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Re: CAN- 0 9 - 3 1 4 7   

Crossta lk  betw een RASSF1 A, Raf- 1  and Akt  pathw ays via  Mst2  regulat ion  

 

Detailed responses to the Review ers 
(our replies are in blue)  

 

Review er # 1  ( Review er Com m ents to the Author) :  

 

Sum m ary:   

MST2 is a pro-apoptot ic kinase whose funct ion is posit ively regulated by the 

RASSF1A tum or suppressor to induce apoptot ic cell death. MST2 is negat ively 

regulated by the Raf proto-oncogene, which binds to MST2, prevent ing 

recruitm ent  and act ivat ion by RASSF1A. Act ivat ion of the Ras pathway causes 

dissociat ion of the Raf-MST2 com plex without  result ing in act ivat ion of MST2. The 

authors invest igate the m echanism s by which MST2 funct ion is suppressed in the 

context  of m itogenic signaling, focusing on the role of AKT. They find that  AKT-

induced phosphorylat ion of MST2 prom otes MST2 interact ion with Raf-1, blocks 

MST2 recruitment  by RASSF1A, and direct ly inhibit s MST2 kinase act ivity.  

 

Significance:   

This work provides another m echanism  by which AKT exerts its pro-survival 

effects and sheds light  on the unique ways in which MST2 is suppressed in the 

context  of m itogenic signaling in cancer cells. This study also provides another 

exam ple of cross- talk between the PI 3K-AKT and Ras-MAPK signaling pathways, 

in addit ion to another way that  cancer cells evade apoptosis.  

 

Specific points:   

1. Why wasn't  a specific m itogenic growth factor such as FGF or EGF used in Fig. 

1, instead of or in addit ion to serum? The effect  m ight  even be m ore pronounced 

in response to a PI 3K st im ulat ing growth factor than it  is in response to serum .  

We have repeated the experim ent  shown in Fig. 1A using I GF1 which is a st rong 

st im ulator of Akt . The results are fully consistent  with the results from  the serum  

st im ulat ion except  that  as the reviewer predicted the effects are st ronger, 

especially the induced associat ion of Raf-1 with Akt . These data are included as 

Fig. S1c. 

 

2. I t  seem s noteworthy that  in Fig. 2b, the kinase act ivity of MST2 is increased 

when RASSF1A is re-expressed, which supports the funct ion of RASSF1A in 

act ivat ing MST2. Perhaps this could be pointed out  in the text  discussion of this 

figure.  

Thanks for the suggest ion. We have done this now. 

 

3. Page 7, bot tom , reference m issing.  

The m issing reference has been added.  

 

4. How is PI 3K signaling direct ly inhibit ing binding of RASSF1A to MST2? Does 

AKT-mediated phosphorylat ion of MST2 prevent  binding to RASSF1A? I s the MST2 

phosphorylat ion site for AKT available for binding when MST2 is already bound to 

RASSF1A? Or does the AKT-m ediated phosphorylat ion occur only when MST2 is 

free? How is RASSF1A recruited in response to Raf act ivat ion? More specifically, 

how does PI 3K signaling block RASSF1A recruitm ent ;  is this direct  or mediated by 

the effects of AKT on MST2?  

These are very relevant  quest ions. We have addressed them  by including a new 

figure (Fig. 5a) . I n this figure we show that  RASSF1A im munoprecipitates do not  

contain any MST2 phosphorylated on the Akt  consensus phosphorylat ion sites. 

However, when these sites are m utated, MST2 readily associates with RASSF1A. 
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I n cont rast , MST2 phosphorylated by Akt  is found in Raf-1 im munoprecipitates, 

while m utat ion of the Akt  sites interferes with this interact ion. I n addit ion, 

reducing the phosphorylat ion of these sites by expressing PTEN downregulates 

Raf-1 binding, while prom ot ing RASSF1A binding. A phosphatase deficient  PTEN 

m utant  used as cont rol has no effect . These data suggest  that  it  is the Akt  

dependent  phosphorylat ion of MST2 that  determ ines whether MST2 binds to Raf-

1 or MST2, and further that  MST2 bound to RASSF1A is not  an Akt  subst rate. 

 

Sim ilar  points have been raised by reviewer 2, and it  m ay be interest ing for this 

reviewer to also read our reply to point  1 of reviewer 2. 

 

5. Page 8, m iddle, m issing references.  

The m issing reference has been added.  

 

6. Page 9, cite Figure 4a when discussed in text   

Sorry, the figure has been cited now.  

 

7. I n Figure 5, a bet ter measure of apoptot ic cells m ay be annexinV instead of PI   

We used PI  staining as it  m easures a late phase of apoptosis, where we can be 

certain that  apoptot ic cell death has occurred. The reviewer requests an earlier 

m arker of apoptosis, such as annexin V. Our laboratory has good experience with 

caspase cleavage assays, which is also an early apoptosis m arker. Therefore, we 

analysed caspase cleavage by FACS using the fluorescent  cleavable subst rate of 

caspases zVAD- fm k-FITC. The results are fully consistent  with the PI  assays and 

are shown in the new Fig. S5. 

 

 

8. What  about  using a more general inducer of apoptosis,  such as staurosporine, 

or TNFa?  

We have previously shown that  staurosporine, but  not  TNFα, induces MST2 

act ivat ion and MST2 dependent  apoptosis (O’Neill at  al.,  Science 306, p2267-70, 

2004) . Therefore, we did not  revisit  this issue. 

 

9. I n text  describing Fig. 5c on page 10, it  is stated that  "wildtype MST2 caused a 

sm all but  significant  increase of apoptosis...." , but  in Figure 5, there is no p-value 

to indicate a stat ist ically significant  increase in apoptosis with wt  MST2.  

Sorry, the p-value has been provided now. Please note that  the old Fig. 5c 

becam e Fig. 6c in the revised m anuscript . 

 

10. I n order to m ake the statement  that  the degree of apoptosis was further 

increased with the single or double m utant  compared to the wild- type MST2 

(page 10) , the correct  stat ist ical com parison would be the m utants vs. the wild-

type MST2, not  versus the cont rol as shown in Fig 5c.  

