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Human nuclear Dbf2-related kinases (NDRs) are up-regulated in certain cancer types, yet their precise
function(s) and regulatory mechanism(s) still remain to be defined. Here, we show that active (phosphorylated
on Thr444) and inactive human NDRs are both mainly cytoplasmic. Moreover, NDR kinases colocalize at the
plasma membrane with human MOBs (hMOBs), which are recently described coactivators of human NDR in
vitro. Strikingly, membrane targeting of NDR results in a constitutively active kinase due to phosphorylation
on Ser281 and Thr444 that is further activated upon coexpression of hMOBs. Membrane-targeted hMOBs also
robustly promoted activation of NDR. We further demonstrate that the in vivo activation of human NDR by
membrane-bound hMOBs is dependent on their interaction and occurs solely at the membrane. By using a
chimeric molecule of hMOB, which allows inducible membrane translocation, we found that NDR phosphor-
ylation and activation at the membrane occur a few minutes after association of hMOB with membranous
structures. We provide insight into a potential in vivo mechanism of NDR activation through rapid recruitment

to the plasma membrane mediated by hMOBs.

The human genome encodes two highly related serine-thre-
onine kinases, nuclear Dbf2-related kinase 1 (NDR1) and
NDR2, which belong to a subfamily of kinases with roles in cell
division and cell morphology (22). The two kinases represent a
subclass of the AGC family of protein kinases and are partially
related to protein kinase B (PKB) and protein kinase C (PKC).
Human NDRs, as well as their yeast counterpart Dbf2, can be
dramatically activated through inhibition of protein phospha-
tase 2A (PP2A) by okadaic acid (OA), demonstrating that
NDR kinases require phosphorylation for activation (13, 16).
Indeed, NDR1 has been shown to become autophosphorylated
on Ser281 in a Ca”>*-dependent manner (23), while Thrd44 is
phosphorylated by a hydrophobic motif kinase (M. R. Stegert
et al., submitted for publication). Phosphorylation on both
residues is essential for full activation of NDR1 in vitro and in
vivo (16, 23). Recently, the phosphorylation of NDR2 on
Ser282 and Thr442 was also shown to be required for full
activation of enzymatic activity (20).

The founding member of the Mps1 one binder (MOB) fam-
ily is the yeast protein MOBI1p (12), a molecule functioning as
a coactivator of yeast Dbf2p and Dbf20p (10, 11, 13). As
previously published, human MOBIA (hMOBI1A) binds
NDR1 and NDR2 (NDRs) at their N termini, leading to kinase
activation in vitro (3). In addition, hAMOB1B and hMOB?2 also
stimulated NDR activity in vitro (4). However, while the MOB
regulation of the NDR kinases seems to be conserved from
yeast to humans, the function(s) of mammalian NDRs is un-
known. Although the basic mechanism of activation of human
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NDR protein kinase in vitro has been described in detail (3, 16,
20, 23), the regulation of NDR in a cellular context still re-
mains to be elucidated. Such information should bring insight
into its cellular functions and, in particular, into its possible
role in cancer.

While NDR1 was reported to be localized predominantly in
the nucleus (14), NDR2 was shown very recently to be mostly
excluded from the nucleus, displaying a cytoplasmic distribu-
tion (4, 5, 20, 21). This observation is intriguing given the high
sequence similarity between these two kinases. The NDR1
nuclear localization signal (NLS) (residues 265 to 276) con-
tains only a single conservative change in NDR2, and thus the
reason for the differential localization still remains to be de-
fined. h(MOB1B and MOB?2 localization was also reported to
be altered by coexpression of NDRs (4).

Here, we reanalyzed the intracellular distribution of inactive
and active (phosphorylated) NDR1 more precisely using cell
biological and biochemical techniques. To evaluate the impor-
tance of certain subcellular compartments for NDR activation,
we generated nucleus- and membrane-targeted versions of
NDR and analyzed activity and subcellular localization follow-
ing OA treatment. In order to understand the roles of
hMOBI1A, hMOBIB, and hMOB2 (hMOBs) for NDR activa-
tion in vivo, we studied their intracellular distribution and
found colocalization with NDR on the plasma membrane. We
also developed inducible membrane-targeting constructs of
hMOBI1A and showed that they were able to promote trans-
location of NDR to membranes and phosphorylation.

MATERIALS AND METHODS

Cell culture, chemicals, drug treatments, and transfections. COS-7, U2-OS,
HEK 293 and HelLa cells were maintained in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum. Exponentially growing COS-7
cells were plated at a consistent confluence (3 X 10° cells/6-cm dish) and trans-
fected the next day using Fugene 6 (Roche) as described by the manufacturer.
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U2-OS cells were transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. In some experiments, cells were treated for 60
min with 1 uM okadaic acid (Alexis Corp.). In some experiments, cells were
serum starved for 2 h prior to transfection. The transfection mixture was re-
moved after 4 h, and cells were serum starved overnight before stimulation with
100 ng/ml 12-O-tetradecanoylphorbol 13-acetate (TPA) (Amersham Bio-
sciences). Leptomycin B (LMB) was purchased from Sigma.

Construction of plasmids. All human NDR1, NDR2, hMOB1A, hMOBI1B,
and hMOB2 c¢cDNAs were subcloned into pcDNA3 and pcDNA3 derivatives by
using BamHI and Xhol restriction sites. pcDNA3 derivatives contained a hem-
agglutinin (HA) or myc epitope alone, the myristoylation/palmitylation motif of
the Lck tyrosine kinase (MGCVCSSN) combined with an HA or myc epitope
(mp-HA or mp-myc), or the NLS of simian virus 40 (SV40) (MLYPKKKRKG
VEDQYK) combined with an HA or a myc epitope (NLS-HA or NLS-myc). All
mutants of NDR1 were generated by a two-step PCR-based mutagenesis proce-
dure using pcDNA3-HA-NDRI1 as template. Individual PCR products were
digested with BamHI and Xhol and cloned into pcDNA3 derivatives. To obtain
pGFP-NDR1 mutants, the corresponding fragments were subcloned into
pEGFP-C1 (Clontech) by using BamHI and Xbal restriction sites. To construct
pcDNA3-myc-C1-hMOBIA, the C1 domain of bovine PKCa (amino acids 26 to
162) was amplified by PCR and subcloned into pcDNA3-HA by using EcoRI and
Xhol restriction sites. Subsequently, the hMOB1A c¢DNA was inserted using
BamHI and EcoRI restriction sites. To generate a construct expressing pGFP-
GFP, green fluorescent protein (GFP) was amplified by PCR using pEGFP-C1
as template and first subcloned using Kpnl and BamHI into pcDNA3. Then, a
second GFP cDNA was inserted using EcoRI and Xbal. The NLS sequences of
SV40 and NDRI1 were introduced between the two GFP cDNAs by using BamHI
and Xhol. SV4AONLS-GFP was generated by introducing the SV40 NLS into
pEGFP-N1 by using Kpnl and BamHI. pNDR1-GFP was obtained by PCR
cloning of NDR1 into pEGFP-N1 (Clontech), using Xhol and BamHI. All
constructs were confirmed by sequence analysis. Details of the generation of
constructs and sequences of primers are available upon request.

Generation and affinity purification of antibodies. Generation and purification
of phospho-specific antibodies raised against phosphorylated Ser281 and Thr444
of NDR1 have been described recently (23). Anti-NDR CT antibody has been
described previously (14). Anti-NDR NT peptide antibody was raised against the
synthetic peptidle DEEKRLRRSAHARKETEFLRLKRTRLGL, corresponding
to amino acids 59 to 86 of NDR1, by coupling to keyhole limpet hemocyanin by
using glutaraldehyde. Rabbit injections and blood collections were done by
Strategic Biosolutions. Antipeptide antibody was purified by coupling 60 mg of
the peptide to 4 ml of Affi-Gel 10 (Bio-Rad Laboratories) according to the
manufacturer’s protocol. After extensive washing, the bound antibodies were
eluted with 0.2 M glycine (pH 2.2) and dialyzed into phosphate-buffered saline
(PBS).

