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Abstract

The “Hippo” signaling pathway has emerged as a major regulator of cell proliferation and survival
in metazoans. The pathway, as delineated by genetic and biochemical studies in Drosophila,
consists of a kinase cascade regulated by cell-cell contact and cell polarity that inhibits the
transcriptional coactivator Yorkie and its proliferative, anti-differentiation, antiapoptotic
transcriptional program. The core pathway components are the GC kinase Hippo, which
phosphorylates the noncatalytic polypeptide Mats/Mob1 and, with the assistance of the scaffold
protein Salvador, phosphorylates the ndr-family kinase Lats. In turn phospho-Lats, after binding to
phospho-Mats, autoactivates and phosphorylates Yorkie, resulting in its nuclear exit. Hippo also
uses the scaffold protein Furry and a different Mob protein to control another ndr-like kinase, the
morphogenetic regulator Tricornered. Architecturally homologous kinase cascades consisting of a
GC kinase, a Mob protein, a scaffolding polypeptide and an ndr-like kinase are well described in
yeast; in S. cerevisiae e.g., the MEN pathway promotes mitotic exit whereas the RAM network,
using a different GC kinase, Mob protein, scaffold and ndr-like kinase, regulates cell polarity and
morphogenesis. In mammals, the Hippo orthologues Mst1 and Mst2 utilize the Salvador ortholog
WW45/Sav1 and other scaffolds to regulate the kinases Lats1/Lats2 and ndrl/ndr2. As in
Drosophila, murine Mst1/Mst2, in a redundant manner, negatively regulate the Yorkie ortholog

Y AP in the epithelial cells of the liver and gut; loss of both Mst1 and Mst2 results in
hyperproliferation and tumorigenesis that can be largely negated by reduction or elimination of

Y AP. Despite this conservation, considerable diversification in pathway composition and
regulation is already evident; in skin e.g., YAP phosphorylation is independent of Mst1Mst2 and
Lats1Lats2. Moreover, in lymphoid cells, Mst1/Mst2, under the control of the Rapl GTPase and
independent of YAP, promotes integrin clustering, actin remodeling and motility while restraining
the proliferation of naive T cells. This review will summarize current knowledge of the structure
and regulation of the kinases Hippo/Mst1&2, their noncatalytic binding partners, Salvador and the
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Rassf polypeptides, and their major substrates Warts/Lats1&2, Trc/ndrl&2, Mats/Mobl and
FOXO.
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1. Introduction and overview

The Hippo tumor suppressor pathway was defined in Drosophila, primarily through screens
for genes whose loss of function results in tissue overgrowth. A considerable number of
such genes had been identified by analysis of focal overgrowths in mutants undergoing late
larval lethality, however no coherent pathways had emerged[1]. A more comprehensive
approach to the identification of genes encoding candidate tumor suppressors (TS) was
achieved using the Flp/Frt recombination system to enable expression of homozygous lethal
mutations as mosaics in viable flies[2]. One of the first and most robust overgrowth
phenotypes identified in such screens resulted from mutations in the Warts[3] or Lats[4]
gene, which encodes a protein kinase within the AGC family. Two mammalian homologs,
Lats1[5] and Lats2[6]/KPM[7] were identified and biallelic deletion of mouse Lats1 resulted
in soft-tissue sarcomas and ovarian stromal cell tumours[8], validating its tumor suppressor
function. Mutations of Salvador[9] (also called Shar-pei[10]) gave a similar but milder
overgrowth phenotype as Warts/Lats, characterized by overproliferation, inhibition of
differentiation and a loss of developmental apoptosis. Salvador encodes a non-catalytic
protein that binds through its WW domains directly to a PPXY motif on the aminoterminal,
noncatalytic segment of Warts/Lats[9]. The following year, five groups independently
described the Hippo kinase[11-15], whose mutations result in a phenotype corresponding
closely to that of Warts/Lats. Hippo binds and phosphorylates Salvador; moreover Hippo
and Salvador individually and synergistically promote Lats phosphorylation in S2 cells[11].
The Hippo kinase domain is homologous to the Ste20 family of protein kinases, and the
aminoterminal location of the catalytic domain places it among the Germinal Center (GC)
kinases, most closely related to Mst1/stk4 and Mst2/stk3[16]; transgenic expression of
human Mst2/stk3 in the fly greatly ameliorates the Hippo phenotype[11]. This finding
defined a conserved kinase cascade wherein Salvador binds Lats and Hippo, enabling Hippo
to efficiently phosphorylate and activate Lats. An additional component of the core cascade
was identified as the noncatalytic protein Mats, mutations in whose gene also phenocopies
the Hippo phenotype[17]; Mats binds directly to Warts/Lats. The mammalian Mats
orthologs Mob1A and Mob1B were independently identified as preferred substrates of Mst1
and Mst2; Mst1/2-catalyzed phosphorylation of Mob1A/B enhances Mob1A/B’s ability to
bind and activate the Lats1 (and ndrl) kinase[18].

The function of the Drosophila Hippo pathway is the inhibition of the transcriptional
coactivator Yorkie, inasmuch as deletion of yorkie reverses the LOF phenotypes of Hippo,
Warts/Lats, Salvador and Mats[19]. Yorkie inhibition results from its phosphorylation by
Warts/Lats at a set of HXRXXS motifs, resulting in the binding of 14-3-3, which mediates
Yorkie nuclear exit. The upstream regulation of the Hippo pathway is a much more complex
matter; genetic evidence indicates that regulatory inputs are provided in a combinatorial
fashion by multiple cell surface transmembrane complexes that mediate and respond to cell-
cell contact and cell polarity, the actin cytoskeleton, the intracellular FERM domain proteins
Merlin and Expanded, and the WW domain protein Kibra[20-22]. There is scant
biochemical data however describing how these inputs are conveyed to the core kinase
cassette.
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As indicated above, each of the core components of the Hippo kinase cassette are conserved
and duplicated in mammalian genomes, except for Salvador (also called WW45) and yorkie
(=YAP), although the transcriptional coactivator and YAP paralogue TAZ is also negatively
regulated by this pathway[23]. Inhibition of YAP, the mammalian ortholog of Yorkie, by
phosphorylation at Ser127 (in human YAP; Ser112 in mouse YAP and Ser168 in Yorkie),
serves to best define the operation of the “Hippo” pathway. Studies in mammalian cell
culture[24] as well as inactivation of the mouse genes encoding the structural homologues of
the core Drosophila kinase cassette indicates that a Hippo-like TS pathway is operative in
MEFs[25], in those epithelia studied thusfar[25-32] and in neurons[33]. Nevertheless,
inactivation of YAP in some tissues can occur independently of Mst1/Mst2 (MEFs[25],
keratinocytes[31]) and perhaps of Lats1/Lats2 (liver[25]) through elements not as yet
identified. In Drosophila, Hippo also phosphorylates and activates the kinase
Tricornered[34], a regulator of morphogenesis and the orthologue of the mammalian kinases
ndrl/ndr2. Although the mechanism of ndrl/ndr2 regulation by phosphorylation provided
the model for Lats1/Lats2 regulation[35], upstream control of the Mst1/Mst2-ndr1/ndr2
pathway[36] and the identification of its critical outputs[37] has, in comparison to Mst1/
Mst2-Lats1/Lats2-YAP/TAZ, received relatively little attention. Moreover, inactivating
mutations of the human Mst1 gene have been recently described in several families who
presented with a primary immunodeficiency syndrome involving both T and B cells[38,39].
Mstl and, to a lesser extent, Mst2 are expressed at highest abundance in the lymphoid
system[40], and Mst1-deficient mice also exhibit a deficiency in the number and
functionality of naive T cells[40-43]; this defect is entirely independent of signaling to
Latsl/Lats2 and YAP, but due in part to a lack of phospho-Mob1 regulation of the Dock-C
subfamily of Racl guanyl nucleotide exchange proteins[44]. This chapter is devoted to a
review of the structure and regulation and of the kinases Hippo/Mst1&2, their noncatalytic
binding partners, and their known physiologic substrates Warts/Lats1&2, Trc/ndrl&2, Mats/
Mobl and FOXO1/3.

