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Mammalian Ste20-like Kinase (Mst2) Indirectly Supports
Raf-1/ERK Pathway Activity via Maintenance of Protein
Phosphatase-2A Catalytic Subunit Levels and Consequent
Suppression of Inhibitory Raf-1 Phosphorylation™”"
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Many tumor suppressor proteins act to blunt the effects of mito-
genic signaling pathways. Loss of function mutations in the merlin
tumor suppressor underlie neurofibromatosis type 2 (NF2), a
familial autosomal dominant cancer syndrome. Studies of Dro-
sophila suggest that Hippo (/1po) is required for inhibition of cell
proliferation mediated by dMer, the orthologue of human merlin.
Mammalian sterile 20-like kinase-2 (Mst2) is a mammalian Hpo
orthologue, and numerous studies implicate Mst2 as a tumor sup-
pressor. Mst2 is negatively regulated by the proto-oncoprotein
Raf-1 in a manner independent of the kinase activity of Raf-1. We
sought to determine whether, in mammalian cells, merlin could
positively regulate Mst2. We also sought to determine whether
Mst2, in addition to being negatively regulated by Raf-1, might
itself reciprocally regulate Raf-1. In contrast to findings from Dro-
sophila, we find no evidence that mammalian merlin positively reg-
ulates mammalian Mst2. Instead, surprisingly, RNA interference
silencing of Mst2 leads to elevated inhibitory phosphorylation of
Raf-1 at Ser-259 and impaired Raf-1 kinase activity. Consequent to
this, ERK pathway activation and cell proliferation are attenuated.
Phosphatase-2A  (PP2A) dephosphorylates Raf-1 Ser-259 in
response to mitogens. Interestingly RNA interference silencing of
Mst2 triggers a striking proteasome-dependent decrease in the lev-
els of the catalytic subunit of PP2A (PP2A-C). A similar effect is
achieved upon silencing of large tumor suppressor (LATS)-1 and
LATS?2, direct substrates of Mst2. Our studies reveal a more com-
plex role for Mst2 than previously thought. The Mst2 — LATS1/2
pathway, by maintaining PP2A-C levels, may, in some situations,
positively affect mitogenic signaling.

Controlling the intensity and duration of mitogen-regulated
signaling pathways exerts a profound impact on cell prolifera-
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tion and survival. The integration of proliferative and tumor
suppressor signals is central to normal cellular function and to
proliferative diseases such as cancer. Mitogen-activated protein
kinase (MAPK)* signal transduction pathways are present in all
eukaryotic cells and regulate a diverse array of cellular func-
tions, including cell differentiation, proliferation, migration,
apoptosis, and inflammation. MAPKs are crucial to the integra-
tion of proliferative and survival signals in cancer. MAPK signal
transduction pathways include a central MAPK-kinase kinase
(MAP3K) — MAPK-kinase (MAP2K) — MAPK core module
(1, 2). In mammals, mitogen activation of the extracellular sig-
nal-regulated kinase (ERK) MAPK group requires Ras, a mono-
meric G protein recruited by receptor and non-receptor tyro-
sine kinases (3). Active Ras (Ras-GTP) recruits downstream
MAP3Ks of the Raf family (Raf-1, B-Raf, and A-Raf) (3). The
mechanism of activation of Raf-1, consequent to Ras binding, is
quite complex and not yet fully understood.

In resting cells, Raf-1 is restrained in an inactive state
through phosphorylation at Ser-259 (possibly catalyzed by Akt
or protein kinase A) (4, 5). The interaction of Raf-1 phospho-
Ser-259 with 14-3-3 proteins helps to keep Raf-1 in an inhibi-
tory conformation (6, 7). Upon Ras binding, Raf-1 activation
requires dephosphorylation of Ser-259 and consequent disso-
ciation of 14-3-3 proteins (8 —10). In addition, a number of Ras-
dependent phosphorylation events, notably at Tyr-341 (cata-
lyzed by Src), Ser-338 (possibly catalyzed by p21l-activated
kinases (PAKs)), Thr-491, and Ser-494 (by unknown kinase (s)),
are required (11). Under some circumstances, Raf-1 can either
homo-oligomerize or hetero-oligomerize with B-Raf. The latter
complex can enable B-Raf trans activation of Raf-1, a process
that may contribute further to Raf-1 activation (12, 13).

Several tumor-suppressive pathways directly counter the
pro-mitogenic actions of Ras-dependent signaling. For exam-

*The abbreviations used are: MAPK, mitogen-activated protein kinase; MAP2K,
MAPK-kinase; MAP3K, MAPK-kinase-kinase; ERK, extracellular signal-regu-
lated kinase; MEK, MAPK/ERK kinase; MEF, mouse embryonic fibroblast; Mst,
mammalian sterile-20-like; LATS, large tumor suppressor; NF, neurofibroma-
tosis; PAK, p21-activated kinase; PP2A, protein phosphatase-2A; PP2A-A, PP2A
A scaffolding subunit; PP2A-C, PP2A catalytic subunit; Ptdins, phosphatidyl-
inositol; RNAi, RNA interference; oligo, oligonucleotide; GFP, green fluorescent
protein; RIPA, radioimmune precipitation; MBP, myelin basic protein; EGF, epi-
dermal growth factor; PTEN, phosphatase and tensin homolog; RASFF, Ras
association domain family; YAP, Yes-associated protein; DMSO, dimethyl sulf-
oxide; Z, benzyloxycarbonyl; FMK, fluoromethyl ketone; PI3K, phosphatidyl-
inositol 3-kinase; d, Drosophila; h, human.
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ple, neurofibromin, mutations of which underlie type-1 NF, is a
Ras-GTPase-activating protein that functions to promote Ras-
GTPase activity and consequent Ras inactivation (14). Merlin,
through mechanisms that are not fully understood, also sup-
presses mitogenic signaling including activation of ERK and
PAKs (reviewed in Ref. 15). Still other tumor suppressors
recruit signaling pathways that act to induce genes that inhibit
cell proliferation or promote apoptosis.

The mammalian Ste20-like kinases 1 and 2 (Mst1 and Mst2) are
members of the germinal center kinase family of Ser/Thr kinases
(16). Drosophila hippo (hpo) and Caenorhabditis elegans CST-1
are orthologues of Mst1/2 (16, 17). Functionally, /1po is a bona fide
tumor suppressor in Drosophila (18, 19). Hpo and mammalian
Mst1/2 regulate a highly conserved signaling cascade, wherein
Hpo/Mst1/2 activate a protein complex consisting of the Ser/Thr
kinase Warts (large tumor suppressor 1 and large tumor suppres-
sor 2, LATS1/2, in mammals) and the adapter proteins Salvador
(WW domain-containing adapter 45, WW45, in mammals) and
Mob as tumor suppressor (Mats-Mps-one binder-1, MOBI, in
mammals). Hpo, in complex with Salvador, phosphorylates and
activates Warts, a process that also requires Mats. Activated Warts
then phosphorylates and inhibits Yorkie (Yes-associated protein,
YAP, in mammals), a transcription factor that, when active, trig-
gers a pro-proliferative, antiapoptotic program of gene expression
(reviewed in Refs. 20 and 21). Genetic studies of Drosophila
indicate that Hpo is an effector for dMerlin and dExpanded
Drosophila orthologues of mammalian merlin (22). How-
ever, it is still unclear whether Mst1, Mst2, or both are merlin
targets in mammalian cells.

Most studies suggest that mammalian Mstl and Mst2, like
Hpo, are also tumor suppressors (20, 21, 23, 24). Studies of
cultured cells document conservation of the Mstl/2 —
LATS — YAP pathway (20, 21, 25). Mst2 can also associate with
members of the RASSF (Ras association domain family) family
of tumor suppressors. This association activates Mst2 and
serves to promote Ras-mediated apoptosis (26 —29). Moreover,
disruption of Mst1 causes significant lymphoid hyperprolifera-
tion (30). Lastly, liver-specific overexpression of YAP causes the
spontaneous development of hepatocellular carcinoma (31).

