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NDR protein kinases are involved in the regulation of cell cycle progression and morphology. NDR1/NDR2
protein kinase is activated by phosphorylation on the activation loop phosphorylation site Ser281/Ser282 and
the hydrophobic motif phosphorylation site Thr444/Thr442. Autophosphorylation of NDR is responsible for
phosphorylation on Ser281/Ser282, whereas Thr444/Thr442 is targeted by an upstream kinase. Here we show
that MST3, a mammalian Ste20-like protein kinase, is able to phosphorylate NDR protein kinase at Thr444/
Thr442. In vitro, MST3 selectively phosphorylated Thr442 of NDR2, resulting in a 10-fold stimulation of NDR
activity. MOB1A (Mps one binder 1A) protein further increased the activity, leading to a fully active kinase.
In vivo, Thr442 phosphorylation after okadaic acid stimulation was potently inhibited by MST3KR, a kinase-
dead mutant of MST3. Knockdown of MST3 using short hairpin constructs abolished Thr442 hydrophobic
motif phosphorylation of NDR in HEK293F cells. We conclude that activation of NDR is a multistep process
involving phosphorylation of the hydrophobic motif site Thr444/2 by MST3, autophosphorylation of Ser281/2,
and binding of MOB1A.

The NDR and LATS family of serine/threonine protein ki-
nases participates in the regulation of cell cycle progression
and cell morphology (14, 43, 53). These kinases share a con-
served N-terminal regulatory domain that interacts with MOB
(3, 6, 18, 33, 50) and S100B (31) proteins. The conserved
catalytic (kinase) domain has an insertion of 30 amino acids
between subdomains VII and VIII containing the activation
segment phosphorylation site Ser281/Ser282 and, in the case of
mammalian NDR1 and NDR2, an autoinhibitory sequence (3).
The C-terminal regulatory domain encompasses the regulatory
hydrophobic motif phosphorylation site Thr444 (32). Recent
data show that NDR1 and NDR2 protein kinase activities are
stimulated by Ca2�/S100B- and MOB1-binding-induced auto-
phosphorylation on S281/S282 in vitro and in vivo (3, 31).
Phosphorylation of the hydrophobic motif phosphorylation site
T444/T442 is required for maximal activation and involves an
upstream kinase (42, 44).

Genetic evidence suggests that Ste20 (Sterile)-like protein
kinases function as upstream kinases of the NDR family. For
example, one of the Saccharomyces cerevisiae Ste20-like ki-
nases, Cdc15p, phosphorylates Dbf2p (28), and the Schizosac-
charomyces pombe Ste20-like kinase Pak1p/Shk1p genetically
interacts with Orb6p (49). Furthermore, the Ste20-like kinase
Kic1p functionally interacts with Cbk1p, the closest relative of
NDR from Saccharomyces cerevisiae (33), and the Drosophila
melanogaster Ste20-like kinase HIPPO phosphorylates
WARTS/LATS kinase (16, 20, 34, 45, 51). The closest mam-

malian homologues of Kic1p and Hippo are the mammalian
Ste20-like protein kinases MST1/KRS1, MST2/KRS2, MST3,
MST4/MASK, and SOK/YSK (29), which are involved in the
regulation of cell morphology, proliferation, and apoptosis (7,
9, 22, 25, 38). This group of kinases contains an N-terminal
kinase domain as well as an autoinhibitory C-terminal regula-
tory domain. Their activities are regulated by phosphorylation
and proteolytic cleavage by caspases in response to stress and
apoptotic stimuli (8, 19, 23, 37). Phosphorylation of MST1, for
example, increases its activity severalfold and influences its
subcellular localization (23). Further, the kinase-dead mutants
of MST kinases are known to be inhibitors of MST kinase
function in vivo (46).

There is evidence that several MST kinases promote apo-
ptosis in response to stress stimuli and caspase activation.
MST1, for example, can induce apoptosis and nuclear conden-
sation in BJAB, 293T, and COS-1 cells (15, 46, 47), and MST1
activity correlates with eosinophil apoptosis (10). Expression of
MST3 in HEK293 cells leads to DNA fragmentation and apo-
ptosis (19). YSK1 is activated at initial stages of necrotic cell
death (36). In contrast, MST4 regulates cell growth and pro-
liferation in HeLa and Phoenix cells (25). MST4 and YSK1 are
localized to the Golgi apparatus, and the latter kinase has been
shown to be involved in processes such as cell migration, pre-
sumably by linking protein transport events with cellular pro-
cesses such as cell adhesion or polarization of the cytoskeleton
(38).

Our recent work revealed that recruitment of the MOB/
NDR complex to the plasma membrane results in phosphory-
lation on Ser281 and Thr444 and activation of the kinase (17).
To clarify and elucidate the role of Ste20-like kinases in reg-
ulating the activity of the NDR kinases, we performed in vitro
and in vivo experiments with MST3, the closest relative of
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Kic1p from humans. We provide evidence that MST3 can
function as an NDR upstream kinase by phosphorylating the
hydrophobic motif and, thus, stimulating kinase activity.

MATERIALS AND METHODS

Cell culture. COS-7 and HEK293F cells were maintained in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal calf serum, 100 units/ml penicillin,
and 100 �g/ml streptomycin and were manipulated as described previously (17).

Antibodies. Anti-P-Ser-282 and anti-P-Thr-442 antibodies were described pre-
viously (42). 12CA5 (hemagglutinin [HA]) and 9E10 (myc) monoclonal antibody
hybridoma supernatants were used for detection of HA-NDR, HA-MST3, and
myc-MST3 variants. Anti-glutathione S-transferase (anti-GST) antibodies
(G7781) were purchased from Sigma. Polyclonal anti-HA Y11 antibodies were
purchased from Santa Cruz. Anti-MST3 antibodies were purchased from BD
Biosciences. Anti-NDR-NT peptide antibody was raised against the synthetic
peptide DEEKRLRRSAHARKETEFLRLKRTRLGL, corresponding to amino
acids 60 to 86 of NDR2, as described previously (17), and a rat monoclonal
anti-�-tubulin (YL1/2)-producing hybridoma cell line was obtained from ATCC.