Mouse monoclonal antibody against human NDR1 was purchased from Trans-
duction Laboratories. A rat monoclonal anti-a-tubulin (YL1/2)-producing hy-
bridoma cell line was obtained from the American Type Culture Collection.
Anti-HA 12CAS5 and anti-myc 9E10 antibodies were used as hybridoma super-
natants. Anti-HA antibodies were from Santa Cruz (Y-11) and Roche (3F10).
Anti-lamin A/C and anti-Flag M2 were from Santa Cruz Biotechnology Inc. and
Sigma, respectively.

Immunoblotting. To detect NDR or hMOB species, samples were resolved by
8% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride membranes (Millipore).
Membranes were blocked with TBST (50 mM Tris, 150 mM NaCl, 0.5% Tween
20, at pH 7.5) containing 5% skim milk powder and then probed overnight with
antibody. Bound antibodies were detected by horseradish peroxidase-linked sec-
ondary antibodies and processed with ECL (Amersham) according to the man-
ufacturer’s instructions. Immunodetection of NDR phosphorylated on Ser281/
Ser282 or Thr444/Thr442 was as described previously (23). To test the specificity
of anti-T444-P antibodies, duplicates of identical protein samples were immu-
noblotted onto one membrane, which was cut into two after blocking. Subse-
quently, one piece was incubated with purified anti-T444-P in the presence of 10
pg/ml dephospho-peptide (KDWVFINYTYKRFEG), while the other was incu-
bated with anti-T444-P supplemented with 10 wg/ml phospho-peptide (KDWV
FINYTpYKRFEG). For all subsequent steps, membranes were processed to-
gether in the same tube.

Immunoprecipitation. Cells were harvested, pelleted by centrifugation at 1,000
X g for 3 min, and washed with ice-cold PBS before lysis in immunoprecipitation
buffer (IP buffer) (20 mM Tris, 150 mM NaCl, 10% glycerol, 1% NP-40, 5 mM
EDTA, 0.5 mM EGTA, 20 mM pB-glycerophosphate, 50 mM NaF, 1 mM
Na;VO,, 1 mM benzamidine, 4 uM leupeptin, 0.5 mM phenylmethylsulfonyl
fluoride [PMSF], 1 pM microcystin, and 1 mM dithiothreitol [DTT] at pH 8.0).
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Lysates were centrifuged for 10 min at 16,000 X g at 4°C before preclearing with
protein A-Sepharose, followed by immunoprecipitation with 12CA5 antibody
prebound to protein A-Sepharose. Beads were washed twice with IP buffer, once
with IP buffer containing 1 M NaCl, and finally once with IP buffer before
samples were analyzed by SDS-PAGE.

To analyze association of NDR with hMOB species by coimmunoprecipita-
tion, cells coexpressing HA-NDR and myc-hMOB forms were subjected to im-
munoprecipitation using anti-HA 12CAS5 antibody as described above before
analysis by SDS-PAGE and immunoblotting.

HA-NDR kinase assay. Cells were processed for immunoprecipitation as de-
scribed above and after the last wash with IP buffer were washed twice with 20
mM Tris, pH 7.5, supplemented with protease inhibitors. Beads were resus-
pended in 30 pl buffer containing 20 mM Tris, pH 7.5, 10 mM MgCl,, 1 mM
benzamidine, 4 uM leupeptin, 1 pM microcystin, 1 mM DTT, 1 pM cyclic
AMP-dependent protein kinase inhibitor peptide, 100 uM [y->*P]ATP (~1,000
cpm/pmol), and 1 mM NDR substrate peptide (KKRNRRLSVA). After 60 min
of incubation at 30°C, reactions were stopped with 50 mM EDTA, and 20 pl of
the supernatant was spotted onto squares of P-81 phosphocellulose paper (What-
man) and washed four times for 10 min each in 1% phosphoric acid and once in
acetone before counting in a liquid scintillation counter was performed. Exper-
iments were performed in duplicate, and illustrated activities represent the av-
erages from three independent experiments.

Fractionation of cells. To separate cytosolic and membrane-associated pro-
teins, 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 pM
leupeptin, 0.5 mM PMSF, 1 uM microcystin, and 1 mM DTT at pH 7.5). After
homogenization using a 26-gauge needle (Becton Dickinson), nuclei were re-
moved by centrifugation for 2 min at 1,000 X g at 4°C. The supernatant was then
centrifuged at 100,000 X g for 60 min at 4°C. Equal amounts of supernatant
(S100; cytoplasmic fraction) and pellet (P100; membrane fraction) were analyzed
by SDS-PAGE and immunoblotting. Alternatively, equal amounts of cytoplasmic
and membrane fractions were subjected to immunoprecipitation and subsequent
kinase assays as described above.

To separate cells into nuclear, cytosolic, and membrane fractions, cells were
rinsed with PBS, scraped into PBS, and pelleted in a tabletop centrifuge. Cell
pellets were swollen for 30 min at 4°C in RSB buffer (10 mM HEPES, 10 mM
NaCl, 1.5 mM MgCl,, 1 mM benzamidine, 4 .M leupeptin, 0.5 mM PMSF, 1 pM
microcystin, and 1 mM DTT at pH 6.2), before homogenization by 20 strokes in
a Dounce homogenizer. SDS loading buffer was added to an aliquot of lysed cells
without further processing (total fractionation input). Nuclei were collected for
2 min at 400 X g at 4°C. The pellet was washed twice with RSB buffer before lysis
in EBC buffer (50 mM Tris, 250 mM NaCl, 1% Triton X-100, 1 mM benzami-
dine, 4 uM leupeptin, 0.5 mM PMSF, 1 pM microcystin, and 1 mM DTT at pH
8.0). The supernatant was further fractionated by centrifugation for 90 min at
150,000 X g at 4°C. The S150 supernatant was collected (cytosolic fraction), while
the membrane pellet was lysed in EBC buffer, and equal aliquots of each fraction
(representing protein from the same number of cells) were analyzed by immu-
noblotting.

Immunofluorescence microscopy. Cells were processed for immunofluores-
cence as described previously (9). Briefly, cells were grown on coverslips, washed
with PBS, and fixed in 3% paraformaldehyde—2% sucrose in PBS at pH 7.4 for
10 to 15 min at 37°C or fixed with methanol (—20°C) before being permeabilized
using 0.2% Triton X-100 in PBS for 2 min at room temperature. Coverslips were
rinsed three times with PBS and incubated for 1 hour with primary antibody
diluted in 1% bovine serum albumin-1% goat serum in PBS. After three washes
with PBS for 5 min each, the appropriate secondary antibody was used. Second-
ary antibodies included donkey anti-rat-aminomethylcoumarin, donkey anti-
mouse—fluorescein isothiocyanate (FITC) and Texas Red, and donkey anti-rab-
bit-FITC and Texas Red (Jackson Immunoresearch Inc.). DNA was
counterstained with 1 uM TO-PRO-3 iodide (Molecular Probes Inc.). Coverslips
were then inverted into 5 pul Vectashield medium (Vector Laboratories). Images
were obtained with a Fluoview FV500 confocal laser scanning microscope
(Olympus). Photographic images were processed using Photoshop 6.0 (Adobe
Systems Inc).