However, the cellular functions of Mstl and Mst2 and their
lower metazoan orthologues may be more complex. Thus, in
contrast to Drosophila, RNA interference (RNAi) knockdown
studies in C. elegans point to a pro-survival rather than a pro-
apoptotic function for CST-1 (32). Moreover, disruption of
mst1, although leading to enhanced lymphocyte proliferation,
apparently does not affect LATS1/2 function (30). Disruption
of mstl and mst2 in liver leads to hepatocellular carcinoma via
a YAP-dependent but LATS1/2-independent process (33). In
addition, recent studies of RASSF function indicate that
although RASSF6 can induce Mst2-dependent apoptosis,
RASSF6 dissociates from Mst2 after Mst2 activation, and this
free RASSF6 can trigger Mst2-independent apoptosis (34).

In situ, Mst2 can also interact with Raf-1 in a manner inde-
pendent of the kinase activity of Raf-1 (24). In complex with
Raf-1, the pro-apoptotic kinase activity of Mst2 is blunted (24).
Genetic deletion of Raf-1 or stimulation with apoptogenic
agents liberates Mst2 and fosters Mst2 apoptogenic signaling
(24). Collectively however, the relative contribution of the Raf-
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1-Mst2 or RASSFs-Mst2 complexes to antiproliferative or
apoptogenic signaling is still unclear.

In the studies described herein, we sought to determine
whether merlin could regulate Mst2, in part, through destabi-
lization of the Raf-1-Mst2 complex, thereby promoting activa-
tion of Mst2. Alternatively, although it is well documented that
the interaction of Mst2 with Raf-1 serves to restrain the pro-
apoptotic activation of Mst2 (24), a role for Mst2 in regulation
of Raf-1 or MAPK signaling has not been investigated. We
therefore also sought to determine whether Mst2 could influ-
ence Raf-1 activity. Our results reveal an unexpected positive
role for Mst2 in Raf-1/ERK pathway regulation and function.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—HEI-193 cells are an immortal-
ized, patient-derived NF2 schwannoma line (35). akt2/3~'~;
akt-17°*1% primary mouse embryonic fibroblast (MEF) cells,
kindly provided by Philip Tsichlis, are a mouse embryo fibro-
blast cell line in which both ak¢2 and akt3 have been disrupted
and endogenous aktl has been replaced with a floxed allele.
aktl can be disrupted with adenoviral Cre recombinase
(below), resulting in cells depleted of all three Akt isoforms.
SKOV3 is a human ovarian cancer cell line (36). For transient
transfection experiments, HEK293 cells were used. These cell
lines were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Atlanta Biologi-
cals), 2.5 mm L-glutamine, and 1% penicillin/streptomycin. The
RT4 NF2.17 is a rat schwannoma cell line engineered to stably
express wild type merlin from a doxycycline-inducible (Tet-
On) promoter (37). These cells were cultured in the above men-
tioned medium further supplemented with 1 ug/ml puromycin
and 500 pg/ml G418. NIH3T3 cells were purchased from
ATCC and cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% calf serum 2.5 mMm L-glutamine, 2.5 mm
pyruvate and 1% penicillin/streptomycin. Cells were grown and
maintained at 37 °C and 5% CO, in a humidified incubator.
Where indicated, cells were serum-starved for 18-20 h in
medium supplemented with 0.5% serum. pBabe-puro retroviral
constructs encoding constitutively active $218D/S221D MEK1
(MEK-DD) and constitutively active Raf-1 (Raf-22W, a C-ter-
minal construct expressing amino acids 321-552 and missing
Ser-259) were obtained from Addgene. To generate MEK-DD
or Raf-22W retroviruses, each construct or control pBabe-puro
was co-transfected with constructs expressing retroviral essen-
tial proteins; pMDLgpRRE, pRSVrev, and pMD2.VSVG into
293 cells in 10-cm dishes. After 48 h, cells were grown in only 5
ml of complete growth medium for further 24 h, after which the
supernatant was collected, spun, and filtered through a
0.45-um polyvinylidene difluoride syringe filter. To prepare
stably overexpressing HEI-193 or SKOV3 cells, the relevant ret-
roviruses were added to subconfluent cultures of either in six-
well plates at a 1:2 dilution. 72 h later, cells were grown in
selection medium containing 2 pg/ml puromycin for a further
72 h and then maintained in medium supplemented with 0.5
pg/ml puromycin thereafter.

To determine whether constitutively active C-Raf-1 (C-Raf
22W) or MEK1 (MEK1DD) could rescue the inhibition of ERK
and cell proliferation in Mst2 knockdown cells, cells were
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plated in 6-well plates and treated with either Mst2 RNAi
(oligo-1) or control RNAi (GFP below). For proliferation assays,
cells were treated as described previously. For Western blot-
ting, cells were lysed 72 h after transfection in RIPA buffer with-
out any form of stimulation, subjected to SDS-PAGE analysis,
and immunoblotted with the indicated antibodies.

Plasmid DNA Transfections—We routinely used Lipo-
fectamine 2000 (Invitrogen) for HEK-293 cell transfection. We
used the following plasmids: pCMV5-FLAG-MST2, pMT3-
HA-Raf-1, and pCMV5-Myc-merlin. Transfections were per-
formed in 10-cm tissue culture dishes at 70—-80% conflu-
ency. Cells were lysed 48 h after transfection in Lysis buffer A
(20 mm Hepes, pH 7.4, 150 mm NaCl, 2 mm EGTA, 1 mm
EDTA, 50 mM B-glycerophosphate, 50 mm NaF, 1 mm dithio-
threitol, 1 mm Na;VO,, 1% Triton X-100, 10% glycerol, 10 uMm
aprotinin, and 0.5 um phenylmethylsulfonyl fluoride) for
immunoprecipitations.

RNAi—We used previously described methods for RNAi
(38). The following small interfering RNA oligos (Dharmacon)
were used: Mst2-human oligo-1, sense, 5'-uccggucaaguugucg-
caauu-3’, antisense, 5'-uugcgacaacuugaccgga-3'; Mst2-human
oligo-2, sense, 5'-cagcccauauguuguaaagua-3’, antisense,
5'-uacuuuacaacauaugggcug-3’; Mst2-human 3’-untranslated
region targeted, sense, 5'-acuaggaauugaaggaaua-3’, antisense,
5'-uauuccuucaauuccuagu-3'; murine control Mst2 sequences,
sense, 5'-ucuggucaagugguugcaauu-3’, antisense, 5'-aauug-
caaccacuugaccagauu-3'. To knock down murine NIH3T3 cell
Mst2, we used the following two mouse-specific Mst2 oligos
simultaneously: mouse Mst2-oligo-1, sense, 5'-cguuucaga-
cauaauuaga-3’, antisense, 5’-ucuaauuuaugucugaaacguu-3’,
and mouse Mst2 oligo-2, sense, 5'-ggaauauucuccucaauac-3’,
antisense, 5'-guauugaggagaauauucc-3’. For control human,
Mst2 oligo-1 was used. To silence Raf-1 in HEI-193 cells, the
following oligos were used: sense, 5’'-caucagacaacucuuauug-3’,
antisense, 5'-caauaagaguugucugaug-3’'. For silencing human
LATS1/2, the following oligonucleotides were used: LATS],
sense, 5'-cggcaagauagcauggauu-3’, antisense, 5'-aauccaugc-
uaucuugccg-3'; LATS2, sense, 5'-ggaaaucagauauucuug-3’,
antisense, 5'-caaggaauaucugauuucc-3'. GFP-specific RNAi oli-
gonucleotides were: sense, 5’'-gacguaaacggccacaagu-3’, anti-
sense, 5'-acuuguggccguuuacgta-3’. For negative controls, the
murine control oligo (for human cell lines), human Mst2
oligo-1 (for murine cell lines), or GFP oligos were used, as indi-
cated in the figure legends.