Plasmids. DNA constructs used for transfection were purified from Esche-
richia coli XL1 Blue using a Qiafilter Maxiprep kit (QIAGEN) according to the
manufacturer’s protocol. All DNA constructs were verified by DNA sequencing
using an ABI PRISM 3700 DNA analyzer (Applied Biosystems) and custom-
synthesized primers. Mammalian expression vector pCMV5-encoding HA-
tagged NDR2, HA-MST3, and HA-MST3KR were described previously (19, 42).
myc-C1-MOB1A was described previously (17). Bacterial expression constructs
for pSHP-NDR2 wild type and mutants and pGEX-2T-MOB1A were described
previously (3). BamHI-flanked MST3 cDNA constructs were obtained by delet-
ing the internal BamHI site using the QuikChange site-directed mutagenesis
protocol (Stratagene) and the appropriate primers (primer sequences are avail-
able upon request) and subsequent amplification using primers 5�-CGCGGAT
CCATGGCTCAC-TCCCCGGTG-3� and 5�-CGCGGATCCAAAGGAATTTC
AGTGGGATG-3�. The resulting PCR product was subcloned with BamHI-
BamHI into pcDNA3.0-myc (KpnI-MEQKLISEEDL-BamHI), pEGFP-C1, and
pEBG2T.

A 16-amino-acid copolymer of glutamic acid and glycine was added to the N
terminus of MST3 using PCR. The linker-MST3 fragment was amplified using
primers 5�-AACTGCAGGAAGGTGAGGGCGAAGGTGAGGGCGAAGGT
GAGGGCGAAGGTGAGGGCATGGCTCACTCCCCG-3� and 5�-GCTCTA
GATCAGTGGGATGAAGTTCC-3�. The PstI-XbaI fragment was subcloned
into pCMV5. To create a pCMV5-HA-NDR2-MST3 fusion construct, HA-
tagged NDR2 was amplified using primers 5�-CTTCCAAGCGCTTAGTCGAC
ATGGCTTACCCATACGATGTTCCAGATTACGCTTCGGCAATGACGG
CAGGGACTACAACAACC-3� and 5�-AACTGCAGTAACTTCCCAGCTTT
CATGTAGG-3� and subcloned as a HindIII-PstI fragment into pCMV5 (linker-
MST3). The myc-C1-MOB1A was described previously (17).

The pTER-shMST3 vectors were cloned using the HindIII-BglII-digested pTER
vector (48) and the oligonucleotides 5�-GATCCCGGCATTGACAATCGGACTC
TTCAAGAGAGAGTCCGATTGTCAATGCCTTTTTGGAAA-3� and 5�-AGCT
TTTCCAAAAAGGCATTGACAATCGGACTCTCTCTTGAAGAGTCCGATT
GTCAATGCCGG-3� for shMST3.

Western blotting and immunoprecipitation. Cell lysis buffer (immunoprecipi-
tation [IP] buffer) contained 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
Nonidet P-40, 10% glycerol, 1 mM Na3VO4, 20 mM �-glycerol phosphate, 1 �M
microcystin, 50 mM NaF, 0.5 mM phenylmethylsulfonyl fluoride, 4 �M leupep-
tin, and 1 mM benzamidine. To detect HA-NDR, SHP-NDR, HA-MST3, and
myc-MST3, samples were resolved by 10 or 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride membranes. Membranes were blocked in TBST (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, and 0.05% Tween 20) containing 5% skimmed milk powder
and then probed overnight at 4°C with the following antibodies: anti-GST,
12CA5 anti-HA, 9E10 anti-myc, and anti-Thr-442P; or anti-Ser-282-P, anti-
NDR-NT, and anti-MST3; and anti-�-tubulin YL1/2. Bound antibodies were
detected with horseradish peroxidase-linked secondary antibodies and enhanced
chemiluminescence. For immunoprecipitations, HEK293F or COS-7 cells trans-
fected with HA-MST3 wild type, HA-MST3-KR, or HA-NDR2 variants were
harvested as described above. Cell lysates (0.5 mg protein) were precleared with
protein A- or G-Sepharose and mixed subsequently for 3 h at 4°C with anti-HA
12CA5 antibody prebound to protein A-Sepharose. The beads were then washed
twice with IP buffer, once with IP buffer containing 1 M NaCl, once again with
IP buffer, and twice with 20 mM Tris-HCl, pH 7.5, containing 4 �M leupeptin
and 1 mM benzamidine. Samples were then subjected to kinase assays and/or

were resolved by 10% SDS-PAGE. HA-MST3, HA-MST3KR, and HA-NDR2
variants were detected by Western blotting using anti-HA 12CA5 monoclonal
antibodies.

Bacterial expression of human GST-fused MOB1A and human SHP-fused
NDR2. XL-1 Blue E. coli was transformed with the pGEX-2T-MOB1A plasmid.
Mid-logarithmic-phase cells were induced with 0.1 mM isopropyl �-D-thiogalac-
topyranoside overnight at 20°C. Bacterial lysis buffers contained 20 mM Tris-
HCl, pH 8.5, 10 mM 2-mercaptoethanol, 1% NP-40, 0.5 M NaCl, and Complete
proteinase inhibitor cocktail (Roche). Bacteria were disrupted using a French
press in the presence of 1 mg/ml lysozyme and protease inhibitors, and the fusion
proteins were purified on glutathione-Sepharose. SHP-NDR2 wild-type and mu-
tant plasmids were transformed into XL-1 Blue E. coli cells as described for
GST-hMOB1A, and protein was purified on Ni-nitrilotriacetic acid–Sepharose.

NDR protein kinase assays. Transfected COS-7 cells were washed once with
ice-cold phosphate-buffered saline (PBS) and harvested 24 or 48 h after trans-
fection in 1 ml of ice-cold phosphate-buffered saline containing 1 mM Na3VO4

and 20 mM �-glycerol phosphate before lysis in 500 �l IP buffer (20 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 mM
Na3VO4, 20 mM �-glycerol phosphate, 1 �M microcystin, 50 mM NaF, 0.5 mM
phenylmethylsulfonyl fluoride, 4 �M leupeptin, and 1 mM benzamidine). Lysates
were centrifuged at 20,000 � g for 20 min, and duplicate aliquots (250 �g) of the
supernatant were precleared with protein A-Sepharose for 60 min and mixed for
3 h at 4°C with anti-HA 12CA5 antibody prebound to protein A-Sepharose. The
beads were then washed twice with IP buffer, once for 10 min with IP buffer
containing 1 M NaCl, again for 10 min with IP buffer, and twice with 20 mM
Tris-HCl, pH 7.5, containing 4 �M leupeptin and 1 mM benzamidine. Thereaf-
ter, the beads were resuspended in 30 �l of buffer containing 20 mM Tris-HCl,
pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, 100 �M [�-32P]ATP (�1,000 cpm/
pmol), 1 �M cyclic AMP (cAMP)-dependent protein kinase inhibitor peptide, 4
�M leupeptin, 1 mM benzamidine, 1 �M microcystin, and 1 mM NDR substrate
peptide (KKRNRRLSVA). After a 60-min incubation at 30°C, the reaction
mixtures were processed as previously described (44).