RESULTS

Human NDR1 is primarily a cytoplasmic kinase. To estab-
lish the subcellular localization of native human NDRI1 kinase
in tissue culture cells, we generated a rabbit polyclonal anti-
body raised against part of the S100B-MOBI1 association
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FIG. 1. Human NDRTI is a mainly cytoplasmic kinase. A. U2-OS cells expressing empty vector (lane 1), untagged human NDR1 (lane 2), or
untagged human NDR2 (lane 3) were processed for immunoblotting using anti-NDR NT (top panel), anti-NDR1 (middle panel), and anti-o-
tubulin (bottom panel) antibodies. Arrowheads indicate the positions of NDR1 and NDR2. B. U2-OS cells were incubated in the absence (lane
1) or presence (lane 2) of OA before processing for Western blotting using anti-Thr444-P (top panel), anti-NDR1 (middle panel), and
anti-a-tubulin (bottom panel) antibodies. C. U2-OS cells were subjected to biochemical cell fractionation (T, total; N, nuclear; C, cytoplasmic; M,
membrane) and processed for immunoblotting with anti-NDR1 (top panel), anti-lamin A/C (nuclear marker; top middle panel), anti-a-tubulin
(cytoplasmic marker; bottom middle panel), and anti-p63/Climp (perinuclear/membrane marker; bottom panel) antibodies. D. COS-7 cells
expressing HA-tagged NDR1 were subjected to biochemical cell fractionation (T, total; N, nuclear; C, cytoplasmic; M, membrane) and processed
for immunoblotting with anti-HA (top panel), anti-lamin A/C (top middle panel), anti-a-tubulin (bottom middle panel), and anti-p63/Climp
(bottom panel) antibodies. E. COS-7 and U2-OS cells expressing either GFP-NDRI1 (top panels), HA-NDR1 (middle panels), or myc-NDR1
(bottom panels) were analyzed by indirect immunofluorescence microscopy using anti-HA Y11 (middle panels), anti-myc (bottom panels), or no
(top panels) antibody. GFP/FITC signals are shown in green. Nuclei are in blue. F. COS-7 cells expressing HA-NDRI1 were fixed with either
methanol (MeOH) (top panels) or paraformaldehyde (PFA) (bottom panels) before permeabilization and antibody staining using anti-HA Y11
antibody. Arrowheads indicate NDRI1 species found in plasma membrane structures. Enlargements of the regions indicated by white rectangles
are shown on the right (Zoom).

MeOH
HA-NDR1 (a-HA)

PFA

(SMA) domain of NDR1 (anti-NDR NT). This antibody de- U2-OS cells (Fig. 1B, lane 2; see Fig. S1B, lane 2, in the
tected overexpressed human NDR1 and NDR2 equally well by supplemental material), which was specifically competed by
Western blotting (Fig. 1A) but also detected other unspecific the corresponding phosphopeptide but by not the dephos-
molecules of higher molecular weight (see Fig. S1A in the phopeptide (see Fig. S1B in the supplemental material). More-
supplemental material). Both native NDR forms were recog- over, by analyzing cells overexpressing HA-NDRI1, we could
nized from HelLa cells (data not shown), but only NDR1 was show that overexpressed NDR1 was detected at least 10 times
detected in U2-OS cells as a major form (Fig. 1A, lane 1). The better than native NDR species by anti-T444-P in our experi-
commercially available anti-NDR1 monoclonal antibody re- mental settings (see Fig. S1C in the supplemental material). In
acted only with NDRI, as expected (Fig. 1A; see Fig. S1A in summary, these data suggest that U2-OS cells express predom-
the supplemental material). The anti-T444-P antibody (raised inantly NDR1, which can be stimulated by treatment with the
against phosphorylated Thr444 of NDR1) recognized a single PP2A inhibitor OA.

band comigrating with native NDRI1 after OA treatment of Next, we sought to use anti-NDR NT and anti-NDRI1 anti-
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bodies in indirect immunofluorescence, but despite application
of various fixation and permeabilization methods, we found no
specific immunofluorescence signal with either antibody. Thus,
U2-0S cells were biochemically separated into nuclear, cyto-
plasmic, and membranous fractions (Fig. 1C). Strikingly, en-
dogenous NDRI1 protein was detected mostly in the cytoplasm
(Fig. 1C, lane 3). A similar result was obtained when COS-7
cells transiently expressing HA-NDR1 were fractionated (Fig.
1D, lane 3). To confirm these observations, GFP-, HA-, and
myc-tagged NDR1 proteins were expressed in COS-7, U2-OS,
HEK 293, and HeLa cells before cells were processed for
indirect immunofluorescence (Fig. 1E and data not shown).
Significantly, regardless of N-terminal tag and cell type, a sig-
nificant proportion of NDR1 was found in the cytoplasm of a
vast majority of cells (more than 80%). NDRI1 tagged C ter-
minally with GFP also localized to the cytoplasm (data not
shown). The antibody staining specificity was demonstrated by
taking pictures illustrating transfected and untransfected cells
in the same field (Fig. 1E). Moreover, the anti-HA antibody
used (Y11) recognized solely a single band in immunoblotting,
corresponding to the predicted molecular weight of HA-NDR1
(data not shown). Interestingly, a portion of NDR1 was further
found in the nucleus and membrane (Fig. 1C, D, and F).
However, localization of NDR1 in defined nuclear spots was
observed only when cells were fixed with methanol (Fig. 1F,
top). In contrast to previous results, we demonstrate here that
human NDRI1 is detected mostly in the cytoplasm. Conse-
quently, we reanalyzed the anti-NDR antibody originally used
to establish NDR as a predominantly nuclear kinase (see Fig.
S2 in the supplemental material). While this antibody (anti-
NDR CT) recognized HA-NDR1 and GFP-NDR1 by immu-
noblotting (see Fig. S2A in the supplemental material), no
major colocalization of anti-NDR CT and GFP-NDR stainings
was observed (see Fig. S2B in the supplemental material),
arguing that NDR species were not detected by anti-NDR CT
in immunofluorescence stainings. Given that anti-NDR CT
signals were enriched in the nuclei of both transfected and
untransfected cells, it is very likely that the originally reported
localization of NDR in the nucleus represents a misinterpre-
tation of stainings.

Human NDRI1 requires the SMA domain for membrane
association. In order to define the domains in NDR1 required
for its subcellular localization, we expressed N- and C-terminal
truncations of NDR1 in COS-7 or U2-OS (data not shown)
cells and analyzed their subcellular distribution. Neither the N
terminus nor the C terminus of NDR1 was required for cyto-
plasmic localization (Fig. 2A). Next, the functionality of the
postulated NLS (pNLS) (amino acids 262 to 278) of NDR1 was
tested using a GFP-GFP construct. The GFP-GFP protein was
clearly detectable in the nuclei and cytoplasm of transfected
cells, while the molecule fused to the NLS of SV40 accumu-
lated in the nucleoplasm (Fig. 2B, top and middle panels).
Surprisingly, the pNLS of NDR1 did not enrich pGFP-GFP in
the nucleus (Fig. 2B, bottom panels), arguing that this se-
quence does not function as an NLS. However, we cannot
exclude the possibility that the pNLS has some very weak
nuclear localization activity that was not detected in our ex-
perimental settings.

Further, an in silico analysis of NDR1’s primary structure
revealed two potential nuclear export sequence (NES) motifs
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(see Fig. S3 in the supplemental material), but mutating their
core sequences did not alter their intracellular distribution
(Fig. 2C, bottom panels). Even an HA-NDR1 1L92/V94/L.160/
L162A mutant was localized in the cytoplasm similarly to wild-
type protein (data not shown), suggesting that NDR1 does not
contain a functional NES. However, to determine in more
detail whether NDR1 encodes an atypical NES, we next
treated cells with LMB, a well-characterized inhibitor of
CRM1-dependent nuclear export, and verified the distribution
of NDR1 by immunofluorescence. In the majority of cells,
LMB treatment resulted in an enrichment of nuclear NDR1
species, while control cells (with solvent alone) were unaffected
(Fig. 2C, top panels). However, this enrichment occurred only
after treatment of cells for several hours with LMB, where a
strong cytoplasmic signal always remained. Incubation with
LMB for 2 hours was not sufficient to affect NDR1 localization
(data not shown). We were further unable to determine a
region within NDR1 required for this LMB-induced nuclear
accumulation (Fig. 2C, middle panels, and data not shown).
Overall, these data suggest that NDR1 accumulates rather
slowly in the nucleus after LMB treatment, most likely not due
to blockage of active nuclear export of NDR1 species.