Immunoprecipitation and Immunoblotting—Immunopre-
cipitation and immunoblotting were performed as described
previously (38). Where indicated, cells were serum-starved for
18-20 h prior to treatment with 50 ng/ml EGF for various
times.

For immunoprecipitation, cells were lysed in Lysis buffer A.
Extracts were cleared by centrifugation (5000 X g). Protein con-
centrations in the cleared lysates were determined using the
Bradford assay. For co-immunoprecipitation of the endoge-
nous Raf-1-Mst2 complex from NIH3T3 cells or HEI-193, we
used 500 ug of total lysate protein per condition. For immuno-
precipitation of the Raf-1-B-Raf complex, we used 250 g of cell
extract/condition.

15078 JOURNAL OF BIOLOGICAL CHEMISTRY

We used 1X RIPA buffer (50 mm Tris-HCI, pH 7.4, 150 mm
NaCl, 1 mm phenylmethylsulfonyl fluoride, 1 mm EDTA, 5
pg/ml aprotinin, 50 mm B-glycerophosphate, 50 mm NaF, 1 mm
Na,;VO,, 1% Triton X-100, 0.25% sodium deoxycholic acid, and
0.5% SDS) to prepare cell extracts for direct immunoblotting.
Equal amounts of lysate protein/condition (15-25 ug of lysate/
lane) were used.

Antibodies and Reagents—Anti-merlin, anti-Akt anti-phos-
pho-Akt Ser-473, anti-phospho-Akt Thr-308, anti-phospho-
Raf-1 Ser-259, anti-phospho-S6 ribosomal protein Ser-235/
236, anti-phospho-Raf-1 Ser-338, anti-phospho-MEK1/2 Ser-
221/227, anti-phospho-ERK Thr-202/Tyr-204, anti-phospho-
tyrosine, anti-caspase-3, anti-poly(ADP-ribose) polymerase,
anti-phosphatase-2A-C, anti-phosphatase-2A-A, anti-LATS],
LY294002, and platelet-derived growth factor were from Cell
Signaling Technologies. Anti-LATS2 was from Bethyl labora-
tories, anti-Raf-1 and anti-B-Raf (for kinase assay immunopre-
cipitation and detection of C-Raf 22W), purified MEK1 K97R,
and Raf-1 kinase assay kit were from Upstate Biotechnology.
Anti-14-3-3, anti-MEK1, anti-MEK1 C-terminal (for detection
of MEK1DD) anti-ERK2, horseradish peroxidase-conjugated
mouse IgG, and rabbit IgG were from Santa Cruz Biotechnol-
ogy. Anti-B-actin, anti-FLAG tag, staurosporine, myelin basic
protein, and doxycycline were from Sigma-Aldrich. Z-VAD-
FMK and doxorubicin were from R&D systems. Recombinant
human EGF and lactacystin were from Calbiochem. Anti-Mst2
was from Epitomics. Phospho-Mst2 antibody was a gift from
Dr. Joseph Avruch. Anti-Raf-1 mouse monoclonal antibody
was from BD Biosciences, and [y-*?P-ATP] was from
PerkinElmer Life Sciences. Horseradish peroxidase-conjugated
anti-mouse light chain-specific IgG and anti-rabbit light chain-
specific IgG were from Jackson ImmunoResearch Laboratories.

RNA Extraction and RT-PCR—For RNA extraction, cells
were seeded and treated with RNAI oligos as explained previ-
ously. 72 h later, cells were lysed and subjected to total RNA
extraction using the TRI Reagent kit (Ambion) according to
manufacturer’s recommendations. Following extraction, 0.5 ug
of total RNA for each was separately subjected to concurrent
RT-PCR and PCR using the Titan One Tube RT-PCR kit
(Roche Applied Science). The following primer sets were used
in PCR reactions to generate a 243-bp product of human pro-
tein phosphatase-2A catalytic subunit (PP2A-C): 5’ primer,
catgctgaagcgacattgtt; 3’ primer, aagtagaagggaggcecttgg. 3-Actin
primers were part of the PCR kit.

Cre Recombinase and Merlin (NF2) Adenovirus—Wild type
merlin and Cre recombinase adenoviruses were gifts from,
respectively, Andrea I. McClatchey and Michael Mendelsohn.
Viral concentration was determined based on A,,. For infec-
tion of cells, viruses were used at a multiplicity of infection of
50-250, depending on experimental requirements.

Cell Proliferation Assays—HEI-193, SKOV3, and NIH3T3
cell proliferation assays were performed as described (38).

In Vitro Kinase Assay—We used the Raf-1 kinase assay kit
(Upstate Biotechnology) to assay Raf-1. Anti-B-Raf was from
Santa Cruz Biotechnology, and anti-phospho-MEK1/2 Ser-
217/221 was from Cell Signaling Technologies. Raf-1 immuno-
precipitation and kinase assay were performed as described
(38). The reactions were stopped with the addition of EDTA to
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FIGURE 1. Merlin does not function upstream of or positively regulate
MST2. A, knockdown of Mst2 does not inhibit merlin-meditated cell death.
HEI-193 cells were transfected with either human Mst2-specific RNAi or con-
trol (Ctr) (mouse-specific Mst2 RNAi) and infected with a LacZ (LAZ) or NF2-
overexpressing adenovirus (Ad) at a 50 or 250 multiplicity of infection (MOI)
24 h later. Cells were lysed in RIPA buffer 48 h after infection and subjected to
immunoblotting with the indicated antibodies. B, merlin does not promote
disruption of the Raf-1-Mst2 complex. co-immunoprecipitations (/P) in HEI-
193 cells (left) and NIH3T3 cells (right). Cells were lysed in Lysis buffer A, and
500 pg of total lysate was used. WB, Western blot. C, merlin does not promote
phosphorylation of Mst2 on Thr-180. Total RIPA buffer lysates from HEI-193

cells infected with NF2-overexpressing adenovirus for the indicated amount
of time were subjected to immunoblot analysis with phospho-Mst2 (Phosp-
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afinal concentration of 50 mm to each sample. Raf-1 beads were
removed by centrifugation, and the supernatant was trans-
ferred to a clean microcentrifuge tube. 40 pl of 3X Laemmli
SDS-PAGE sample loading buffer was added to both pellet and
supernatant and boiled for 5 min. For detection of phospho-
MEK using chemiluminescence, 20 ul of supernatant was sep-
arated on SDS-PAGE and subjected to immunoblotting with
either phospho-specific or total MEK Ser-217/221 antibody.

To assess the ability of merlin to activate Mst2, we expressed
in HEK293 cells 1 ug of Myc-tagged merlin and 300 ng of
FLAG-tagged Mst2. After 18 h, FLAG-MST2 was immunopre-
cipitated and assayed as described with myelin basic protein
(MBP) as a substrate.

Statistical Analysis—All cell proliferation values are pre-
sented as -fold change over controls (time 0) = S.E. Control
values were, therefore, set to 1 and not subjected to statistical
analysis. Unpaired ¢ tests were routinely performed to evaluate
whether the difference between samples was significant (p <
0.05). Densitometry of immunoblot band intensity was per-
formed using Image] version 1.24 software (National Institutes
of Health) and expressed as means of three independent exper-
iments = S.E.

RESULTS

Merlin Does Not Activate Schwannoma Cell Mst2—HEI-193
cells are immortalized patient-derived vestibular schwannoma
cells bearing a loss of function splice-site mutation in 7f2 (35).
We reasoned that if merlin were an upstream regulator of Mst2,
then 1) RNAI silencing of Mst2 would abrogate the cellular
effects of merlin reintroduction and 2) reintroduction of merlin
would activate endogenous Mst2. Thus, we exploited RNAI to
silence HEI-193 cell Mst2. After 24 h, cells were infected with
an adenovirus expressing either a wild type nf2 construct or
GEFP (control). Clearly, overexpression of merlin led, in a dose-
dependent manner, to apoptotic cell death as indicated by
increased cleavage of caspase-3. RNAi silencing of Mst2 did not
inhibit or alter the level of merlin-stimulated caspase-3 cleav-
age, indicating that Mst2 is not required for merlin-induced cell
death (Fig. 14).