Purified recombinant SHP-NDR2 wild type and mutants (1 �g) were preau-
tophosphorylated or prephosphorylated for 60 min in the presence of HA-MST3
or HA-MST3KR (immunoprecipitated from 500 �g of lysates of untreated and
okadaic acid [OA]-treated HEK293F cells) in 30 �l of buffer containing 20 mM
Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, 100 �M ATP, 1 �M
cAMP-dependent protein kinase inhibitor peptide, 4 �M leupeptin, 1 mM ben-
zamidine, and 1 �M microcystin. Aliquots of 10 �l of the supernatant containing
SHP-NDR or mutants were removed. One aliquot was assayed for activity using
our standard conditions (reaction mixture of 30 �l containing 20 mM Tris-HCl,
pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, 100 �M [�-32P]ATP [�1,000 cpm/
pmol], 1 �M cAMP-dependent protein kinase inhibitor peptide, 4 �M leupeptin,
1 mM benzamidine, 1 �M microcystin, and 1 mM NDR substrate peptide). After
incubation for 30 min at 30°C, the reaction mixtures were processed and kinase
activity was determined as described for the HA-NDR kinase assay. The second
aliquot was resolved by 10% SDS-PAGE and analyzed for phosphorylation and
amount of protein using anti-T-442-P and anti-S-282-P antibodies by Western
blotting and Coomassie staining, respectively.

Time course analyses of hydrophobic motif phosphorylation and activity of
SHP-NDR2 variants (1 �g) in the presence or absence of GST-MOB1A and in
the presence or absence of GST-MST3 from untreated or OA-treated HEK293F
cells were performed under our kinase assay standard conditions, as described
above. Kinase assays were stopped after 0, 15, 30, 60, 90, and 120 min by adding
3 �l of 0.5 M EDTA. The reaction mixtures were processed, and kinase activity
was determined as described for the HA-NDR kinase assay. Phosphorylation of
NDR was detected by Western blotting, as described above.

Localization of MST3 and NDR2. Exponentially growing cells were plated on
coverslips and transfected the next day with the indicated constructs using Fu-
gene 6 (Roche) as described by the manufacturer. After the 24-h transfection,
cells were washed with PBS and fixed in 3% paraformaldehyde–2% sucrose in
PBS at pH 7.4 for 10 min at 37°C. They were then permeabilized using 0.2%
Triton X-100 in PBS for 2 min at room temperature. All subsequent steps were
carried out at room temperature. Coverslips were rinsed twice with PBS and
incubated for 1 h with anti-HA Y11 (Santa Cruz) and anti-myc 9E10 diluted in
PBS containing 1% bovine serum albumin–1% goat serum. After three 1-min
washes in PBS, goat anti-rabbit antibody–fluorescein isothiocyanate (FITC;
Sigma) and goat anti-mouse antibody–Texas Red (Sigma) were used as second-
ary antibodies. DNA was counterstained with 4 �g/ml Hoechst (Sigma). Cover-
slips were then inverted into 5 �l Vectashield medium (Vector Lab). Images
were obtained with an Eclipse E800 microscope using a CoolPix950 digital
camera (Nikon) and processed using Adobe Photoshop 6.0 (Adobe Systems
Inc.). Only cells with intact nuclei were included in the statistical evaluation.
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Cells expressing GFP-MST3 were fixed and then stained for DNA without
permeabilization and antibody incubation steps.

Cell fractionation. To separate cytosolic and membrane-associated proteins,
cells were subjected to S100/P100 fractionation as follows: cells were collected in
PBS and incubated for 20 min at 4°C in S100/P100 buffer (20 mM Tris, 150 mM
NaCl, 2.5 mM EDTA, 1 mM EGTA, 1 mM benzamidine, 4 �M leupeptin, 0.5
mM PMSF, 1 �M microcystin, and 1 mM dithiothreitol at pH 7.5) and homog-
enized by passage through a 26-gauge needle (Beckton Dickinson), and nuclei
were removed by centrifugation for 2 min at 1,000 � g at 4°C. The supernatant
was then centrifuged at 100,000 � g for 60 min at 4°C. Equal amounts of protein
from the supernatant (S100; cytoplasmic fraction) and the pellet (P100; mem-
brane fraction) were analyzed by SDS-PAGE followed by immunoblotting.

RESULTS

Catalytic domain conservation of Ste20-like kinases. We
compared the substrate-binding pockets (27) of the human
MST kinases to the budding yeast relatives Kic1p and Cdc15p,
which were reported previously to be upstream regulators of
Cbk1p and Dbf2p (28, 33). All of the kinases showed very high
conservation of their catalytic domain. MST3, YSK1, and
MST4 as well as MST1 and -2 have identical residues in their
substrate-binding pockets, suggesting similar substrate speci-
ficities (see Fig. S1A in the supplemental material). We also
compared the hydrophobic motifs of the budding yeast Cbk1p
and Dbf2p with human NDR kinases. The hydrophobic motifs
of hNDR1 and -2 as well as LATS1 and -2 show a significant
similarity to corresponding regions in the yeast kinases (see
Fig. S1B in the supplemental material). To test our hypothesis
that a mammalian Ste20-like (MST) kinase is the hydrophobic
motif kinase of NDR protein kinases, we performed in vitro
kinase assays with MST3, the closest relative of the yeast
Kic1p-Cbk1p pathway. For this study we used NDR2, because
it was easier to produce recombinant full-length protein.

Activation and hydrophobic motif phosphorylation of NDR
protein kinase by MST3. We expressed HA-MST3wt and the
kinase-dead HA-MST3KR in HEK293F cells and treated them
with 1 �M OA for 1 h (MST3�; MST3KR�) or solvent con-
trol (MST3; MST3KR). The HA-tagged MST3 kinase variants
were immunoprecipitated with the anti-HA 12CA5 monoclo-
nal antibody and incubated with SHP-NDR2 and catalytically
inactive SHP-NDR2KD for 1 h at 30°C. Subsequently, the
beads with bound MST3 were removed and the supernatants
containing the SHP-NDR proteins were analyzed for activity
and phosphorylation status using anti-Ser282-P and anti-
Thr442-P specific phospho-antibodies. Kinase assays were car-
ried out for 30 min with the NDR substrate peptide (30). (We
previously established that activated MST3 does not signifi-
cantly phosphorylate the NDR substrate peptide.)