2. The “Hippo” kinases, Hippo, Mstl and Mst2

Mstl was identified by Chernoff and colleagues, who sought new kinases related to Ste20
using degenerate PCR[45,46]. Krs1(=Mst2) and Krs2(=Mst1) were identified independently
by Erikson and colleagues, who purified a ~60kDa kinase activated by severe stress (e.g.,
arsenite, 0.25M; heat shock, 55°C), or okadaic acid, as detected by “in-gel” assay of cell
extracts[47]; this probably corresponded to a kinase they observed previously in cells
containing a temperature-sensitive vSrc, that became activated 24 hours after the cells were
shifted to the permissive temperature[48]. The Mst1/Mst2 catalytic domain showed
homology with the Germinal Center kinase (GCK) subgroup of the Ste20 kinase family. The
GCKs are readily subdivided into eight subfamilies, all containing a Ste20-related catalytic
domain beginning near their aminoterminus. Each subfamily is distinguished by the unique
sequence and domain structures of their carboxyterminal tail[16]. Importantly, a single
representative of each of these eight subfamilies is encoded in the Drosophila genome; the
group Il GCKs e.g., are comprised of Mstland Mst2, Hippo/CG11228 and the C. elegans
cst-1/cst-2. The similarity of the Mst1/Mst2 domain structure to Hippo and the ability of
Mst2 to compensate for Hippo deficiency in the fly eye[11], predicts that there will be
considerable similarity in the biochemical properties of Hippo and its mammalian
orthologues, and a recent report characterizing Hippo biochemistry supports this
conclusion[49,50].

2.1 The SARAH domain

The domain structure of group 11 GCKs is well maintained in Hippo (669AA) and the
shorter Mst1 (487AA) and Mst2 (491AA) polypeptides (~75% identical to each other) and is
distinguished by a specialized coiled coil domain near the carboxyterminus (Hippo
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AA607-655) known as a SARAH domain, an acronym derived from the three gene families
that contain homologous domains, i.e., Salvador/Sav1-WW45, Rassf(1-6) and Hippo/Mst1/
Mst2[51] (Figure 1). The Mstl SARAH domain (AA432-480) forms a hairpin of helical
segments, with the short N-terminal helical segment (AA433-437) bent back ~45° toward
the C-terminal helix (AA441-480); the latter mediates formation of SARAH/SARAH homo/
heterodimers through an antiparallel, head-to-tail interaction stabilized by hydrophobic
residues[53]. The Rassf polypeptides 1-6 (reviewed in [53]) are noncatalytic polypeptides
that all contain near their carboxyterminus a Ras-Rap Association (RA) domain followed
immediately by a SARAH domain, through which all six can heterodimerize with Mst1 or
Mst2. When transiently expressed, Mst1 or Mst2 is each retrieved as a SARAH domain-
mediated homodimer[49,54]. Addition in vitro of an equimolar amount of recombinant
Rassf5 (also called Norel) SARAH domain to the Mstl SARAH domain displaces the Mst1
SARAH homodimer entirely into an Rassf5-SARAH/Mst1-SARAH heterodimer, utilizing
the same Mst1 residues that mediate the Mstl SARAH homodimer[52]. The Kd of the Mst1/
Rassf5 heterodimer is in the nM range, suggesting that this is a constitutive dimer; consistent
with this view, immunoprecipitates of Mst1 from mouse lymphoid cells contain

Rassf5B[55] and deletion of both Mst1 and Mst2 from the lymphoid compartment results in
the complete disappearance of the Rassf5B polypeptide without alteration in Rassf5B
MRNA abundance[40,44].

The structure of the Savl-WW45 SARAH domain and the Savl/Mstl SARAH heterodimer
has not been described, but differs from that of the Rassf5/Mst1 heterodimer, inasmuch as
the recombinant Savl/WW45 SARAH domain perturbs a different set of residues on C13/
N15-labelled Mst1than does Rassf5[52]. Moreover, addition of the Sav1/Ww45 SARAH
domain to the Rassf5/Mst1 SARAH heterodimer does not alter the pattern of signals arising
from C13/N15-labelled Mst1 detected by NMR, nor is a heterotrimer detectable upon cross-
linking or gel filtration[52]. These results suggest that the affinity of the Rassf5 SARAH
domain for Mst1 is substantially higher than that of the Sav1/WwW45 SARAH domain;
moreover, should Sav1/WW45 be present in excess of Rassf5, this behavior predicts that
complexes of Mst1 with Norel and with Savl/WW45 will be mutually exclusive. Consistent
with this, immunoprecipitates of either Salvador or dRASSF from extracts of Drosophila Kc
cells each contain Hippo, but not each other, nor is a trimeric complex detectable when all
three recombinant polypeptides are co-overexpressed[56]. However coimmunoprecipitation
of endogenous WW45 and Rassf1A from extracts of HelLa [57] and H1792 (a metastatic
lung adenocarcinoma; [58]) cells has been reported. Thus, Rassf1A may interact differently
with Sav1/Mst1-2 than does Rassf5 (although direct comparisons have not been reported)
and further studies will be needed to unravel the interactions between other Rassfs and Savl
and Mst1-2, to determine whether Mst1 or Mst2 heterotrimers involving Savl and
Rassf2,3,4 or 6 do exist [e.g., 59] and if so, to define their regulation and output. Evidence
from mouse studies so far suggests that Rassf5/Mst1 and Sav1-WW45/Mst1 complexes
occur in different tissues and respond to entirely distinct upstream inputs.

2.2 Hippo/Mst1/Mst2 regulation

2.2.1. Autoactivation—When extracted from mammalian cells after transient expression,
Mstl or Mst2 is retrieved predominantly as a dimer of the full length polypeptides, whose
activity can be substantially enhanced in vitro by preincubation with Mg**ATP; This in
vitro activation results from an auto-transphosphorylation of the Mst1 (at Ser183) or Mst2
(at Ser180) activation loop catalyzed within the homodimer; Mst1[Ser177] is also
phosphorylated during activation, however [Serl177Ala] has wildtype activity, whereas
[Ser183Ala] is inactive[54]. Coexpression of excess Mst1ATP site mutant [K59R] with
wildtype Mstl results in dimers capable of extensive phosphorylation of the Mst1[K59R]
activation loop, that are nevertheless inactive due to failure of transphosphorylation of the
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Mst1l WT activation loop[54]. Mst1[K59R] (or Mst2[K56R]) thereby serves effectively as a
dominant inhibitor of both Mst1 and Mst2[18]. Deletion of the SARAH domain or site-
specific mutations (e.g., L444P) that abolish Mst1 homodimerization greatly reduce the
ability to autoactivate in vitro and convert the rate of Mst1 phosphorylation from a
concentration-independent process to first order kinetics[54]. Internal deletions between the
Mstl catalytic domain and the SARAH domain, e.g., A331-394, increase kinase activity
about ten-fold during transient expression[49], pointing to the presence in this region of an
autoinhibitory domain.

2.2.2. Activation during apoptosis and in normal liver—Another important feature
of the segment between the kinase and SARAH domains of mammalian Mst1/Mst2 is the
presence of cleavage sites for caspase 3[60—62] located just distal to the catalytic domain
(Mst1-DEMD326; Mst2-DELD321; human Mst1, caspase 6/7 TMTD349[63]); such caspase
cleave sites are lacking in Hippo. Numerous proapoptotic stimuli result in the generation of
~36kDa Mst1/Mst2 polypeptides that are catalytically active, as shown by their more
extensive activation loop phosphorylation as compared to the full length Mst1/Mst2
polypeptides. Moreover, although the spontaneous fractional activation of full length
recombinant Mst1 (~4%) or Mst2 (~20%) during transient expression is modest[54],
transiently expressed Mstl (or Mst2) itself is a potent initiator of apoptosis, yielding
abundant Mst1(or Mst2) active catalytic fragments[60,64]. Caspase cleavage alone is likely
not sufficient for activation; transiently expressed recombinant Mst1[1-330] has low activity
and Ser183 phosphorylation. Thus Mst1/Mst2 activation precedes and probably promotes
susceptibility to caspase cleavage[54,65]. Recombinant overexpressed Mst1l/Mst2 initiate
apoptosis through p53- and Jnk-dependent pathways[60,64], and the activated caspase 3
may simply cleave preferentially the already activated Mst1/Mst2 polypeptides. The
mechanism(s) by which diverse proapoptotic stimuli activate endogenous Mst1/Mst2 is
however not known.