Raf-1 can interact with and inhibit Mst2 (24). Dissociation of
Mst2 from Raf-1 coincides with increased Mst2 kinase activity
and cell death (24). We therefore sought to determine whether
merlin could disrupt the Raf-1-Mst2 complex. As is evident in
Fig. 1B, infection of either HEI-193 or NIH3T3 cells with the
merlin-overexpressing adenovirus did not detectably alter the
levels of Mst2 present in Raf-1 immunoprecipitates.

Still, despite this, it is possible that Raf-1-bound Mst2 is not
accessible to merlin. The process of Mst2 activation in response
to apoptotic stimuli requires homo-oligomerization and auto-
phosphorylation on Thr-180 followed by caspase-3 cleavage
(20, 21, 24). We therefore asked whether merlin could promote
the kinase activity (either autophosphorylation or activity

Mst2) Thr-180 (T780) antibody. STR = staurosporine D, merlin overexpression
does not affect Mst2 kinase activity. 0.3 ug of FLAG-Mst2 was co-transfected
with 1 ug of Myc-merlin into HEK293 cells, and 18 h later, cells were lysed, and
500 pg of total lysate was subjected to immunoprecipitation with FLAG anti-
body. 50% of immunoprecipitated beads-FLAG-Mst2 complex was used in an
in vitro kinase assay with myelin basic protein as substrate.
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toward an exogenous substrate) of Mst2. To ensure that the
phosphorylated Mst2 was not lost to caspase-3 cleavage, we
included a control sample treated with the pan caspase inhibi-
tor Z-VAD (OMe)-FMK. HEI-193 cells were infected with
NE2-overexpressing adenovirus, and samples were analyzed at
various time points thereafter (Fig. 1C). From Fig. 1C, it is clear
that merlin did not promote the activating phosphorylation at
Thr-180. Staurosporine (STR), a known activator of Mst2, was
used as a positive control. Merlin also did not reduce the level of
intact Mst2 polypeptide, consistent with the idea that merlin
did not induce cleavage of Mst2 (Fig. 1C). To examine more
directly merlin regulation of Mst2 kinase, we co-transfected
293 cells with FLAG-Mst2 and either vector or Myc-merlin.
FLAG-Mst2 was immunoprecipitated and subjected to in vitro
kinase assay with MBP as a substrate. Despite considerable
amounts of Mst2 in the immunoprecipitate, little or no kinase
activity toward MBP could be detected in the presence or
absence of merlin. Staurosporine (STR), a known activator of
Mst2, did result in an increase in Mst2-catalyzed MBP phos-
phorylation (Fig. 1D). Taken together, these results suggest that
either merlin and Mst2 function separately in mammalian cells
to regulate apoptotic cell death or that their relationship is
more complex than that implied by the epistatic relationship
observed in Drosophila studies.

Mst2 Is Required for Optimal Activation of the Ras/Raf/MEK/
ERK Mitogen-activated Pathway and Cell Proliferation—
It was first reported that spo was the principal component of
a pro-apoptotic/antiproliferative pathway in Drosophila
(reviewed in Ref. 39). Studies of Mst2, a mammalian orthologue
of hpo, suggest a similar conclusion (reviewed in Refs. 20 and
21). Given that Raf-1 functions to suppress Mst2 function (24),
we wondered whether Mst2 might have a reciprocal role in
Raf-1 regulation. We silenced HEI-193 cell Mst2, and to our
surprise, depletion of Mst2 coincided with a decrease in serum-
stimulated cell proliferation (Fig. 24, left). Similar results were
observed for SKOV3 cells (Fig. 24, right) and, more modestly,
for NIH3T3 Cells (supplemental Fig. 1). Of particular note,
EGEF-stimulated phosphorylation of the Raf-1 substrate MEK
and its downstream target ERK was impaired upon silencing of
Mst2 (supplemental Fig. 5A4). Taken together, these data indi-
cate that Mst2 may, unexpectedly, be required for optimal
mitogen-mediated activation of the Raf/MEK/ERK pathway
and cell proliferation.

Mitogens Enhance Assembly of the Raf-1-Mst2 Complex—
O’Neill et al. (24) demonstrated that serum starvation favors
formation of the Raf-1-Mst2 complex, whereas treatment of
cells with serum promoted dissociation of this complex. In light
of our findings that Mst2 was required for optimal activation of
the Raf/MEK/ERK MAPK cascade and cell proliferation, we
wondered whether EGF could promote assembly or disassem-
bly of the Raf-1-Mst2 complex. NIH3T3 cells were serum-
starved overnight and then treated with 50 ng/ml EGF for var-
ious times after which endogenous Raf-1 or Mst2 was subjected
to reciprocal immunoprecipitation/immunoblotting with the
indicated antibodies (Fig. 3A). Interestingly, in our hands, EGF
treatment resulted in enhanced assembly of the endogenous
Raf-1-Mst2 complex (Fig. 3A). Similar results were obtained
for HEK-293 cells transfected with wild type HA-Raf-1 and
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FIGURE 2. Mst2 is required for optimal activation of the Ras/Raf/MEK/ERK
mitogen-activated pathway and cell proliferation. A, RNAi silencing of
Mst2 reduces cell proliferation. Left, HEI-193; right, SKOV3. Cells were trans-
fected with 100 nm human-specific Mst2 or control (Ctr) (mouse) RNAI. 24 h
later, cells were serum-starved overnight and trypsinized, and equal numbers
were plated in triplicate per condition. At the indicted time points, cells were
counted with a hemocytometer. Parallel samples were lysed at each time
point forimmunoblot analysis with the indicated antibodies. Numbers repre-
sent -fold change = S.E. relative to T, (# indicates p < 0.05, n = 3. Control
values (time 0) were set to 1 and not subjected to statistical analysis. B, Mst2
RNAi impairs MAPK signaling in response to EGF stimulation. HEI-193 cells
(left) and SKOV3 cells (right) were treated with human-specific Mst2 RNAi or
control (mouse) RNAI (100 nm). After 48 h, cells were serum-starved for 18 -20
h and then treated with 50 ng/ml EGF (+EGF) or vehicle (—EGF) for 10 min.
Lysates were subjected to immunoblotting with the indicated antibodies.
Phosp-MEK-1/2, phospho-MEK1/2; Tot-Mek-1, total Mek1.
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FLAG-Mst2 and stimulated with 10% fetal bovine serum
(supplemental Fig. 2). EGF enhanced neither the polypep-
tide levels of Mst2 nor its phosphorylation on Thr-180
(supplemental Fig. 3). These data indicate that Raf-1 and Mst2
may exist as part of a dynamic, signal-dependent complex that
functions to promote cell proliferation and survival. However,
in the absence of Raf-1 (i.e. Raf-1~/~ cells) or when cells are
treated with pro-apoptotic agonists such as FasL or staurospo-
rine, Mst2 homo-oligomerizes and fosters apoptotic cell death.