Significantly, preincubation with nonstimulated MST3 only
led to a twofold activation of NDR2, while preincubation with
OA-activated MST3 resulted in a 10-fold increase in NDR2
activity, suggesting that a certain population of MST3 is active
in nonstimulated cells. This result reflected an increase in
phosphorylation of both the activation segment phosphoryla-
tion site Ser282 and the hydrophobic motif phosphorylation
site Thr442 (Fig. 1A). Analysis of the phospho-status of the
kinase-dead NDR2 revealed that MST3 phosphorylates NDR2
on Thr442, but not on Ser282 (Fig. 1B). Results from the same
experiments performed with the kinase-dead MST3KR con-
firmed that phosphorylation as well as activation of NDR2
depend on MST3 activity. Significantly, our results also show

that OA treatment of HEK293F cells promotes the activation
of MST3 similar to that previously found for NDR (32). To
have a more robust effect on NDR activation, we used acti-
vated MST3 (isolated from OA-treated cells) in the following
in vitro experiments.

Mechanism of NDR activation by MST3 and MOB1. Next,
we sought to define the role of the MOB proteins in regulating
NDR activity. Previously, we and others demonstrated that
NDR1 and -2 are activated by MOB proteins (3, 11). We
performed NDR kinase assays in the presence and absence of
MOB1A and MST3 using GST-MOB1A and SHP-NDR2 ex-
pressed in E. coli, as well as OA-stimulated (1 �M for 1 h) and
nonstimulated GST-MST3 expressed in HEK293F cells. Pro-
teins were affinity purified on glutathione-Sepharose (GST-
MOB1A and GST-MST3) and Ni-nitrilotriacetic acid–Sepha-
rose (SHP-NDR2), respectively. We performed time course
kinase assays (0 to 90 min) with various combinations of the
proteins, employing the NDR substrate peptide. NDR2 alone

FIG. 1. Activation and hydrophobic motif phosphorylation of
NDR2 by MST3. (A) Wild-type recombinant SHP-NDR2 was prein-
cubated for 60 min with or without immunoprecipitated HA-MST3 or
HA-MST3KR from untreated and OA-treated (�) HEK293F cells.
The activity of SHP-NDR2 was determined using the NDR kinase
substrate peptide. The results shown are means 	 standard deviations
of assays carried out in duplicate and are representative of two inde-
pendent experiments. Samples from each preincubation were also an-
alyzed for phosphorylation by Western blotting using anti-P-T442 and
anti-P-S282 antibodies. HA-MST3wt and HA-MST3KR were quanti-
fied by Western blot analysis using the �-HA 12CA5 monoclonal.
(B) Phosphorylation of kinase-dead NDR2 by MST3. Kinase-dead
NDR2K119A was incubated for 60 min with or without immunoprecipi-
tated HA-MST3 or HA-MST3KR from untreated and OA-treated (�)
HEK293F cells. Samples were analyzed by Western blotting as for
panel A.
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showed only a moderate increase in kinase activity over the
time course (Fig. 2A). Addition of MOB1A resulted in a three-
to fourfold increase in kinase activity compared with NDR2
alone during the time course (Fig. 2A). Addition of activated
MST3 led to a rapid initial increase in kinase activity that
reached a maximum after 30 min and remained approximately
constant for the remainder of the time course (Fig. 2A). Ad-
dition of activated MST3 together with MOB1A resulted in a
20-fold-higher NDR activity (Fig. 2A), suggesting that both

MOB1A and MST3 kinase are required for full kinase activa-
tion. Nonstimulated MST3 kinase had no significant effect on
NDR2 kinase activity either in the presence or absence of
MOB1A (data not shown), indicating that activation of MST3
is crucial for NDR activation. However, the Thr442 phosphor-
ylation obtained with wild-type NDR2/MOB1A suggests a mi-
nor contribution of hydrophobic motif phosphorylation by
NDR2 itself in vitro, as previously reported (42). This activity
might also explain the minor increase in Thr442 phosphoryla-

FIG. 2. Analysis of NDR2 activation and hydrophobic motif phosphorylation by MST3 and MOB1A. (A) Activation and phosphorylation of
wild-type NDR2. NDR2 SHP-NDR2 was incubated with GST-MOB1A (■ ), GST-MST3 from OA-stimulated HEK293F cells (Œ), both (F) or
alone (E) under our standard NDR kinase assay conditions. (B) Activation and phosphorylation of kinase-dead and MOB-binding-deficient
NDR2. SHP-NDR2 (E), SHP-NDR2/GST-MOB1A (■ ), SHP-NDR2/MOB1A/MST3� (F), SHP-NDR2K119A/MOB1A/MST3� (Œ), SHP-
NDR2Y32A (�), and SHP-NDR2Y32A/MOB1A/MST3� (
) were incubated under standard NDR kinase assay conditions. (C) Activation and
phosphorylation of the NDR2-AIS mutant. SHP-NDR2 (E), SHP-NDR2-AIS (�), SHP-NDR2-AIS/GST-MOB1A (Œ), SHP-NDR2-AIS/MST3�
(■ ), and SHP-NDR2-AIS/GST-MOB1A/MST3� (F) were incubated under standard NDR kinase assay conditions. At the time points indicated,
NDR kinase activity was assayed with the NDR substrate peptide; results are expressed as specific activity. Results shown are means 	 standard
deviations of assays carried out in duplicate and are representative of two independent experiments. Error bars are only shown when larger than
the size of the symbols. NDR hydrophobic motif phosphorylation was determined at each time point by Western blotting using the anti-P-T442
antibody.
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tion in NDR2/MOB1A/MST3� compared to the NDR2/
MST3�.

