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a b s t r a c t

The Hippo pathway is a conserved tumor suppress or pathway that controls organ size through the coor- 
dinate d regulation of apoptosis and proliferation. Drosophila Salv ador (Sav), which limits organ size, is a
core component of the Hippo pathway. In this study, Ser-17 was shown to be important for the stability 
of Sav. Alani ne mutation of Ser-17 promote d the proteasom al degradation of Sav. Destabilization and sta- 
bilization of the Sav protein mediated by alanine mutation of Ser-17 and by Hippo (Hpo), respectively, 
were independent of each other. This implies that the stability of Sav is controlled by two mechanisms, 
one that is Ser-17-dependent and Hpo-indepe ndent, and another that is Ser-17-independent and Hpo- 
depende nt. These dual mechanisms also regulated the human counterpart of Drosophila Sav, WW 
domain- containing adaptor 45 (WW45). The conservation of this regulation adds to it s significance in 
normal physiology and tumorigenesis. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction 

The Drosophila Salvador (Sav) protein controls organ size 
through the coordinated regulation of apoptosis and proliferation ,
and mutation of the gene leads to increased body mass and cell 
number [1,2]. The mammalian homologue of Sav, WW domain- 
containing adaptor 45 (WW45), is widely conserved and functions 
as a tumor suppressor [1,3]. Downregul ation of WW45 leads to the 
developmen t of lung cancer in mice [4] and high-grade clear cell 
renal cell carcinoma in humans [5].

Sav is a core component of the Hippo tumor suppressor path- 
way, in which the Hippo (Hpo) kinase phosphoryla tes and acti- 
vates Warts (Wts), which itself phosphoryla tes Yorkie in a Mob 
as tumor suppressor (Mats)-dependent manner [6–11]. Yorkie is 
a transcrip tional coactivator of several apoptosis- and cell cycle-re- 
lated genes [12,13]. Phosphorylate d Yorkie is retained in the cyto- 
plasm, and so cannot interact with its target transcription factors 
and promoters, and is thereby inactivated [11]. In the Hippo path- 
way, Sav promotes Hpo-mediated phosphoryla tion of Wts by asso- 
ciating with these proteins and thereby promoting an interaction 
between them [6]. The components and functions of the Hippo 
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pathway are highly conserved between Drosophila and humans 
[14,15].

Decrease d Drosophila Sav and human WW45 levels are associ- 
ated with tumorigenes is in vivo [4,5]; therefore, it is important to 
understa nd how the stabilities of these proteins are regulated. A
conserved mechanism involving phosphoryla tion and stabilization 
by Hpo and mammalian sterile 20-like kinase-2 (Mst2, Hpo ortho- 
log) regulates the stability of Sav and WW45, respectively [6,16].
However , other related mechanisms and factors remain to be 
elucidate d. 

In this study, a conserved serine site was shown to be key for 
the stability of Drosophila Sav and human WW45; mutation of this 
site to alanine led to proteasoma l degradat ion of the proteins. Our 
findings provide new insights into how the stabilities of Sav and 
WW45 are regulated. 
2. Materials and methods 

2.1. Plasmids constructi on 

The Sav and Hpo coding sequence s were obtained as described 
previousl y [6], and cloned into the pAc-V5-His B vector (Invitrogen)
at EcoRI/NotI (for Sav) or EcoRI/XhoI (for Hpo) sites. The WW45 
coding sequence was purchase d from Addgene and cloned into 
the pCDNA-4 /TO (Invitrogen) vector at EcoRI/XhoI sites. All the 
first methionine codons were replaced with an N-termin al epitope 
(Myc for Sav and WW45, HA for Hpo) by PCR. The Sav-S17A, Sav- 
S17D and WW45-S3A mutants were generated by site-directed 
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mutagenesis and confirmed by sequencing. Sequences of all PCR 
primers were listed in Supplement ary Table 1. pCDNA-Flag-Ms t2 
plasmid was described previously [17].
2.2. Cell culture and transfection 

Drosophila S2 cells were cultured in serum-free insect cell med- 
ium (Hyclone) at room temperature with no additional CO 2. Hu- 
man A549 cells were cultured in RPMI 1640 medium (Hyclone)
with 10% fetal bovine serum (Hyclone) at 37 �C with 5% CO 2. Plas- 
mids were transfected with Roche FuGENE HD reagent following 
the manufactur er’s instructions. 
Fig. 2. Proteasome inhibitor MG132 blocks the degradation of Sav-S17A mutant. 
Drosophila S2 cells were transfected with pAC-Myc-Sav and Myc-Sav-S17A, 
respectively. At 12 h after transfection, cells were treated with a higher dose of 
MG132 for 24 h, and harvested for Western Blot experiments. 
2.3. Western blot of Phos-tag ™ SDS–PAGE gels 