Given that NDR1 was found partially in the membranous
fraction, we tested whether NDR1 contains a membrane-bind-
ing domain. A series of deletion constructs analyzed biochem-
ically for membrane association revealed that amino acids 22
to 82 of NDR1 are required for NDR1 to be recovered in the
membrane fraction (Fig. 2D). Interestingly, this region per-
fectly matches the SMA domain of NDR1 (3). Our data sug-
gest that NDR1 needs its N-terminal SMA domain for mem-
brane association, but which specific MOB isoform might play
a role in vivo still needs to be elucidated. An NDR1 (Y31A)
mutant deficient in hMOB1A binding associated with the
membrane fraction similarly to wild-type protein (Fig. 2D,
bottom panel), suggesting that potentially another MOB fam-
ily member is responsible for membrane recruitment in this
experimental setting. Indeed, hMOB2 coimmunoprecipitated
with NDR1 (Y31A) to levels comparable to those for wild-type
NDR species (see Fig. S4, lanes 4 and 8§, in the supplemental
material), while hMOB1A/B binding to NDR1 was abolished
by introducing the Y31A mutation (see Fig. S4, lanes 2, 3, 6,
and 7, in the supplemental material). Thus, it is very likely that
the association of NDR1 (Y31A) with membranes can be me-
diated by another hMOB under our experimental conditions.

NDR1 phosphorylated on Thr444 accumulates mainly in the
cytoplasm. To identify where NDR1 is activated within a cell,
we stimulated NDR1 phosphorylation by OA treatment and
then used an antibody raised against the phosphorylated site of
the NDRI1 hydrophobic motif (anti-T444-P) as a marker for
active NDR1 (Fig. 3). Immunofluorescence studies showed
that active NDR1 accumulated in the cytoplasm similarly to
the localization of total NDR1 (Fig. 3A, top panels). Anti-
T444-P antibody did not detect NDR1 (T444A) carrying a
Thr444-to-Ala mutation (Fig. 3A, middle panels), as expected.
Similar results were obtained when NDR?2 was expressed (see
Fig. S5A in the supplemental material). These data were con-
firmed biochemically, where total and active NDR1 was also
observed mainly in the cytoplasm of fractionated cells (Fig.
3B). It is important to note that both inactive and Thr444-
phosphorylated native NDR1 forms were also detected mostly
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FIG. 2. Determination of NDRI1 localization domains. A. COS-7 cells expressing HA-tagged full-length (amino acids 1 to 465; top panels),
N-terminally truncated (amino acids 83 to 465; middle panels), or C-terminally truncated (amino acids 1 to 380; bottom panels) NDR1 were
processed for immunofluorescence using anti-HA Y11 antibody (green). Corresponding DNA stainings are shown on the right. The percentages
of transfected cells displaying predominantly cytoplasmic signals are indicated. B. Cells transfected with plasmids encoding GFP-GFP alone (top
panels), GFP-SV40NLS-GFP (middle panels), or GFP-NDR1(amino acids 262 to 278)-GFP (bottom panels) were subsequently analyzed by
immunofluorescence. The percentages of stained cells as illustrated are indicated (>200 cells per construct were analyzed). Nuclei are shown in
blue. The postulated NLS of NDR1 did not drive GFP into the nucleus, in contrast to the SV40 NLS. C. Cells expressing HA-tagged wild-type
(wt), N-terminally truncated (amino acids 83 to 465), or C-terminally truncated (amino acids 1 to 380) NDR1, or selected mutants carrying point
mutations at Leu92/Val94 (L92/V94A) or Leul60/Leul62 (L160/162A), were left untreated or incubated for 8 h with 10 ng/ml LMB or ethanol
(EtOH), before processing for immunofluorescence using anti-HA Y11 antibody (green). The percentages of stained cells as shown are indicated
(>200 cells per construct were analyzed). Nuclei are shown (right panels) and highlighted by white dashed lines in selected pictures. pNES,
potential NES. D. COS-7 cells were transfected with the indicated HA-tagged NDR1 constructs and subjected to S100/P100 fractionation (T, total;
S, cytoplasm; P, membrane), before immunoblotting with anti-HA 12CAS5 antibody. E. Schematic representation of human NDR1 and mutant
derivatives. The kinase domain (green) and the S100B/MOB association (SMA) (orange) domains are indicated. The N-terminal domain required
for membrane association is marked by a red rectangle.

in the cytoplasm of fractionated U2-OS cells (Fig. 3C). Taken
together, the findings from this analysis revealed that Thr444-
phosphorylated NDR1 accumulated in the cytoplasm after OA
treatment, further supporting the notion that NDRI1 is not a
predominantly nuclear kinase.

Membrane targeting of NDR generates a constitutively ac-
tive kinase. Since a fraction of NDR1 was found to associate

with membranes, we investigated whether membrane binding
of NDR is part of its activation process. The myristoylation/
palmitylation (mp) motif from the Lck tyrosine kinase was
attached to the N terminus of NDRI to alter its subcellular
localization. Membrane-targeted NDR1 (mp-NDR1) associ-
ated mainly with the plasma membrane of transfected cells
irrespective of PP2A inhibition (Fig. 4A). The intracellular
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FIG. 3. NDRI1 phosphorylated on Thr444 is mostly cytoplasmic. A. COS-7 cells expressing HA-tagged wild-type (wt) (top panels), Thr444Ala
(T444A) (middle panels), or kinase-dead (K118A) (bottom panels) NDR1 were either left untreated (— OA) or incubated with okadaic acid
(+ OA) before processing for immunofluorescence using anti-HA 12CAS (red) and anti-T444-P (green) antibody. Nuclei are indicated in blue.
All pictures were taken using the same settings, which had been adjusted to signals of cells overexpressing NDR1. B. COS-7 cells expressing
HA-tagged NDRI1 were subjected to biochemical cell fractionation after OA treatment (T, total; N, nuclear; C, cytoplasmic; M, membrane) and
processed for immunoblotting with anti-T444-P (top panel), anti-HA 12CAS (top middle panel), anti-lamin A/C (middle panel), anti-a-tubulin
(bottom middle panel), and anti-p63/Climp (bottom panel) antibodies. C. After OA treatment, U2-OS cells were subjected to biochemical cell
fractionation (T, total; N, nuclear; C, cytoplasmic; M, membrane) and processed for immunoblotting with anti-T444-P (top panel), anti-NDR1 (top
middle panel), anti-lamin A/C (middle panel), anti-a-tubulin (bottom middle panel), and anti-p63/Climp (bottom panel) antibodies.

localization of mp-NDRI1 was further confirmed by biochemi-
cal analysis, since nearly all targeted protein was recovered in
the pellet (membrane) fraction (Fig. 4B, bottom panel, lane 4).
Strikingly, mp-NDRI1 was already phosphorylated at the hy-
drophobic motif (Thr444) without OA treatment (Fig. 4B, top
panel, lane 4), and elevated HA-NDR kinase activity was de-
tected solely in the membrane fraction of mp-NDRI1 (Fig. 4C,
bar 4). To address this change in kinase activity in more detail,
we next compared the activities of mp-NDR1 species with
unstimulated and OA-treated wild-type enzyme (Fig. 4D and

E) and found that mp-NDR1 was about fivefold more active
than unstimulated wild-type protein (Fig. 4E, lane 3). Thr444
phosphorylation was clearly increased, whereas Ser281 phos-
phorylation was only slightly elevated (Fig. 4D, lane 3). Similar
results were obtained when mp-NDR2 was analyzed (see Fig.
S5B and C in the supplemental material). Strikingly, mp-
NDRI activity was further increased to levels comparable to
those for stimulated wild-type enzyme by OA treatment (Fig.
4E, bar 4). As expected, a kinase-dead version of mp-NDRI1
showed no Ser281 phosphorylation and kinase activity, but
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FIG. 4. Membrane-targeted NDR1 is partially active and can be further activated by coexpression of hMOBI1A without OA treatment. A.
COS-7 cells transfected with membrane-targeted NDR1 (mp-HA-NDR1) were either left untreated (— OA) or incubated with okadaic acid
(+ OA), before processing for immunofluorescence using anti-HA Y11 (left panels). Nuclei are in blue. B. COS-7 cells were transfected with the
indicated NDR1 plasmids and subjected to S100/P100 fractionation (S, cytoplasm; P, membrane) before immunoblotting with anti-T444-P (top
panel) and anti-HA 12CAS5 antibody (bottom panel). C. The S100/P100 extracts described above for panel B were subjected to immunoprecipi-
tation using anti-HA 12CAS5 antibody and subsequently to kinase assays. Elevated kinase activity was found only in mp-NDR1 membrane extracts
(red bar). D. Lysates of COS-7 cells expressing HA-tagged wild-type (wt), membrane-tagged wt kinase-dead (kd), or hMOB1A-binding-deficient
(Y31A) NDR1 were subjected to immunoprecipitation (IP) using anti-HA 12CAS5 antibody. Complexes were analyzed by Western blotting using
anti-T444-P (top panel), anti-S281-P (top middle panel), and anti-HA antibody (bottom middle panel). Prior to lysis, the indicated cells were
incubated with OA (+). In certain samples, myc-tagged hMOB1A was coexpressed as verified by immunoblotting using anti-myc antibody (bottom
panel). An unspecific signal is indicated by an asterisk. E. In parallel, immunocomplexes were subjected to kinase assays. Membrane-targeted
NDRT1 activity was about fivefold elevated compared to wild type and was further increased by hMOB1A coexpression (red bars). Error bars

indicate standard deviations.

phosphorylation on Thr444 occurred even without OA treat-
ment (Fig. 4D and E, lanes and bars 5 and 6).