To obtain more detailed information about NDR2 activa-
tion by MST3 and MOB1A, we performed in vitro activation
and phosphorylation time courses with kinase-dead and MOB-
binding-deficient NDR2 mutants (3). The SHP-NDR2 mutants
were expressed and purified as described above for wild-type
SHP-NDR2. As expected, the MOB1-binding-deficient mutant
NDR2Y32A was not activated by MOB1A and showed only a
basal activity similar to wild-type NDR2 (Fig. 2B). Addition of
activated MST3 resulted in a five- to sixfold increase in NDR
activity to levels similar to those observed with wild-type
NDR2 (Fig. 2A and B). The activation profiles and phospho-
blots of the NDR2Y32A mutant in the presence of MOB1A
showed patterns similar to the corresponding profiles and blots
of wild-type NDR2 in the absence of MOB1A (Fig. 2A and B).
The kinase-dead mutant showed the same degree of Thr442
phosphorylation in the presence and absence of MOB1A, in-
dicating that MOB1A does not affect phosphorylation of NDR
by MST3. The Thr442 phosphorylation obtained with the wild-
type NDR2/MOB1A/MST3� and NDR2Y32A/MOB1A/

MST3� assays were similar, indicating that MOB1A promotes
an active conformation and release of autoinhibition of the
kinase. In agreement with these data, the NDR2-AIS (autoin-
hibitory sequence) mutant (3) that is released from autoinhi-
bition showed an increase in basal activity; addition of MOB1A
resulted in a further twofold increase in NDR-AIS activity
(Fig. 2C). Incubation of NDR2-AIS with MST3� and of
NDR2-AIS with MOB1A and MST3� resulted in very similar
activation profiles, indicating that release of autoinhibition and
hydrophobic motif phosphorylation are sufficient for full ki-
nase activation (Fig. 2C). We conclude that activation of
NDR2 is a multistep process involving phosphorylation of the
hydrophobic motif site Thr444/2 by MST3, autophosphoryla-
tion of Ser281/2, and binding of MOB1A.

NDR hydrophobic motif site phosphorylation by MST3 in
vivo. To examine the role of MST3 in NDR activation in vivo,
we performed cotransfection experiments with HA-NDR2,
myc-MST3, and myc-MST3KR using COS-7 cells. Analysis of
the phosphorylation of NDR revealed a small but significant
increase in Thr442 phosphorylation in cells expressing MST3
and NDR2 compared with cells expressing NDR2 alone (Fig.

FIG. 3. NDR activation and phosphorylation by MST3 in vivo. (A) Effect of cotransfection of MST3 on NDR2 phosphorylation. COS-7 cells
were cotransfected with myc-MST3, kinase-dead myc-MST3KR, and HA-NDR2. OA-treated cells transfected with HA-NDR2 were used as a
control for NDR2 phosphorylation. All proteins migrated at the expected molecular mass. Cell lysates were immunoblotted with anti-P-T442 (very
long exposure), anti-P-S282, anti-HA, and anti-myc. (B) Inhibition of NDR2 activation and hydrophobic motif phosphorylation by MST3KR.
COS-7 cells expressing HA-NDR2, wild-type myc-MST3, and myc-MST3KR in various combinations were treated for 1 h with 1 �M OA or with
solvent alone. HA-tagged NDR kinase variants were then immunoprecipitated (100 �g of cell-free protein extracts) with anti-HA 12CA5
monoclonal antibody and assayed for kinase activity using the NDR peptide substrate. Bars represent the means 	 standard deviations of triplicate
immunoprecipitates and are representative of two independent experiments. All cell lysates were immunoblotted with anti-P-T442 (normal
exposure times), anti-P-S282, anti-HA 12CA5, and anti-myc.
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3A). The extent of NDR2 phosphorylation was less than that
obtained after OA stimulation, as shown with anti-P-Thr442
(Fig. 3A). Cells expressing the kinase-dead variant MST3KR
and NDR2 showed a reduction in Thr442 phosphorylation
(Fig. 3A). Inhibition of Thr442 phosphorylation by the kinase-
dead MST3KR suggests that the mutant protein acts as an
inhibitor of Thr442 phosphorylation mediated by endogenous
MST3 (see below). Evidence in support of this hypothesis
comes from the inhibition of OA-induced phosphorylation of
the NDR2 hydrophobic motif by cotransfection with
MST3KR, which resulted in 70% lower NDR activity and
Thr442 phosphorylation (Fig 3B). Ser282 phosphorylation was
largely unchanged (Fig. 3B). This suggests that MST3KR acts
as an inhibitor of Thr442 phosphorylation. The reduced phos-
phorylation was also reflected by decreased NDR activity.

Taken together, our data indicate that MST3 can act in vivo
as an NDR hydrophobic motif kinase. We tested this hypoth-
esis further using NDR2-MST3 fusion proteins. To create the
NDR2-MST3 fusion protein, a linker of 16 amino acids com-
posed of an alternating copolymer of glutamate and glycine
was linked to the NDR2 C terminus and fused to MST3 in
frame, as described for ERK2-MEK1 fusions (40). HA-tagged
NDR2-MST3, NDR2KD-MST3, and NDR2-MST3KR fusion
proteins were expressed in HEK293F cells and analyzed for

kinase activity and phosphorylation (Fig. 4). The immunopre-
cipitated NDR2-MST3 fusion protein was 50- to 100-fold more
active than NDR2 from nonstimulated HEK293F cells. The
activity was even higher than the previously described consti-
tutively active NDR2-PIF variant (Fig. 4) (42). The NDR2-PIF
variant contains the PRK2 hydrophobic motif (EEQEMFRD
FDYIADW fused at amino acid 434), which has an Asp resi-
due instead of a Thr or Ser residue and is able to stabilize the
kinase in an active conformation, as described for PKB (52).
Control fusions with kinase-dead NDR2 were inactive in the
kinase assay, indicating that MST3 did not affect the activity
measurements. Analysis of the NDR variants with phospho-
specific anti-P-T442 antibodies showed that NDR2-MST3 and
NDR2KD-MST3, but not NDR2-MST3KR, are phosphory-
lated on the hydrophobic motif phosphorylation site without
OA stimulation, suggesting that the interaction is direct. Sim-
ilar results were obtained with NDR1-MST3 fusion proteins
(data not shown).