The caspase-cleaved, activated Mst1/2 catalytic fragments differ from full length Mst1/Mst2
in several respects. Full length recombinant Mst1/Mst2 polypeptides are almost entirely
cytoplasmic, although they cycle through the nucleus, as shown by their ability to be trapped
in the nucleus by treatment of cells with the Crm1 inhibitor Leptomycin, or by mutation of
the dual nuclear export signals (Mst1=AA361-370; AA444-451)[64,66]. In contrast, the
caspase cleaved 36kDa Mst1/Mst2 polypeptides exhibit unimpeded nuclear access.
Moreover, not only is the caspase cleaved Mst1 fragment more active than the full length
due to the loss of the autoinhibitory domain, but its substrate selectivity is altered as well;
Mst1 cleavage e.g. reduces affinity for FOXO while enhancing affinity for Histone
H2B[67].

Immunoblots of extracts from normal mouse spleen (or MEFs) for Mst1 and Mst2
demonstrate that essentially all of the kinase polypeptides are present as 55-60 kDa
polypeptides. In contrast, the majority of immunoreactive Mstl and a significant fraction of
the Mst2 polypeptides in liver extracts are visualized at 36kDa[25]. Immmunoblot with
phosphospecific antibodies directed against the Mst1/Mst2 activation loop ([Ser183-P]/
[Ser180-P] respectively) gives little or no signal with a splenic (or MEF) extract whereas the
liver extracts exhibit an abundant 36 kDa phosphoprotein that by immunoprecipitation is
predominantly derived from Mst1. Thus normal liver contains a substantial amount of the
constitutively active, monomeric (~40 kDa by gel filtration) Mst1 (and some Mst2) catalytic
fragment. A plausible hypothesis is that these catalytically active Mst1/Mst2 fragments are
generated by caspase 3 cleavage of a preactivated Mst1; nevertheless, other markers of
apoptosis and caspase 3 activation, including the 17 kDa activated caspase 3 are not evident
(but are readily elicited by FAS activation in vivo). Nonapoptotic functions of caspase 3 are
well documented, e.g. in the differentiation of several cellular lineages[68—70], however the
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mechanism by which Mst1/Mst2 in liver are activated and cleaved is not known nor is direct
evidence for the participation of caspase 3 available. It is tempting to speculate that the
apparent abundance of constitutively active Mst1/Mst2 helps maintain the normally low rate
of hepatocyte proliferation, however 36 kDa activated Mst1/Mst2 fragments are also
detectable in extracts of mouse intestinal epithelium, a cellular compartment with one of the
highest rates of cellular turnover.

2.2.3. Regulation by Salvador/WW45—Salvador (Sav, 608AA) encodes tandem WW
domains (AA425-456/459-491), through which it binds Lats, and a SARAH domain near its
carboxyterminus that mediates binding to Hippo (Figure 1). These domains are preserved in
mammalian Sav1/WW45 (383AA) and, although the more aminoterminal AA sequences in
Salvador and WW45 diverge considerably, WW45 binds Mst1/2 and Guo et.al., identified
endogenous Lats1 as well as Mst2 in a WW45 immunoprecipitate from a HeLa cell
extract[57]. Coexpression of Hippo with Sav or Lats results in the phosphorylation of both,
whereas expression of all three further enhances Lats (but not Sav) phosphorylation, as
visualized by electrophoretic slowing; the Hippo and Sav SARAH domains are required for
this effect[11]. Similar responses are reported with coexpression of WW45, Lats1 and Mst2
[57,71]. The impact of WW45 on the regulation of Mst1 and Lats1/2 in more physiologic
conditions was examined in mouse primary embryonic keratinocytes, which can be induced
to differentiate by addition of Ca** at mM levels. This stimulus is accompanied by increase
Mst1/2[Ser183/180] phosphorylation, by the formation of a complex containing Mst1,
Latsl/Lats2 and WW45, and by Lats1/Lats2 and YAP phosphorylation. In addition, whereas
Lats is constitutively nuclear, a portion of Mst1 relocalizes to the nucleus and YAP
relocalizes to the cytoplasm presumably reflecting its phosphorylation and binding of
14-3-3. In embryonic keratinocytes lacking WW45 due to germline deletion, these responses
fail to occur but can be restored by expression of wildtype WW45, but not by a mutant
WW45 lacking the SARAH domain[26]. These results illustrate several important features
of the mammalian Hippo pathway, at least in Ca*™ stimulated embryonic keratinocytes; first
they show that the formation of the WW45/Mst1-2/Lats1-2 complex is itself a regulated
rather than a constitutive process. Moreover, they indicate that WW45 is required for the
physiologic activation of Mst1/Mst2. The biochemical processes that underlie these two
features remain to be defined. It should be noted however, that embryonic deletion of Mst11
and Mst2 from mouse skin does not result in YAP dephosphorylation and activation[31];
thus YAP phosphorylation during Ca**-induced keratinocyte differentiation in vitro may not
recapitulate the mechanism operative in vivo, or perhaps an alternate mechanism of YAP
phosphorylation is recruited in the Mst1Mst2 null keratinocyte.

2.2.4. TAO-an upstream activating kinase for Hippo—Treatment of cells with the
protein phosphatase (PP)2A/PP1 inhibitor okadaic acid can activate endogenous or
recombinant Mst1 and Mst2 completely[47,49,54]. Such activation of the recombinant
Mst1/Mst2, which are found as homodimers, can be easily explained by unopposed ongoing
trans-molecular autophosphorylation, as occurs in vitro by addition of Mg**ATP to
recombinant Mst1/Mst2[54]. Endogenous Mst1/Mst2 polypeptides however are likely bound
through their SARAH domain as a monomer to a regulatory protein subunit (WW45 or an
Rassf protein) and/or to a scaffold (e.g., c-Raf) and therefore are perhaps unable to readily
autophosphorylate; if so, some additional element is needed for Mst1/Mst2 activation, either
to promote autophosphorylation or to catalyze the activating phosphorylation. The ability to
autoactivate does not preclude a role for an upstream activating kinase, and e.g. Nek9[72,73]
and p38a[74,75] utilize both mechanisms for activation in vivo. Screens using ShRNA
depletion of Drosophila Ste20 kinases[76] or all 250 protein kinases[77] yielded TAO as a
negative regulator of Yorkie output. Loss of TAO function increased proliferation in manner
dependent on Hippo, Lats and Yorkie, and was necessary for the ability of the upstream
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regulators Merlin, expanded and Kibra to suppress Yorkie output. Moreover, TAO was
shown capable of directly phosphorylating Hippo on the activation loop, and the mammalian
TAO kinase was capable of similarly phosphorylating Mst1/Mst2 and activating Mst2.

The ability of one GCK to activate a second GCK mirrors the arrangement in the S. pombe
Septation Initiation Network (SIN) pathway, where the GC kinase cdc7 (40% identical to
Mst1 catalytic domain), activates sid1[78], another GC kinase (46% and 40% identical to
Mst4 and Mstl catalytic domains, respectively) which phosphorylates and together with
Mob1 activates the protein kinase sid2[79,80] (35% and 32% identical to the ndr1/2 and
Lats1/2 catalytic domains, respectively). There are three mammalian TAO kinases (TAOKS)
[81-84], which constitute the group VIII GCK subfamily. They share long, relatively
conserved but rather nondescript carboxyterminal tails. Although GCKs often function as
MAP4Ks, TAOK1 can function as a MAP3K, i.e., directly phosphorylate and activate the
MAP2Ks 3 and 6 (which activate the p38 MAPKSs) and 4 (which activates JINKs)[81,82].
The physiological situations wherein the TAOKS serve as MAP3Ks are however not clear;
thus TAOKS (identified as JIK) inhibits JNK activation and is itself strongly inhibited by
EGFR activation[83]. TAOK1 also acts as the immediate upstream kinase for the
microtubule affinity regulating kinase MARK, a group 1l CaMK homologous with the
KIN1/PAR-1/Snfl kinases, that regulates microtubule stability by phosphorylation of a
variety of microtubule-associated proteins (MAPS)[85]. This appears to be a physiologic
role of the TAOKS, inasmuch as Drosophila TAO regulates microtubular stability[86] and
TAOKT1 was isolated in a screen for regulators of mitotic progression, and shown as well to
regulate the function of the BubR1 (kinase) and MAD?2 spindle checkpoint components[87].
Regulation of the TAOKS is as yet poorly defined; regulation by the Merlin/Expanded/Kibra
complex may occur although their direct association with TAO is yet to be shown. Signals
from the actin or microtubular network, likely upstream inputs to the Hippo pathway[88—
90], may communicate with TAOK1, however the molecular elements linking the
cytoskeleton to the Hippo pathway are as yet unknown.

