
Smad inhibition by the Ste20 kinase Misshapen
Satoshi Kanekoa, Xiaochu Chena, Peiyuan Lua,1, Xiaohao Yaoa, Theodore G. Wrighta, Mihir Rajurkarb, Ken-ichi Kariyac,
Junhao Maob, Y. Tony Ipa, and Lan Xua,2

aProgram in Molecular Medicine and bDepartment of Cancer Biology, University of Massachusetts Medical School, Worcester, MA 01605; and cDepartment of
Medical Biochemistry, University of the Ryukyus, Okinawa 903-0215, Japan

Edited* by Joan Massagué, Memorial Sloan-Kettering Cancer Center, New York, NY, and approved May 25, 2011 (received for review March 15, 2011)

The level of TGF-β/bone morphogenetic protein (BMP) signaling
through Smad is tightly regulated to ensure proper embryonic pat-
terning and homeostasis. Here we show that Smad activation by
TGF-β/BMP is blocked by a highly conserved phosphorylation event
in the α-helix 1 region of Smad [T312 in Drosophila Smad1 (MAD)].
α-helix 1 phosphorylation reduces Smad interactionwith TGF-β/BMP
receptor kinase and affects all receptor-activated Smads except
Smad3. Tissue culture and transgenic studies in Drosophila further
demonstrate that thebiological activityofMAD is repressedbyT312
phosphorylation in vivo. ThroughRNAi screeningof the kinome,we
have identified Misshapen (Msn) and the mammalian orthologs
TNIK, MINK1, and MAP4K4 as the kinases responsible for α-helix 1
phosphorylation. Targeted expression of an active form of Msn in
thewing imaginal disk disrupted activation of endogenousMADby
Dpp and expression of the Dpp/MAD target gene. Msn kinases be-
long to the Ste20 kinase family that has been shown to act as MAP
kinase kinase kinase kinase (MAP4K). Our findings thus reveal
a function of Msn independent of its impact on MAP kinase cas-
cades. This Smad inhibitionmechanism byMsn likely has important
implications for development and disease.
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TGF-β cytokines are critical regulators of embryonic devel-
opment and adult tissue homeostasis (1, 2). TGF-β signal

transduction is mediated by the Smad transcription factors (3–5).
Binding of the TGF-β ligands activates type I receptor kinase
activity (ALK1-7 in mammals), which then directly phosphor-
ylates the SXS motif at the C-termini of receptor-activated Smads
(R-Smads), including Smad1/2/3/5/8 (6–9). After C-terminal
phosphorylation, R-Smads associate with Smad4 and are trans-
ported by Msk/Imp7/8 into the nucleus (10). Thus, C-terminal
phosphorylation of R-Smads is an obligatory step that switches on
the TGF-β/bone morphogenetic protein (BMP) pathway. Among
the TGF-β family members, TGF-β/activin/Nodal mainly induces
C-terminal phosphorylation of Smad2/3, whereas BMPs activate
Smad1/5/8. In the highly conserved C-terminal MH2 domains of
Smads, the L3 loop contains sequence elements that distinguish
between Smad1/5/8 and Smad2/3 and also confer specificity in the
interaction of Smads with different ALKs (11–13). In the case of
ALK1/2-mediated phosphorylation of Smad1/5/8 C-termini, ad-
ditional sequences in the α-helix 1 region of these Smads play
critical roles as well (14). Thus, both the L3 loop and α-helix 1
region of Smads are important for the recognition of and physical
interaction with their upstream receptor kinases.
Cells must integrate other signal inputs in response to TGF-

β/BMP. One important factor in the regulation of TGF-β/BMP
signaling is the phosphorylation of Smads in the linker region
by MAPKs, GSK3 kinase- or cyclin-dependent kinases (CDK2/4/
8/9) (15–19). Linker phosphorylation induces the interaction of
Smad with the E3 ubiquitin ligase Smurf1 or Nedd4L, and sub-
sequent Smad degradation (18–20). TGF-β/BMP treatment in-
duces Smad linker phosphorylation, but kinetically it lags behind
Smad C-terminal phosphorylation. This led to the hypothesis that
linker phosphorylation is a negative feedback mechanism for spe-
cifically removing activated Smads (18, 19). However, recent data
also suggest that linker phosphorylation enhances the interaction

of Smads with the transcription factor YAP and promotes Smad
target gene expression (21). Although the exact outcome on linker
phosphorylation in Smad is complex, these reports exemplify how
cross-talking signals can modulate TGF-β/BMP signaling.
In this study, we identified a single phosphorylation event in the