Given this absence of complete phosphorylation of mp-
NDRI1 on Ser281 and the recent report that AMOBIA stimu-
lates NDR autophosphorylation on Ser281 (3), we speculated
that endogenous hMOBI1 does not bind sufficiently to the N
terminus of mp-NDRI1 to release autoinhibition of Ser281
phosphorylation. In agreement with this hypothesis, mp-NDR1
(Y31A) carrying a point mutation abolishing MOB1 binding
was blocked in Ser281 phosphorylation and enzymatic activity,
and phosphorylation on Thr444 was markedly reduced as well
(Fig. 4D and E, lane and bar 10), despite efficient membrane
targeting (data not shown). mp-NDR1 (T74A), carrying an
alternative mutation also altering MOBI association, was also

affected in Ser281/Thr444 phosphorylation and enzymatic ac-
tivity (data not shown). To address our hypothesis in more
detail, we expressed mp-NDR1 together with hMOBI1A, which
led to a dramatic elevation of Ser281 and Thr444 phosphory-
lation and enzymatic activity relative to OA-stimulated wild-
type protein (Fig. 4D and E, compare lanes and bars 12 and 13
with lanes and bars 2 and 3). These changes were dependent
on the interaction of hMOBIA with NDRI1, since mp-NDR1
(Y31A) showed no increase in phosphorylation or activity (Fig.
4D and E, lane and bar 14). In striking contrast, coexpression
of hMOB1A with NDR1 (not membrane targeted) only
slightly increased Ser281 phosphorylation, while Thr444 phos-
phorylation and kinase activity were not altered (see Fig. 6A
and B, lanes and bars 1 and 2). Together, these data suggest
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that membrane targeting of NDR1 generates a constitutively
active kinase which can be further activated by hMOBI1A co-
expression.

hMOBI1A, hMOB1B, and hMOB2 colocalize with human
NDR kinases at the plasma membrane. Given that hMOBI1
expression increased the activity of mp-NDRI1 in vivo, we an-
alyzed the intracellular distribution of hMOBs. GFP-, myc-,
and HA-tagged hMOBIA proteins were expressed in COS-7
and U2-OS cells before immunofluorescence analysis (Fig. SA
and data not shown). Significantly, the GFP-hMOBIA signal
was strongest in nuclei, whereas hMOBIA carrying much
smaller N-terminal tags (HA and myc) was found mostly in the
cytoplasm. Similar results were obtained for hMOBI1B (data
not shown). This suggests that adding a GFP tag to hMOB1
apparently alters its subcellular localization and that h(MOB1A
and hMOBIB are mostly cytoplasmic proteins.

In contrast, hMOB2 was detected in both nucleus and cyto-
plasm by using various N-terminal tags (Fig. SA). We found no
cells expressing hMOB?2 solely in the cytoplasm (as we did for
NDRs or hMOB1). hMOB2 was highly enriched in the nuclei
of some cells, but in others it was equally present in nuclear
and cytoplasmic compartments. However, all three hMOBs
(hMOBIA, -1B, and -2) colocalized with NDR1 and NDR?2 in
the cytoplasm and at the plasma membrane (Fig. 5B and data
not shown). It is noteworthy that colocalization was most ap-
parent at certain sites of the plasma membrane (Fig. 5B, mid-
dle panels, and data not shown).

Membrane-bound hMOB strongly activates NDR Kkinase ac-
tivity. Since constitutively active mp-NDRI1 was further stim-
ulated by hMOBI in vivo and hMOBs colocalized with NDR at
the plasma membrane, we speculated that NDR is in part
activated by hMOBs at the plasma membrane. Consequently,
the membrane tag fused to NDR1 was attached to hMOBI1A,
membrane-targeted hMOBIA (mp-hMOBIA) was coex-
pressed with NDR1, and subsequently its effect on NDRI1
activation was monitored (Fig. 6A). Strikingly, Ser281 and
Thr444 phosphorylations were dramatically increased in wild-
type protein, while NDR1 (Y31A) displayed no changes (Fig.
6A, lanes 3 and 4). This increase in phosphorylation was par-
alleled by a robust elevation of kinase activity (Fig. 6B, bar 3).
mp-hMOBIA stimulated NDR1 activity even more than PP2A
inhibition (data not shown) and also raised the phosphoryla-
tion and activity levels of NDR2 (see Fig. S5D and E in the
supplemental material).

Interestingly, mp-hMOBI1A recruited a significant fraction
of NDRT1 to the membrane, and Thr444-phosphorylated spe-
cies were recovered nearly exclusively in the pellet (Fig. 6C,
lane 4). In contrast, membrane levels of NDR1 (Y31A) were
not increased despite efficient membrane targeting of mp-
hMOBIA (Fig. 6C, lane 6). Further, phospho-S281 species and
NDR kinase activity were significantly increased in membrane
fractions only when wild-type NDR1 was coexpressed with
mp-hMOBIA (Fig. 6D and E, lane and bar 4). NDR1 (Y31A)
activity and phosphorylation were not elevated by mp-
hMOBIA (Fig. 6D and E, lane and bar 6). NDR1 (T74A) was
also not activated by mp-hMOBI1A (data not shown), further
supporting the conclusion that membrane recruitment and ac-
tivation of NDR1 by mp-hMOBI1A are dependent on the
NDR-hMOB interaction. Importantly, mp-hMOB1B and mp-
hMOB2 (mp-MOBs) also activated NDR1 at the membrane
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FIG. 5. hMOBIA is mostly cytoplasmic, in contrast to hMOB2;
however, both species colocalize with NDR1 in the cytoplasm/mem-
brane. A. COS-7 cells expressing either GFP-hMOBIA (top panels),
myc-hMOBIA (second top panels), HA-hMOBI1A (middle top pan-
els), Flag-hMOB2 (middle bottom panels), myc-hMOB2 (second bot-
tom panels), or HA-hMOB2 (bottom panels) were either left un-
treated (— OA) or incubated with 1 pM okadaic acid (+ OA), before
processing for immunofluorescence microscopy using no, anti-myc,
anti-HA Y11, or anti-Flag M2 antibody. GFP/FITC signals are shown
in green. Nuclei are indicated in blue. B. Cells cotransfected with
myc-hMOB1A/HA-NDR1 (top panels) or myc-hMOB2/HA-NDR1
(bottom panels) were analyzed by immunofluorescence microscopy
using anti-myc 9E10 (green) and anti-HA Y11 (red) antibodies.
Merged images of hMOB and NDRI staining are shown (merge).
Enlargement of the region indicated by a white rectangle is shown in
the middle panels. Arrowheads indicate colocalization sites at the
plasma membrane.
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FIG. 6. Membrane-targeted hMOB1A potently activates NDRI1 at the plasma membrane. A. Lysates of COS-7 cells coexpressing the indicated
combinations of HA-tagged wild-type (wt) or MOB1A-binding-deficient (Y31A) NDR1, myc-tagged hMOBI1A, and membrane-targeted hAMOBIA
(mp-myc-hMOB1A) were analyzed by immunoprecipitation (IP) using anti-HA 12CAS5 antibody. Complexes were assayed by Western blotting
using anti-T444-P (top panel), anti-S281-P (middle top panel), and anti-HA antibody (middle bottom panel). Lysates were immunoblotted with
anti-myc 9E10 antibody (bottom panel). B. In parallel, immunocomplexes were subjected to kinase assays. The robust increase of NDRI1 activity
by coexpression of membrane-targeted hMOBIA is marked in red. C. Cells transfected with the indicated NDR1 and hMOBIA constructs were
subjected to S100/P100 fractionation (S, cytoplasm; P, membrane) before immunoblotting with anti-T444-P (top panel), anti-HA 12CAS (middle
panel), and anti-myc 9E10 (bottom panel) antibodies. D. The S100/P100 extracts described above for panel C were subjected to immunoprecipi-
tation using anti-HA 12CAS antibody before analysis by Western blotting using anti-T444-P (top panel), anti-S281-P (middle panel), and anti-HA
(bottom panel) antibodies. An unspecific signal is indicated by an asterisk. E. In parallel, inmunocomplexes were subjected to kinase assays. The
increase of NDRI1 activity in the membrane fraction is marked in red. F. Cells coexpressing HA-NDR1 wt/empty vector (top panels), HA-NDR1
wt/myc-hMOB1A (middle top panels), HA-NDR1 wt/mp-myc-hMOBIA (middle bottom panels), or HA-NDR1 (Y31A)/mp-myc-hMOB1A
(bottom panels) were processed for immunofluorescence analysis with anti-T444-P (green), anti-myc 9E10 (red), and anti-HA 3F10 (blue)
antibodies. Error bars indicate standard deviations.
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(see Fig. S6 in the supplemental material). The efficacy of These experiments did not reveal the intracellular mem-

