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Abstract

Smad Anchor for Receptor Activation (SARA) has been reported as a critical role in TGF-b signal transduction by recruiting
non-activated Smad2/3 to the TGF-b receptor and ensuring appropriate subcellular localization of the activated receptor-
bound complex. However, controversies still exist in previous reports. In this study, we describe the expression of two SARA
isoforms, SARA1 and SARA2, in mice and report the generation and characterization of SARA mutant mice with FYVE domain
deletion. SARA mutant mice developed normally and showed no gross abnormalities. Further examination showed that the
TGF-b signaling pathway was indeed altered in SARA mutant mice, with the downregulation of Smad2 protein expression.
The decreasing expression of Smad2 was caused by enhancing Smurf2-mediated proteasome degradation pathway.
However, the internalization of TGF-b receptors into the early endosome was not affected in SARA mutant mouse
embryonic fibroblasts (MEFs). Moreover, the downregulation of Smad2 in SARA mutant MEFs was not sufficient to disrupt
the diverse cellular biological functions of TGF-b signaling, including growth inhibition, apoptosis, senescence, and the
epithelial-to-mesenchymal transition. Our results indicate that SARA is not involved in the activation process of TGF-b signal
transduction. Using a two-stage skin chemical carcinogenesis assay, we found that the loss of SARA promoted skin tumor
formation and malignant progression. Our data suggest a protective role of SARA in skin carcinogenesis.
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Introduction

The TGF-b signaling pathway is involved in many cellular

processes, including cell growth, differentiation, migration, immu-

nosuppression, and the epithelial-to-mesenchymal transition

(EMT) [1–3] in developing embryos and adult organisms. It is

also associated with a variety of pathological conditions, such as

fibrosis and cancer [4,5]. Signal transduction begins with the

binding of TGF-b ligand to a specific receptor complex that

consists of type II and type I serine/threonine kinase receptors

(TbRII and TbRI). In the complex, phosphorylation of the type I

receptor by the constitutively active type II receptor leads to

receptor activation. The phosphorylated type I receptor then binds

and phosphorylates its downstream signal-mediators, R-Smad

proteins (Smad2 and Smad3). Once phosphorylated, R-Smads

dissociate from the receptor complex and associate with the co-

Smad, Smad4. The R-Smad/Smad4 complexes translocate to the

nucleus where they bind to distinct DNA binding proteins and

regulate the transcription of specific target genes [6–8]. It has been

widely accepted that the scaffold protein Smad Anchor for

Receptor Activation (SARA) facilitates the activation process of

the TGF-b signaling [9].

SARA, Smad Anchor for Receptor Activation, also is the zinc

finger FYVE domain -containing protein 9 (ZFYVE9). The N-

terminal FYVE domain of SARA binds with high specificity to the

phosphoinositol-39-phosphate (PtdIns3P) and localizes SARA to

the phospholipid-containing membrane. PtdIns3P is highly

enriched in the early endosome; thus, the FYVE domain can

mediate the localization of SARA to this endocytic compartment.

The central region of SARA contains a Smad-binding domain

(SBD) that interacts with unphosphorylated Smad2 and Smad3. In

addition to binding Smads, SARA also binds the TGF-b type I

and II receptor complex via a large C-terminal domain.

Therefore, SARA was suggested to work as a scaffold protein to

bring Smad2/3 to TGF-b receptors and facilitate Smad2/3

activation [9–11]. Furthermore, both ectopic expression of the

dominant-negative FYVE domain of SARA and knockdown of

SARA expression by siRNA can inhibit TGF-b signaling [12,13].

Thus, SARA was hypothesized to be critical for the initiation and

maintenance of TGF-b signaling.