This comparison has been provided now as part  of the revised Fig. 6c 

 

11. Also with regard to Fig 5c, the text  on page 10 states that  the inact ive MST2 

m utant  T180A was not  able to t r igger apoptosis. Please state either in the text  or 

in the figure 5 legend that  there is no stat ist ically significant  difference between 

the T180A m utant  and the wild- type MST2, also between the cont rol and T180A 

m utant .  

We have included this inform at ion in the figure legend.    

 

12. I n the discussion, page 11, bot tom :  " ...pro-apoptot ic st im uli break up this 

com plex and induce MST2 act ivat ion by prom ot ing RASSF1A binding and hom o-

dim erizat ion."  Can you be m ore specific about  how exact ly this com plex is broken 

and what  specific pro-apoptot ic st im uli have the capabilit y to do this?  

We have previously shown that  the Raf-1 and RASSF1A interact ion sites in MST2 
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overlap and that  Raf-1 and RASSF1A com pete for  binding to MST2 (Matallanas et  

al, Mol Cell 27: 962-75, 2007) . Thus, the MST2-Raf-1 com plex is probably broken 

by com pet it ion. However, the m olecular mechanism s that  enable RASSF1 to 

becom e a bet ter com pet itor or Raf-1 to becom e a weaker binder are not  yet  

com pletely elucidated. Our data presented here support  the hypothesis that  the 

Akt  phosphorylat ion of MST2 shifts it s affinit y from  RASSF1A to Raf-1. I n addit ion, 

act ivated Ras also can dissociate Raf-1 from  MST2 (Fig. 2 in this paper;  

Matallanas et  al, Cell Cycle 7: 879-84, 2008) , which is pro-apoptot ic if 

concom itant  Akt  act ivat ion is impaired. At  this point  in t im e we cannot  exclude 

that  addit ional yet  undiscovered mechanism s also cont r ibute. I n terms of the 

range of pro-apoptot ic st imuli that  induce the release of MST2 from  Raf-1 we only 

have tested Fas, staurosporine and expression of RASSF1A, which all could break 

up the MST2-Raf-1 com plex. We have included a br ief version of this explanat ion 

in the discussion. 

 

 

Review er # 2  ( Review er Com m ents to the Author) :  

 

The m anuscript  of Rom ano et  al ident ifies MST2 as a target  of AKT 

phosphorylat ion and describes a biochem ical analysis of the m echanism s involved 

in MST2 regulat ion by AKT, RAF-1 and RASSF1A.  

This is an interest ing and thorough study, and the data are well presented and 

the m anuscript  is clearly writ ten. All experiments are well perform ed and support  

the m odel suggested by the authors.  

 

 

Specific points  

 

1. All data presented in Figures 1-4 clearly show the interact ion of MST2 with 

RAF-1 and RASSF1A and the relevance of the AKT m ediated phosphorylat ion for  

the regulat ion of the MST2 kinase act iv ity. One of the m ain argum ents of the 

authors throughout  the paper is that  AKT prom otes sequest rat ion of MST2 into 

the inhibitory com plex with RAF-1. However, it  is not  ent irely clear from  the data, 

if this sequest rat ion is not  rather a consequence of the disrupt ion of the RASSF1A 

interact ion. I t  appears that  the AKT m ediated phosphorylat ion is m uch m ore 

cr it ical for  the interact ion of MST2 with RASSF1A than for the MST2-RAF-1 

interact ion. For instance in Fig. 2c RAF-1 interacts with MST2 regardless whether 

AKT is act ive or not  or MST2 is phosphorylated by AKT or not  ( lane 1 and lane 5) . 

However, the interact ion of MST2 is st r ict ly dependent  on AKT not  being act ive 

and MST2 not  being phosphorylated by AKT ( lane 1, 4 and 5) .  

This is an im portant  point  and we have perform ed further experim ents to clar ify 

this point . They are shown in the new Fig. 5a. I n this experim ent  we show that  

RASSF1A im m unoprecipitates only contain MST2 not  phosphorylated on the Akt  

sites, and that  m utat ion of these sites induces MST2 binding to RASSF1A. This 

result  is in support  of the reviewer’s hypothesis, and we have included this 

hypothesis in the revised paper.   

 

Furtherm ore, the knockdown of RAF-1 in Figure 3b will increase the 'RAF- free 

pool' of MST2. As a consequnce more MST2 can associate with RASSF1A, which is 

seen in the increased am ount  of RASSF1A in the MST2 I Ps. Since MST2 

associates with RASSF1A in its non-phosphorylated form , this also explains the 

overall reduct ion in MST2 phopshorylat ion in the I Ps. This suggests that  the 

binding of MST2 to RASSF1A m ight  be the rate- lim it ing step and that  the 

reduct ion in RAF-1 bound MST2 is rather a consequence of an increase in MST2 

bound to RASSF1 when MST2 is not  phosphorylated by AKT.  

I n v it ro binding studies (also using the phospho m utants)  will help to dissect  

whether the interact ion of MST2 with RAF-1 and RASSF1 is direct ly regulated by 
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phosphorylat ion of T117/ T384.  

Again an important  point .  We have performed the in vit ro phosphorylat ion and 

binding experim ents suggested by the reviewer. They are included as new Figs. 

5b-d. The results show that  ( i)  MST2 is a direct  Akt  subst rate;  ( ii)  only MST2 not  

phosphorylated on the Akt  sites can bind to RASSF1A;  and ( iii)  the binding of 

MST2 to Raf-1 is enhanced by the presence of Akt  with a lesser effect  of MST2 

phosphorylat ion, suggest ing that  Akt  m ay scaffold the interact ion between Raf-1 

and MST2. However, in cells Akt  can be recruited to MST2 while Raf-1 dissociates 

(Fig. 2c)  suggest ing this adaptor role of Akt  is further regulated in cells or an in 

vit ro artefact . I n cont rast , consistent  with the results obtained in cells, RASSF1A 

only bound to non-phosphorylated MST2 in vit ro. This is also discussed in the text . 

 

Sim ilar  points have been raised by reviewer 1, and it  m ay be interest ing for this 

reviewer to also read our reply to point  4 of reviewer 1. 

 

2. The authors talk about  a 'direct  regulat ion' of MST2 by AKT, which is shown in 

Fig. 2c. I t  is not  quite clear to m e, which direct  regulat ion the authors mean. 