2.2.5. Regulation by Rassf polypeptides—The human Rassf polypeptides encompass
the protein products of ten genes (Rassf1-10); all ten contain a Ras-Rap association (RA)
domain, the basis of their shared name, however only Rassf1-6 contain a SARAH domain
and thus the ability to bind Mst1/Mst2[53,91]. The founding member, Nore1[92], renamed
Rassf5, was discovered through its ability to bind preferentially and with high affinity to
Ras-GTP over Ras-GDP, and subsequently to the GTP liganded form of several other Ras-
like small GTPases[93]. Rassf(1-6) all share homologous ~225AA carboxyterminal
segments that contain an RA domain followed immediately by a SARAH domain. Rassfl
and Rassf5 are expressed as two predominant splice variants that differ only in their
aminoterminal segments upstream of the RA domain. The aminotermini of the longer
isoforms (Rassf1A and Rassf5A/NorelA) contain one or more proline-rich motifs upstream
of a C1-type zinc finger; the aminoterminal segments of the shorter variants (Rassf1C and
Rassf5B) are nondescript. The Rassf polypeptides gained prominence with the discovery of
Rassf1, which is encoded by a gene located on Chr3p21, a region frequently deleted in lung
cancer. Importantly, expression of the mMRNA encoding the longer Rassf1A transcript is
usually silenced in lung cancers and derived cell lines by promoter hypermethylation;
reexpression of Rassf1A in these lines strongly suppresses proliferation and induces
apoptosis[94]. Rassf1A has emerged as perhaps the most frequently epigenetically silenced
human tumor suppressor gene[95].

The relationship of Mst1/Mst2 with the Rassf proteins was first suggested by the retrieval of
Mstl in a two-hybrid screen with Rassf1A. In turn a two-hybrid screen with Mst1 retrieved
Rassf(1-6) through their carboxyterminal SARAH domains and Mst1 was shown to occur as
a constitutive partner of endogenous Rassf5[96]. Seeking a function for the Rassf5/Mst1
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complex as a candidate Ras-GTP effector, it was demonstrated that the apoptosis induced by
overexpression of val12-Ki-Ras is blocked by coexpression with the SARAH domain of
either Mst1 or Rassf5. The val12-Ha-Ras oncogene, which binds P1-3 kinase much better
than does val12-Ki-Ras, does not elicit apoptosis. In contrast, val12/gly37-Ha-Ras, which
cannot bind c-Raf or PI-3 kinase but is unimpaired in its ability to bind Rassf5, elicits
apoptosis with an efficacy near that of val12-Ki-Ras; this apoptotic response is also inhibited
by overexpression of the Mst1 or Rassf5 SARAH domains as well as by recombinant P1-3
kinase[96]. P1-3 kinase is anti-apoptotic through several mechanisms[97], including the
ability of Akt to directly phosphorylate and inhibit Mst1/Mst2. Recently it was suggested
that val12-Ki-Ras may also activate Akt by a paracrine mechanism involving increased EGF
production, which activates the endogenous wildtype Ras and in turn, PI-3 kinase[98].

Whether val12-Ki-Ras-induced apoptosis has a physiologic counterpart is unclear;
consequently, the finding that the endogenous Rassf5/Mst1 complex can mediate this action
did not clarify the physiologic function(s) of this complex or the identity its physiologic
upstream regulator(s). Several years later, Kinashi and colleagues identified Rassf5B (the
predominant Rassf5/Norel isoform in lymphoid tissues, which they dubbed RAPL) as an
intermediate in the pathway by which T cell antigen receptor stimulation, through activation
of the Rapl GTPase results in the “inside-out” activation of the integrin LFA-1[99,100].
Thus in naive T cells, Rap1-GTP generated in response to T cell receptor stimulation binds
to the Rap-Ras association (RA) domain of Rassf5B and the complex of Rap1GTP-
Rassf5B—Mst1 is recruited from its basal localization in the Golgi to the immune synapse,
concomitant with Mst1 activation. Thus in the T cell, the Rassf5B/Mst1-2 complex is
inactive until an activating upstream signal (Rap1-GTP) appears. Studies in mouse T cells
lacking expression of Mst1 and Rassf5b strongly support the requirement for this complex in
the Rap1-GTP regulation of integrin activation[101]. In contrast, despite evidence from gene
deletion that Rassf5A may be a tumor suppressor[102], the physiologic function(s) of the
Rassf5A/Mst1 complex remain poorly understood.

The precise mechanism of Mst1 activation in complex with Rassf5 and Rap1-GTP is not
known. Coexpression of Mstl with an excess of any of the recombinant Rassf5 or Rassfl
polypeptides displaces the Mstl homodimer into an Rassf/Mst1 heterodimer, greatly inhibits
the extent of Mst1[Ser183] phosphorylation in vivo and abolishes completely the ability of
Mst1 to autoactivate in vitro[54]. This behavior implies that the endogenous Rassf5B/Mstl
heterodimers are inactive awaiting an activating input, analogous e.g., to the heterodimeric,
cyclic-AMP-activated protein kinase. Coexpression of Mstl with excess of Rassf5 and
activated forms of Ras does not result in the activation of the bulk of Mst1, however the
Mst1 polypeptides retrieved in association with Ras-GTP show a higher extent of Ser183
phosphorylation than does the bulk Mst1[54]. This behavior suggests that a continued
association of the Rassf5/Mst1 complex with the activated GTPase is required to maintain
kinase activation. This may reflect rapid dephosphorylation once freed from the GTPase,
and is possibly a mechanism to restrict Mst1 action, e.g., to limit the nuclear actions of
Mstl. Ras/Rapl-induced activation of Mstl may occur simply because membrane
localization increases Mst1 concentration sufficiently to enable transphosphorylation; fusion
of the aminoterminal myristoylation motif of cSrc onto Mst1 is sufficient to strongly activate
Mst1[54]. Nevertheless, the participation of upstream kinases in the activation of Mst1 and
Mst2 is a possibility that has received insufficient attention until the recent description of the
ability of TAO to activate Hippo[76,77]. The restricted and transient nature of Ras/Rapl
activation of Mst1/2 differs from that of the Raf kinase, which subsequent to binding Ras-
GTP is converted to a stably active form through altered phosphorylation and 14-3-3
binding[103,104].
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As compared with Rassf5B, the activating inputs operating upstream of Rassf1A and the
regulation of Mst1/2 bound to Rassf1A (or to Rassf2,3,4,6) are poorly understood. Although
vall12-Ras can associate with Rassf1 when both are overexpressed[105] the affinity of Ras-
and Rap1-GTP for the Rassfl RA domain is more than thirty fold lower than for the Rassf5/
norelB RA domain[106]. Recombinant Rassf1A, through its ability to heterodimerize with
Rassf5A, can associate with recombinant activated Ras[93], however recruitment of
endogenous Rassf1A by ras-like GTPases has not been observed and probably does not
occur. In contrast to the finding that Rassf1A and Rassf1C are only inhibitory when
coexpressed in excess of Mstl (conditions wherein all Mst1 polypeptides are bound by an
Rassf polypeptide)[54], several groups have reported that transient expression of Rassf1A,
but not the shorter Rassf1C, is accompanied by activation of endogenous or coexpressed
Mstl or Mst2[57,107,108]. The differences in experimental conditions that account for these
differing results are not known. Rassf1A and Rassf1C share identical RA and SARAH
domains and bind Mst1 comparably, so that the selective ability of Rassf1A to activate Mst1
must depend on its unique aminoterminal segment. Assuming that, as for the Rassf5B/Mst1
complex, upstream inputs exist that can activate Rassf1A-bound Mst1/2, activation of Mst1
selectively by Rassf1A may occur through the binding of the Rassf1A aminoterminal
segment to an element that activates the bound Rassf1A/Mst1-2 complex. Alternatively, the
activation of Mstl by Rassf1A might occur indirectly, e.g. through an ability of Rassf1A to
trigger pathways that activate Mst1/Mst2, such as those that are recruited, e.g., during
apoptosis.