activation was paralleled by the efficacy of membrane seques-
tration of NDR1 by mp-MOBs. mp-hMOBIB recruited more
NDRI1 to the membrane than mp-hMOB?2 (see Fig. S6C, lanes
4 and 6, in the supplemental material), and as a result, more
Thr444-P species and higher kinase activity were detected (see
Fig. S6A and B, lanes 3 and 5, in the supplemental material).

brane structures where NDR was activated, and we therefore
examined cells expressing NDR1 and mp-hMOBI1A by immu-
nofluorescence microscopy (Fig. 6F). NDR1 was mostly cyto-
plasmic with or without coexpression of untargeted hMOB1A
(Fig. 6F, top and top middle panels), but NDR1 was found to
decorate the plasma membrane after mp-hMOBIA expression
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FIG. 7. Membrane-targeted hMOBI1A stabilizes native NDR1 pro-
teins. A. U2-OS cells were transfected with empty vector, HA-
hMOBIA, or mp-HA-hMOBIA before analysis by immunoblotting
using anti-T444-P (top panel), anti-NDR1 (middle top panel), anti-HA
12CAS5 (middle bottom panel), and anti-a-tubulin (bottom panel) an-
tibodies. Arrowheads indicate NDR1 forms. B. U2-OS cells trans-
fected with empty vector, HA-hMOBI1A, or mp-HA-hMOBIA were
subjected to S100/P100 fractionation (S, cytoplasm; P, membrane)
before immunoblotting with anti-T444-P (top panel), anti-NDR1
(middle panel), and anti-HA 12CAS (bottom panel) antibodies. C.
U2-0S cells expressing wild-type (top panels) or membrane-targeted
hMOBIA (bottom panels) were analyzed by indirect immunofluores-
cence with anti-T444-P (green) and anti-HA 12CA5 (red) antibodies.
Nuclei are in blue.

(Fig. 6F, bottom middle panels). Significantly, most forms
phosphorylated on Thr444 were also observed at the plasma
membrane, while NDR1 (Y31A) was not recruited to the
plasma membrane, nor were Thr444-P molecules detected
(Fig. 6F, bottom panels), indicating that NDR1 association
with the plasma membrane is dependent on interaction with
mp-hMOBIA.

Next, we expressed nontargeted and mp-hMOBIA in
U2-0S cells to address the activation of native NDR1 species
and found that endogenous NDR1 can also be activated once
hMOBIA is targeted to the membrane (Fig. 7A). Thr444-
phosphorylated NDR1 was solely detected in cells expressing
mp-hMOBIA, but total NDR1 levels were also increased (Fig.
7A, lane 3). To further address the localization of excess
NDR1 in mp-hMOBI1A-expressing cells, cells expressing either
hMOBIA or membrane-targeted hMOBI1A were separated
into cytoplasm and membrane and analyzed by immunoblot-
ting (Fig. 7B), revealing that basically all excess NDR1 species
accumulated at the membrane (Fig. 7B, lane 6). Strikingly,
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nearly all phospho-T444 protein was found enriched at the
membrane as well. Whether the effect of mp-MOBI1A on na-
tive NDR1 protein levels is mostly direct or indirect cannot be
answered currently, but considering all the evidence provided
here, it is rather unlikely that most of the effect is indirect.
Since OA treatment also results in a rapid up-regulation of
total NDRI1 levels (Fig. 1B; see Fig. S1C in the supplemental
material), it is rather tempting to speculate that activated
NDRI species are protected from rapid turnover after OA
treatment or membrane accumulation. However, the protec-
tion mechanism still needs to be defined.

To study the precise subcellular site of endogenous NDR1
activation at the membrane by mp-hMOBIA, U2-OS cells
expressing mp-hMOB1A were subjected to immunofluores-
cence analysis. Similarly to overexpressed NDR1 (Fig. 6F),
native Thr444-P forms localized to the plasma membrane, and
in fact in selected clusters (Fig. 7C, bottom panels), suggesting
activation of endogenous NDRI1 at certain sites of the mem-
brane.

Stimulated membrane association of hMOBIA leads to
rapid activation of NDRI1. Since the effects of mp-hMOBIA
accumulated over a 1-day period, any analysis of the sequence
or kinetics of events leading to NDRI1 activation was seriously
impaired. To overcome this limitation, we created a construct
that allowed rapid and inducible translocation of hMOBI1A to
the membrane. Earlier, a chimera of PKB and the C1 domain
of PKCa was used successfully to study the kinetics of PKB
activation at the membrane (2); phorbol ester (e.g., TPA)
treatment of this chimera rapidly induced membrane binding.
Similarly, the C1 domain fused to the N terminus of h(MOBIA
(C1-hMOBL1A) recruited this chimeric protein exclusively to
the membrane fraction after a few minutes of TPA stimulation
(Fig. 8A, bottom panels). When the NDR1 (Y31A) was coex-
pressed, TPA-induced membrane association of C1-hMOB1A
did not lead to recruitment of NDRI1 species to the membrane
(Fig. 8A, lane 12), suggesting that NDR1 unable to bind to
C1-hMOBIA is not enriched at the membrane. Wild-type
NDRI1 alone was also not enriched at membranous structures
after TPA treatment (data not shown). However, upon coex-
pression of wild-type NDR1 with C1-hMOBI1A and subse-
quent TPA incubation, Thr444-P species accumulated rapidly
in membrane fractions (Fig. 8A, lanes 4, 6, and 8). The phos-
phorylation reached a plateau after 20 min and remained con-
stant for at least 60 min (data not shown). This increase in
phosphorylation was accompanied by an accumulation of total
NDRI1 forms at the membrane, which was already obvious
after 5 min (Fig. 8A, lane 4). Interestingly, a fraction of CI-
hMOBIA was already present on the membrane before stim-
ulation, causing an increase of total membranous NDRI1 be-
fore TPA induction and thus the detection of some
phosphorylation on Thr444 (Fig. 8A, lane 2). The increase in
Thr444-P amount by TPA-induced membrane binding of C1-
hMOBIA was in full agreement with NDR1 activity changes
(Fig. 8C). While NDR1 coexpressed with C1-hMOBI1A in non-
stimulated cells was already about three- to fourfold more
active than wild-type enzyme alone (due to partial membrane
association of C1-hMOBI1A), this activity could be further
boosted sevenfold by TPA incubation (Fig. 8C, bars 3 and 4).
This activation was accompanied by phosphorylation on both
Ser281 and Thr444 (Fig. 8B, lanes 3 and 4). In control cells,
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FIG. 8. Induced membrane association of hMOBIA results in
rapid activation of NDR1. A. COS-7 cells expressing myc-tagged
hMOBIA fused to the C1 domain of PKCa (myc-C1-hMOB1A) and
wild-type (wt) HA-NDR1 or a MOB1A-binding deficient (Y31A) mu-
tant were serum starved overnight before incubation with TPA for the
indicated times. Cell lysates were subjected to S100/P100 fractionation
(S, cytoplasm; P, membrane) before immunoblotting with anti-T444-P
(top panel), anti-HA 12CAS (middle panel), and anti-myc 9E10 (bot-
tom panel) antibodies. B. Lysates of cells expressing HA-tagged wt or
NDR1 (Y31A) and myc-C1-hMOBIA were analyzed by immunopre-
cipitation (IP) using anti-HA 12CAS5 antibody. Complexes were as-
sayed by Western blotting using anti-T444-P (top panel), anti-S281-P
(top middle panel), and anti-HA (bottom middle panel) antibodies.
Lysates were immunoblotted with anti-myc 9E10 antibody (bottom
panel). Prior to lysis cells were incubated for 20 min with (+) or
without TPA. C. In parallel, immunocomplexes were subjected to
kinase assays. The significant elevation of NDR1 activity by stimulated
membrane association of myc-Cl1-hMOBIA is highlighted in dark
gray. Error bars indicate standard deviations.