Would a 'direct ' regulat ion of the MST2 kinsase act ivity not  require pur ified 

proteins in a kinase assay?  

We agree. I n vit ro kinase assays with purified proteins are now included in Figs. 

5b-d.  

 

3. The proposed m echanism  suggests that  loss of PTEN and RASSF1 are mutual 

exclusive. I t  would be im portant  to see if this is the case in m ore than in 3 cell 

lines.  

We also have hypothesized in the same direct ion and have pursued this line of 

invest igat ion. We have checked m icroarray data from  several different  cancers 

without  observing a correlat ion between PTEN and RASSF1A expression on the 

m RNA level.  However, these results need to be interpreted with caut ion for the 

following reasons. The loss of RASSF1A expression usually is due to prom oter 

hyperm ethylat ion and thus observable at  the m RNA level. However, PTEN is 

typically m utated or t runcated which is not  easily observable at  the m RNA level. 

Unfortunately, we were unable to locate datasets where both RASSF1A 

expression and PTEN mutat ional status had been m apped. Thus, it  rem ains open 

whether this correlat ion exists or not .  

         

4. Several references need to be writ ten out  in the text .  

Sorry, this has been corrected. 

 

5. Fig 1sb should become Fig1b  

We have incorporated Fig. S1b as addit ional panels into Fig. 1a. 

 

6. I  am  not  sure if all the supplemental data are relevant , especially because 

m any of the quant ified blots are pret ty clear.  

We would prefer to leave the quant itat ion in, as several of our colleagues who 

have seen the paper thought  it  was a st rong point  that  we have robust  

quant ificat ion throughout  the data. 
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Abstract 

Mammalian sterile20-like kinases (MST1/2) are involved in stress-induced apoptosis 

signalling. MST2 is inhibited by Raf-1 binding, and its activation requires dissociation 

from Raf-1 and binding to the RASSF1A tumour suppressor protein. Here, we have 

investigated the regulation of MST2 by the pro-survival phosphoinositide-3 kinase 

(PI3K)-Akt pathway. Akt phosphorylates MST2 in response to mitogens, oncogenic Ras 

expression or depletion of the tumour suppressor phosphatase and tensin homolog 

deleted on chromosome 10 (PTEN). We identified two Akt phosphorylation sites (T117 

and T384) in MST2.  Mutation of these sites individually reduced phosphorylation, while 

the double mutation abolished it. These mutations, especially the double mutation, 

inhibited MST2 interactions with Raf-1, but enhanced binding to RASSF1A resulting in 

higher activation of downstream stress signalling pathways (JNK and p38 MAPK) and 

apoptosis. Biochemical and in situ FLIM experiments revealed a dual mechanism of 

inhibition. Akt phosphorylation of MST2 (i) blocks binding to RASSF1A and promotes 

sequestration into the inhibitory complex with Raf-1; and (ii) prevents MST2 homo-

dimerisation which is essential for MST2 activation. Our results further show that the 

dissociation of the Raf-1-MST2 complex is part of mitogenic signalling, thereby linking 

induction of proliferation with the risk of apoptosis. Results with Ras effector domain 

mutants that selectively couple to either PI3K or Raf-1 show that Akt activation is 

necessary to abrogate MST2 activation in response to mitogenic stimulation. Thus, 

MST2 serves as a hub to integrate the biological outputs of the Raf-1 and Akt pathways. 

 

Introduction 

Apoptosis is a safeguard against unlicensed growth of aberrant cells. Thus, pro-apoptotic 

signalling pathways are often silenced in tumours. MST1/2 are involved in pro-apoptotic 
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signalling in response to stress signals (1). MST1 induces JNK and caspase activation in 

response to stress and Fas (2, 3). During apoptosis MST kinases are cleaved by caspases 

releasing a constitutively active kinase domain that translocates to the nucleus and 

phosphorylates Histone2B eventually inducing DNA fragmentation (4). In neuronal cells 

MST1 mediates oxidative stress induced apoptosis by phosphorylating and activating FOXO3 

transcription factors (5). In cancer cells MST2 is activated by RASSF1A and mediates 

apoptosis via induction of the proapoptotic BH3 family gene puma (6) and activation of the 

Bax binding protein MAP-1/MOAP-1(7, 8). Thus, in mammalian cells MST kinases are bona 

fide apoptosis inducers in response to stress and tumour suppressor genes. 

RASSF1A is a prominent tumour suppressor that is frequently inactivated in many different 

cancers usually by gene silencing (9-11). Binding of MST2 by RASSF1A induces MST2 

activation by promoting dimerisation and transphosphorylation of T180. The Raf-1 proto-

oncogene binds to MST2 thereby inhibiting RASSF1A association and dimerisation (12). 

Downregulation of Raf-1 can substitute for the loss of RASSF1A expression (6) suggesting 

that Raf-1 binding to MST2 is critical for preventing RASSF1A mediated MST2 activation 

and apoptosis. However, mitogenic stimulation and activated Ras also can disrupt the MST2-

Raf-1 complex without causing MST2 activation (13, 14). This suggests that MST2 release is 

part of normal mitogenic regulation, and that mitogens must suppress the pro-apoptotic 

function of MST2.  

Recent work showed that Akt phosphorylates MST1 on S387, blocking MST1 cleavage by 

caspases and its ability to phosphorylate FOXO3 (15). Akt is a main downstream effector of 

PI3K, whose pleiotropic functions include the inhibition of apoptosis (16-18). The Akt 

pathway is often deregulated in cancer due to mutations in Akt or p110 PI3K, or more 

commonly because of mutations, silencing or deletion of PTEN (19). PTEN is a tumour 

suppressor that dephosphorylates phosphatidyl-inositol-3,4,5 triphosphate (PIP3), the product 
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of PI3K (20). Here, we show that MST2 is phosphorylated by Akt, which inhibits its pro-

apoptotic activity, however by a completely different mechanism than MST1. Akt-induced 

phosphorylation of MST2 (i) promotes MST2 interaction with Raf-1, (ii) blocks MST2 

recruitment by RASSF1A and (iii) directly inhibits MST2 kinase activity. 