Phos-tag™ acrylamide was purchased from Wako and used in 
accordance with the manufacturer’s instructions. Phos-tag™
SDS–PAGE gels were prepared by adding Phos-tag™ acrylamide 
and MnCl 2 to the SDS–PAGE gel solution at a final concentratio n
of 150 mg/L and 10 mg/L, respectivel y. After electrophoresis ,
Phos-tag™ SDS–PAGE gels were soaked in transfer buffer contain- 
ing 1 mM EDTA for 10 min to remove Mn 2+. Gels were transferred 
to PVDF membranes by wet transfer at 200 mA for 8 h. Other pro- 
cedures were the same as those used for general Western Blot. 
2.4. Antibodies 

The antibodies used were as followed: anti-Myc, Abmart (Chi-
na) or Jackson ImmunoR esearch; anti-HA, Abmart; anti-Flag, Sig- 
ma–Aldrich; anti- b-Tubulin , Abmart; and horseradish peroxidase 
secondary antibodies, GE Healthcare. 
Fig. 1. Ser-17 is a key residue for the regulation of Sav stability. Drosophila S2 cells 
were transfected with pAC-Myc-Sav and the mutants (A, Sav-S17A and B, Sav-S17D)
as indicated. At 36 h after transfection, total cell lysates were subjected to Western 
Blot analyses. 

Fig. 3. Sav-S17 mutants are stabilized and phosphorylated by Hpo. Drosophila S2 
cells were transfected with pAC-Myc-Sav and the mutants (A, Sav-S17A and B, Sav- 
S17D) with vector control or HA-Hpo as indicated. At 36 h after transfection, total 
cell lysates were subjected to Western Blot analyses. 



Fig. 4. The stability of human WW45 is regulated in a similar manner. (A) WW45-S3A mutant is unstable. Human A549 cells were transfected with pCDNA-Myc-WW45 and 
Myc-WW45-S3A mutants as indicated. At 36 h after transfection, total cell lysates were subjected to Western Blot analyses. (B) Proteasome inhibitor MG132 blocks the 
degradation of WW45-S3A. Human A549 cells were transfected with pCDNA-Myc-WW45-S3A. At 12 h after transfection, cells were treated with a higher dose of MG132 for 
24 h, and harvested for Western Blot experiments. (C) WW45-S3A mutant is phosphorylated and stabilized by Mst2. Human A549 cells were transfected with pCDNA-Myc- 
WW45 and WW45-S3A mutant with vector control or Flag-Mst2 as indicated. At 36 h after transfection, total cell lysates were subjected to Western Blot analyses. 

540 D. Wu, S. Wu / Biochemical and Biophysical Research Communications 433 (2013) 538–541
3. Results 

3.1. Ser-17 is key for the stability of Sav 

A systematic screening , in which each conserved serine and 
threonine residue of Sav was mutated to alanine, identified Ser- 
17 as a key residue in the regulation of Sav stability. Sav-S17A, a
phosphoryla tion-deficient mutant, was destabili zed so that it was 
undetectabl e (Fig. 1A). By contrast, the expression level of the 
phosphomim etic mutant, Sav-S17D, was similar to that of wild- 
type Sav (Fig. 1B). These results suggest that phosphoryla tion of 
Sav-S17 stabilizes the protein. This site may be constitutivel y
phosphoryla ted in vivo and its dephosphoryla tion may lead to 
the degradation of Sav. 

3.2. Sav-S17A is degraded via proteasome 

To examine the molecular mechanism of Sav-S17A degradation ,
we assessed its stability in the presence of MG132, a proteasome 
inhibitor. Treatment of S2 cells expressing Myc-Sav- S17A with 
MG132 resulted in a dose-dependent stabilization of the protein 
(Fig. 2A), indicating that Sav-S17A degradation is mediated at least 
partially by the proteasome. 

3.3. Sav-S17 mutants are stabilized following phosphor ylation by Hpo 

Next, the effect of phosphorylatio n of Ser-17 in Hpo-mediated 
stabilization of Sav was investiga ted. Sav is a well-known substrate 
of Hpo. Indeed, the electroph oretic mobility of Sav by SDS–PAGE
was shifted when it was co-expres sed with Hpo, indicating Sav 
was phosphoryla ted by Hpo [6]. The electrophoretic motilities of 
Sav-S17A and Sav-S17D were also shifted when they were co-ex- 
pressed with Hpo (Fig. 3A and B), indicating that they were phos- 
phorylated by Hpo. These results raise the possibility that Sav-S17 
is not phosphorylated by Hpo, or conclude that at least Ser-17 is 
not the only residue of Sav that is phosphorylated by Hpo. 