α-helix 1 region of Smads that effectively blocks Smad phos-
phorylation at the C terminus. Through RNAi screening of the
kinome, we identified Msn and its mammalian orthologs, mem-
bers of the Ste20 family, as the responsible kinases in Drosophila
and mammalian cells. Functional assays in cell culture and Dro-
sophila whole animals further demonstrated the ability of Msn
kinases to suppress the biological functions of Smad.

Results
α-Helix 1 Phosphorylation of Smads Inhibits TGF-β/BMP Signal Trans-
duction in Drosophila and Mammalian Cells. While studying the
impact of phosphatases on TGF-β/BMP signaling, we found that
depletion of endogenous PP2A in Drosophila wings resulted in
greatly reduced C-terminal phosphorylation of MAD (Drosophila
Smad1) in vivo (Fig. S1A). This suggested that a loss of PP2A
function might induce a Smad inhibition mechanism. In the
meantime, mass spectrometry analysis of MAD isolated from
okadaic acid (OA; a PP2A inhibitor)-treated S2 cells revealed three
phosphorylation sites in the MH2 domain: S293, T312, and S446
(Fig. 1A). These sites are highly conserved in mammalian Smads
except for T312, which in Smad3 is an alanine instead (Fig. 1A).
We mutated these phosphorylation residues into aspartic acid

and found that a single phosphomimetic mutation of T312 largely
prevented MAD C-terminal phosphorylation in response to
Dpp (Drosophila BMP2) (Fig. 1B). Importantly, mutating T312
to nonphosphorylatable valine (MADT312V) had no effect on C-
terminal phosphorylation, suggesting that it is the phosphoryla-
tion status of T312 that critically determines whetherMAD can be
activated by Dpp (Fig. 1C). T312 and its neighboring residues are
highly conserved in mammalian R-Smad, with Smad3 the only
exception (Fig. 1A). Indeed, mutating the T312 equivalent in
Smad1 (i.e., T322) into aspartic acid nearly abolished Smad1
C-terminal phosphorylation in response to BMP2 (Fig. 1D). A
similar phosphomimetic mutation in Smad2 (i.e., T324D) also
caused significantly decreased C-terminal phosphorylation in
TGF-β–treated cells (Fig. 1E). Therefore, phosphorylation of the
α-helix 1 residue appears to be a novel Smad inhibition mecha-
nism in Drosophila and mammalian cells.
Interestingly, it has been suggested that amino acid residues

adjacent to T312 are critical for recognition of Smad1 by the type
I receptor kinase ALK1 (14). This raised the possibility that
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phosphorylation of T312 might affect the interaction of MAD
with its upstream receptor kinase Thickvein (Tkv). In a coim-
munoprecipitation experiment, MADT312D showed a much weaker
interaction with Tkv compared with either WT MAD or
MADT312V (Fig. 1F). Structural analyses have indicated that the
strength of interaction between Smad and TGF-β/BMP receptor
kinase is critical for the C-terminal phosphorylation of Smad
(22). Thus, our observation here suggests a plausible mechanism
by which T312 phosphorylation inhibits MAD activation in re-
sponse to Dpp.

Biological Function of MAD Is Suppressed by T312 Phosphorylation.
We further investigated whether the T312 phosphorylation of
MAD suppresses MAD’s biological activity. We examined
transcriptional activation of dad, a typical Smad target gene from
Drosophila to vertebrates. When endogenous MAD was knocked
down in S2 cells by a dsRNA targeting its 3′-UTR, Dpp in-
duction of dad was largely abolished (Fig. 2A; compare columns
1 and 5). Using exogenous mad cDNA to rescue the RNAi ef-
fect, we found that whereas both WT and a nonphosphorylatable

mutant MADT312V fully restored the Dpp-induced dad tran-
scription, MADT312D failed to rescue mad RNAi (Fig. 2A;
compare columns 5 and 6–8). In cells with control RNAi, ex-
ogenous WT or MADT312V further elevated dad expression
above the level achieved by endogenous MAD; in contrast,
overexpression of MADT312D had no significant effect (Fig. 2A;
compare columns 1 and 2–4). This suggests that phosphorylation
of MAD on T312 inactivates the biological function of MAD.
Is T312 phosphorylation an important regulatory input on