Several reports have implicated Rassf1A in the mechanism by which FAS and TNFa
promote the activation of Mst1/Mst2 as well as apoptosis[107-109]. RNAi-induced
depletion of Rassf1A reduces the ability of FAS or TNF-R1 activation to promote Mst1/
Mst2 activation and also partially inhibits the apoptotic response; depletion of Mst1/Mst2
also reduces the apoptotic response. Foley et.al.[110], have observed the association of
Rassf1A with TNF-R1 and DR4 death receptors, mediated by the C1 zinc finger unique to
the Rassf1A aminoterminus. Nevertheless, the recruitment of Rassf1A to these receptors is
delayed by several hours after receptor activation and is dependent on prior recruitment of
the BH3 protein MOAP-1(also called MAP-1). The increase in Mst1/Mst2 kinase activity in
response to FAS or TNFa (+cycloheximide) also is not evident however until 3—4 hours
after receptor stimulation[109], suggesting that an indirect mechanism of activation is
operative. Apoptosis is known to recruit many amplifiers in a feed-forward, self-magnifying
cascade and the contribution of apoptosis itself to Mst1/Mst2 activation by death receptors is
unclear. Agents such as staurosporine or osmostress, which activate apoptosis through the
intrinsic pathway independently of death receptors, can activate Mst1/Mst2 with a lag
similar to that seen with stimulation of death receptors[54]. The very delayed response of
Mst1/Mst2 activity to death receptor stimulation, the ability of recombinant Rassf1A itself to
promote apoptosis (an effect only partially inhibited by deletion of its SARAH
domain[110]) and the ability of apoptosis, through undefined mediators, to activate Mst1/
Mst2 (prior to their caspase-catalyzed cleavage) leave open the mechanism of Mst1/Mst2
regulation downstream of death receptors and the role of Rassf1A. It is likely that Rassf1A,
like Rassf5B, acts as the recipient/mediator of an activating signal for the bound Mst1/Mst2,
however the identity of this input remains unclear[111].

2.2.6. Regulation of Mst2 by RAF1—The Raf kinases are MAP3KSs regulated directly
by Ras-GTP whose best defined physiologic substrates are MAP2K1/2, the activators of
Erk1 and Erk2[103,104]. Inactivation of the murine RAF1 (also called c-Raf or Raf-1) gene
results in embryonic lethality due to widespread apoptosis[112,113]. Knockin of a mutant
RAF1 gene (YY340/341FF) that lacks the ability to phosphorylate and activate the
MAP2K1/2 and that fails to activate Erk1/2 is nevertheless able to rescue fully from
lethality[114], prompting a search for kinase-independent functions of RAF1 relevant to the
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control of apoptosis. Proteomic studies have identified several protein kinases that
coprecipitate with RAF1, including Mst2[115] and ASK1[116], both proapoptotic kinases,
and Roka[117,118]. RAF1 antagonizes the activation of these kinases through a mechanism
independent of RAF1 catalytic activity. Kolch and coworkers[115] propose that RAF1
binding to Mst2 SARAH domain interdicts Mst2 homodimerization and autoactivation, and
recruits protein phosphates 2A thereby promoting Mst2 inactivation. RAF1 catalytic activity
is dispensable for these functions, so that RAF1 serves as a scaffold, functioning like its
paralogue KSR[119,120]. In cell culture, overexpression of Rassf1A (but not Rassf1C) is
reported to disrupt the RAF1/Mst2 complex, which may occur as well in response to FAS.
The Rassf1A/Mst2 complex is proposed to phosphorylate YAP, and promote p73 activation
which results in apoptosis[108].

Defining the physiologic relevance of biochemical responses uncovered in cell culture can
be challenging, and the in vivo context wherein the regulation of Mst2 by the RAF1
polypeptide is biologically significant is not clear. Notably, there is no genetic evidence in
support of Mst2 regulation by Raf kinases. Mst2 does not associate with BRaf [115], the
closest mammalian homolog of Drosophila Raf, leading Matallanas et.al., to infer that Hippo
is not regulated by dRaf [104]. We retrieved no viable Mst2—/-Raf1-/- offspring in
multiple litters obtained by intercrossing Mst2—-/-Raf-1+/- mice (Zhou and Avruch,
unpublished). Nevertheless, tissue-specific gene deletion might be better suited for
uncovering a functional relationship between RAF1 and Mst2. By example, cardiac-specific
RAF1 inactivation causes heart dysfunction and dilatation as well as cardiac fibrosis; these
phenotypes are reversed by concomitant deletion of ASK1[121]. Similar experiments with
RAF1 and Mst2 might provide better evidence to support a role for RAF1 as a negative
regulator of Mst2 activation in vivo. A different functional relationship between RAF1 and
Mst2, i.e., an ability of Mst2 to promote RAF1 signaling, was recently described. RNAI
depletion of Mst2 or Lats1/2 in several cell lines was found to impair EGF-induced Erk
activation concomitant with diminished levels of the protein phosphatase 2A catalytic
subunit and increased levels of the inhibitory RAF1(Ser259) phosphorylation[122]. Further
surprises concerning the relationships between the Ras/Raf and Hippo pathways are likely to
emerge.

2.2.7. Regulation of Mst1/Mst2 by Akt—Although genetic interactions between dAkt
and Hippo have not been described, a series of reports support the likelihood that Akt is a
physiologically relevant negative regulator of Mst1 and perhaps Mst2. In the initial
description of Mst1, it was observed that EGF treatment of COS cells reduced the kinase
activity of transiently expressed Mst1 by ~50%, as measured by an in-gel kinase assay[45].
The decrement was maximal at one minute and returned to baseline by thirty minutes; TPA,
LPA, serum were without effect. Despite the ability of okadaic acid treatment to activate
endogenous and recombinant Mst1/Mst2 in cells[47,54], treatment in vitro of transiently
expressed Mstl with protein phosphatase 2A caused a 3—4 fold increase in kinase activity,
pointing to the presence of an inhibitory phosphorylation[45]. Constitutively active variants
of P1-3 kinase[96,123] and Akt[123,124] inhibit apoptosis induced by recombinant Mst1 as
well as Mst1 cleavage and nuclear translocation; in addition, increased activation of
endogenous Mst1 is evident in Akt1-null as compared with WT MEFs and after RNAI
depletion of Akt2[123]. Mst1 and Mst2 contain one canonical consensus sequence for Akt
phosphorylation RLRNKT120117|_ \which is well conserved in Hippo (RLRKKT132L), and
several other related but variant motifs that are not conserved. Mst1[T120] was identified as
a site of Akt-catalyzed phosphorylation in response to IGF-1; Mst1[T120D] exhibits greatly
reduced Mstl kinase activity in vitro, and reduced caspase cleavage and nuclear localization
in cells. Mst1[T120A] by contrast exhibits higher levels of caspase cleavage and nuclear
localization as compared with Mst1 WT[123]. The Mst1 nuclear export signals (AA361-370
and 444-451) are removed by caspase cleavage at D326, resulting in constitutive nuclear
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localization[64,65]. Nuclear residence of Mst1[1-326] can be greatly reduced by a T120D
mutation or by overexpression of activated Akt; the latter does not alter the nuclear
localization of Mst1[1-326/T120A][123]. IGF1 and Akt were subsequently reported to also
inhibit Mst2 activity, susceptibility to caspase cleavage and apoptotic efficacy, concomitant
with phosphorylation of Mst2[T117][125]. These findings may explain an earlier report that
serum withdrawal from NIH3T3 cells produced an increase in the activity of a 33kDa kinase
evident by in-gel assay reactive that was reactive with an anti-Mst2 antibody. This kinase
activity was first evident four hours after withdrawal and maximal by twelve hours;
readdition of serum reduced kinase activity over a six hour interval[126].

A second, Mst2-specific mechanism by which Akt-catalyzed phosphorylation regulates
Mst2 function was proposed by Romano and coworkers[127]; they report that Mst2[T117]
phosphorylation reduces Mst2 binding to Rassf1A while increasing its binding to RAF1,
thereby promoting Mst2 inhibition beyond that achieved by the phosphorylation itself.
Conversely, the enhanced binding of Mst2 to Rassf1A enabled by [T117] dephosphorylation
further enhances Mst2 activity. The relative importance of this mechanism as compared with
the direct effects of phosphorylation on Mst2 function is not known.