Activation and phosphorylation of NDR by endogenous
MST3. Membrane targeting of NDR leads to phosphorylation
and activation of the kinase (17). Constitutive membrane tar-
geting of NDR or MOB using the Lck myristoylation/palmi-
toylation motif (MGCVCSSN) or inducible membrane target-
ing using the C1-domain derived from PKC� (amino acids 26
to 126) results in an increase of hydrophobic motif phosphor-
ylation and NDR activity (17). To further establish the in vivo
role of MST3 in regulating endogenous NDR, we transfected
HEK293F cells with a myc-C1-MOB1A chimera and different
MST3 constructs designed to manipulate the levels of the up-
stream kinase. The cells were stimulated, after 24 h of starva-
tion, with 100 ng/ml TPA or solvent control for 15 min, and
hydrophobic motif phosphorylation of endogenous NDR was
determined using anti-P-Thr442 antibodies (Fig. 5A). TPA
treatment promoted recruitment of endogenous NDR to the
membrane and promoted phosphorylation. Overexpression of
HA-MST3 increased the phosphorylation of Thr442 in un-
stimulated and stimulated cells. Knockdown of MST3 protein
(Fig. 5A) led to almost complete inhibition of NDR2 phos-
phorylation. Furthermore, our results show that MST3KR also
inhibits phosphorylation of endogenous MST3. The results
show a clear correlation between MST3 levels and hydropho-
bic motif phosphorylation of NDR following TPA-induced
membrane recruitment of C1-tagged-MOB1A, indicating that
MST3 is indeed a physiological regulator of NDR in vivo.

To investigate the effects of MST3 on NDR kinase activity,
we used the inducible membrane targeting method as de-
scribed above. We transfected HEK293F cells with HA-NDR2,
myc-C1-MOB1A, and pTER-shMST3 and determined the ac-
tivation of NDR and hydrophobic motif phosphorylation (Fig.
5B). After incubation with TPA for 10 min, the activation of
NDR was significantly diminished (�50%) in samples cotrans-
fected with pTER-shMST3. The activation was only partially
inhibited, because we were unable to achieve full knockdown
of MST3. In agreement with our results obtained with endog-
enous NDR, Thr442 phosphorylation of HA-NDR2 showed a
clear dependence on MST3, indicating that membrane recruit-
ment of the NDR/MOB complex is crucial for NDR activation
and phosphorylation by MST3.

Activation and phosphorylation of MOB1-binding-deficient
NDR2. To obtain further insights into the role of MOB1 in the

FIG. 4. Activity of NDR2-MST3 fusion proteins. HA-tagged vari-
ants of NDR2, NDR2-MST3, NDR2KD-MST3, NDR2-MST3KR, and
NDR2-PIF in the pcDNA3.1 vector were expressed in HEK293F cells.
The NDR kinase variants were then immunoprecipitated (100 �g of
cell-free protein extracts) with anti-HA 12CA5 monoclonal antibody,
and kinase activity was assayed using the NDR peptide substrate. Bars
represent the means 	 standard deviations of triplicate immunopre-
cipitates and are representative of two independent experiments. Ad-
ditionally, all immunoprecipitates were subjected to SDS-PAGE and
Western blotting using anti-HA 12CA5, anti-P-S282, and anti-P-T442
antibodies. All NDR variants migrated at the expected molecular
weight.
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activation process of NDR, we examined its activation and
phosphorylation following OA treatment using the MOB1-
binding-deficient mutant NDR2Y32A (3). Despite the fact that
NDR2Y32A was phosphorylated on Thr442 to the same extent
as wild-type NDR2, activation of the kinase was only 2- to
3-fold, compared with 30-fold for the wild-type control (Fig. 6).
This result shows that MOB1 binding is required for full acti-
vation and correlates well with the results obtained in vitro,
arguing that MST3 functions as an upstream kinase and that
MOB1 releases autoinhibition.

Colocalization of MST3 and NDR. We examined the intra-
cellular localization of GFP-MST3, HA-MST, HA-MST3KR,
and myc-NDR2 in COS-7 cells. MST3 has been shown previ-
ously to localize predominantly to cytoplasmic structures (19)
but translocates to the nucleus upon caspase cleavage. We
confirmed the localization of full-length MST3 under our ex-
perimental conditions with two different epitope tags (GFP
and HA) (Fig. 7A). To evaluate whether NDR2 and MST3
localize to similar cytoplasmic structures, we coexpressed
MST3 and NDR2 in COS-7 cells. Examination by confocal
microscopy demonstrated a largely overlapping localization of
MST3 and NDR2 to cytoplasmic and membrane structures
(Fig. 7B), indicating that these proteins indeed are able to
interact in vivo. Colocalization itself is not reflected by an
increase in NDR phosphorylation, whereas NDR localization
to the membrane results in increased Thr442/4 phosphoryla-

tion, suggesting subcellular localization is an important com-
ponent of NDR regulation (17). We further investigated bio-
chemically whether the proteins form a stable complex. As
expected, employing the myc-C1-MOB1A construct, TPA
stimulation led to recruitment of HA-NDR2 to the membrane
fraction, thereby activating and phosphorylating NDR2 at the
hydrophobic motif (see also the report of Hergovich et al.
[17]). However, the distribution of endogenous MST3 was un-
changed under these conditions (Fig. 8). The major population
of MST3 was cytoplasmic, but a significant portion was asso-
ciated with the membrane. To ensure that the proteins are
indeed membrane associated and not cellular aggregates, we
also performed a control experiment where we pretreated sam-
ples with fractionation buffer containing 1% Triton (see Fig. S2
in the supplemental material). Further, MST3 was apparently
not detected in HA-NDR2 immunoprecipitates under various
conditions (e.g., TPA stimulation of myc-C1-MOB1A-cotrans-
fected cells) (data not shown). This suggests that MST3 and
NDR2 did not form a stable complex under our conditions and
that membrane recruitment of the NDR/MOB1 complex is
crucial for NDR phosphorylation by MST3 in vivo.