 

Materials and Methods 

Cells, reagents and plasmids  

MCF7 and Hela cells were grown in DMEM, HCC1937 cells were grown in RPMI, 

supplemented with 10% foetal calf serum (Gibco-BRL) and 2mM L-Glutamine (Gibco-BRL). 

Human recombinant IGF-1 was from PromoCell. Cells were transfected using 

LipofectAMINE2000 (Invitrogen) following manufacturer’s protocol. For each experiment, 

LY294002 and Akt inhibitor IV were from Calbiochem (Merck). Protein G-sepharose and 

anti-Flag-M2 agarose conjugated were from Sigma. Antibodies were from commercial 

sources: mouse monoclonal anti-Raf-1 (BD transduction laboratories); mouse monoclonal 

anti-phospho(Ser73) JNK (Upstate); goat polyclonal anti-Krs1/MST2, mouse monoclonal 

anti-PTEN A2B1, mouse monoclonal anti-RASSF1 3F3, rabbit polyclonal anti-JNK-1 C19 

(Santa Cruz); rabbit polyclonal anti-phospho-p38 and total p38, anti-phospho-Ser473-Akt and 

total Akt, anti-phospho-Ser21-GSK3β and total GSK3β, anti-phospho-Ser/Thr-substrate of 

Akt, anti-phospho-Ser-14-3-3 binding motif (Cell Signalling, NEB); anti-HA-HRP3F10 

(Roche); anti-Flag-M2-HRP, mouse monoclonal anti-phospho-ERK1/2 and total ERK1/2 

(Sigma); rabbit monoclonal anti-MST2 (Epitomics, Insight Biotech.); mouse monoclonal anti-

RASSF1A (eBioscience). Scramble (control), Raf-1, MST2 and Akt1/2 siRNAs were from 

Dharmacon and described previously (6). pcDNA3.1-HA-RASSF1A and pSG5-gag-Akt were 

previously described (21). pcDNA3.1-PTEN and pcDNA3.1-PTENC124S were a kind gift 

from Nick Leslie (Dundee, UK). pCEFL-AU5-HRasV12 and the domain specific mutants 
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(S35 and C40) were generously provided by Piero Crespo (Santander, Spain). pME18S-Flag-

MST2 (12) was used to make point mutants using  the Quickchange kit (Stratagene). Myc-

MST2 was a kind gift from J. Chernoff. MST2 wild type and T117/384AA double mutant 

were cloned into pEGFP-C3 (Clontech) to make MST2-GFP. Raf-1 was cloned into pcDNA 

3.1 (Invitrogen) that was modified by the addition of mRFP1 to make mRFP1-Raf-1.  

 

Co-immunoprecipitations, immunoblottings and in gel kinase assays 

Cells were serum starved overnight and lysed in 20mM HEPES pH7.5, NaCl 150mM, 1% 

NP-40, 2mM NaF, 10mM β-glycerophosphate, 2mM Na4P2O4 and protease and phosphatase 

inhibitors. Immunoprecipitates were washed three times in lysis buffer, separated by SDS-

PAGE and analysed by Western Blotting. Alternatively, in gel kinase assays were performed 

using MST2 immunoprecipitates as previously described (12). 

 

FRET determination by multiphoton FLIM measurements  

Time-domain FLIM and analysis of the data were performed as described previously (22). 

 

Apoptosis assays 

Attached and floating cells were harvested, washed with PBS, resuspended in 0.25% trypsin, 

fixed in 70% ethanol,  incubated with RNase (250µg/ml, Qiagen), and stained with propidium 

iodide (10µg/ml, Sigma) prior to analysis with a FACScalibur flow cytometer (Becton-

Dickinson) to determine DNA fragmentation shown as fold increase in the SubG1 population. 

 

In vitro kinase and binding assays 

100ng purified Akt and MST2 (Proqinase) were incubated for 5 minutes in 100µl kinase 

buffer (50mM TrisHCl pH7.4, 0.1mM EGTA, 10mM MgCl2, 0.1% β-mercaptoethanol 



 6

plus/minus 0.5mM ATP). 2µl of each kinase reaction was Western blotted with the anti-

phospho-Ser/Thr-substrate of Akt antibody to assess phosphorylation. The remainder was 

split into two aliquots and incubated with RASSF1A or Raf-1 immunoprecipitates, washed 

and analysed by Western blotting with the anti-phospho-Ser/Thr-substrate, MST2 and Akt 

antibodies. The immunoprecipitates were prepared from HEK293 cells transfected with Flag-

tagged Raf-1 or RASSF1A. Cells were lysed in RIPA buffer, and anti-Flag-M2 agarose 

immunoprecipitates were washed 5 times in RIPA buffer and once in kinase buffer.  

 

Results 

MST2-Raf-1 interaction is promoted by PI3K/Akt 

We examined whether the PI3K/Akt pathway regulates the MST2-Raf-1 complex. LY294002 

(LY), a PI3K inhibitor, induced a time dependent decrease of Raf-1 co-immunoprecipitation 

with MST2 and vice versa (Figs.1a & S1a). As observed previously (12), serum also 

decreased Raf-1 and MST2 co-immunoprecipitations, but with a lower efficiency and a longer 

delay than LY treatment. LY enhanced and accelerated the serum-induced disruption of 

MST2-Raf-1 (Figs.1a & S1a). These results were confirmed using AktI, a specific Akt 

inhibitor (Figs.1b & S1b). The efficacy of the inhibitors was ascertained by showing that LY 

blocked Akt phosphorylation (Fig. 1a), and AktI inhibited phosphorylation of the Akt 

substrate GSK-3 (Fig. 1b). Importantly, LY increased MST2 kinase activity both in untreated 

and serum stimulated cells (Figs.1a & S1a). Treatment with IGF-1 produced similar results 

(Fig. S1c), suggesting that the PI3K/Akt pathway promotes the MST2-Raf-1 interaction and 

negatively regulates MST2 activity.  
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MST2 is a substrate for Akt  

Serum induced co-immunoprecipitation of Akt with MST2 (Figs.2a & S2a), which was 

reduced by LY. An antibody specific for Akt substrate phosphorylation motifs revealed a 

PI3K-dependent increase in Akt-induced phosphorylation of MST2 in immunoprecipitates 

(Figs.2a & S2a). Overexpression of a constitutively active form of Akt, gag-Akt, induced a 

concomitant increase of co-immunoprecipitated Akt with MST2 and hyperphosphorylation of 

MST2 on Akt motifs. Also, Raf-1 co-immunoprecipitated with MST2 increased, while MST2 

kinase activity decreased proportionally (Figs.2b & S2b). Re-expression of RASSF1A 

counteracted the Akt effects decreasing both the co-immunoprecipitation of Akt with MST2 

and phosphorylation of MST2, while elevating MST2 kinase activity (Figs.2b & S2b). 