Ye and colleagues[124] identified Mst1[T387] (KRRDET387M) as an avid site of Akt
phosphorylation in vitro; EGF treatment of cells stimulated T387 phosphorylation, a
response suppressed by inhibitors of PI-3 kinase but not of PKC. The Mst1[T387E] mutant
exhibited reduced cleavage in response to H,O,, reduced ability to induce apoptosis and was
selectively impaired in its ability to phosphorylate FOXO3, a modification that enhances
FOXO03 nuclear translocation and proapoptotic activity; the [T387A] mutant exhibited
opposite effects. A phosphorylation in this region of Mst2 has not been observed.
Interestingly, the protein phosphatase M family members PHLPP1/2 (pleckstrin homology
(PH) domain leucine-rich repeat protein phosphatase), the enzymes that dephosphorylates
Akt[S473][128], has been found in complex with Mst1 in cells and in vitro catalyzes the
dephosphorylation of T387. Overexpression of PHLPP is accompanied by a modestly
increased Mst1[T183] phosphorylation, as well as activation of Jnk, p38 and induction of
apoptosis; PHLPP activation of the stress kinases can be partially suppressed by
coexpression of the kinase-inactive Mst1[K59R] mutant[129]. The PHLPP polypeptide
contains RA and PH domains and a leucine-rich segment that binds nucleotide-free Ras,
however the regulation of PHLPP activity in vivo is obscure. Nevertheless, the possibility of
some linked reciprocal regulation of Akt and Mst1 is attractive. Another mechanism for
such reciprocal regulation was suggested by the finding of a complex of Akt and Mst1 in the
prostate cancer cell line LNCaP[130]. Mst1 and Mst2 were shown to bind and inhibit an
activated wildtype Akt; full length Mstl as well as the Mst1 fragments 1-330 and 331-487
all bind to Akt near its carboxyterminus and all can inhibit Akt activity when overexpressed.
Overexpression of these fragments in a zebrafish model suppressed the phenotypes elicited
by activated Akt. Whether this inhibition reflects simply the ability of an overexpressed Akt
substrate to interfere with the binding of other substrates, or a physiologic regulatory
mechanism is not known.

Recently, genetic evidence from Drosophila indicates the occurrence of reciprocal regulation
between Ins/IGF1 receptor and the Hippo signaling pathways. Thus the ability of dp110 PI-3
kinase to promote cell proliferation depends strongly on yorkie, and is accompanied by a
diminution of Yorkie(Ser168) phosphorylation. Moreover, dp110 causes no additional
overgrowth in a hippo-null background. Conversely, inactivation of wts results in activation
of dS6K accompanied by downregulated expression of Tscl, Tsc2 and PTEN, and increased
expression of Ins/IGF1R and PDK1 [131]. The extent to which dp110 PI-3 kinase regulation
of yorkie signaling is mediated by Akt phosphorylation of Hippo is not clear, inasmuch as
Akt depletion in S2R+ cells did not completely abolish the effect of insulin on Yorkie
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phosphorylation. Nevertheless, Ye et. al. [132] independently observed that loss of Hippo
signaling upregulates Akt expression through Yorkie, and depletion of Akt reduced the
overgrowth caused by Mats deficiency by ~40%. Thus the occurrence of cross regulation
between the Hippo and Ins/IGF1R pathways is firmly established.

3. Hippo/Mst1/Mst2 substrates

The following discussion is restricted to candidate substrates that are directly
phosphorylated in vitro by Mst1/Mst2 at sites modified in vivo and for which in vivo
evidence, usually genetic, supports a role for Hippo, Mstl or Mst2 as the operative kinase.
Many early studies of recombinant Mst1/Mst2 demonstrated that overexpression resulted in
activation of the stress kinases p38 and JNK/SAPK[60,88,133,134], however no evidence
supports the activation of these pathways as physiologic outputs of Mst1/Mst2 rather than
indirect responses to a stress state engendered by Mst1/Mst2 overexpression. Similarly, the
evidence is weak that Mst1[135], as opposed to PKC[136] is the kinase responsible for
Histone H2B[Ser14] phoshorylation during apoptosis.

3.1. Warts/Lats and Lats1/Lats2

The findings that Hippo loss of function mutations gave a phenotype closely resembling that
caused by inactivation of Warts or Sav and strongly suppressed the phenotypes caused by
overexpression of those elements, together with the ability of all three polypeptides to
physically interact, pointed to the operation of a kinase cascade. Wu et.al.[11], demonstrated
that Hippo and Sav individually promoted slowing of Warts electrophoretic mobility and
together did so synergistically. A similar slowing of Lats1 was induced by cotranslation in
vitro with Mst2. Such slowing usually reflects phosphorylation but not necessarily
regulation, however recombinant Mst1 or Mst2 (but not Mst4), in the absence of Savl/
WW45, phosphorylated Lats1 and Lats2 in vitro and increased the ability of Lats1/Lats2 to
autphosphorylate, whereas Lats1/Lats2 did not modify Mst1/Mst2[137]. Human Lats1 is an
1130 AA polypeptide containing a kinase domain between AA705-1013 of the AGC
subfamily, most closely related to the kinases ndrl/ndr2. Immediately carboxyterminal to
the Lats1 catalytic domain is a more hydrophobic segment extending to AA1091 that shares
~ 35-40% identity to the corresponding segments carboxyterminal to the catalytic domains
of several other AGC kinases, e.g. Akt, S6K1, PKC, ndr. Deletion of Lats1 AA1-588 did not
alter the ability of Lats1 to be activated by Mst2 in vitro or in cells by okadaic acid, but
Lats1[662-1130] was unresponsive to those treatments. A set of sites phosphorylated on
kinase dead-Lats1[589-1130] in vitro by Mst2 were identified by mass spectroscopy, and
the five sites conserved in Lats2 were mutated to Ala; only Lats1[S909A] and [T1079A]
were no longer activatable by Mst2. Lats1[T1079E] had low basal activity but was activated
by Mst2 whereas [S909D or E] was entirely inactive[138]. Previous work had established
that activation of the closely related ndr1/ndr2 kinases occurred through phosphorylation at
the homologous sites (S281/282 and T444/442)[35]; S281/282 was modified by
autophosphorylation whereas T444/442 phosphorylation required an upstream kinase, first
identified as Mst3[138]. The homologues of Lats1 and ndrl in S. cerevisae are the kinases
Dbf2 and Cbk1 respectively[139], which regulate late steps in mitosis (see 3.5). Genetic
evidence indicating that the Mob1 and Mob2 polypeptides are required for the action of
Dbf2 and Cbk1 respectively led Hemmings and coworkers to examine the effect of the
human Mob1 proteins on ndrl/ndr2[140,141] and subsequently on Lats1/Lats2[142]. Mobl
was found to stimulate the autophosphorylation of both ndr and Lats in vitro; in cells,
coexpression with Mob1 per se did not promote activation but augmented activation by
okadaic acid an additional 2—4 fold. Mob1 binds to a highly conserved, positively charged
segment in both the ndr and Lats kinases located immediately aminoterminal to the catalytic
domain, and mutation in this segment (or deletion, as in Lats1[662—-1130]) strongly inhibits
activation by okadaic acid. The ndr and Lats kinases both also contain a unique, basically
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charged insert in their activation loop not found in other AGC family kinases; mutations in
this insert increase kinase activity substantially and reduce the stimulatory effect of Mob1 on
autophosphorylation [140,142]. Thus it appears that the binding of Mob1 reduces
autoinhibition by this kinase insert, enabling autophosphorylation within the activation loop.
In summary, Mst1/Mst2 phosphorylates the Lats1/Lats2 hydrophobic domain [T1079/
T1041], a modification necessary but not sufficient for activation. The binding of Mob1 to a
basic region aminoterminal to the catalytic domain relieves an autoinhibitory interaction
mediated by a basic insert in the activation loop, enabling Lats autophosphorylation
[S909/872]; as with a subset of other AGC kinases such as Akt, S6K1 and others, this dual
phosphorylation is required for Lats1/Lats2 (and ndrl/ndr2) activation[143] (Figure 2).