In the canonical TGF-b signaling pathway, SARA transduces

TGF-b signaling by controlling the phosphorylation and localiza-

tion of Smad2/3. A recent study has shown that long-term

treatment with TGF-b results in diminishing the expression of

SARA in cells and leads to the downregulation of Smad2 protein
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to abrogate Smad2-dependent transcriptional responses. Notably,

loss of SARA does not affect Smad3 protein expression or TGF-b/

Smad3 signal transduction. Because loss of Smad2 expression

makes cells more permissive for the EMT progression, these results

suggest a functional role of SARA in the modulation of EMT

processing [13].

Although the biochemical role of human SARA in TGF-b
signaling has been intensively studied in cell culture systems,

several contradictory findings have been reported recently

[14–16]. Therefore, the precise biochemical and biological roles

of SARA in vivo need to be further explored. Here, we report the

tissue specific expression pattern of SARA and generate the SARA

FYVE domain deficient (SARA-dFYVE) mice to verify the

necessity and significance of this protein in vivo. Our results

indicate that mouse SARA plays a key role in preventing Smad2

degradation via Smurf2-mediated proteasomal degradation path-

way, rather than participates in the regulation of TGF-b signaling

transduction process. The downregulation of Smad2 in SARA

mutant mice contributes to increased skin tumor formation and

malignant conversion, but does not affect mouse embryonic

development.

Materials and Methods

Whole-mount in situ hybridization
Mouse embryos from embryonic day (E) 7.0 to E10.5 were

analyzed for SARA expression by whole-mount in situ hybridiza-

tion with digoxigenin-labeled RNA probes. Briefly, the antisense

RNA probes for the mouse SARA N-terminal (nt 1 to 500) and

Figure 1. Generation of SARA FYVE domain deficient mice. (A) Schematic diagram of the SARA genomic locus, targeting construct, and
genomic locus of the resulting SARA-dFYVE mutant mice after Cre-mediated deletion. The numbered black boxes are SARA exons. The open and
black arrowheads indicate loxP and FRT sites, respectively. Neor is the neomycin resistance cassette. The flanking probe used in Southern blotting
and the expected fragment sizes after BamHI digestion of wild type (16.6 kb) and mutant (6.8 kb) genomic DNA are indicated. The locations of the
PCR primers used to screen genotypes are shown (arrows). (B) ES cell clones with correctly disrupted alleles were confirmed by Southern blot analysis
with the 59 external probe indicated in panel A. Two independent SARA-CKO ES clones (#19 and #60) were identified. (C) Genotyping of SARA-
dFYVE mutant mice by PCR using the primers (WT1 and WT2) or (KO1 and KO2) are shown in panel A. (D) Total protein lysates (0.5 mg) from MEFs
were immunoprecipitated (IP) with anti-mouse SARA-N antibody and then blotted (IB) with anti-human SARA antibody. The expression of SARA1 and
SARA2 proteins was completely abolished in SARAD/D mice. Western blotting with the GAPDH antibody served as the input control.
doi:10.1371/journal.pone.0105299.g001
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C-terminal (nt 3695 to 4194) domains were synthesized by in vitro
transcription. The fragments of SARA cDNA used for RNA probe

synthesis were amplified from a mouse brain cDNA preparation.

The primer pairs (SARA-E1-f: atggagaattacttccaagc and SARA-

E2-r: atgagggattgactattgta; SARA-E14-f: cccaggaacagatccacatc

and SARA-E17-r: ctatgcgatgttttccagaa) were used for SARA

N-terminal and C-terminal cDNA amplification, respectively. In
situ hybridization was performed as described previously [17].

Generation of SARA FYVE domain deficient mice
Mouse SARA contains 17 exons; the FYVE domain of SARA is

located within exon 2. A targeting vector for SARA conditional

knockout (SARA-CKO) mice was constructed by inserting loxP

sequences into intron 1 and intron 2. A FRT-flanked neomycin

resistance (neor) cassette was also inserted downstream of exon 2.

