was immunoprecipitated and pro-
cessed for kinase activity assays using the specific NDR substrate GST-PHO1. Histograms display NDR1 activation as the ratio between the signal of phosphor-
ylated NDR substrate and immunoprecipitated NDR1 (Student t-test two-tailed, *P<0.05, n=3).
B. HeLa cells were transfected with indicated siRNAs, followed by stimulation for 40 minutes with 0.3 M sorbitol. Endogenous NDR1 kinase activity was analyzed 
as described in panel A.
C. HeLa cells were transfected with indicated siRNAs, treated with 0.3 M sorbitol for indicated times, followed by processing of cell lysates for immunoblotting with 
indicated antibodies. Compared to siControl, Sec5 or Exo84 were depleted at 70% in cells. The specific signal for Exo84 is indicated by an asterisk. NDR1 activa-
tion was examined as described in Figure 3A. Of note, depletion of Sec5 or Exo84 significantly inhibited NDR1 activation (Student t-test two-tailed, **P<0.05, n=3).
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PARP cleavage by 50% (Figure 6D). In support of our notion that 
RalA and MAP4K4 act upstream of NDR1 in apoptosis induction,  
silencing of MAP4K4 by two independent siRNAs also decreased 
NDR1 phosphorylation and accumulation of cleaved PARP upon  

apoptosis induction by RASSF1A over expression (Figure 6E). 
The level of MAP4K4 depletion correlated with decreased NDR1  
activation and PARP cleavage (Figure 6E). Taken together, these  
results show that the RalA-MAP4K4-NDR1 pathway plays a role in 
the TNF-α- and RASSF1A-driven apoptotic responses.

 The participation of RalA in SAPK pathways in response to TNF- α 
and oxidative stress signaling has been previously described [26,31]. 
However, we define here for the first time the signaling pathway  
function downstream of RalA in response to these stresses. Our  
results reveal a new RalA-Exocyst-MAP4K4-NDR1 pathway in  
control of osmotic and oxidative stress signaling. Mechanistically, our data  
suggest that RalA through the Exocyst complex signals to the Ste20-
like MAP4K4 kinase, which in turn activates the NDR1 kinase by 
phosphorylating the hydrophobic motif of NDR1. Consequently, our 
data show that RalA and MAP4K4 are upstream regulators of NDR1 in 
osmotic stress-, TNF-α -and RASSF1A-induced apoptotic programs.

Discussion

 Deconvolution of the means and pathways used by Ras oncogenes  
has largely been a result of the disentangling of the Ras interactome 
into three main branches: the Raf-MEK-ERK kinase cascade, the 
PI3K-AKT kinase pathway, and equally important the Ral-depen-
dent branch [20]. Within the Ral-dependent branch human alA and 
RalB are essential and in some context instructive for oncogenic  
transformation [2]. In regard of the oncogenic aspect, RalA and RalB 
play different biochemical and biological roles, although both, RalA 
and RalB, utilize the same signal transduction platform, namely 
the Exocyst complex [2]. Our understanding of RalB signaling and  
functions has steadily progressed by discoveries showing that 
RalB plays a role in the capacity of cancer cells to dodge apoptosis 
[11], and by elucidating RalB’s permissive and instructive role in  
autophagy [19]. In contrast, RalA beyond the Exocyst complex has 
found less solid grounds to justify its apparently contradictory functions  
in cellular transformation [20]. On the one hand, current evidence 
suggests that RalA is needed for tumorigenesis by playing a positive 
role in anchorage independent growth of cancer cells [4,8,9] and by 
also regulating the turnover of cadherins at their physiological plasma 
membrane localization [58]. On the other hand, RalA paradoxically 
can display tumor suppressive properties in squamous cell carcinoma 
progression [17].

 Aiming at establishing a comprehensive RalA interactome, we  
undertook a systematic Y2H approach through which we uncovered  
and validated a novel RalA-Exocyst-MAP4K4-NDR1 signal  
transduction pathway that is necessary for efficient stress and apoptosis  
signaling in our settings (Figure 7). This discovery will not only fuel 
future studies of RalA-related cell biology, but also reveals an overlap  
between the RalA pathway and NDR-Hippo signaling, in which 
NDR1 functions as central player [33]. Our study also sheds 
light on a new signaling wiring upstream of the NDR1 kinase  
(Figure 7). More specifically, in addition to being regulated by the MST1/2  
Hippo kinases [36,40] and MST3 [52,59], we show here that the 
NDR1 kinase can also be regulated by other members of the Ste20-
like kinase family, namely the MAP4K4 kinase in our settings. This 
observation revealed that a Ste20-like kinase outside of the GCKII and 
GCKIII subfamilies of Ste20-like kinases is required for the activation 
of NDR1 by hydrophobic motif phosphorylation. This suggests an  
additional level of redundancy for NDR1 activation to ensure a proper 
regulation of the tumor suppressive NDR1 kinase [60]. Perhaps, given 
that the regulation of NDR1 by MST1 is dependent on the co-activator  
 