Consistent with this latter idea, silencing of Mst2 in Raf-1 /=
MEFs abolishes their sensitivity to apoptotic agonists (24, 40).
Inasmuch as our findings (Fig. 2) suggested a positive role for
Mst2 in mitogen signaling, we wanted to determine whether
Mst2 could also function as a pro-apoptotic enzyme in response
to apoptogenic stimuli. We used the DNA-intercalating cancer
chemotherapeutic drug doxorubicin as a pro-apoptotic agonist.
We silenced Mst2 in either SKOV3 or HEI-193 cells and treated
cells with either vehicle or 10 uM doxorubicin. Cell lysates were
prepared and subjected to immunoblot analysis with anti-
cleaved poly(ADP-ribose) polymerase, anti-cleaved capase-3
(apoptosis markers), or anti-Mst2. Consistent with previous
studies, silencing of Mst2 impaired doxorubicin-induced apo-
ptosis, as indicated by reduced SKOV3 and HEI-193 cell poly-
(ADP-ribose) polymerase and caspase-3 cleavage as well as
cleavage of Mst2 into a 36-kDa fragment (Fig. 3B and
supplemental Fig. 4). Thus, Mst2 may be a critical component
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FIGURE 3. Mitogens enhance assembly of the Raf-1-Mst2 complex; Mst2 is
required for optimal doxorubicin-induced cell death. A, EGF promotes
assembly of the Raf-1-Mst2 complex. NIH3T3 cells were serum-starved over-
nightand then treated with 50 ng/ml EGF for the indicated time points before
lysis and immunoprecipitation (/P) with Raf-1 antibody. Immunoprecipitates
were then immunoblotted (/B) with anti-Mst2 antibody. Phospho-ERK (Pho-
ERK) immunoblotting was used as a positive control readout for activation of
the Ras-Raf/ERK pathway by EGF. WB, Western blot. Tot ERK, total ERK. B, in
response to genotoxic stress, knockdown of Mst2 promotes cell survival.
SKOV3 or HEI-193 cells were transfected with human-specific Mst2 RNAi or
control RNAi (Ctr RNAi, mouse). 48 h later, cells were treated with either 10 um
doxorubicin or vehicle (DMSO) for 8 h and then lysed. Equal amounts were
immunoblotted with antibodies to the indicated apoptotic markers. FL, full
length. PARP, poly(ADP-ribose) polymerase; casp-3, caspase-3.

in doxorubicin-induced cell death. This finding raises the inter-
esting idea that Mst2 may have both a cell proliferative function
and an apoptogenic function depending on the stimulus and
cell context.

Mst2 Is Not Required for EGFE Receptor Activation or Integrity
of the Raf-1-B-Raf Complex—We wished to determine the
molecular mechanisms underlying the impaired MEK phos-
phorylation and cell proliferation observed upon silencing of
Mst2. From Fig. 2B, it is clear that silencing of Mst2, by reducing
agonist-stimulated MEK phosphorylation, impairs a step
upstream of MEK. The binding of EGF to its receptor induces
receptor dimerization and phosphorylation on specific tyrosine
residues. Anti-phosphotyrosine immunoblot analysis of lysates
prepared from EGF-treated cells indicates that phosphoryla-
tion of the EGF receptor is not affected by Mst2 RNAi (Fig. 44).
Thus, Mst2 is required for the optimal function of a step
between EGF receptor and MEK.
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FIGURE 4. Mst2 is not required for optimal EGF receptor activation or for
the integrity of the Raf-1-B-Raf complex. A, Mst2 RNAi does not affect EGF
receptor phosphorylation. Left, HEI-193; Right, SKOV3. (Please note that these
are the same total lysates saved from the samples used to immunoprecipitate
Raf-1 for the kinase assay in Fig. 5A, also used for supplemental Fig. 5A;
hence the phospho-MEK (phosp-MEK), total MEK (Tot-MEK), and Mst2 blots
have been reproduced in these figures for the convenience of the reader).
Cells were treated as indicated in Fig. 5A below and subjected to immunoblot
analysis with the indicated antibodies. Total ERK (Tot-ERK) immunoblotting
was performed as a gel loading control. Ctr RNAi, control RNAI. B, integrity of
the Raf-1-B-Raf complex is not affected by Mst2 RNAi. HEI-193 cells were
grown and transfected with 100 nm human-specific Mst2 or control (mouse)
RNAI. After 48 h cells, were serum-starved for 18-20 h and then treated with
EGF or vehicle for 10 min. Raf-1 was then immunoprecipitated (/P) and sub-
jected to SDS-PAGE and immunoblot analysis with the indicated antibodies.
WB, Western blot.

The heteromerization of Raf-1 and B-Raf is thought to be
required for optimal mitogenic activation of ERK (12, 13, 41).
Mst2 can interact in situ with Raf-1 but not B-Raf (24). With
these two observations in mind, we wondered whether the
Mst2 indirectly supported maintenance of the Raf-1-B-Raf
complex. Fig. 4B shows that silencing Mst2 has no effect on the
level of B-Raf associated with Raf-1, indicating that the integrity
of the Raf-1-B-Raf complex does not require Mst2.

Mst2 Positively Regulates Raf-1 Activation via Suppression of
the Inhibitory Phosphorylation of Raf-1 on Ser-259; Mst2 Is Not
Required for B-Raf Kinase Activation—We next wanted to
determine whether the kinase activity of Raf-1 or B-Raf was
affected by Mst2 silencing. Raf-1 and B-Raf were separately
immunoprecipitated from cells subjected to control or Mst2
RNAi and treated with either vehicle or 50 ng/ml EGF. The Raf
immunoprecipitates were then subjected to in vitro kinase
assays with purified MEK1 K97R as substrate. Raf-1 immuno-
precipitated from cells subjected to Mst2 RNAi manifested
reduced mitogen-induced kinase activity when compared with
Raf-1 from cells subjected to control RNAi (Fig. 54). Surpris-
ingly, silencing of Mst2 had no detectable effect on B-Raf kinase
activity (Fig. 5B). Collectively, these results indicate that Mst2 is
required for optimal mitogen activation of Raf-1 but not B-Raf.
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FIGURE 5. Mst2 positively regulates Raf-1 activation via suppression of the inhibitory phosphorylation
of Raf-1 on Ser-259; Mst2 is not required for B-Raf activation. A, Raf-1 kinase activity is impaired upon Mst2
RNAI. SKOV3 cells were grown and transfected with 100 nm human-specific Mst2 RNAi or control (Ctr) (mouse)
RNAI. After 48 h, cells were serum-starved for 18-20 h and then treated with EGF for the indicated time points
before lysis in Lysis buffer A. Raf-1 was then immunoprecipitated (/P) and assayed using purified MEK1 K97R as
a substrate. A part of the total lysate was saved and separately subjected to immunoblotting with phospho-
MEK1/2 Ser-217/221, total MEK, or Mst2 antibodies. (Note: These are the same lysates used in Fig. 4A (SKOV3
blot) and supplemental Fig. 5A; hence the phospho-MEK (Phosp-MEK-1), total MEK, and Mst2 blots have been
reproduced for the convenience of the reader.) For the in vitro kinase assay, MEK phosphorylation was quan-
titated with ImageJ as shown in the bar graphs. Data shown are means = S.E. Replicates were analyzed by
Student’s t test (n = 3, # indicates p = 0.02, Dens. Units indicates densitometric units). WB, Western blot. B, the
kinase activity of B-Raf is not affected by Mst2 knockdown. Cell handling, B-Raf immunoprecipitation, and
assaying were performed as for Raf-1 in A above. C, Ser-259, an inhibitory phosphoacceptor site on Raf-1, is
hyperphosphorylated upon silencing of Mst2. HEI-193 cells were treated either with 100 nm Mst2 targeting
RNAi (human Mst2-RNAi) or with control RNAi (mouse). 48 h later, cells were serum-starved and then stimu-
lated with 50 ng/ml EGF for the indicated time points before lysis. Lysates were immunoblotted with the
indicated antibodies. D and E, densitometric analysis of the effect of Mst2 RNAi on Raf-1 Ser-259 phosphory-
lation and MEK1/2 217/221 phosphorylation. The experiment in C was repeated three times, and phospho-
MEK1/2 Ser-217/221 (D) and phospho-Raf-1 Ser-259 (E) were quantified with ImageJ software. Each data point
represents the average of three independent experimental densitometry values of that particular time point =
S.E. Data were analyzed by Student’s t test. # indicates p < 0.05 for control versus Mst2 RNAi samples indicated.
F, similar results of hyperphosphorylation of Raf-1 Ser-259 upon Mst2 silencing were obtained using a second
human-specific Mst2 oligonucleotide targeting a different part of the Mst2 transcript.