phosphorylation of NDR1 on Ser281 and Thr444 as well as its
enzymatic activity were not significantly altered by TPA treat-
ment (Fig. 8B and C, lanes and bars 1 and 2), which excludes
the possibility that the observed activation of NDR1 by mem-
brane-bound C1-hMOBIA after TPA induction was simply
due to direct activation of NDR1 by TPA. Moreover, coex-
pression of C1-hMOBI1A and NDR1 (Y31A) resulted in nei-
ther increased enzymatic activity nor changes in phosphoryla-
tion, irrespective of TPA induction (Fig. 8B and C, lanes and
bars 5 and 6). Thus, activation of NDR1 by C1-hMOBIA is a
consequence of NDR1 recruitment to the plasma membrane,
which is dependent on the interaction of NDRI1 with
hMOBIA.
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Nucleus-targeted NDR accumulates in the cytoplasm after
OA treatment. Since a fraction of NDR1 was also found to
reside in the nucleus (Fig. 1 and 3), we targeted NDRI1 to the
nucleus to test finally whether this nuclear pool can be acti-
vated by PP2A inhibition. NDR1 tagged N terminally with the
strong NLS of SV40 (NLS-NDR1) was expressed in COS-7
cells. Interestingly, NLS-NDR1 phosphorylation on Ser281
and Thr444 as well as its activity were increased by OA incu-
bation comparably to wild-type protein (Fig. 9A and B, lanes
and bars 1 to 4). As expected, when kinase-dead NLS-NDR1
was tested, Ser281 phosphorylation and kinase activity were
abolished, while phosphorylation on Thr444 still occurred (Fig.
9B, bars 5 and 6). The efficient nuclear targeting of various
NLS-NDRI1 species was confirmed by immunofluorescence
analysis (Fig. 9C, left panels). However, OA treatment led to
the accumulation of Thr444-phosphorylated NLS-NDR1 in the
cytoplasm (Fig. 9C, right panels). Significantly, kinase-dead
(K118A) and MOBI-binding-deficient (Y31A) NLS-NDRI1
proteins were observed in the cytoplasm, like their wild-type
counterparts, after OA treatment (Fig. 9C), suggesting that
neither kinase activity nor MOB1 binding is required for this
effect. In contrast, GFP protein N-terminally tagged with the
NLS of SV40 (NLS-GFP) was consistently detected in the
nucleus irrespective of OA incubation (Fig. 9D), demonstrat-
ing a certain specificity for the effect of OA incubation on
cytoplasmic NLS-NDR1 accumulation.

Further, coexpression of hMOBs with NLS-NDR1 changed
neither NDR'’s phosphorylation nor its activity status (data not
shown) despite recruitment of hMOBs to the nucleus by NLS-
NDR1 (see Fig. STA in the supplemental material; data not
shown), while mp-NDR1 was readily stimulated by hMOB
expression (Fig. 4D and E). Moreover, by showing that NLS-
NDRI recruited hMOBIA to the nucleus in an interaction-
dependent manner (see Fig. STA in the supplemental mate-
rial), we could rule out the possibility that activation of
nucleus-targeted NDR1 by OA only occurred in the cytoplas-
mic/membranous fraction due to lack of hMOBI recruitment
to the nucleus.

Finally, we addressed the effect of nucleus-targeted hMOB2
on NDR activity (see Fig. S7B, C, and D in the supplemental
material). Coexpression of NLS-hMOB2 with NDR1 resulted
in efficient nuclear accumulation of NDR species in most cells
(see Fig. S7B in the supplemental material), but neither
NDRI1’s phosphorylation nor its activity status was altered sig-
nificantly by such a nuclear concentration (see Fig. S7C and D
in the supplemental material), whereas membrane-targeted
hMOBs readily could activate NDR (Fig. 6; see Fig. S6 in the
supplemental material). These final data (Fig. 9; see Fig. S7 in
the supplemental material) rule out the possibility that mem-
brane activation of NDR at the membrane occurs solely as a
consequence of a subcellular concentration of NDR and
hMOB species but rather argue for a specific activation of
NDR species at the membrane.

DISCUSSION

Even though the precise function(s) of mammalian NDR
kinase is not sufficiently well defined, the available evidence
suggests that under certain conditions both human NDR forms
can be involved in tumor progression (1, 15, 18). NDR1 was



8270 HERGOVICH ET AL.
OA (1um)  + + +
HA-NDR1 Wt wt - - - -
NLS-HA-NDR1 - - wt wt kd kd

= - == |a-T444-P

- 02 -$281-P

60

50
s a-HA

40

30
20 11‘
10}

0Lle= =

1 2 3 4 § 6 GFP

relative kinase activity

MoL. CELL. BIOL.

- 0A + OA
wt
K118A
T444A
Y31A
a-T444P  DNA a-HA o-T444-P DNA
SV40NLS-GFP

DNA GFP DNA

FIG. 9. Activation of nucleus-targeted NDR1 results in cytoplasmic accumulation of NDR species. A. Lysates of COS-7 cells expressing
HA-tagged wild-type (wt), SVAONLS-tagged (NLS) wt, or kinase-dead (kd) NDR1 were analyzed by immunoprecipitation (IP) using anti-HA
12CAS antibody. Complexes were assayed by Western blotting using anti-T444-P (top panel), anti-S281-P (middle panel), and anti-HA (bottom
panel) antibodies. Prior to lysis, cells were incubated with (+) or without (—) OA. B. In parallel, immunocomplexes were subjected to kinase assays.
Error bars indicate standard deviations. C. COS-7 cells expressing SV40NLS-tagged wild-type (top panels), kinase-dead (K118A) (top middle
panels), Thr444Ala (T444A) (bottom middle panels), or MOB1A-binding-deficient (Y31A) (bottom panels) NDR1 were either left untreated
(— OA) or incubated with okadaic acid (+ OA) before processing for immunofluorescence using anti-HA 12CAS5 (red) and anti-T444-P (green)
antibodies. Nuclei are indicated in blue. D. COS-7 cells transfected with nucleus-targeted GFP (SV40NLS-GFP) were either left untreated (— OA)
or incubated with okadaic acid (+ OA) before fixation. Nuclei are indicated in blue.

found to be up-regulated in progressive ductal carcinoma in
situ, as well as in some melanoma cell lines (1, 15). NDR1 may
potentially influence the tumor metastatic potential of mela-
nomas, since S100B can hyperactivate NDR1 (15) and S100B
is overexpressed in more than 80% of metastatic melanomas
(8). Furthermore, NDR2 levels are elevated in a highly meta-
static non-small-cell lung cancer cell line (18). Despite these
important findings, the regulation of NDR activity has not
been implicated in any signal transduction pathway in vivo.
hMOBs have been shown to stimulate NDR in vitro (3, 4), but
overexpression of hMOBIA was not sufficient to activate NDR
in vivo (3).