3.2. Tricornered and ndr1/ndr2

Tricornered (Trc) is the Drosophila ortholog of ndrl/ndr2[139]. Genetic evidence places
Hippo upstream of both Lats and Trc in sensory neurons and studies in S2 cells and
biochemical studies demonstrate an ability of Hippo to associate with and phosphorylate Trc
at the hydrophobic site S449[22]. Interestingly, dTOR complex 2 is also required for
Trc[S449] phosphorylation[144]; whether - TORC2 and Hippo serve as alternative activators
or somehow interact to regulate Trc is not known. Trc loss of function results in recessive
lethality[145]; the mosaic LOF phenotypes are in epithelia, with split hairs and bristles, and
in sensory neurons, which show increased dendritic branching but a loss of tiling, i.e., the
ability to cover a sensory field without the crossing of dendrites from other neurons of the
same type. Lats mutants tile normally but the dendritic branches are not maintained[22].
Little is known regarding the Trc downstream effectors, save that they involve control of
cadherins and the actin cytoskeleton[146]. The function of Trc depends absolutely on the
scaffold protein Furry[147-149], a 3479AA polypeptide with homologues in yeast and
mammalian cells that are also required for ndr signaling[150]. As with Lats1/Lat2[140],
ndr1/ndr2 possess a basic region aminoterminal to the catalytic domain that mediates Mob1
binding, and an autoinhibitory segment inserted into the proximal part of the activation
loop[140]. The binding of phospho-Mob1 enables ndrl disinhibition and stimulates
autophosphorylation of the activation loop; full activation results from phosphorylation at
the ndr1/ndr2 hydrophobic site by Mst1, Mst2 or Mst3, which is facilitated by ndr binding of
phospho-Mob1[109] (not true of Mst1Mst2-catalyzed Lats1/Lats2 phosphorylation). Each of
these inputs is linked to a distinct output-in G1, ndrl phosphorylates p21[S146] (its only
known in vivo substrate) promoting p21 degradation; Mst3 appears to be necessary uniquely
for ndrl activation in G1[37,137]. Mst1 regulates the ability of ndrl to promote centrosome
duplication early in S[151-153] and Mst1, in complex with Rassf1A, is reported to activate
ndrl in response to FAS, resulting in apoptosis[109]. In mitosis, Mst2 together with Fry and
Mob2 mediate the ability ndrl to promote chromosome attachment at the metaphase
spindle[150]. The likelihood is high that specific scaffolds mediate each of these outputs,
however the composition of these complexes and mechanistic insight into their operation
remain largely unknown.

3.3. Mats and Mob1A/Mob1B

The Mob genes were discovered in yeast through mutations that interfere with mitotic exit,
and the Mob polypeptides were shown to bind and function as obligatory cofactors for the
yeast Dbf-related (i.e., ndr-Lats-like) protein kinases[154]. There are four Mob-related gene
families in humans[see supplement in ref. 18] and the newly revised and simplified
nomenclature will be used here. The Mob polypeptides range from 216AA (Mob1A and
Mob1B, 95% identical) to 268AA. Mob1A and Mob1B bind and coactivate ndrl/2 and
Lats1/2. Mob2 binds to ndrl/ndr2 competitively with Mobland is inhibitory but does not
bind Lats1/Lats2[155]. The three Mob3 polypeptides and the single Mob4 do not appear to
regulate ndr/Lats kinases. The participation of Mobl in the Hippo pathway, although
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anticipated from the composition of the yeast MEN/SIN pathways, was established by the
description of the drosophila Mob as tumor suppressor (Mats). Mats loss of function
phenocopies loss of the other core Hippo elements and is rescued by mouse Mob1A,; the
Mats polypeptide was shown to bind and activate the Lats kinase[17].

The importance of Mob1 phosphorylation was first suggested by the observation that Mob1
extracted from okadaic acid-treated cells showed much stronger binding to ndrl in vitro
whereas ndrl extracted from okadaic acid treated cells was unaltered in its ability to bind
Mob1[140]. Subsequently, Wei et.al.[156] demonstrated that Mats coprecipitated with
Hippo and could be phosphorylated by Hippo in vitro, resulting in enhanced Mats binding to
Lats and Lats1 activity towards YAP. Independently, Praskova et.al.[18], using activated
Mst1 to phosphorylate fractionated extracts from mouse L1210 B cell leukemia cells,
identified a mixture of Mob1A/Mob1B as the dominant Mst1 substrate. It bears emphasis
that Mob1A/B are the only Mst1/Mst2 substrates identified thusfar whose phosphorylation
does not require, nor is facilitated in vivo or in vitro by a scaffold. Mstl and Mst2 catalyze a
near-stoichiometric phosphorylation of Mob1B at two sites, Thr12 and Thr35, at a rate >100
fold faster than Mst1 phosphorylation of histone H2B. Thr35 phosphorylation facilitates
Thr12 phosphorylation. Phosphorylatable residues at these sites are absent in Mob2 and
Mob4 but present in the Mob3 polypeptides; nevertheless, Mst1/Mst2 phosphorylate Mob3B
(identified as MobkI2B by the previous nomenclature) at ~5% the rate of Mob1B. Little or
no binding of Mob1 to Mst1[K59R]/Mst2[K56R] is evident and Mob1 binding to wildtype
Mst1/Mst2 is greatly enhanced if those kinases are first activated. Once Mob1 is
phosphorylated, its affinity for Mst1/Mst2 diminishes greatly whereas its affinity for Lats1 is
increased (Figure 2).

The phosphorylation of Mob1 at Thr12 and Thr35 depends strongly and perhaps absolutely
on Mstl and Mst2. Mst3 is unable to phosphorylate Mob1 in vitro, and expression of
Mst2[K56R] in cell culture suppresses or eliminates Mob1 phosphorylation by okadaic acid
or H,0,[18]. More importantly Mob1 phosphorylation in mouse T cells is greatly
diminished by inactivation of the Mst1 gene[40], and dual inactivation of Mstl and Mst2 in
a tissue-specific manner eliminates Mob1 phosphorylation entirely from mouse
thymocytes[44], liver[25] and intestinal epithelium[32], the compartments in which this has
been examined thusfar. Thus Mob1 phosphorylation is a reliable monitor of Mst1/Mst2
activation.

Although the ability of phospho-Mob1A/B to bind and activate Lats1/Lats2 (and ndrl/ndr2)
is indisputable, this outcome does not always accompany Mst1/Mst2 activation and Mob1l
phosphorylation. Thus deletion of Mstl and Mst2 from mouse liver results in the immediate
onset of hyperproliferation; Mob1 phosphorylation is lost but Lats1/Lats2 phosphorylation is
minimally altered. The Mst1/Mst2-deficient livers develop multifocal hepatocellular
carcinomas. Cell lines derived from these tumors show continued Lats1/Lats2
phosphorylation; reexpression of Mst1 dramatically suppresses proliferation and induces
apoptosis of these cells with little change in Lats1/Lats2 phosphorylation. Doubly surprising
is that in spite of the minimal change in Lats1/Lats2 phosphorylation subsequent to
elimination of Mst1/Mst2 from mouse liver, there is essentially complete loss of

Y AP[Ser112] phosphorylation. These findings suggest that a kinase other than Lats1/Lats2
is the Mst1/Mst2-regulated Y AP[Ser112] kinase in liver, and preliminary experiments point
to the existence of such a kinase[25]. Another example of the variability of Lats1/Lats2 as
an effector of Mst1/Mst2 is provided by the responses of naive T cells to activation of the T
cell antigen receptor (TCR)[40]. Anti-CD3 plus anti-CD28 treatment of naive T cells from
wildtype mice produces rapid Mst1 activation and strongly increases Mob1 phosphorylation.
Mst1-deficient naive T cells exhibit a nearly complete loss of TCR-stimulated Mob1
phosphorylation, significantly reduced transwell migration and no clustering of LFA-1.
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Lats1/Lats2[S909] and [T1079] phosphorylation in wildtype T cells is modestly stimulated
by TCR activation, but largely unaffected by the deletion of Mst1, and YAP[S112]
phosphorylation is unaltered. Only with the supraphysiologic stimuli of PMA-+ionomycin or
H,0, is the increase in Lats1/Lats2 (and ndrl/ndr2) and Y AP phosphorylation observed to
be diminished in T cells lacking Mst1. These findings indicate that in naive T cells, Lats1/
Lats2 and YAP are not primary effectors of Mst1; Mstl regulation of e.g., LFA-1 clustering
must be mediated by another Mst1/Mst2 substrate (?ndrl/ndr2) or through a Mob1-P target
other than Lats1/Lats2.