The Sav-S17 mutants were stabilized by Hpo; when co-ex- 
pressed with Hpo, Sav-S17A was detectable (Fig. 3A) and the 
expression level of Sav-S17D was markedly increased (Fig. 3B).
This indicates that phospho rylation of Ser-17 is not required for 
Hpo-medi ated stabilization of Sav. 

3.4. The stability of human WW45 is regulated in a similar manner 

To determine whether this mechanis m is conserved, we used 
the human homologue of Drosophila Sav, WW45, in which Ser-3 
correspond s to Sav-S17 (Supplementary Fig. 1).

The WW45-S3A mutant was unstable when expressed in hu- 
man A549 cells (Fig. 4A). MG132 treatment stabilized the 
WW45-S 3A mutant in a dose-depend ent manner (Fig. 4B). Mst2 
co-expres sion did not cause any marked electrophoretic shift in 
both wild type WW45 and WW45-S3A mutant in conventional 
SDS–PAGE gels (Fig. 4C). This is in contrast to Drosophila Sav and 
consisten t with previous reports [16]. Phos-tag™ SDS–PAGE gels 
are a useful tool for detecting protein phosphorylatio n through 
electroph oretic shift. An obvious electrophoretic mobility shift in 
WW45-S 3A was detected using these gels when the mutant was 
co-expres sed with Mst2, which indicates that WW45-S3A was 
phospho rylated by Mst2 (Fig. 4C). Mst2-mediated stabilization of 
WW45-S 3A was detected by immunob lotting (Fig. 4C).

These results show that the stabilitie s of Sav and WW45 are 
connected with a conserved key serine residue. This indicates that 
a mechanism to regulate the stabilitie s of these proteins is con- 
served in Drosophila and humans, and that this mechanis m may 
have functiona l significance in normal physiolog y and during 
tumorige nesis. 
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4. Discussion 

Ser-17 and Hpo are key to the regulation of Sav stability. The 
relationship between them was investigated . It has been suggested 
that Sav-S17 has no role in Hpo-mediated stabilization of Sav 
(Fig. 3). On the other hand, with Hpo co-transf ection, the protein 
level of Sav-S17A was still lower than that of wild-type Sav (com-
pare lanes 2 and 4 in Fig. 3A), indicating that Hpo has little effect on 
the destabili zation of Sav caused by Ser-17A mutation. Consis- 
tently, Mst2 and the Ser-3 residue of human WW45 function inde- 
pendently of each other in the regulation of the stability of human 
WW45 (Fig. 4D). This conclusio n is supported by other studies 
[18]. Four serine/threonin e residues in WW45 are Mst2 phospho r- 
ylation sites but Ser-3, which corresponds to Sav-S17, is not one of 
them. Mutation of these four sites to Ala abolishes Mst2-induced 
stabilization of WW45. Our results, together with those of previous 
studies, suggest that the stability of Sav and WW45 is controlled by 
two mechanis ms, one is Ser-17 (Ser-3)-dependent and Hpo (Mst2)-
independen t, and the other is Ser-17 (Ser-3)-independent and Hpo 
(Mst2)-dependent. Such dual regulatio n would enable the level of 
Sav and WW45 to be accurately and dynamically modulated 
in vivo .

Many intriguing questions remain unanswered. It is unknown 
which kinase(s) phosphoryla tes the Sav-S17 and WW45-S3 resi- 
dues. Furthermor e, it remains to be determined whether ubiquiti- 
nation mediates the degradat ion of the Sav-S17A and WW45-S3A 
mutants. Clarification of these issues will lead to a better under- 
standing of the mechanism underlying how the stabilitie s of Sav 
and WW45 are regulated. 

Notably, the strength of this regulatory mechanism differs be- 
tween Drosophila and humans. Mutation of Sav-S17 to alanine 
destabilized the protein to a barely detectab le level (Fig. 1A), and 
MG132 treatment markedly stabilized the mutant (Fig. 2A). The 
WW45-S3A mutant was detectab le (Fig. 4A) and was stabilized 
to a much lesser extent that Sav-S17A by MG132 treatment 
(Fig. 4B). These observations are consisten t with previous studies, 
which reported that Drosophila Sav is stabilized by Hpo to a much 
greater extent than human WW45 is stabilized by Mst2 [6,16]. In 
general, it appears that the stability of WW45 is more moderate ly 
regulated than the stability of Sav. We speculate that diversities 
between Sav and WW45 underlie these differences, which implies 
there are additional complexities in the conserved mechanisms 
that regulate the stabilities of Sav and WW45. 
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Appendi x A. Supplementar y data 

Supplement ary data associate d with this article can be found, in 
the online version, at http://dx.doi.o rg/10.1016/j.bbr c.2013.03.023 .
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