By readdressing the intracellular distribution of NDR1 and
NDR2, we determined that both inactive and active NDR
kinases were mostly cytoplasmic in our experimental settings
using different cell types and epitope tags to detect NDR
species. Overexpressed, as well as native, NDR1 species were
detected mainly in the cytoplasm. Even nuclear targeting of
NDR could not prevent its cytoplasmic accumulation after OA
treatment. Interestingly, hMOB1A and hMOB1B (hMOB1)
were also enriched in the cytoplasmic compartment, while
hMOB?2 was rather equally distributed between nucleus and

cytoplasm. Nevertheless, all three hMOBs colocalized with
NDR species in the cytoplasm and at the plasma membrane,
suggesting that activation of NDR by hMOBs most likely oc-
curs outside of the nucleus. The subcellular localization of
NDR and hMOBs also proved to be interdependent. Targeting
of NDRI1 to the nucleus resulted in nuclear sequestration of
hMOBI, while membrane binding of hMOBs recruited NDR
forms to membranes. These findings are in contrast to previous
reports identifying NDR1 as a mainly nuclear kinase (4, 5, 14).
The reason for the difference is most likely due to a misinter-
pretation of immunofluorescence data (see Fig. S2 in the sup-
plemental material). Nevertheless, it currently cannot be ex-
cluded that under certain conditions NDR species could be
found enriched in the nucleus. However, one study (4) used
only GFP-tagged hMOBs (which are shown here to affect the
intracellular distribution of GFP-hMOBIB artificially), did not
further test the subcellular localization of NDR by adding
nuclear or membrane tags, and did not address the function-
ality of the postulated NLS of NDR1 or NDR2. Our current
experiments tested the functionality of the NDR1 NLS (Fig. 2)
and failed to provide convincing data for a strong NLS. More-
over, the N and C termini of NDR1 were not required for its
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cytoplasmic localization. In addition, kinase activity of NDR1
appears to be dispensable for accumulation in the cytoplasm
(Fig. 3).

Residues 22 to 82, encompassing the SMA domain of
NDRI1, were shown to be essential for membrane association
of NDR. Permanent membrane targeting of NDRs resulted in
a kinase with constitutive enzymatic activity that could be fur-
ther enhanced by elevation of hMOBI1A levels. Membrane-
bound NDR was not efficiently phosphorylated on Ser281/
Ser282 in vivo. Even PP2A inhibition did not change the
Ser281 phosphorylation significantly, while an increase in
hMOBIA levels proved sufficient to generate Ser281-P
amounts similar to those with stimulated wild-type enzyme.
Although Ser281 phosphorylation was linked to NDR kinase
activity, phosphorylation on Thr444 was readily seen when
NDR was membrane targeted, irrespective of its own enzy-
matic activity or OA stimulation. This phosphorylation could
be further elevated by OA treatment or hMOBIA coexpres-
sion, suggesting that phosphorylation on Thr444 is not
achieved by autophosphorylation but occurs by action of an
upstream kinase that can be activated by PP2A inhibition and
appears also to be facilitated by hMOBs. Overall, these data
are in full agreement with previous observations (3, 16, 20, 23),
further supporting a model in which binding of hMOBI to the
N-terminal domain of NDR induces its Ser281 autophosphor-
ylation activity, while phosphorylation on Thr444 is carried out
by a hydrophobic motif kinase (Stegert et al., submitted for
publication).

Despite giving more insight into the sequence and subcellu-
lar localization of events, these data did not reveal how fast
NDR is activated at the membrane or whether MOB binding
occurs prior to or after membrane association. How NDR is
potentially recruited to the membrane was also not clear. We
demonstrated that coexpression of membrane-targeted
hMOB:s is sufficient for potent stimulation of NDR activity and
that activation is dependent on the efficiency of membrane
recruitment of NDR species. This suggests that constitutive
membrane binding of hMOBs is enough for activation of
NDRs, most likely due to recruitment of NDR into spatial
proximity to its upstream activators. However, due to the use
of a constitutive membrane tag, these experiments were im-
paired in their analysis of the sequence and kinetics of events
leading to NDR activation in vivo. This limitation was over-
come by using a chimeric protein of hMOBIA fused to the C1
domain of PKCa. Upon phorbol ester treatment, this chimera
was induced to bind to membranes, allowing analysis of the
effect of rapid translocation of hMOB1A on NDR activity.
NDR was found to be activated within 5 min after stimulation
of membrane association of hMOB1A and remained active for
at least 60 min at the membrane. Moreover, phosphorylation
on Thr444 was dramatically increased and was detected solely
in membrane fractions, indicating that the upstream kinase
responsible for this phosphorylation is most likely constitu-
tively active at the membrane. In Fig. 10, we propose a model
for activation of NDR by hMOBs in vivo. NDR is corecruited
to the membrane by hMOB, allowing its proximity to the
upstream kinase of NDR and subsequent Thr444 phosphory-
lation. In addition, hMOB binding to the N terminus of NDR
stimulates autophosphorylation on Ser281, resulting in a fully
active kinase on the membrane. This active kinase is not re-
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FIG. 10. Model of potential NDR activation at the membrane.
NDR is recruited by hMOB to the plasma membrane, thereby bringing
NDR into the proximity of its upstream kinase (HMK [Aydrophobic
motif kinase]). Subsequently, NDR is phosphorylated on Thr444 by
HMK, while Ser281 is phosphorylated by NDR itself, leading to full
activation of NDR at the plasma membrane. The active kinase is
inactivated by PP2A. The HMK is apparently also regulated by PP2A
(Stegert et al., submitted for publication).

leased from the membrane (at least for 60 min under our
experimental conditions), allowing local activity of NDR at
certain sites close to the plasma membrane. However, the
question of which hMOB form could be the main regulator of
NDR is rather puzzling at the moment. Coimmunoprecipita-
tion data (see Fig. S4 in the supplemental material) would
support hMOB2, while membrane corecruitment data would
rather support hMOB1A/B (Fig. 6; see Fig. S6 in the supple-
mental material). Of note, these differences cannot be ex-
plained by different affinities of hMOB2 and mp-hMOB2 for
NDR, since mp-hMOB2 coimmunoprecipitated with NDR
with much higher efficacy than mp-hMOBI1A/B (data not
shown). Still, in our overexpression settings, all three isoforms
could activate NDR only once targeted to the membrane (Fig.
6; see Fig. S6 in the supplemental material). Overall, address-
ing hMOB expression patterns and putting such data into the
context of NDR activation will be essential in understanding
the NDR/hMOB relationship.

Of course, this study raises some crucial questions with re-
spect to NDR activation on the plasma membrane, such as
which physiological stimuli lead to membrane recruitment of
hMOBs and which substrates are targeted at the membrane. In
this context, it is important to note that, based on structural
analysis of hMOBI1, NDR is very likely to interact with a
conserved surface exhibiting a strong negative charge on
hMOBI, while a rather positively charged area located on the
other side of hMOB1 might be responsible for interacting with
other factors (17, 19). Potentially, this positive surface on
hMOBI could play a role in recruitment and attachment to the
membrane.

The determination of a biological role of membrane-bound
NDRs will be essential to fully elucidate its function. While the
yeast, Drosophila, and Caenorhabditis elegans homologues of
NDRs have been shown to be involved in cell cycle progression
and cell morphology (22), the functions of mammalian NDR1
and NDR2 have as yet not been established. In particular,
worm and fly NDR kinases have been shown previously to play
central roles in neuronal processes (6, 7). However, a recent
report suggests that the murine NDR2 form also plays an
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important role in neuronal growth and differentiation (21).
Thus, it will be essential to test how much localized activation
of NDR on the plasma membrane contributes to the neuronal
functions described by Stork et al. (21). Nevertheless, our work
provides important information relevant to the role of NDR in
cancer biology. Experiments addressing the potential of NDR
to transform cells, its subcellular localization in NDR-up-reg-
ulated tissues, and changes in cell morphology and migratory
behavior are important in this respect. Given that NDR1 and
NDR?2 have been implicated in different cancer types, any
molecular insights gained will provide a deeper understanding
of the function(s) of NDR and its potential as a therapeutic
target for treatment of human cancers.
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