NDR promotes cleavage of MST3. It has been reported that
members of the MST family are frequently cleaved following
caspase activation (8, 19, 21, 37). Based on our initial obser-
vations (data not shown) that most of the wild-type MST3
protein was efficiently cleaved but the kinase-dead MST3KR

FIG. 5. Phosphorylation of endogenous NDR by endogenous MST3. (A) Myc-C1-MOB1A was expressed in HEK293F cells transfected with
either pcDNA3.1-HA-MST3, pcDNA3.1-HA-MST3KR, or pTER-shMST3. Two days after transfection, the cells were starved for 24 h and then
stimulated for 15 min with TPA (100 ng/ml) prior to harvesting. All cell lysates were subjected to SDS-PAGE and immunoblotted with anti-P-T442,
anti-NDR-NT, anti-MST3, anti-myc, and an anti-�-tubulin control. (B) Phosphorylation and activation of NDR2 by endogenous MST3. HA-NDR2
was expressed in HEK293F cells and transfected with pcDNA3.1 myc-C1-MOB1A and/or pTER-shMST3. Two days after transfection, the cells
were starved for 24 h and subsequently stimulated for 10 min with TPA (100 ng/ml) prior to harvesting. HA-NDR2 was immunoprecipitated with
anti-HA 12CA5 monoclonal antibody and assayed for kinase activity using the NDR peptide substrate. Bars represent the means 	 standard
deviations of duplicate immunoprecipitates and are representative of two independent experiments. All cell lysates were subjected to SDS-PAGE
and immunoblotted with anti-P-T442, anti-HA, anti-MST3, anti-myc, and the anti-�-tubulin control.
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was only cleaved to a minor degree in samples harvested 36 h
after transfection in COS-7 cells, we asked whether MST3
cleavage depends on the activity of full-length MST3 and
whether this regulation involves NDR (Fig. 9A). We cotrans-
fected COS-7 cells with kinase-dead MST3KR alone or to-
gether with HA-tagged NDR2, NDR2KD, and NDR2-PIF.
Cotransfection of wild-type NDR2 and NDR2-PIF resulted in
significantly higher cleavage of MST3KR than in cells trans-
fected only with MST3KR, whereas cotransfection of
MST3KR with kinase-dead NDR2 had no detectable effect on
the cleavage of full-length MST3KR (Fig. 9A). This suggests
that cleavage of MST3 can be induced by NDR activity. This is
also clearly reflected by the localization of NDR-MST3 fusion
proteins. MST3 was shown recently to contain both a nuclear
localization signal (amino acids 278 to 294) and a nuclear
export signal located in the C-terminal region (amino acids 335
to 386) downstream of the kinase domain. The nuclear export
signal is cleaved (residue 314) after caspase activation, which
leads to nuclear translocation of the kinase (24). In COS-7
cells, NDR2-MST3 fusion proteins showed both nuclear and
cytoplasmic localization, whereas an NDR2KD-MST3 fusion
was localized almost exclusively in the cytoplasm (Fig. 9B).
Our results indicate that NDR can function in a regulatory
feedback loop controlling MST3 cleavage.

DISCUSSION

In this report we provide evidence that MST3 functions as a
hydrophobic motif kinase of NDR protein kinase, and our
current model for NDR regulation is summarized in Fig. 10.
This is the first demonstration that a Ste20-like kinase specif-
ically phosphorylates the hydrophobic motif (Thr442), and not
the activation segment phosphorylation site, of NDR. We have
established that NDR2 is phosphorylated by activated MST3,
but not MST3KR (see below), specifically on the hydrophobic
motif, leading to an approximately 10-fold activation of the
kinase. Based on the catalytic domain conservation of mam-
malian Ste20-like kinases and yeast Ste20-like kinases, it is
likely that the mechanism of NDR family kinase hydrophobic
motif phosphorylation by Ste20-like kinases is conserved and is
the basis for the Cdc15p-Dbf2p, Kic1p-Cbk1p, and HIPPO-
WARTS interactions reported in yeast and flies (28, 33, 43,
51). We propose that NDR2 hydrophobic motif phosphoryla-

FIG. 6. Activation and phosphorylation of MOB1-binding-defi-
cient NDR2. HEK293F cells were transfected with HA-tagged NDR2
and NDR2Y32A and variants and stimulated for 1 h with 1 �M OA or
solvent prior to harvesting. The NDR kinase variants were then im-
munoprecipitated (100 �g of cell-free protein) with anti-HA 12CA5
monoclonal antibody and assayed for kinase activity using the NDR
peptide substrate. Bars represent the means 	 standard deviations of
duplicate immunoprecipitates and are representative of two indepen-
dent experiments. Additionally, all lysates were subjected to SDS-
PAGE and immunoblotted using anti-P-T442, anti-P-S282, and an-
ti-HA 12CA5 antibodies.

FIG. 7. Colocalization of NDR2 and MST3 in COS-7 cells. (A) Lo-
calization of MST3. COS-7 cells expressing GFP-MST3 (upper pan-
els), HA-MST3wt (middle panel), or HA-MST3KR (lower panels)
were processed for immunofluorescence using either no antibody (up-
per right) or anti-HA Y11 (lower right). Anti-HA antibody was visu-
alized using anti-rabbit antibody–FITC (green) and DNA stained with
1 �M TO-PRO-3 iodide (Molecular Probes Inc.) (blue; left panels).
(B) Colocalization of NDR2 and MST3. COS-7 cells expressing HA-
MST3 and myc-NDR2 were processed for immunofluorescence using
anti-HA Y11 and anti-myc 9E10. Anti-HA Y11 antibody was visual-
ized using anti-rabbit antibody–FITC (green), and anti-myc antibody
was visualized using anti-mouse antibody–Texas Red (red). Represen-
tative pictures of HA-MST3 and myc-NDR2 localization are shown.
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tion functions in a manner analogous to the reported disorder-
to-order conformational transitions described for PKB (52). A
similar disorder-to-order transition mechanism is probable for
the other NDR-related kinases. It will be interesting to inves-
tigate whether other members of the Ste20 group of protein
kinases function as hydrophobic motif kinases for other AGC
kinases.

Previous results revealed that MOB proteins play a critical
role in the activation of several NDR kinase homologues.
Mob1p was shown to be required for the activation and phos-
phorylation of Dbf2p by Cdc15p (28), and Mob2p is required
for Cbk1p function (6, 50). Recent studies showed that human
MOB proteins interact with NDR1 and -2 (3, 11). MOB1A
binding induces the release of autoinhibition and thus stimu-
lates autophosphorylation at the activation segment phosphor-
ylation site of NDR kinase (3). Here we provide the first
evidence for a functional interaction between mammalian
Ste20-like kinase, MOB1A protein, and NDR2 kinase. In vitro,
all three proteins MST3, MOB1A, and NDR2, are required for
full kinase activity. MOB1A binding is essential for the release
of NDR autoinhibition, thus stimulating autophosphorylation
and transphosphorylation activity. As expected, the NDR2-
AIS mutant showed full activation in the presence of activated
MST3, independent of MOB1A binding, supporting the pro-
posed mechanism. Additionally, we provide evidence that the
functional interaction between MST3 and NDR2 occurs in
vivo. Cotransfection of MST3 and NDR2 in COS-7 cells re-
sulted in an increase in Thr442 phosphorylation, whereas co-
transfection of MST3KR and NDR2 reduced phosphorylation
of the hydrophobic motif. Nevertheless, these in vivo changes
were lower than those observed after activation of the kinase
with OA.