 

Akt inhibits MST2 by a dual mechanism 

To clarify whether Akt phosphorylation inhibits MST2 kinase activation only by promoting 

Raf-1 binding or also directly, we used H-RasV12 effector domain mutants (Fig.2c). H-

RasV12S35 and H-RasV12C40 selectively stimulate Raf-1 and PI3K, respectively (23). 

Serum stimulation, expression of H-RasV12 or H-RasV12S35 decreased Raf-1 co-

immunoprecipitated with MST2. In contrast, serum stimulation, H-RasV12 and the specific 

PI3K activator mutant H-RasV12C40 increased both Akt co-immunoprecipitation with MST2 

and Akt-induced phosphorylation of MST2. Importantly, serum stimulation, H-RasV12, and 

H-RasV12C40, but not H-RasV12S35, inhibited RASSF1A binding to MST2 and MST2 

kinase activity. By contrast, H-RasV12S35 disrupted the MST2-Raf-1 complex and increased 

RASSF1A recruitment and MST2 kinase activity. These results indicate that Akt exerts dual 

control over MST2 by preventing binding to RASSF1A while promoting interaction with Raf-

1, and by directly inhibiting MST2 activity. Both processes require Akt kinase activity.  
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Akt regulates MST2 in cancer cells 

PTEN loss is frequent in cancer, resulting in the hyperactivation of PI3K/Akt signalling (24).  

In the PTEN
-/-

 breast cancer cell line HCC1937 endogenous Akt was highly activated 

(Fig.3a). Despite the retention of RASSF1A expression MST2 had little kinase activity, 

efficiently co-immunoprecipitated with Raf-1 and was phosphorylated on Akt consensus sites. 

Re-expression of wild-type PTEN reversed all these parameters, whereas the phosphatase 

dead C124S mutant was without effect (Figs. 3b & S3a). 

As Akt can bind Raf-1 (25, 26) we tested whether Raf-1 promotes the phosphorylation of 

MST2 by Akt. Raf-1 downregulation increased the MST2 and RASSF1A interaction and 

MST2 kinase activity even in absence of a functional PTEN. Interestingly, Raf-1 

downregulation only slightly decreased MST2 phosphorylation by Akt (Figs. 3b & S3a) 

suggesting that Raf-1 is not required for the Akt-induced phosphorylation of MST2. 

However, Akt is essential as Akt downregulation by siRNA completely reversed the effects of 

PTEN loss, decreasing MST2-Raf-1 association and Akt phosphorylation of MST2, while 

increasing MST2 kinase activity. In addition, RASSF1A now could engage MST2 (Fig.3c). 

We then tested whether Akt affected MST2 homo-dimerisation, an early event required for 

MST2 activation, by assessing co-immunoprecipitation of Flag- and Myc-tagged MST2. In 

PTEN
-/-

 HCC1937 cells, re-expression of wild type PTEN increased MST2 homo-

dimerisation, while PTEN C124S had no effect (Fig. 3d). In MCF7 cells the expression of 

gag-Akt decreased MST2 homo-dimerisation, and this effect was counteracted by re-

expressing RASSF1A (Fig. S3b).   

Taken together, these data suggest that Akt is a physiological regulator of MST2 that 

cooperates with Raf-1 to prevent MST homo-dimerisation and activation in cancer cells.  
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Akt induces MST2 phosphorylation on threonines 117 and 384 

MST2 contains two Akt consensus phosphorylation motifs, T117 and T384 (Fig. S4a). To 

assess the role of these sites we generated single (T117A, T384A) and double (T117/384AA) 

Flag-tagged MST2 mutants. When expressed in PTEN
-/-

 HCC1937 cells, both single mutants 

showed reduced interaction with Raf-1 and Akt, and reduced phosphorylation on Akt 

consensus sites (Fig. 4a). The double TT117/384AA mutant (AA) was completely devoid of 

binding to Raf-1 or Akt and Akt phosphorylation. MST2 single mutants co-

immunoprecipitated more efficiently with RASSF1A and had enhanced kinase activity, which 

was further enhanced by the double mutation. PTEN expression increased the interaction of 

RASSF1A with MST2 and MST kinase activity, whereas the MST2 mutants were largely 

unaffected. Mutation of the activating autophosphorylation site T180 had no effect on any of 

these parameters (Figs.4a & S4b). These results suggest that Akt phosphorylation of MST2 at 

T117 and T384 inhibits binding to RASSF1A and concomitant MST2 activation, while 

facilitating binding to Raf-1 while. Therefore, PTEN loss contributes to the shutdown of 

MST2 signalling in cancer cells.  

Does the Akt-mediated regulation of MST2 depend on Raf-1? Downregulation of Raf-1 in 

PTEN
-/-

 cells only slightly affected the kinase activities of wild type and mutant MST2 

(Figs.4b & S4c), suggesting that the phosphorylation by Akt exerts a dual effect on MST2. 

First, it prevents RASSF1A binding and promotes sequestration of MST2 into the inhibitory 

complex with Raf-1. Second, it has a direct inhibitory effect on the catalytic activity of MST2 

which does not require MST2 interaction with Raf-1. Thus, these data independently confirm 

the results from the Ras effector domain mutants experiments.  

To confirm the biochemical interactions by in situ imaging we performed Fluorescence 

Lifetime Imaging Microscopy (FLIM). GFP-MST2 and mRFP1-Raf-1 expressed in HCC1937 

cells interacted as indicated by a shortening of FLI in comparison to GFP-MST2 alone, and 
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this interaction was significantly decreased when PI3K was inhibited with LY294002 (Fig. 