phosphorylated, whereas phosphor-
ylation on Ser-338 is at a basal level.
Growth factor/mitogen stimulation
induces rapid dephosphorylation of
Ser-259 and a rapid increase in Ser-
338 phosphorylation coincident
with a marked increase in the over-
all kinase activity of Raf-1 (8). To
determine whether silencing of
Mst2 resulted in increased phos-
phorylation of Raf-1 on Ser-259,
HEI-193 cells were treated with
Mst2 or control small interfering
RNA and then with either vehicle or
EGF for various times. As evident
from Fig. 5C, second panel from top,
silencing Mst2 enhances basal and
EGEF-stimulated Raf-1 phosphoryla-
tion at multiple sites. Thus, Raf-1
Ser-259 phosphorylation is high in
resting cells but decreases with EGF
treatment, returning to basal levels
by 30 min. Overall, Raf-1 Ser-259
phosphorylation is enhanced by
Mst2 RNAI. Paradoxically, the basal
and EGF-stimulated activating
phosphorylation at Ser-338 is also
enhanced upon Mst?2 silencing (Fig.
5A, third panel from the top).
Despite this, Raf-1 immunoprecipi-
tated from cells subjected to Mst2
RNAi manifests reduced kinase
activity (Fig. 5A), coincident with
reduced in situ phosphorylation of
MEK1 Ser-217/221, the phosphoac-
ceptor sites on MEK1 targeted by
Raf-1 and B-Rafs (Fig. 5C, second
panel from the bottom). The exper-
iment in Fig. 54 was repeated
three times, and the correlation
between Mst2 RNAi and changes
in Raf-1 phosphorylation and
activity were indirectly quantified
by Image] densitometry software
(Fig. 5, D and E).

To rule out off target RNAi
effects, we acquired a second Mst2
oligonucleotide specific to a differ-

Raf-1 signaling is tightly regulated through phosphorylation
and dephosphorylation at specific target serine, threonine, and
tyrosine residues, (reviewed in Refs. 42 and 43). Ser-259 is an
inhibitory phosphorylation thought to be a target of both Akt
(protein kinase B) and the cAMP-dependent protein kinase (4,
5). Conversely, phosphorylation of Ser-338 by the PAKs and
Tyr-341 by Src is required for optimal Raf-1 kinase activity (44,
45). Several additional sites require dephosphorylation or phos-
phorylation during Raf-1 activation, and these remain partially
or poorly characterized (11). In resting cells, Ser-259 is hyper-
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ent site on the Mst2 transcript and repeated this experiment.
Again, silencing of Mst2 resulted in increased Raf-1 Ser-259
and Ser-338 phosphorylation and impaired MEK phosphoryla-
tion in response to EGF stimulation (Fig. 5F). Similar results,
including Mst2 RNAi-incurred reduced ERK phosphorylation,
were obtained in studies of SKOV3 cells (supplemental Fig. 5A)
and in NIH3T3 cells using a mouse-specific Mst2 RNA| oligo-
nucleotide (supplemental Fig. 5B). These findings indicate that
Mst2 is a positive regulator of Raf-1 activation in response to
mitogen stimulation and that Mst2 supports Raf-1 activation
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FIGURE 6. Ectopic, stable expression of either constitutively active MEK1
or constitutively active Raf-1 rescues the proliferation defect in Mst2
knockdown Cells. A, expression of MEK1DD (MEK1-5218D/5221D) or C-Raf
22W (a C-terminal construct expressing amino acids 321-552 and thus miss-
ing Ser-259) has no effect on the elevation in endogenous Raf-1 Ser-259 phos-
phorylation (Phosp-Raf-15259) incurred upon silencing of Mst2 but can par-
tially reverse the resulting decrease in ERK phosphorylation in cells
maintained in 10% serum. HEI-193 cells stably overexpressing MEK1DD, C-Raf
22W, or empty pBabe-puro vector were treated with human-specific Mst2
RNAi (oligo-1) or control RNAi (Ctr RNAI) (GFP). 72 h later, cell extracts were
prepared and immunoblotted with the indicated antibodies. B, constitutively
active MEK-DD or Raf-22W can rescue HEI-193 cells from the reduction in cell
proliferation incurred upon Mst2 silencing. Top panel, the stable HEI-193-pB-
abe-puro, MEK1DD, or C-Raf 22W cell lines were treated with either control
RNAi (+GFP) or Mst2 RNAi (+Mst2) as described in A above. A cell prolifera-
tion assay was performed as described in the legend for Fig. 2A. An unpaired
Student's t test was performed to ascertain that overexpression of MEK1DD or
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via suppression of the inhibitory phosphorylation of Raf-1 on
Ser-259.

To confirm that the reduced cell proliferation and MEK acti-
vation observed upon Mst2 RNAi were due to suppression of
Raf-1 activation, we first wished to determine whether the pro-
liferation of HEI-193 cells, which is impaired upon Mst2 silenc-
ing, also required Raf-1. Silencing of Raf-1 substantially reduces
HEI-193 cell proliferation (supplemental Fig. 7). We next per-
formed an epistasis study. Thus, we tested whether or not the
effect of Mst2 RNAIi on cell proliferation could be reversed
upon contemporaneous expression of constitutively active
MEK1 (MEK-DD) or constitutively active Raf-1 (Raf-22W,
missing Ser-259, see “Experimental Procedures”). Fig. 6 shows
that this is indeed the case. Thus, ectopic expression of
MEK-DD or Raf-22W does not impair the ability of Mst2 RNAi
to elevate endogenous Raf-1 Ser-259 phosphorylation (Fig. 64).
Of note, the cells in Fig. 6A were treated briefly with mitogen,
without serum starvation, so as to produce an acute and robust
activation of ERK. Under these circumstances, expression of
either constitutively active construct does modestly restore the
HEI-193 cell ERK phosphorylation seen in cells growing in
serum but lost upon Mst2 RNAi. Most importantly, expression
of either constitutively active construct completely restores the
proliferation defect incurred upon silencing of Mst2 (Fig. 6B).

Loss of Expression Levels of Phosphatase-2A Subunit C and
Not Hyperactivation of the Akt/PI3K Pathway Is Responsible for
the Inhibitory Hyperphosphorylation of Raf-1 Ser-259 in Mst2
Knockdown Cells—Both Mstl and Mst2 have been shown to
directly interact with and negatively regulate Akt phosphoryla-
tion and kinase activity (46). Akt, along with cAMP-dependent
protein kinase, are the two well characterized kinases thought
to phosphorylate Raf-1 Ser-259 (4, 5). We therefore wondered
whether silencing Mst2 resulted in increased Akt activity,
thereby enhancing Raf-1 Ser-259 phosphorylation. Indeed,
Mst2 RNAi substantially increased Akt phosphorylation at the
activating Thr-380 phosphoacceptor site (Fig. 7A). Silencing of
Mst2 also elevates EGF-stimulated phosphorylation of riboso-
mal protein S6 (supplemental Fig. 6). Phosphatase and tensin
homologue deleted on chromosome 10 (PTEN) is a phospha-
tidylinositol 3’ (PtdIns-3') phosphatase that functions to deac-
tivate the PtdIns-3-kinase pathway. We did not observe any
changes in the expression levels of the phosphatidylinositol
phosphate phosphatase PTEN upon silencing Mst2 (Fig. 7B),
indicating that the increased phosphorylation of Akt was not
due to elevation in PtdIns-3-kinase activity.