Targeting of NDR to the membrane provides evidence for
the importance of subcellular localization in the activation
mechanism. Membrane targeting of NDR results in increased
hydrophobic motif phosphorylation as well as activation of the
kinase (17), which is dependent on the MST3 activity in

HEK293F cells. However, our results suggest that the interac-
tion of NDR2 and MST3 is likely to be transient. Recruitment
of NDR to the membrane via myc-C1-MOB1 resulted in phos-
phorylation of the kinase. MST3 was not corecruited, but a
significant portion of MST3 was already associated with the
membrane. This suggests that the interaction of MST3 with
NDR2 is not stable, similar to the interaction reported be-
tween MST1/2 and the NDR relative LATS1/Warts (5, 21).
However, it has also been reported for other kinase substrate
interactions that the affinity for their substrate is weak (4) and
below the detection limit of immunoprecipitation (35). We
propose that membrane recruitment of NDR is an essential
part of the NDR activation mechanism and that the phosphor-
ylation of NDR by MST3 occurs at the membrane. However,
future experiments will have to address the question of what
signals are responsible for membrane recruitment of the NDR/
MOB complex in vivo. It is also possible that NDR is targeted

FIG. 8. Fractionation of HA-NDR and MST3 after membrane re-
cruitment of myc-C1-MOB1A. HEK293F cells were transfected with
the HA-NDR2 and myc-C1-MOB1A constructs indicated and sub-
jected to S100/P100 fractionation (S, cytoplasm; P, membrane), before
immunoblotting with anti-P-T444, anti-HA 12CA5, anti-MST3, and
anti-myc antibodies.

FIG. 9. NDR promotes cleavage of MST3 in COS-7 cells. (A) In-
duction of MST3 cleavage by overexpression of catalytically active
NDR2. Lysates of COS-7 cells transfected as indicated with myc-
MST3KR, HA-NDR2, HA-NDR2KD, and HA-NDR2-PIF were har-
vested after 36 h and subjected to Western blotting using anti-HA and
anti-myc antibodies. (B) Localization of NDR2-MST3 fusion proteins.
COS-7 cells expressing HA-NDR-MST3 (upper panel) or HA-
NDR2KD-MST3 (lower panel) were processed for immunofluores-
cence 24 h after transfection using anti-HA Y11 (right panels). An-
ti-HA antibody was visualized using anti-rabbit antibody–FITC
(green); DNA stained with DAPI (blue; left panels). Representative
pictures of HA-NDR2-MST3 and HA-NDR2KD-MST3 localization
are shown.
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to the membrane to phosphorylate proteins specifically local-
ized to this region of the cell.

MST3 purified from OA-treated cells showed significantly
more activity in the cell-free assays compared with the enzyme
isolated from untreated cells. This suggests that MST3 activity
is regulated by phosphorylation that can be initiated by treating
cells with the PP2A inhibitor OA. The mechanism of MST3
regulation remains to be fully elucidated, but the available
results provide an explanation for the dramatic effects of OA
on NDR activity. Previously, we found that MOB1A binding to
NDR is facilitated apparently by treatment of cells with OA
(3). We conclude that a PP2A-like phosphatase negatively
regulates both kinases and MOB1A function; the key issue in
the future will be to understand the regulation of the phospha-
tase in this signaling network.

Significantly, we provide the first evidence that cleavage of
MST3 can, at least partially, be induced by NDR in a regula-
tory feedback loop. NDR2 overexpression can induce cleavage
of MST3 and MST3KR, whereas the kinase-dead NDR2K119A

had no effect on cleavage. Interestingly, caspases 3, 7, 8, and 9
are processed in cancer cells infected with an adenovirus ex-
pressing the human LATS2 kinase, a close relative of NDR.
Further, it was shown that the Drosophila Warts kinase to-
gether with the Ste20-like kinase Hippo regulate the levels of
DIAP1 (Drosophila inhibitor of apoptosis) (16, 20, 34, 45, 51).
Mammalian IAP proteins are known inhibitors of caspase ac-
tivation (26, 41) but also play a role in signal transduction and
cell cycle regulation (1, 39).

Genetic studies with yeast, worms, and flies have shown that
many of the components of the NDR signaling pathway are
highly conserved, such as the scaffold protein Pag1p (mor2p,
sax-2, FURRY), the Ste20-like kinase Kic1p (gck-1), the
adapter protein Hym1p (dMO25), the activator protein
Mob2p (dMOB proteins), and the transcription factor Ace2p
(Krueppel-like transcription factor) (43). Based on the con-
served protein components, the NDR signaling pathway is
more closely related to the signaling pathway established for
Cbk1p than to Dbf2p (which appears to be more closely re-
lated to LATS). Our work on the human NDR suggests that
conservation is also maintained with the mammalian counter-
parts of some of these proteins. However, despite the high
conservation of the proteins, the processes they regulate are
likely to differ due to species variation between yeast (e.g.,
regulation of chitinase expression) and higher organisms. Fur-
ther work is required to fully elucidate the functions of these
different proteins. However, the involvement of the yeast NDR
kinases in the MEN (mitotic exit network) and RAM (regula-
tion of Ace2p transcription and morphogenesis) network (43)
raises the possibility of a cell-intrinsic regulation of NDR ac-
tivity, which might explain why all attempts so far (growth
hormones, oxidative stress, UV, ceramide, fluoride, or serum)
to identify a ligand/hormone or endogenous stimuli have failed
(2).

Significant insights into the physiological roles of NDR ki-
nases have been obtained using yeast, worm, and fly genetic
screens. Early studies from yeast found that NDR family ki-
nases play a significant role in the regulation of actin and
tubulin cytoskeletal organization during polarized growth and
cytokinesis and are central components of the mitotic exit
network (43). Worm NDR regulates cell spreading and neurite
outgrowth of chemosensory neurons (53). The fly NDR is
reported to be important for the integrity of cellular out-
growths, such as wing hairs and bristles (14). Recently, it was
shown that NDR kinase activity plays an important role in the
regulation of dendritic branching and tiling in worms and flies
(12, 13). These results predict that mammalian NDR also plays
a significant role in the control of cell division and morpho-
genesis. Identification of NDR-specific substrates will help to
define the physiological roles of this conserved signaling path-
way.
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