4c). Mutation of the two Akt phosphorylation sites (GFP-MST2-TT117/384AA) inhibited the 

interaction with Raf-1 (Fig.4d), confirming the biochemical observations that Akt-induced 

phosphorylation of MST2 is critical for the MST2-Raf1 interaction.  

 

Akt phosphorylates MST2 directly and inhibits binding to RASSF1A 

To assess the distribution of MST2 between the two competing binding partners, we analysed 

Raf-1 and RASSF1A immunoprecipitates for the presence and phosphorylation status of 

MST2 in HCC1937 cells (Fig. 5a). Wildtype MST2 preferentially co-immunoprecipitated 

with Raf-1. PTEN expression diminished MST2 association with Raf-1, but enhanced binding 

to RASSF1A. While MST2 was phosphorylated on the Akt sites in Raf-1 immunoprecipitates,    

RASSF1A immunoprecipitates were devoid of phosphorylated MST2. By contrast, MST2-

TT117/384AA showed the opposite behaviour, readily associating with RASSF1A but not 

with Raf-1.  

In vitro kinase assays with purified Akt and MST2 proteins showed that MST2 was a direct 

Akt substrate, although some background phosphorylation of the Akt sites was observable 

when MST2 was incubated with ATP alone (Fig. 5b). The in vitro kinase reactions were 

subsequently incubated with Raf-1 or RASSF1A immobilised on beads (Figs. 5c & 5d). 

Phosphorylated MST2 bound to Raf-1 but not to RASSF1A. Interestingly, MST2 binding to 

Raf-1 was enhanced by the presence of Akt raising the possibility that Akt can facilitate this 

interaction. However, in cells Akt can be recruited to MST2 while Raf-1 dissociates (Fig. 2c) 

suggesting this adaptor role of Akt is further regulated in cells or an in vitro artefact. 

However, RASSF1A consistently only bound non-phosphorylated MST2 in vitro and in cells. 

 These data suggest that MST2 is a direct Akt substrate and that this phosphorylation 

precludes MST2 binding to RASSF1A, but enhances binding to Raf-1.  
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Akt regulates MST2 pro-apoptotic function 

Inhibiting MST2 expression by siRNA in Hela cells reduced both LY294002- and AktI 

inhibitor-induced apoptosis, as assayed by DNA fragmentation, to a modest but significant 

extent (Figs. 6a & 6b). In order to examine the role of Akt-mediated MST2 phosphorylation 

we overexpressed MST2 and the phosphorylation site mutants. Wildtype MST2 caused a 

small but significant increase of apoptosis, which was further increased when the single or 

double MST2 mutants were expressed. The inactive MST2 mutant T180A was unable to 

trigger apoptosis (Fig. 6c). Consistent results were obtained using caspase activation to 

monitor apoptosis (Fig. S5). Similarly, in the PTEN
-/-

 HCC1937 cells, overexpression of 

wildtype MST2 and the single mutants T117A and T384A stimulated apoptosis (Fig.6d). 

Moreover, PTEN re-expression slightly enhanced apoptosis (Fig.6d). As in HeLa cells, the 

MST2 double mutant displayed the strongest pro-apoptotic activity, and this effect was 

resistant to PTEN expression.  

In order to test the effects of MST2 mutations on other downstream pathways we examined 

activation of JNK and p38 (Fig. S6), as they have been implicated in pro-apoptotic MST 

signalling (27-29). Expression of the MST2 single mutants and especially the double mutant 

induced JNK and, to a lesser extent, p38 activation. These effects were enhanced by the re-

expression of PTEN. The kinase inactive MST2 T180A mutant did not stimulate p38 and 

JNK under any condition. These results further confirm that Akt is critical in inhibiting MST2 

and downstream signalling into different pathways.   

 

Discussion 

Our results provide evidence that MST2 is a hub that integrates the output activities of three 

pathways, i.e. the Raf-1, RASSF1A and Akt pathways. This conclusion is based on the 

following evidence.  
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We show that MST2 is a physiological substrate of Akt. Endogenous MST2 is phosphorylated 

by Akt in both serum-stimulated and PTEN
-/-

 cells. In quiescent cells, we have previously 

described that Raf-1 interacts with MST2 to inhibit its pro-apoptotic activity (6, 12). 

Interestingly, we have previously also observed that mitogens can disrupt the MST2-Raf-1 

interaction without leading to activation of MST2 (12). Our current results explain this 

conundrum suggesting the following model. In quiescent cells, MST2 is inhibited by being 

sequestered in a complex with Raf-1. Pro-apoptotic stimuli, such as Fas activation, 

staurosporine or RASSF1A, break up this complex and induce MST2 activation by promoting 

RASSF1A binding and homo-dimerisation (6, 12). It is not entirely clear how pro-apoptotic 

stimuli dissociate the MST2-Raf-1 complex. The Raf-1 and RASSF1A interaction sites in 

MST2 overlap and these proteins compete for MST2 binding {Matallanas, 2007 #4, 

suggesting that pro-apoptotic stimuli which suppress Akt activity and MST2 phosphorylation 

will shift MST2 affinity from Raf-1 to RASSF1A. Mitogen stimulation and oncogenic Ras 

also dissociate the MST2-Raf-1 complex, however due to the simultaneous activation of Akt 

and Akt mediated MST2 phosphorylation, MST2 remains inhibited. This latter mechanism is 

especially relevant in PTEN
-/-

 cells which display high Akt activity and hence efficient MST2 

inhibition. PTEN is one of the most frequently altered tumour suppressor genes in human 

cancer (19). As loss of PTEN expression or function will interfere with MST2 activation and 

pro-apoptotic activity, MST2 may have a role as effector of the PTEN tumour suppressor to 

prevent unlicensed cell proliferation in normal cells and tissues.   

It seems that the basal level of Akt activity is sufficient to phosphorylate MST2, and is at least 

in part is responsible for MST2 binding to Raf-1 under non-stimulated conditions. The 

interaction of endogenous MST2 with Raf-1 is diminished when the basal levels of active Akt 

in quiescent cells are reduced by re-expressing PTEN, pharmacological inhibition of the 

PI3K-Akt pathway, specific downregulation of Akt expression or mutation of the Akt 
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phosphorylation sites. Interestingly, Akt-induced phosphorylation of MST2 is not dependent 

on Raf-1, suggesting that Akt phosphorylation of MST2 takes place prior Raf-1 binding and 

promotes Raf-1-MST2 complex formation.  