MAD in vivo? Loss-of-function mad mutants, such as the
madk00237 allele, are recessive lethal. We thus compared the
ability of WT and MADT312V to rescue the lethality phenotype.
Our reasoning for this is that if indeed T312 phosphorylation
negatively regulates MAD, then MADT312V will be expected to
be resistant to such inhibition and to exhibit a stronger biological
activity than WT MAD. We generated transgenic flies with heat-
shock–inducible mad transgene expression. Rearing the flies at
29 °C was insufficient to permit rescue of lethality by WT mad
(Table S1). On a 37 °C heat shock, WT mad partially rescued the
embryonic lethality of the madk00237 allele, and the rescue effi-
ciency was increased with more frequent heat shocks (Fig. 2B).
Such incomplete rescue might be attributed to heat shock not
inducing adequate MAD expression in the right tissues with the
right timing. Nevertheless, this assay allowed us to compare the
activity in WT and mutant MAD. Indeed, the madT312V trans-
gene was much more effective than the WT mad in rescuing the
lethality phenotype (Fig. 2B). We obtained similar results using
two independent transgenic lines of both WT and madT312V, and
apparently WT and MADT312V were expressed at similar levels
(Fig. S2A). This indicates that MADT312V has more potent bi-
ological activity than WT MAD in this assay, supporting the no-
tion that T312 phosphorylation negatively regulates MAD in vivo.
We developed a phospho-T312–specific antibody, pT312-MAD

(Fig. S2B). None of the common agents known to activate many
kinases, including phorbol ester, insulin, camp, and calcium ion-
ophore, caused any detectable phosphorylation of T312 (Fig. 2C).
To date, OA is the only pharmacologic agent that we have tested
that stimulated T312 phosphorylation (Fig. 2C). Perhaps OA
treatment activates signaling events normally suppressed by PP2A,
which culminate in Smad α-helix 1 phosphorylation. Therefore, in
this study we used OA as a biochemical tool to trigger robust
MAD phosphorylation on T312. Consistent with its ability to in-
duce the inhibitory T312 phosphorylation, OA strongly inhibited
MAD C-terminal phosphorylation in response to Dpp (Fig. S2C).
This observation also agrees with the transgenic data shown in Fig.
S1. However, it is important to point out that several studies have
shown that PP2A physically interacts with and regulates TGF-
β/BMP receptor kinases (23–25). Thus, our observations could be
attributable to multiple impacts of PP2A on the receptor kinases,
α-helix 1 of Smad, and possibly other components in the TGF-
β/BMP pathway.

Msn Kinase Is Required for α-helix 1 Phosphorylation of Smad. We
screened a Drosophila Ser/Thr kinase RNAi library to search for
the T312 kinase (Fig. 3A; Table S2 provides a complete list). The
Ste20 kinase Msn emerged as a strong hit, and reduction of MAD
T312 phosphorylation was observed with two nonoverlapping
RNAi constructs against Msn (Fig. 3A). We used a MAD antibody
to immunoprecipitate endogenous MAD and confirmed that
T312 phosphorylation of endogenous MAD required Msn (Fig.
3B). Whole cell extract from OA-treated S2 cells was capable of
phosphorylating purified recombinant MAD on T312 in vitro
(Fig. 3C). Again, RNAi against Msn largely depleted such T312
kinase activity (Fig. 3C). Therefore, in two different assays, Msn
appeared to be required for phosphorylation of MAD on T312.
Three Msn orthologs are annotated in the mammalian ge-