We next asked whether the elevation in Akt phosphoryla-
tion, and presumably activation, contributed to increased Raf-1
Ser-259 phosphorylation consequent to Mst2 RNAi. To deter-
mine this, we tested whether pharmacologic inhibition of
PtdIns-3-kinase or genetic ablation of Akt could blunt the
increase in Raf-1 Ser-259 phosphorylation observed upon Mst2
RNAi. We silenced HEI-193 cell Mst2 and then treated the cells
with the PtdIns-3-kinase inhibitor LY294002 prior to treatment

C-Raf 22W resulted in significant rescue of cell proliferation upon Mst2 knock-
down relative to the pBabe-puro Mst2 knockdown cell line (control cell line).
The bottom panel documents the level of Mst2 RNAi and MEK-DD or Raf-22W
expression during the time course of the study. Data shown are means = S.E.
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FIGURE 7. Mst2 functions to maintain levels of the catalytic subunit of PP2A (PP2A-C); although silencing
of Mst2 enhances Akt activation, Akt is not required for phosphorylation of Raf-1 at Ser-259. A, Mst2
RNAi leads to hyperactivation of the PI3K/Akt pathway. HEI-193 cell RNAi transfection, handling, cell lysis, and
immunoblotting were performed as described in the legend for Fig. 5A. Ctr RNAI, control RNAi; Phosp-AKT 5473,

(51, 52), both of which exhibit
hyperphosphorylation upon Mst2
RNAi. We therefore asked whether
Mst2 could affect PP2A levels. We

phospho-AKT Ser-473. Data shown are means = S.E. B, PTEN levels are not affected by silencing of Mst2 in both

HEI-193 and SKOV3 cells. C and D, neither PI3K inhibitor LY294002 (C) nor deletion of all three Akt isoforms (D)
could affect the Raf-1 Ser-259 hyperphosphorylation observed upon silencing Mst2. For C, HEI-193 cells were
treated with vehicle (—) (DMSO) or 50 um LY294002 (+) as indicated. Cells were then treated with EGF for the
indicated time points. Equal amounts of total lysates were then separated by SDS-PAGE and immunoblotted
with the indicated antibodies. For D, akt2/3~/~;akt-11°1°% MEFs were treated with Cre recombinase-express-
ing adenovirus (Cre Aden) to obtain Akt MEFs expressing no Akt isoform. Control MEFs were treated with Lac-Z
(Laz in the figure)-expressing adenovirus. MEFs were then transfected with mouse-specific Mst2 RNAi. Human
Mst2 RNAi was used as control. After 48 h, MEFs were treated with EGF or vehicle (0) as indicated. MEFs were
then lysed in RIPA buffer, and equal amounts of lysate were subjected to SDS-PAGE and immunoblot analysis
with the indicated antibodies. E-G, levels of PP2A-C are diminished upon Mst2 RNAi. HEI-193 (E) or SKOV3 (G)
cells were treated with human-specific Mst2 or control RNAi (mouse). NIH3T3 cells (F) were treated with the
different mouse-specific oligo set described under “Experimental Procedures” and the human Mst2 RNAi
(oligo-1) as control. Lysates were then subjected to immunoblot analysis for the expression levels of PP2A-C,
PP2A-A, 14-3-3-3, or PTEN. Only the expression levels of PP2A-C were found to be significantly affected by Mst2
silencing. E, in the bar graph, # indicates p < 0.001 for control versus Mst2 RNAi samples. Data shown are

means * S.E.

with EGF or vehicle (Fig. 7C). LY294002 blocked Akt, activating
phosphorylation almost completely, as indicated by immuno-
blotting with phosphospecific antibodies that detect Akt phos-
phorylated at Thr-308 and Ser-473 or with antibodies that
detect phosphorylated ribosomal S6 protein, another target of
PtdIns-3-kinase. Under these conditions, LY294002 had no
effect on the Raf-1 Ser-259 hyperphosphorylation induced by
Mst2 RNAi (Fig. 7C). akt2/3~'~ ;akt-17°*/1°* MEFs have under-
gone targeted disruption of akt-2 and akt-3 and bear an akt-1
gene as a floxed allele. Expression of Cre recombinase in these
cells results in MEFs null for all three Akt isoforms. Disruption
of all three Akt isoforms did not impair Raf-1 Ser-259 hyper-
phosphorylation incurred by silencing Mst2 (Fig. 7D.) Thus,
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used the human-specific Mst2
RNAI oligo-1 to silence HEI-193 or
SKOV3 cell Mst2. We used the
murine-specific Mst2 oligo set to
silence NIH3T3 cell Mst2.

To our surprise, silencing of Mst2
resulted in a significant decrease in
the polypeptide levels of PP2A-C.
This effect was specific to the PP2A
C subunit inasmuch as Mst2 RNAi
had no significant effect on PP2A-A
subunit, 14-3-3, or PTEN levels (Fig.
7E). Similar results were obtained in
SKOV3 Cells and NIH3T3 cells (Fig. 7, F and G, respectively).
These results indicate that Mst2 indirectly regulates Raf-1 Ser-
259 phosphorylation, and potentially, the phosphorylation of
other kinases through maintenance of the expression levels of
PP2A-C. Moreover it points to the possibility of the existence
of a different regulatory mechanisms for the various PP2A sub-
units insofar as knockdown of Mst2 affected the expression
levels of PP2A-C and not PP2A-A.

We next sought to begin to determine the mechanism of Mst2-
mediated PP2A-C stabilization. Silencing of Mst2 has no effect on
either HEI-193 or SKOV3 cell PP2A-C mRNA, as judged by
reverse transcription-PCR (Fig. 84). By contrast, treatment with
the specific proteasome inhibitor lactacystin completely reverses
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FIGURE 8. Mst2 stabilizes PP2A-C through a post-translational mecha-
nism involving stabilization of the PP2A polypeptide. PP2A-C stabiliza-
tion requires the Mst2 substrate kinases LATS1/2. A, Mst2 RNAi has no effect
on PP2A-C transcript levels. HEI-193 or SKOV3 cells were subjected to Mst2
RNAi targeting the 3’-untranslated region of human Mst2 transcript (the RNA
samples for this study were prepared in parallel with cells used in panel C,
which shows the efficacy of Mst2 RNAI). For control (Ctr), GFP-specific RNAi
was used. RNA was prepared and subjected to reverse transcription-PCR to
assess PP2A-C levels. B-Actin reverse transcription-PCR served as a loading
control. B, the proteasome inhibitor lactacystin restores PP2A-C levels
depleted upon Mst2 RNAI, coincident with a decrease in Raf-1 Ser-259 phos-
phorylation. HEI-193 cells were treated with human-specific Mst2 RNAi
(oligo-1) and 10 um lactacystin 48 h later for 18 h as indicated. GFP RNAi was
used as control. Extracts were prepared and immunoblotted with the indicated
antibodies. C, RNAi silencing of LATS1/2 results in destabilization of PP2A-C and
coincident increased Raf-1 Ser-259 phosphorylation. As indicated, either HEI-193
or SKOV3 cells were subjected to the 3’-untranslated region targeting the Mst2
RNAi oligo described in A above, which is different from the Mst2 oligo-1 used in
Fig. 7, E and F, or the murine oligo set used for NIH3T3 cells (Fig. 7G). A sample,
contemporaneously treated with human-specific LATS1 and LATS2 RNAi oligo-
nucleotides, was also included. GFP RNAi was used as control. Cell extracts were
prepared and subjected to immunoblotting with the indicated antibodies. Phos-
Raf-15259, phosho-Raf-1 Ser-259.

the loss of HEI-193 cell PP2A-C incurred upon Mst2 RNAi (Fig.
8B). Of particular note, and consistent with the idea of a role for
Mst2-dependent PP2A-C stabilization in reducing Raf-1 Ser-259
phosphorylation, lactacystin also produces a reduction in Raf-1
Ser-259 phosphorylation, even in the presence of Mst2 RNAI.
Thus, Mst2-dependent stabilization of PP2A-C is a post-transla-
tional process likely involving a reduction in proteasome-depen-
dent PP2A-C degradation.
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Mst2 is an orthologue of Drosophila Hippo. As such, in some,
but not all cells (33), Mst2 directly phosphorylates and activates
the mammalian LATS1/2, orthologues of Drosophila Warts.
We silenced either HEI-193 or SKOV3 cell LATS1 and LATS2
contemporaneously. In both instances, this resulted in a
decrease in PP2A-C levels comparable with that observed upon
silencing of Mst2 (Fig. 8C). Asin Fig. 6A, the cells used in Fig. 8C
were not serum-starved and were treated acutely with mitogen.
Nevertheless, silencing of LATS1/2, as with Mst2 RNA|, also
elevates Raf-1 phosphorylation at Ser-259, albeit to a degree
more modest than that observed for Mst2 RNAI (likely due to
the technical difficulties of contemporaneously silencing both
LATS1 and LATS2). Thus, at least two established elements of
the mammalian Mst2 pathway are necessary to stabilize the
PP2A-C polypeptide in situ.