The FYVE domain of SARA was removed following recombina-

tion by Cre protein. Linearized SARA CKO-targeting vector was

delivered into 129S6/SvEvTac-derived TC1 embryonic stem (ES)

cells by electroporation. Gene targeting of SARA in ES cells

resulted in an extra BamHI site at the SARA recombinant allele

(Figure 1A). For Southern blot analysis, genomic DNA extracted

from ES cells was digested with BamHI and hybridized with the

probe indicated in Figure 1A. This probe identifies a 16.6-kb

fragment and a 6.8-kb fragment in the wild type (WT) and SARA-

CKO alleles, respectively. SARA-CKO ES cells from these

individual clones were injected into C57BL/6 blastocysts. The

resulting SARA-CKO chimeric males were subsequently crossed

with C57BL/6 females. To generate SARA-dFYVE mutant mice,

the mice carrying the SARA-CKO allele were crossed with

protamine-Cre transgenic mice [18] to delete the entire exon 2.

Genotyping was performed by PCR with primer pairs for the WT

and SARA-CKO allele (WT1: tactgtatagatttagcaaa and WT2:

ggcagtggttgtgcatgtc) and for the SARA-dFYVE mutant allele

(KO1: tttcacttcaggctcccaag and KO2: catgccctgctgtaagttgg). All

animals were maintained on a mixed 129S6/SvEvTac and

C57BL/6 background.

Preparation of mouse embryonic fibroblast (MEF) cells
and cell culture

Primary WT and SARA-dFYVE mutant MEFs were derived

from E13.5 embryos and maintained in Dulbecco’s modified

Eagle’s Medium (DMEM), supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin-streptomycin stock solution (10,000

U/mL penicillin; 10,000 mg/mL streptomycin) at 37uC in an

atmosphere containing 5% CO2. For the TGF-b-induction assay,

MEFs were serum-starved for 24 hours in medium containing

0.1% FBS. After serum starvation, the cells were treated with 4 or

10 ng/mL of TGF-b1 (R&D) for the indicated times. For

proteasome inhibition assay, MEFs were treated with proteasome

inhibitor MG132 (20 mM) or DMSO as a negative control for

8 hours.

RT-PCR and Quantitative real-time PCR
Total RNA was extracted from adult mouse brain and kidneys

using TRIzol reagent (Invitrogen). Reverse transcription reactions

were performed at 42uC using the BioScript cDNA synthesis kit

(Bioline). The fragments of SARA1 and SARA2 cDNA were

amplified with the following primer pairs: (SARA-E1-f: atgga-

gaattacttccaagc and SARA-E2-r: atgagggattgactattgta) or (SARA-

E2-f: tttcaaaggaacttgcatga and SARA-E17-r: ctatgcgatgttttccagaa),

respectively. The fragments of SARA3/4 cDNA were amplified

with the following primer pair: (SARA-E1-f: atggagaattacttccaagc

and SARA-E5-r: tgacacagccagagttcctg). GAPDH served as a

loading control with the primer pair (GAPDH-f: cttcaccaccatgga-

gaagg and GAPDH-r: ggcatggactgtggtcatgag). Quantitative real-

time PCR (Q-PCR) was performed using SYBR Green PCR

master mix (Roche) and the following primer pairs: (Smad2-f:

cgaggttttgaagccgttta and Smad2-r: tgggtttacgacatgcttga) and (Tu-

bulin-f: ccattggcaaggagatcattg and Tubulin-r: atggcctcattgtctac-

catg). The relative mRNA expression levels were calculated

according to the DDCt method and normalized to Tubulin.

Generation of mouse SARA-N and -C antibodies
The cDNA encoding the N-terminus (a.a. 1 to 100) and

C-terminus (a.a. 1098 to 1397) of mouse SARA was cloned into

pGEX-4T1 and pPAL7 vectors, respectively. The recombinant

proteins were expressed in Escherichia coli strain BL21. Purified

SARA-N and -C inclusion bodies were sent to LTK BioLabora-

tories and used as immunogens for the production of polyclonal

antibodies in guinea pigs.