nome: TNIK, MINK1, and MAP4K4. In several human cancer
cell lines that we have tested (Panc-1, HCT-116, and U251), OA
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Fig. 1. Identification of a phosphorylation site in Smad that suppresses TGF-
β/BMP-induced C-terminal phosphorylation. (A) Mass spectrometry identi-
fied phosphorylation sites in MAD. Drosophila and mammalian Smads
sequences are aligned, with the newly identified phosphorylation sites
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treatment stimulated Smad1 phosphorylation at T322 (equiva-
lent to T312 in MAD) (Fig. 3D). We tested a siRNA duplex that
targets a nucleotide sequence highly conserved among all three
mammalian Msn kinases. It significantly knocked down endog-
enous MAP4K4 and MINK1, and as a result, T322 phosphory-
lation of Smad1 in response to OA was significantly decreased
(Fig. 3E). This result was validated by a different shRNA con-
struct in a second cell line (e.g., Panc-1) (Fig. S3). Therefore, in
mammalian cells, Smad1 phosphorylation in α-helix 1 also de-
pends on Msn kinases.
Msn belongs to the Ste20 kinase family, in which the members

share a conserved kinase domain but otherwise diverge sub-
stantially in sequences (26). Our finding here is the first indication
that Msn may be a regulator of Smad signaling.

Msn Kinases Directly Phosphorylate α-Helix 1 of Smad. Over-
expression of Msn alone did not result in detectable MAD T312
phosphorylation, although after OA treatment, cells with Msn
overexpression exhibited higher levels of T312 phosphorylation
(Fig. 4A). Therefore, Msn appears to be inactive in untreated
S2 cells. In human 293T cells, OA alone did not cause detect-
able Smad1 T322 phosphorylation (Fig. 4B). Overexpression of
TNIK, MINK1, or MAP4K4 caused weak Smad1 T322 phos-
phorylation; however, in all cases, OA strongly enhanced the
ability of these kinases to phosphorylate Smad1 on T322 (Fig.
4B). We carried out an in vitro kinase assay using separately
purified Msn kinases and FLAG-Smad1. The activities of Msn
kinases, especially in the case of MAP4K4 and MINK1, were
markedly stronger when purified from OA-treated cells (Fig.
4C). This suggests that these kinases are suppressed by PP2A in
cells. Importantly, in all cases, mutation of the highly conserved

K54 residue in the kinase domain completely abolished Smad1
phosphorylation in α-helix 1 (Fig. 4C), confirming that the Msn
kinases themselves, not another copurified kinase, caused the
Smad1 phosphorylation on T322.
Moreover, a GST fusion of the kinase domain of MINK1

produced in Escherichia coli phosphorylated α-helix 1 of Smad1
and Smad2, but not that of Smad3, in vitro (Fig. 4D). This result
suggests that Msn kinases are perhaps kept inactive by an
autoinhibitory mechanism, and that removing the rest of the
molecule renders Msn constitutively active. More importantly,
the result further confirms that Msn kinases can directly phos-
phorylate Smad in α-helix 1.

Msn Is Activated by Membrane Association. Very little is known
about how Msn kinases are activated. Interestingly, Msn was
present mostly in the cytoplasm, but after OA treatment, the
bulk of Msn translocated to the cell membrane (Fig. 5A). This
observation raised the possibility that membrane association
might contribute to activation of the Msn kinase. We tested this
idea by engineering a myristoylation sequence (MGNCLT) to
the N terminus of Msn (myr-Msn). Indeed, myr-Msn was far
more potent in causing phosphorylation of MAD on T312
without the need for OA, even though myr-Msn was expressed at
a much lower level compared with WT Msn (Fig. 5B). It is im-
portant to determine whether the increase in MAD T312
phosphorylation was actually due to a gain in Msn catalytic ac-
tivity or to another mechanism, such as physical proximity to
MAD. In an IP kinase assay, myr-Msn exhibited much stronger
catalytic activity than WT Msn, taking into consideration the
much lower amount of myr-Msn (Fig. S4). Thus, membrane