Previous work with the related MST1 kinase showed that Akt phosphorylation occurs only at 

the C-terminal site (15). Based on mutational analysis, our study clearly shows that in MST2 

both N- and C-terminal Akt motifs are phosphorylated. Indeed, the single MST2 mutants 

remained competent for interaction with Raf-1 and Akt, albeit to a lower extent than wild type 

MST2. These single mutants also were more active and showed stronger interaction with 

RASSF1A than wild type MST2, but to a lower extent than the double mutant T117/384AA. 

The double mutant showed a higher kinase activity and was more pro-apoptotic than the 

single mutants. These data show that Akt phosphorylation of both N- and C-terminal sites is 

necessary for full regulation of MST2 by Akt, whereas phosphorylation of the C-terminal site 

is sufficient for regulation of MST1. Importantly, the regulation of MST1 and MST2 by Akt 

differs fundamentally. Akt phosphorylation prevents MST1 activation by caspase cleavage 

and selectively inhibits MST1 kinase activity towards FOXO-3, but not histone H2B (15). In 

contrast, as our data show Akt inhibits MST2 by a dual mechanism, i.e. shifting its binding 

from RASSF1A to Raf-1, and by directly inhibiting MST2 kinase activity independent of 

proteolytic cleavage. The relevant mechanism is inhibition of MST2 homo-dimerisation, 

which is an early activation step that precedes activation by proteolytic cleavage.  

Akt also has been reported to phosphorylate and inhibit YAP (18), a transcription factor that 

functions downstream of MST2 (30). Thus, Akt could regulate the pathway at several levels. 

Most importantly, our data suggest that MST2 is a point of coordination between the Raf, 

RASSF1A and Akt pathways, with successful proliferation in response to Raf-1 stimulation 

requiring concomitant Akt activation. MST2 release is part of normal mitogenic regulation, 

and maybe a safeguard against unlicensed proliferation by coupling mitogenic signalling with 
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priming of an apoptotic signal. Intriguingly, Raf-1 and Akt can be differentially recruited by 

Ras protein isoforms. H-Ras is more effective in activating the PI3K-Akt pathway, whereas 

N-Ras and K-Ras are more potent in activating ERK (31). Therefore, upon mitogen 

stimulation, MST2 release from Raf-1 should be triggered by Ras isoforms that preferentially 

bind Raf-1 and signal to ERK, whereas PI3K would be recruited by distinct Ras isoforms to 

activate Akt. Such coordination would ensure that Raf-1 and Akt activation proceed in 

parallel by avoiding competition between Raf-1 and PI3K for binding to the same Ras 

effector sites.  In summary, these data suggest that MST2 is a point of convergence for Ras 

signalling that regulates the balance between proliferation and apoptosis by serving as 

common regulation target for the Raf-1 and Akt pathways. 
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Figure legends 

 

Figure 1. PI3K/Akt regulates MST2-Raf1 interaction and MST2 activity  

Serum starved HeLa cells (c) were treated with (a) LY294002 (LY, 5µM) or (b) Akt inhibitor 

(Akt I, 10µM) in the presence or absence of serum 10% (serum+LY or serum+Akt I) for the 

indicated periods of time. In the serum+LY and serum +Akt I conditions, cells were pre-

incubated 30min with LY  or Akt I, respectively, before stimulation with 10% serum. MST2 

or Raf1 immunoprecipitates (IP) were analyzed by Western blots using antibodies for the 

indicated proteins. MST2 kinase activity was determined by in gel kinase assays as described 

in Materials and Methods. 10µg of cellular extracts were analyzed by Western blotting using 

phospho-S473Akt or phospho-S21GSK3β  antibodies, and then re-probed with antibodies 

against total Akt  and  total GSK3β, respectively. 
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Figure 2. MST2 interacts with Akt and a target for Akt induced phosphorylation 

(a) Serum starved HeLa and MCF7 cells were treated with serum 10% for 2hours in the 

presence or absence of LY294002 (LY; pre-incubated for 30min). MST2 immunoprecipitates 

(IP) were analyzed by Western blotting using phospho-serine/threonine substrate of Akt (P-

Akt substrate) and total Akt antibodies. 10µg cellular extracts were Western blotted using a 

phospho-S473Akt antibody, and then re-probed with a total Akt antibody. (b) MCF7 cells 

were co-transfected with increasing amounts of gag-Akt (0, 0.1µg, 0.25µg, 0.5µg and 1µg) 

and HA-RASSF1A where indicated. MST2 IPs were analyzed by Western blotting with the 

indicated antibodies. MST2 kinase activity was measured by in gel kinase assays. 10µg of 

cellular extracts were analyzed by Western blot using HA antibody. (c) HeLa cells were 

transfected with HRasV12 (V12), HRasV12S35 (V12S35) or HRasV12C40 (V12C40). Raf-1 

and MST2 IPs were analyzed by Western blot using antibodies as stated. MST2 kinase 

activity was determined as above. 10µg of cellular extracts were analyzed by Western blot 

using antibodies against the indicated proteins. 

 

Figure 3. Regulation of endogenous MST2 activation by Akt, PTEN and Raf-1 

(a) 10µg cellular extracts from MCF7, HeLa and HCC1937 cells were analyzed for Akt 

activation (phospho-S473Akt), expression of Akt, RASSF1A and PTEN. (b) HCC1937 cells 

were co-transfected with the indicated combinations of wild type PTEN, phosphatase dead 

PTEN C124S, and small interference RNAs for Raf-1 (siRNA Raf-1) or a control (siRNA C). 

MST2 immunoprecipitates were analyzed by Western blotting using antibodies as stated. 

MST2 kinase activity was tested by in gel kinase assays. 10µg cellular extracts were analyzed 

by Western blotting using the indicated antibodies. (c) Akt was downregulated by siRNA. 