Immunoprecipitation and Western blot analysis
For immunoprecipitation experiments, adult mouse tissue

specimens or MEF cells were homogenized with RIPA buffer

(50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25%

Na-deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM NaF, 1 mM

Na3VO4, and protease inhibitor cocktail (Roche)). Tissue (1 mg)

or cell lysates (0.5 mg) were incubated with various antibodies

overnight at 4uC and immunoprecipitated with Protein G beads

(Millipore). Bound complexes were resolved on 8% gels and

analyzed by Western blotting. The following commercial primary

antibodies were used for immunoprecipitation and/or Western

blots: Smad2 (Abcam), phospho-Smad2 (Cell Signaling), Smad3

(Cell Signaling), phospho-Smad3 (Cell Signaling), TGF-b RI

(Santa Cruz), TGF-b RII (Santa Cruz), human-SARA (Santa

Cruz), Smurf2 (Cell Signaling), and GAPDH (Millipore). Anti-

bodies to mouse-SARA-N and mouse-SARA-C were generated in

our laboratory. Incubation with anti-mouse IgG HRP, anti-rabbit

IgG HRP, anti-guinea pig IgG HRP (Jackson Lab), and TrueBlot

anti-rabbit HRP antibodies (eBioscience) followed by ECL was

used for detection.

Immunocytochemistry and immunohistochemistry
For immunocytochemistry, serum-starved MEFs were grown on

glass slides, treated with TGF-b1, fixed with cold 4% paraformal-

dehyde (PFA) for 15 min, and then incubated in NH4Cl/PBS

(50 mM) for 10 minutes. Cells were permeabilized with 0.25%

Triton X-100, blocked in 3% BSA for 30 minutes at room

temperature, and incubated with primary antibodies at 4uC
overnight. Cells were immunolabeled with the following antibod-

ies: Smad2 (Santa Cruz), Smad3 (Cell Signaling), a-SMA (Sigma),

TGF-b RI (Santa Cruz), TGF-b RII (Santa Cruz), and EEA1 (BD

Biosciences). FITC- or rhodamine-conjugated secondary antibod-

ies were used, and nuclei were counterstained with Hoechst 33342

(Invitrogen). Mounted cells were analyzed by confocal laser

scanning microscopy using a Zeiss LSM Meta 510. For

immunohistochemistry, skin samples were fixed in 4% PFA,

embedded in paraffin, and sectioned. Sections were heated in

DAKO Target Retrieval Solution (pH 6.0) for antigen retrieval,

blocked in 5% BSA for 1 hour at room temperature, and

incubated with Smad2 (Santa Cruz) primary antibody at 4uC
overnight. Samples were incubated with HRP-conjugated second-

ary antibody and exposed to DAB for colorimetric detection.

Nuclei were counterstained with hematoxylin. Mounted samples

were analyzed by digital fluorescent microscopy.

Mutation of SARA Promotes Skin Carcinogenesis
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Cell proliferation and senescence-associated b-gal assays
Cell proliferation was measured by the MTT [3,4-(5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-

nyl)-2H-tetrazolium salt] assay [19]. Briefly, approximately 1000

cells of early-passage MEFs were plated in triplicate in 96-well

plates and cultured in MEF medium with or without 4 ng/mL

TGF-b1. Cell proliferation was determined at 48 hours intervals

by adding 50 ml MTT reagent (2 mg/mL). After incubation of

cells at 37uC for 2 hours, DMSO was added, and the absorbance

at 492 nm was measured. For senescence assays, WT or SARAD/D

MEFs were either left untreated or treated with 4 ng/mL TGF-b1

for 6 days. Cells were then fixed and stained with b-galactosidase

[20].

Skin chemical carcinogenesis protocol
Two-step skin carcinogenesis was induced by DMBA and TPA.