Figure 6: RalA regulates stress-induced apoptosis.
HeLa cells were transfected with indicated siRNAs, followed by stimulation  
with 1 M sorbitol (A) or TNFα/cycloheximide (B, C). HeLa cells were first 
transfected with indicated siRNAs, followed by transfection with empty  
vector (-) or GFP-RASSF1A (RASSF1A) (D, E). Subsequently cell lysates 
were analyzed by immunoblotting using indicated antibodies. Histograms 
display the levels of NDR1 activation, caspase 3 and PARP cleavage,  
respectively. The observed statistically significant differences are indicated 
(Student t-test two-tailed, *P<0.05; **P<0.001, n=3).
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MOB1 [33,61], the regulation of NDR1 by MAP4K4 represents 
an hMOB1-independent level. Therefore, future research into the  
regulation of the RalA-Exocyst-MAP4K4-NDR1 pathway by the  
tumor suppressor MOB1 is warranted.

 Based on our findings we are tempted to propose a model  
illustrating how RalA and NDR1 can function together in stress/
apoptotic signaling. Upon activation of RalA by stress (e.g. osmotic  
or oxidative stress) and/or apoptotic stimuli, RalA supports the  
activation of MAP4K4 facilitated by the Exocyst complex. Once  
activated MAP4K4 phosphorylates and thereby activates NDR1  
kinase, which subsequently modulates p38 signaling and the  
response to stress and/or apoptotic stimuli. Notably, our model does not  
exclude the possibility that each component can also be regulated by 
additional factors at each individual signaling level.

 Our work shows further that the RalA-Exocyst-MAP4K4-NDR1 
cascade can be activated by different stress stimuli, such as TNF-α 
which triggers apoptotic signaling or sorbitol which mimics high  
osmotic stress. Therefore, the RalA-Exocyst-MAP4K4-NDR1  
pathway is likely to play a role in a broader stress signaling  
spectrum. Particularly, the pro-apoptotic role of NDR1 downstream of  
RalA-MAP4K4 signaling could be of specific interest in selected  
cancer settings. In this context, the pro-apoptotic role of NDR1  
downstream of RalA-MAP4K4 signaling is in full agreement with the 
previously reported pro-apoptotic function of NDR1 in the prevention  
of T-cell lymphoma formation [60]. Therefore, future clinical and 
animal studies addressing the pro-apoptotic role of RalA-MAP4K4-
NDR1 signaling in complex multicellular contexts are warranted.

 Given that we also observed that the RalA-MAP4K4-NDR1 axis 
is required for apoptotic signaling upon RASSF1A overexpression, 
this pro-apoptotic role of RalA highlights a potential paradoxical role  

of RalA in tumor suppression vs. tumor promotion. In this regard, 
it is worth mentioning that it has been already documented that at 
early stages of cancer progression RalA suppression is required for 
Ras-dependent invasive properties of squamous carcinoma cells  
associated with E-cadherin loss [17]. Therefore, current evidence 
supports paradoxically opposite roles for RalA in tumor progression 
and suppression, which appear to be contradictory. On the one hand, 
RalA supports cellular transformation downstream of Ras [4,8,9]. On 
the other hand, our work reported herein suggests that RalA might 
also function in tumor suppressor signaling by promoting cancer cell 
apoptosis. Our findings further propose that the RalA GTPase could 
control tumor environment-induced cell death, while RalB plays a 
role in the cell autonomous survival of cancer cells [10,11]. Therefore, 
future research addressing this paradox is warranted to elucidate the 
mechanistic switch dictating whether RalA should support tumor 
promotion or tumor suppression. Nevertheless, our work provides 
the first molecular lead into how RalA could execute a role in tumor 
suppression. Based on our findings it is tempting to speculate that at 
first RalA would support stress-related signaling pathways, which in 
case of excessive stress would interfere with tumor growth. Thus, our 
work opens new perspectives into the contribution of RalA to tumor 
environment stress sensing.
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