Cell extracts, Raf-1 and MST2 IPs were analyzed by Western blotting with the indicated 

antibodies. (d) Cells were co-transfected with Myc- and Flag-tagged MST2 and either wild 
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type PTEN (wt) or phosphatase-dead mutant PTEN (C124S). IP and Western blot analysis 

were performed as described above. 

 

Figure 4. MST2 phosphorylation by Akt at T117 and T384 regulates MST2 kinase 

activity and Raf-1 interaction 

(a) HCC1937 cells were transfected with empty vector (c), Flag-tagged MST2 wild type (wt), 

single mutants T117A and T384A (117A, 384A), the double mutant T117/384AA, (AA) or 

the inactive mutant T180A (180A). PTEN was co-expressed where indicated. Flag- IPs were 

analyzed by Western blot using specific antibodies as stated. MST2 kinase activity was 

determined by in gel kinase assays. (b) Cells were co-transfected with Flag-tagged MST2 

mutants and control (siRNA control) or Raf-1 specific (siRNA Raf-1) siRNAs. MST2 IPs 

were analyzed for kinase activity. (c) Cells were co-transfected with GFP-MST2 or the GFP-

MST2 double mutant T117/384AA and mRFP1-Raf1. The interaction between MST2 and 

Raf-1 was imaged by FLIM in cells treated with or without LY292002 (5µM, 2 hours). FRET 

between GFP and mRFP1 results in shortening of the fluorescent lifetime (τ) of GFP. The 

graph shows FRET efficiency calculated using the control lifetime (GFP alone) and effect of 

LY292002 (inset, 11 cells per group). Statistical analysis was performed using Student’s t-

test. (d) FLIM of cells co-expressing the GFP-MST2 double mutant T117/384AA and 

mRFP1-Raf1.  

 

Figure 5. Akt phosphorylates Akt directly and prevents binding to RASSF1A 

(a) HCC1937 cells were transfected with empty vector, Flag-tagged wild type MST2 (wt), the 

double mutant T117/384AA (AA) or the inactive mutant T180A (180A). PTEN wild type 

(wt) or the phosphatase-dead mutant C124S were co-expressed as indicated. RASSF1A and 

Raf-1 immunoprecipitates and 10µg cellular extracts were analyzed by Western blotting using 
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the indicated antibodies. (b) Purified MST2 was incubated with purified Akt plus/minus ATP 

in a total volume of 100μl. 2μl aliquots were immunoblotted with the indicated antibodies. 

The remaining samples were divided in two and incubated with (c) Flag-Raf-1 or (d) Flag-

RASSF1A immunoprecipitates. After washing MST2 proteins bound to the 

immunoprecipitates were examined with the indicated antibodies.  

 

Figure 6. Akt protection against apoptosis involves MST2 inhibition. 

(a) HeLa cells were transfected with control or MST2 siRNA and treated or not (control) for 

15hours with 5µM LY294002 (LY) or 5µM Akt inhibitor (Akt I). Apoptosis was quantified 

by assaying DNA fragmentation as described in Materials and Methods. Statistical analysis 

was performed using the Student’s t-test (n=4).  (b) 10µg cellular extracts were analyzed for 

full length MST2 expression by Western blot. (c) HeLa cells were transfected with empty 

vector (control), Flag-tagged wild type MST2 (wt), MST2 single mutants T117A and T384A 

(117A, 384A), the double mutant T117/384AA (AA), or the inactive mutant T180A (180A). 

Apoptosis was measured as above. Statistical analysis was performed using Student’s t-test 

(n=5). There were no statistically significant differences between control and the T180A 

mutant, and wt MST2 and T180A. (d) HCC1937 cells were co-transfected with MST2 

constructs as described above with or without (mock) PTEN. Apoptosis was measured as 

above.  
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Fig. S1. Quantitation of data and effects of IGF-1. (a & b) Blots shown in Figs. 1a & 1b were scanned by 

laser densitometry and quantified using NIH Image J software. (c) The experiment shown in Figs. 1a & 1b 

was repeated using 50ng/ml IGF-1 stimulation instead of serum. 
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Fig. S2. Quantitation of data. Blots were scanned by laser densitometry and quantified using NIH Image J software.



Fig. S3a

Fig. S3a. Quantitation of data. Blots were scanned by laser densitometry and quantified using NIH Image J software.
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Fig. S3b
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Figure S3b: MCF7 cells were co-transfected with Myc- and Flag-tagged MST2, gag-Akt and 

HA-tagged RASSF1A as stated. Flag- and Myc-tag immunoprecipitations (IP) were performed 

and samples were analyzed by Western blot using Myc- and Flag-tag antibodies, respectively. 

10�g of cellular extracts were analyzed by Western blot using Flag, Myc, phospho-Akt (pAkt), 

total Akt and HA antibodies. 
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Fig. S4a. Schematic of selected phosphorylation sites in MST2. 
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Fig. S4b. Quantitation of data.

Blots were scanned by laser 

densitometry and quantified using 

NIH Image J software.
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Fig. S4c. Quantitation of data. Blots were scanned by laser densitometry and quantified using NIH Image J software.



Fig. S5

0

1

2

3

4

5

F
o

ld
 a

p
o

p
to

s
is

C
on

tro
l

M
S
T2 

w
t

M
S
T2 

T11
7A

M
S
T2 

T38
4A

M
S
T2 

T11
7/

38
4A

A

M
S
T2 

T18
0A

Fig. S5. Assaying early apoptotic events. HeLa cells were transfected with either empty 

vector (control), Flag-tagged wild type MST2 (wt), MST2 single mutants T117A and T384A 

(117A, 384A), the double mutant T117/384AA (AA), or the inactive mutant T180A (180A). 

Samples for apoptosis assays were analyzed by FACS for caspase activity by using the 

fluorescent cleavable substrate of caspases zVAD-fmk-FITC (Promega) following the  

manufacturer’s protocol.
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Supplementary figure S6: HCC1937 cells were co-transfected or not (C) with wild type 

(wt) MST2 or indicated MST2 mutants and PTEN or empty vector (mock). 10�g of 

cellular extracts were analyzed by Western blot using respectively phospho-Ser73-JNK 

(P-JNK), phospho-p38 (P-p38) or phospho-ERK1/2 (P-ERK) antibody, and then re-

probed with respective total JNK-1, p38 and ERK1/2 antibodies.