The back-skins of 8-week-old mice were shaved and treated with

DMBA (20 mg in 50 ml acetone) for tumor initiation. One week

later, TPA (5 mg in 50 ml acetone) was applied topically to skin

twice a week for 20 weeks for tumor promotion. The number of

tumors per mouse was recorded weekly [21].

Pathological evaluation of skin tumors
Skin tumors were fixed in 4% PFA, embedded in paraffin,

sectioned, and stained with H&E. The tumor types were classified

according to the following criteria: ulceration may be present;

cellular squamous differentiation is variable; size and staining of

nuclei is variable; loss of intercellular bridges is present; atypical,

bizarre mitotic figures are present; mitotic figures are numerous;

invasion of the dermis and striated muscle by nests or cords of

squamous cells is present; basal lamina is penetrated by invasive

growth [22].

Ethics statement
All animal experiments were approved by the Institutional

Animal Care and Use Committee of Academia Sinica (Protocol

ID: 11-11-243). All tumor burdened animals were euthanized

when they had reached ethical endpoints. The determination of

ethical endpoints was when the mice found unexpectedly to be

moribund, cachectic, or unable to obtain food or water.

Results

Analysis of SARA expression
Although the biochemical role of SARA has been intensively

studied, the biological role of SARA in vivo still remains unknown.

Thus, we used a mouse model to explore the biological function of

SARA. Even though SARA has been identified as a ubiquitously

expressed gene [9], the embryonic and tissue-specific expression

patterns of SARA during embryonic and adult stages are not well

established. We first performed whole-mount in situ hybridization

analysis to determine the SARA mRNA expression pattern during

early development. The results of whole-mount in situ hybridiza-

tion using either N-terminal (Figure 2A) or C-terminal (data not

shown) SARA RNA probes indicate that SARA mRNA transcripts

are expressed in many cell types at early embryonic stages.

In the Ensemble database (http://www.ensembl.org/index.

html), we found three predicted mouse SARA proteins (Protein

ID: ENSMUSP00000102268; ENSMUSP00000102269; EN-

SMUSP00000039852), denoted SARA1, SARA2, and SARA3,

respectively. The SARA1 transcript, the longest one, contains 17

exons and produces a polypeptide with 1397 1397 amino acids

(a.a.). The SARA2 transcript lacks exon 4, which contains a Smad-

binding domain (SBD), and it encodes a protein with 1338 a.a.

The SARA3 transcript lacks exon 2, which contains the FYVE

domain, and it encodes a protein with 706 a.a. The mouse SARA1

and SARA2 transcripts are closely related to two human SARA

isoforms (Protein ID: ENSP00000360647; ENSP00000349737),

respectively; humans do not have a transcript similar to the mouse

SARA3 isoform. In adults, SARA proteins are expressed at a low

level in mouse tissues. However, the SARA proteins could be

detected by Western blot analysis following enrichment by

immunoprecipitation. We detected two isoforms of mouse SARA

protein (SARA1 and SARA2) with molecular weights around

200 kDa in most mouse tissues except the kidney (Figure 2B).

However, RT-PCR results indicated that both SARA1 and

SARA2 transcripts were present in the mouse kidney (Figure 2C).

Surprisingly, we could not detect any mouse SARA3 mRNA

transcript or protein in WT mouse tissues and cells (Figure 3B and

3C). This predicted transcript variant, which does not encode the

important FYVE domain of SARA, may not be present in mice.

Our data indicate that mouse SARA only has two isoforms

(SARA1 and SARA2), which are expressed ubiquitously in mice

during embryonic stages and through adulthood.

Generation of SARA FYVE domain deficient mice
TGF-b signaling controls embryonic development, and the loss

of TGF-b components often leads to embryonic or perinatal

lethality [23–26]. To avoid possible embryonic lethality caused by

SARA mutant, we used gene targeting and the Cre/loxP system to

generate SARA conditional knockout (CKO) mice. The full-length

gene encoding SARA contains 17 exons and spans approximately

82.62 kb on chromosome 4 (Figure 1A). Briefly, we generated

mice harboring loxP sites flanking exon 2 of SARA. Exon 2

encodes the N-terminal half of the SARA protein and includes the

FYVE domain, which is the key functional domain of SARA.