DISCUSSION

Mammalian Mst2 has been best characterized as a tumor
suppressor protein recruited by pharmacologic (e.g. staurospo-
rine) or physiological (e.g. FasL) apoptogenic stimuli (23, 24, 27,
29). A positive role of Mst2 in mitogen signaling has not been
reported. We have shown that in multiple cell types, Mst2 can
promote either pro-apoptotic or proliferative responses
depending on the nature of the stimulus. In response to EGF,
Mst2 is required for optimal Raf-1 — ERK signaling and cell
proliferation. By contrast, Mst2 is required in these cell types
for maximal doxorubicin-induced apoptotic cell death. Mst2
apparently functions to maintain the expression of the PP2A-C
subunit, which in turn reduces Raf-1 Ser-259 inhibitory phos-
phorylation. Although Mst2 RNAi apparently enhances Akt
activity, we see no role for Akt in mediating Raf-1 Ser-259 phos-
phorylation regardless of Mst2 status. Raf-1 Ser-259 and Akt
Thr-308 are known PP2A targets (49 —52). Given that (i) knock-
down of Mst2 also coincides with a significant decrease in
PP2A-C levels coincident with increased Raf-1 Ser-259 phos-
phorylation and (ii) stabilization of PP2A-C by lactacystin leads
to decreased Raf-1 Ser-259 phosphorylation in the presence of
Mst2 RNAI, it is reasonable to propose that Mst2 regulates
Raf-1 activation at least in part through the maintenance of
optimal expression levels of PP2A-C.

We do not yet have a complete picture of how Mst2 regulates
PP2A-C levels. Our results suggest that this process is post-
translational and may involve the ubiquitin proteasome system
inasmuch as PP2A-C transcript levels are unaffected by Mst2
RNAI, whereas lactacystin, a specific proteasome inhibitor,
restores PP2A-C levels depleted by Mst2 RNAi. Moreover, our
results suggest that an intact Mst2 signaling pathway is neces-
sary for maintenance of PP2A-C. Thus, contemporaneous
silencing of the Mst2 substrate kinases LATS1 and LATS2 also
reduces PP2A-C. However, further studies will be necessary to
determine how LATS1/2 couple to mechanisms affecting
PP2A-C stability. Although overexpression studies have sug-
gested that PP2A-C and PP2A-A exist in a complex with Raf-1,
we could not detect endogenous PP2A-C or PP2A-A in endog-
enous Mst2 or Raf-1 immunoprecipitates. If such an endoge-
nous complex exists to stabilize PP2A, the stoichiometry of the
endogenous complex may be low, or the complex may be unsta-
ble. Others have found that the expression of PP2A-C is tightly
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controlled by an as yet unknown autoregulatory translational
mechanism that ensures constant amounts of PP2A-C protein
in the cell (53). Our results, by contrast, would seem to indicate
that PP2A-C protein levels can be affected by the Mst2 pathway
and are therefore not necessarily constant. Indeed, it is emerg-
ing that PP2A-C levels can be quite dynamic.

Clues to the mechanism of PP2A-C stabilization may come
from recent studies of lipopolysaccharide-stimulated macro-
phages. Lipopolysaccharide treatment of macrophages renders
cells refractory to repeated exposure in part through an ago-
nist-induced stabilization of PP2A-C. This is mediated in part
by valosin-containing protein/p97, which is required to main-
tain elevated PP2A-C levels, consequent to lipopolysaccharide
treatment, through a process involving Tyr nitration of the
PP2A-C polypeptide (54). Whether or not Mst2 operates in a
similar manner to maintain PP2A-C remains to be determined.

PP2A can dephosphorylate Akt Thr-308 (51, 52). Mst2 also
negatively regulates Akt through a direct interaction that cor-
relates with decreased phosphorylation of Akt Thr-308 and
Ser-473 (46). We find that silencing Mst2 increases Akt phos-
phorylation on Thr-308. Whether the Akt-Mst2 interaction, in
conjunction with decreased PP2A-C levels, contributes to
decreased Akt-Thr-308 phosphorylation is unclear. That Mst2,
by maintaining PP2A levels, can exert an impact on Raf-1 by
fostering the relief of Ser-259-mediated inhibition, while sup-
pressing activating phosphorylation of Raf-1 Ser-338 and Akt
308, is indicative of the complexity of Raf-1 regulation. In addi-
tion, the findings suggest that Mst2, through PP2A, can have
both positive and negative effects on mitogenic pathways.

Hpo, the Drosophila orthologue of Mst1/2, is also a bona fide
tumor suppressor. Genetic epistasis studies suggest that
dMerlin, the orthologue of hMerlin, exerts its antiproliferative
effects in part through Hpo (22). Despite the apparent relation-
ship between dMerlin and Hpo, our findings indicate that
human Mst2 is unlikely to be a rate-limiting effector for mam-
malian merlin. It is possible, however, that Mst1 and Mst2 func-
tion redundantly as Hpo orthologues downstream of merlin in
mammals. Alternatively, in mammals, Mstl may be the sole
Hpo orthologue that serves as a merlin effector.

To conclude, our results suggest a complex role for Mst2
in the regulation of mitogenic signaling and cell proliferation.
Through direct signaling to LATS and YAP, Mst2 likely func-
tions as a tumor suppressor. However, Mst2-dependent YAP
inactivation occurs independently of LATS kinases in hepato-
cellular carcinoma; while in fibroblasts, LATS activation occurs
at high cell density even if both Mstl and Mst2 are disrupted
(33). In addition to the LATS/YAP pathway, Mst2 exists in a
complex with Raf-1. Release of Mst2 from this complex, in
response to apoptogenic stress, coincides with Mst2 activation,
including activation of the LATS/YAP pro-apoptotic pathway.
We find that mitogens stimulate the association between Mst2
and Raf-1. We do not yet know whether this complex or free
Mst2 mediates the stabilization of PP2A-C. However, inas-
much as Raf-1-associated Mst2 is thought to be inactive, free
Mst2 may mediate the effects on Raf-1, which apparently
involve the Mst2-substrates LATS1/2 and suppression of pro-
teasomal degradation of PP2A-C. Insofar as the cell prolifera-
tion defect mediated by Mst2 RNAi is reversed upon expression
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of active MEK or Raf-1 mutants, this pathway is likely relevant
to the promotion of cell proliferation by Mst2. However, we
cannot rule out other mechanisms yet to be identified. Indeed,
we also show here that Mst2 RNAI exerts a paradoxical and
complicated effect on the phosphorylation status of key signal-
ing proteins, promoting both activating and inhibitory phos-
phorylation of Raf-1 on Ser-338 and Ser-259, respectively. In
addition, we show that phosphorylation of Akt on Thr-308 as
well as Ser-235/236 of the S6 ribosomal protein (supple-
mental Fig. 6) in response to EGF stimulation is up-regulated in
Mst2 knockdown cells.
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