20

15

10

0

W
T

T3
12

D

T3
12

V

5

W
T

T3
12

D

T3
12

V

Control RNAi MAD 3'-UTR RNAi

Control
Dpp

R
el

at
iv

e 
ex

pr
es

si
on

 
   

   
 le

ve
l o

f d
ad

ve
ct

or

ve
ct

or

A

B Rescue of mad k00237  Lethality by Transgenic Constructs 

Survival rate  ________________
Genotype_________________hs every 48h       hs every 24h___

mad k00237           0%      (n=344)         0%      (n=280) 
mad k00237; hs-mad-1        0%      (n=181)         2.9%   (n=171) 
mad k00237; hs-mad-2        0%      (n=291)         4.9%   (n=267) 
mad k00237; hs-mad-T312V-1       1.8%   (n=178)         18%    (n=227) 
mad k00237; hs-mad-T312V-2             1.6%   (n=187)         16.5% (n=127) 
_______________________________________________________

FLAG-MAD

tubulin

W
T

T3
12

D

T3
12

V

C

pT312-
MAD

FLAG

O
A

TP
A

In
s

O
A

TP
A

In
s

FLAG-MAD
WT                     T312V

1 2 3 4 5 6 7 8

ve
ct

or
Fig. 2. α-helix 1 phosphorylation suppresses biological func-
tions of MAD. (A) Stable S2 cell lines expressing WT and mu-
tant MAD were treated with indicated RNAi to deplete
endogenous MAD. After Dpp or vehicle (control) stimulation,
the mRNA level of dad was measured by quantitative real-
time PCR, with Rp49 as the standard (mean ± SD). (Right) The
expression levels of MAD constructs are shown. (B) Heat
shock–driven WT or mad T312V transgenes were tested for
their ability to rescue the lethality caused by madk00237. Two
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homozygous madk00237 (survival rate). A complete rescue is
expected to result in 33.3% of the progenies having straight
wings. n is the total number of curly-winged and straight-
winged progenies scored in each case. (C) S2 cells expressing
WT or FLAG-MADT312V were treated with OA (125 nM), TPA
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precipitated and analyzed using the indicated immunoblots.
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anchorage appears to be a critical step in activating the kinase
function of Msn.
With myr-Msn as a constitutively active kinase, we were able

to specifically evaluate the functional impact of Msn on TGF-
β/BMP signaling without the need for OA, which could activate
multiple pathways. When myr-Msn was transiently transfected
into S2 cells, the C-terminal phosphorylation of endogenous
MAD in response to Dpp was decreased (Fig. 5C; compare lanes
2 and 8). We also cotransfected myr-Msn with WT MAD or
MADT312V and specifically examined the exogenous MAD pro-
tein. Indeed, C-terminal phosphorylation of WT MAD was sig-
nificantly suppressed by the cotransfected myr-Msn (Fig. 5C;
compare lanes 4 and 10). Importantly, with the T312V mutation,
such a reduction in C-terminal phosphorylation was significantly
alleviated (Fig. 5C; compare lanes 6, 10, and 12). These data
argue that Msn inhibits MAD C-terminal phosphorylation by
phosphorylating T312. In parallel to the biochemical assays, we
measured the transcription level of dad, a MAD downstream
target gene. Overexpression of myr-Msn substantially decreased
dad expression in Dpp-treated cells (Fig. 5D). In comparison, in
cells expressing the MADT312V mutant, such inhibition by myr-
Msn was largely abrogated (Fig. 5D). The results of these func-
tional assays reinforce the notion that Msn suppresses MAD
primarily through T312 phosphorylation.

Ectopic Msn Activity Suppresses MAD Activation in Vivo. We asked
whether ectopically activated Msn could disrupt Dpp activation
of MAD in vivo. We generated transgenic flies containing UAS-
driven myr-Msn (HA-tagged) and targeted its expression spe-
cifically to the wing imaginal disk using the A9-Gal4 driver. Myr-
HA-Msn expression was greatest in the dorsal compartment of
the wing discs, so we quantified the pC-ter-MAD signal in this
segment to evaluate the level of MAD activation by Dpp (Fig.
5E; anti-HA staining). In the positive control experiment, A9-
driven RNAi against mad strongly reduced pC-ter-MAD signal
in the third instar wing disk (Figs. S5 A and B and S6A). Ex-
pression of myr-Msn also resulted in a greatly diminished pC-ter-
MAD immunostaining signal compared with the negative control
(Fig. 5E and Figs. S5B and S6A). As expected from the di-
minished pC-ter-MAD signal, the endogenous mRNA level of
dad was significantly reduced in the wing discs with ectopic myr-
Msn expression (Fig. S6B). These results are consistent with the
observations in S2 cells and demonstrate in vivo that activated
Msn is an inhibitor of MAD function.