A novel Mob1-P effector was recently identified in studies of Mst1/Mst2 deficient
thymocytes[44]. Mice with double deletion of Mst1/Mst2 from the lymphoid compartment
have essentially no T cells in their circulation or secondary lymphoid organs; thymocyte
development proceeds normally, but the Mst1/Mst2-deficient thymocytes exhibit a high
level of ongoing apoptosis and thymic egress is reduced by >90%. A proximate cause of
failed egress of the Mst1/Mst2-deficient mature thymocytes is the inability of chemokines
such as CCL19/21 and sphingosine-1 phosphate (the latter being the immediate stimulus to
egress) to promote GTP charging of Racl and RhoA, actin polarization and migration. We
demonstrated that DOCKS, a Rac1 guanyl nucleotide exchange protein (GEF), binds
specifically to Mob1-P; cotransfection with Mob1 results in a modest increase in DOCK8
stimulation of Racl GTP charging, despite the minimal phosphorylation and colocalization
of transiently expressed Mob1 with Dock8. By contrast, fusion of the cSrc myristoylation
motif to the Mob1 aminoterminus targets Mobl to the membrane, markedly increases its
phosphorylation and causes extensive colocalization with DOCKS8; these responses do not
occur with Myr-Mob1[T12/35A]. In wildtype thymocytes, CCL19/21 induces the binding of
DOCKS to Maob1 and this interaction is lost entirely in Mst1/Mst2 deficient thymocytes.
There are eleven DOCK polypeptides, subclasses A-D[157]; DOCKS, which is especially
abundant in thymocytes is, together with the more widely expressed DOCKG6 and 7, a
member of the Class C subfamily. We find that DOCK?7 also binds specifically to Mob1-P
whereas the class B DOCK2 does not. Thus DOCK-C subfamily of guanyl nucleotide
exchangers are Mob1-P effectors. It is likely that other Mob1-P interactors remain to be
discovered.

3.4. FOXO1/FOX03

The FOXO family of transcription factors (FOXO1, 3, 4 and 6) regulate expression of genes
concerned with inhibition of cell cycle progression, hematopoietic differentiation, stress-
resistance, e.g., repair of DNA damage and scavenging of reactive oxygen species, apoptosis
and carbohydrate metabolism[158]. Somatic triple deletion of FOXO1,3 and 4 results in
thymomas and hemangiomas, establishing a tumor suppressor role for these proteins[159],
although the tumor spectrum is surprisingly narrow. FOXO polypeptides are regulated by
phosphorylation[160,161]; they are inhibited by the kinases Akt, Sgk, IKK@, CDK2 and
TAKZ1 which all promote FOXO nuclear exit, usually mediated by binding of 14-3-3 and in
some instances followed by ubiquitination and degradation[162]. Conversely,
phosphorylation by Jnk, activated by a variety of stressors, and by Mst1, promote FOXO
nuclear residence and transcriptional activity.

Bonni and coworkers[163] demonstrated that Mst1 can phosphorylate FOXO3 (and
subsequently, FOXO1) principally Ser207 (Ser212 in FOXO1), a conserved site in the
forkhead domain. This phosphorylation interdicts 14-3-3 binding, promotes FOXO nuclear
residence and transcriptional activity. The site shows increased phosphorylation in H,O,-
treated primary neurons that is Mst1 and Mst2 dependent; depletion of FOXO1/3 or Mstl
suppresses H,0,-induced neuronal apoptosis[164].
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The C. elegans FOXO orthologue daf-16 is known to control worm lifespan and aging;
elimination of daf-16 shortens lifespan and the increased longevity of worms mutant in the
insulin receptor/PI-3 kinase pathway is reversed completely by inactivation of daf-16[165].
The C. elegans genome encodes two Mst1l homologues, cst-1 and cst-2; feeding of cst-1
RNA. depletes both and shortens lifespan markedly without affecting development to
adulthood. More specifically, transgenic overexpression of cst-1 delays the appearance of
aging phenotypes and prolongs lifespan, an effect that was prevented fully by feeding daf-16
RNAI[163]. Thus the Ins/IGF-1R pathway and Mst1 may converge on daf-16 in the
regulation of C. elegans aging.

Mst1 null naive T cells exhibit high levels of reactive oxygen species, increased
susceptibility to paraquat- and -y-radiation-induced ROS and lower abundance of SOD2 and
catalase, both FOXO transcriptional targets. Choi et.al.[43] found low levels of FOXO1 and
3 polypeptides in the Mst1 null naive T cells and transgenic expression of Mst1 or
FOXO01[S207D] opposed the excessive ROS. Conversely, Zhou et.al. did not find the levels
of FOXO polypeptides or S207/212 phosphorylation to be diminished in Mst1 null naive T
cells[40] or in Mst1/Mst2 doubly deficient thymocytes[44]. Thus, although positive
regulation of FOX01/3 by Mst1/Mst2 is likely a physiologic regulatory event, the
circumstances in vivo that engender Mst1/Mst2 phosphorylation of FOX01/3
phosphorylation are not known.

3.5 Mitotic functions of the Mst1/2 and Lats1/2 kinases

Well before the discovery of the Hippo pathway, work in yeast had identified kinase
cascades that regulated late events in mitosis whose central elements are one or two kinases
with a GCK-like catalytic domain that activates a kinase with Lats/ndr-like catalytic domain,
the activity of the latter dependent on the binding of a Mob protein. Specifically, the S.
cerevisiae Mitotic Exit Network (MEN) pathway where the GC kinase Cdc15p (41%
identical to the Mst1/Mst2 catalytic domain) activates the ndr/Lats-like kinase Dbf2 (38%
identical to Lats1/Lats2 catalytic domain), which binds Mob1p; and the S. pombe Septation
Initiation Network (SIN) pathway, where, as described above, one GCK, cdc7 activates a
second GCK sid1, which in collaboration with Mob1, activates the ndr-family kinase sid2.
Several excellent reviews of these pathways, which undoubtedly are the progenitors of the
metazoan Hippo pathway, are available [166—169]; in addition, a discussion of these yeast
kinase cascades and of the mitotic functions of the homologous mammalian GC- and ndr-
family kinases is provided in the companion review in this issue by Hergovich and
Hemmings.

4. Conclusion

The elucidation of the Hippo pathway has uncovered a central mechanism by which cells
use information arising from cell-cell contact to regulate cell fate decisions, i.e.,
proliferation, differentiation or apoptosis. This is a fundamental ability of metazoan cells
and one that is violated universally during malignant transformation. The dominant
importance of Yorkie and YAP/TAZ as the pathway output is indisputable (Figure 3). The
areas of greatest uncertainty how the upstream inputs, e.g. the various cell-cell contact
complexes in polarized epithelia and the internal signals arising from the actin and
microtubular networks coordinate in the regulation of the Hippo kinase activity, and how
other cell fate-determining pathways cross-regulate. In mammalian cells, the biochemical
mechanisms underlying the regulation of the Mst1/Mst2 kinases in different tissues appear
to be diverse as is best illustrated in T cells, wherein Mst1Mst2 is regulated by the Rap
GTPases through Rassf5b, and signal in a Lats/Y AP independent manner (Figure 4).
Moreover, the regulation of Mst1Mst2 within a single cell may vary depending on the
upstream input. Scaffold proteins play a critical role both in the regulation of Mst1/Mst2
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activity and in defining its immediate substrates, an area that requires much more
investigation. The mechanism and significance of Mst1/Mst2 activation and cleavage in
non-apoptotic tissues, e.g., normal liver, requires elucidation. The identity of kinases other
than Mst1/Mst2 and Lats1/Lats2 that can regulate YAP/TAZ, and the targets of Mob1-P
other than the ndr family kinases and the Dock-C GEFs are questions of immediate interest.
Given the overlapping regulation of ndrl/ndr2 with Lats1/Lats2, identification of the targets
by which ndr1/ndr2 regulate cell structure and how these morphogenic programs integrate
with the proliferative outputs driven by YAP/TAZ are important to define.
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Figure 1.
Domain structure of Mst1/2 and selected substrates and scaffolds.
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Figure2.
Mechanism of Mst1/2 activation of Lats1/2. See text for details.
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Figure 3.
Mst1/2 Regulation and outputs in liver and intestinal epithelia.

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 September 01.



Avruch et al. Page 29

TCR Immune synapse

Chemokine
Receptor

Chemokine

"CLUSTERING’

“ACTIN REMODELING"

Figure 4.
Mst1/2 Regulation and outputs in CD4 or CD8 positive Thymocytes and naive T cells.
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