Discussion
In this study, we uncovered a mechanism that keeps most R-
Smads (i.e., Smad1/2/5/8) in an “off” state by phosphorylating
a critical residue in the α-helix 1 domain (i.e., T312 in MAD,
T322 in Smad1/5/8, and T324 in Smad2) (Fig. 5F). Therefore,
Smad contains a built-in off switch that controls its availability
to transduce TGF-β/BMP signals. Interestingly, the α-helix 1
phosphorylation site is conserved in all R-Smads except Smad3,
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Fig. 4. Msn kinases directly phosphorylate α-helix 1 of Smad. (A) HA-Msn
and FLAG-MAD were expressed in S2 cells. After OA stimulation, FLAG-MAD
was immunoprecipitated and evaluated by immunoblot analysis. (B) 293T
cells were transfected and treated with OA as indicated. FLAG-Smad1 was
immoprecipitated, and phosphorylation on T322 was measured by immu-
noblot analysis. (C) IP-kinase assays. HA-tagged WT and catalytic mutants of
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binant MINK1 kinase domain (GST-MINK1K) purified from E. coli directly
phosphorylated purified recombinant Smads in vitro.
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indicating that the Msn kinases may selectively regulate physio-
logical responses to BMPs and those TGF-β effects mediated by
Smad2. Through an unbiased RNAi screening, we identified Msn
kinase(s) as the key regulator of the phosphorylation status of
α-helix 1 in Smad. Many Ste20 kinases, including Msn, have been
suggested to function as MAP4Ks (MAP kinase kinase kinase
kinase) upstream of MAP kinases, and here we uncovered an Msn
function as a direct suppressor of the TGF-β/BMP pathway.
Msn kinases have been implicated in a number of biological

processes. In development, Msn regulates dorsal closure in
Drosophila and mesoderm patterning in mice. In these contexts,
Msn has been postulated to act through the MAP kinase JNK,
but the direct Msn targets relevant to these developmental
processes remain unclear (27, 28). In mammalian cells, a recent
RNAi screening led to the identification of MAP4K4 as an in-
hibitor of adipogenesis (29). In separate RNAi screenings,
MAP4K4 was found to promote tumor cell motility (30), and
MINK1 was identified as a mediator of Ras-induced cell growth
arrest (31). More recently, TNIK was reported to be an activator

of Wnt target genes by interacting with and phosphorylating the
transcription factor TCF4 (32, 33). Therefore, the Msn kinases
likely serve as critical signaling nodes that, in parallel to repressing
Smad, may affect multiple pathways, giving rise to complex
pathophysiological outcomes. Our finding that Smad is a sub-
strate of Msn may provide insight into the biological functions of
Msn kinases.
What is the biological context that activates Msn kinase ac-

tivity? One clue is the fact that because OA activates Msn kinase
activity, PP2A likely suppresses the hitherto unknown mecha-
nism that activates Msn. However, given the broad impact of
PP2A on many pathways, identifying the stimulus that turns on
Msn remains difficult. Even though Msn was recently implicated
in Wnt signaling (32, 33), we found no evidence that either ca-
nonical or noncanonical Wnt pathways activate Msn kinase
function as measured by T312 phosphorylation of MAD/Smad1.
Interestingly, previous reports have shown that oncogenic KRas
activity causes increased MINK1 activity and expression (31),
and that MAP4K4 expression is heightened in tumor cell lines
and tumor tissues compared with their normal counterparts (34,
35). Those reports suggested the interesting possibility that Msn
kinases might be involved in inhibiting the tumor-suppressing
functions of TGF-β/BMP in various cancers. To understand the
physiological context that stimulates Msn-mediated Smad in-
hibition, it is critical to elucidate the underlying molecular
mechanism that activates Msn catalytic function. Interestingly,
we found that Msn is activated when targeted to the cell mem-
brane. This observation presents a stepping-stone to further
dissect the upstream regulatory inputs imposed on Msn. The
biological outcomes of TGF-β/BMP are critically dependent on
the cellular context. Understanding the molecular control of
Msn-mediated Smad inhibition will advance our knowledge of
TGF-β/BMP integration with other signals during embryonic
patterning, as well as in such diseases as cancer.

Materials and Methods
Tissue Culture, Transfection, and Cytokine Treatment. Drosophila S2 cells were
cultured in Schneider media with 10% FBS (Invitrogen) and transfected with
Effectene (Qiagen). COS1, 293T, U251, and Panc-1 cells were cultured in
DMEM with 10% FBS and transfected with Lipofectamine 2000 (Invitrogen).
The experiments used Dpp (R&D Systems) at 1 nM, TGF-β (R&D Systems) at
100 pM, and BMP2 (R&D Systems) at 100 ng/mL.

Antibodies. The pT312-MAD antibody was raised against the peptide CNRNS
[pT]IENTRRHIG, and the sera were first absorbed by beads conjugated with
the nonphospho-peptide and then affinity-purified using the phospho-
peptide. Anti-MADwas described previously (36). pC-ter-Smad1, pC-ter-Smad2,
and HA antibodies were purchased from Cell Signaling. Anti-FLAG was pur-
chased from Sigma-Aldrich.

RNAi. For RNAi screening of the Drosophila kinome, a stable S2 cell line
expressing FLAG-MAD under the control of a metallothionine promoter
(inducible by CuSO4) was transfected with dsRNA targeting each individual
Ser/Thr kinase using DharmaFect 4 (Thermo Fisher). Four days later, cells
were induced to express FLAG-MAD (0.1 mM CuSO4 for 2 h) and treated with
OA (125 nM, 1 h). Cell lysates were analyzed by pT312-MAD immunoblot-
ting. A total of 144 Ser/Thr kinases were screened. For siRNA against the
mammalian Msn kinases, the targeted mRNA sequence is 5′-GACCAACU-
CUG-GCUUGUU-3′. For RNAi against themad 3′-UTR, dsRNA was designed to
target the mad mRNA sequence from nt 1770–2231.

In Vitro Kinase Assay. HA-tagged Msn kinases were immunoprecipitated from
293T or S2 cells by anti-HA–conjugated beads (Roche). Cells were lysed in 20
mM Tris Cl (pH 7.4), 150 mM NaCl, 0.5% Nonidet P-40, and 2 mM DTT sup-
plemented with protease inhibitors and phosphatase inhibitors (1 mM
Na3VO4, 20 mM Na pyrophosphate, 20 mM NaF, and 20 mM β-glycer-
ophosphate). The extracts were incubated with anti-HA beads (Roche) at
4 °C overnight. The beads were washed twice with the lysis buffer and once
with the kinase reaction buffer [25 mM Tris-HCl (pH 7.5), 10 mMMgCl2, 0.1%
β-mercaptoethanol]. The beads were then incubated in the same kinase
reaction buffer supplemented with 1 mM ATP, with affinity- purified FLAG-
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Fig. 5. Msn is activated on membrane translocation and inhibits Dpp sig-
naling in vivo. (A) Immunofluorescence staining showing the plasma mem-
brane translocation of HA-Msn in S2 cells after OA (125 nM, 1 h) treatment.
(B) HA-Msn with or without a myristoylation sequence was coexpressed with
FLAG-MAD in S2 cells. FLAG-MAD was immunoprecipitated, and the level of
T312 phosphorylation was examined. The effect of OA treatment is shown
where indicated. (C) S2 cells were transiently transfected with indicated
combinations of plasmids. After Dpp treatment, the whole cell extract
(WCE), or the FLAG proteins (after IP) were analyzed using the indicated
immunoblots. (D) The same cells from lanes 4, 6, 10, and 12 in (C) were
analyzed by quantitative real-time PCR to measure the mRNA level of dad,
using Rp49 as the standard (mean ± SD). (E) Third instar wing imaginal discs
from the indicated transgenic flies were double-immunostained with pC-ter-
MAD (green) and HA (red). The nuclei were stained by DAPI (blue). The
orientation of the wing disk is denoted by “A” for anterior and “P” for
posterior. (F) A model showing direct regulation of Smad by Msn kinases.
The activity of Msn is regulated by as-yet unknown mechanisms.
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Smad1 as the substrate at 30 °C for 30 min. Purified GST-MINK1 kinase do-
main (Sigma-Aldrich) was used for in vitro kinase reactions at 10 μg/mL in
a final volume of 10 μL. The kinase reaction buffer and incubation conditions
are identical to those described above.

Identification of Phosphorylated Residues in MAD by Mass Spectrometry. S2
cells expressing FLAG-MAD were treated with OA at 125 nM for 2 h. Whole
cell extracts were prepared, and FLAG-MAD was immunoprecipitated as
described above. The purified FLAG-MADwas resolved on 8% SDS/PAGE, and
the protein band was excised and submitted for mass spectrometry analysis
by the Taplin mass spectrometry facility at Harvard Medical School.

Drosophila Transgenic Studies. Transgenic flies were generated that expressed
WT or MADT312V under a heat shock-inducible promoter, and were crossed
to the madk00237 mutant allele (recessive lethal, Bloomington Drosophila
Stock Center) with a CyO (curly wing)-marked balancer. The resulting
madk00237/CyO;hs-mad(WT or T312V)/TM3 lines were intercrossed. The fly strains
were used for embryo deposition in regular fly food vials for 24 h and then
heat-shocked in a 37 °C water bath for 45 min. Afterward, the heat shock
was applied every day or every other day. The hatched adult flies were
scored for the curly-wing or straight-wing phenotype. Straight-wing flies
from such crosses indicate rescue of the madk00237 lethality phenotype.

cDNA encodingHA-taggedmyr-Msnwas cloned into the UASp-pPW vector
and used to generate the transgenic line UAS-myr-msn. A9-Gal4 (Bloo-
mington Drosophila Stock Center) was used for driving transgene expression
in the wing disk. For in vivo RNAi against PP2A, the pp2a-1 and -2 strains
were obtained from the Vienna Drosophila RNAi Center (transformants 4971
and 4972).

Immunofluorescence Staining of Third Instar Larvae Imaginal Discs. The third
instar larvae wing discs were dissected and fixed in 4% paraformaldehyde/
PBS at room temperature for 30 min and permeabilized in 0.1% Triton X-100/
PBS (2 × 30 min). The discs were blocked by incubation in 0.1% Triton X-100/
PBS/0.5% BSA/2% normal horse serum for 2 h. Anti–phospho-SMAD1/5/8

(Cell Signaling), which also recognizes phosphor-MAD, was used at a 1:300
dilution, and anti-HA (Sigma-Aldrich; clone 6E2) was used at a 1:200 dilution
for overnight incubation at 4 °C. After washing in 0.1% Triton X-100/PBS
(4×), discs were incubated with Alexa Fluor 488 anti-rabbit and Alexa Fluor
633 anti-mouse (1:1,000 dilution for 2h), followed by washing in 0.1% Triton
X-100/PBS and mounting in PBS/Vectashield (1:1) (Vector Laboratories).
Confocal images were obtained with a Leica DM IRE2 microscope and ana-
lyzed using NIS-Elements v3.0 (Nikon). For each wing disk, a line (550 pixels
long) that straddles the A/P border and perpendicular to the D-V axis is
drawn across the wing pouch in the dorsal segment in which A9 targeting is
the strongest (37). Using the intensity profile function of the program, the
signal intensity of each pixel was measured. The program automatically
draws 15 additional lines in parallel to the original line within a 32-pixel
range, and an average value for each of the 550 pixels was calculated based
on measurement of these parallel lines. For each transgenic line, multiple
discs (20 for A9-Gal4, 26 for A9-Gal4;UAS-myr-HA-msn line 1 and 17 for line
2, and 16 for A9-Gal4;UAS-sh-mad) were analyzed in this way, and the mean ±
SD for each pixel was plotted.

Quantitative Real-Time PCR Analysis. Third instar wing discs were dissected
and total RNA was isolated using the RNeasy Mini Kit (Qiagen). Reverse-
transcription and SYBR-Green–based real-time PCR was performed as de-
scribed previously using rp49 as the internal standard (10).
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