Furthermore, the deletion of exon 2 by Cre protein results in a

frameshift mutation in the SARA gene. ES clones that had

undergone homologous recombination were identified by South-

ern blot analysis using an external hybridization probe. Several

targeted ES cell clones were identified and used to generate two

SARA-CKO mouse lines (Figure 1B). To establish a conventional

SARA mutant mouse line, SARA-CKO mice were crossed with

protamine-Cre transgenic mice, which excise the floxed region at

an early stage of spermatogenesis [18]. Homozygous mutant mice

(SARAD/D) were generated by intercrossing two heterozygous

(SARA+/D) mice. Mice were genotyped using genomic DNA

extracted from mouse tails with specific primer pairs (Figure 1C).

Interestingly, normal Mendelian ratios of WT, SARA+/D, and

SARAD/D were observed from the intercross of SARA+/D mice,

indicating that SARA1 and SARA2 are not necessary for early

mouse development and postnatal survival (Table S1). The

detailed histopathological analysis also revealed that adult

SARA+/D and SARAD/D mice developed normally and showed

no significant abnormalities compared with WT mice (data not

shown). In addition, the litter sizes of offspring from the intercross

of SARAD/D mice were normal, indicating SARA is not required

for fertility. Western blot analysis revealed that the expression of

SARA1 and SARA2 in SARA+/D MEFs was reduced to

approximately one-half of that in WT cells, but was absent in

SARAD/D MEFs (Figure 1D). Thus, the important N-terminal

FYVE domain of SARA is dispensable for mouse development

and is not needed for viability or fertility.

To verify that SARA mutant mice expressed the truncated form

of mutant SARA or not, RT-PCR analysis was performed using

total mRNA from adult mouse brain with the specific primer pairs

indicated in Figure 3A. SARA1 and SARA2 mRNAs were

expressed in WT mice, but SARA3 was not. In SARAD/D mice,
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after deletion of the exon 2 sequence, SARA1- and SARA2-

modified mRNAs were still present and were converted into

SARA3 and SARA4 truncated transcripts (Figure 3A–B). The

SARA4 transcript lacks exon 2 and exon 4, which encode the

N-terminal FYVE and Smad binding domain (SBD), respectively.

To confirm that SARA3 and SARA4 transcripts were translated

into N-terminal truncated proteins, SARA proteins were exam-

ined in skin tissues of WT and SARAD/D adult mice. Western blot

analysis was performed using a specific mouse SARA-C antibody

that recognizes SARA1, 2, 3, and 4 simultaneously (Figure 3C).

The results of Western blot analysis showed that SARA1 and

SARA2 were expressed in WT but not SARAD/D mice. However,

N-terminal truncated SARA3 and SARA4 proteins could still be

detected in SARAD/D mice. The complete amino acid sequences

for mouse SARA isoforms are given in Text S1.

TGF-b/Smad2 signaling is downregulated in SARA
mutant mice

To examine the integrity of the TGF-b signaling pathway in

SARA mutant mice, TGF-b-induced Smad2/3 activation was

determined by the extent of its nuclear localization in MEFs using

Smad2 and Smad3 antibodies. In the absence of TGF-b
stimulation, endogenous Smad2 and Smad3 in MEFs primarily

localized to the cytoplasm, although a small amount of protein was

also detected in the nucleus. Following TGF-b activation, Smad2

rapidly accumulated in the nucleus of WT MEFs. In contrast,

Smad2 nuclear translocation was decreased in SARA+/D and

SARAD/D MEFs (Figure 4A). Fluorescence immunocytochemical

analysis results showed that the nuclear localization of Smad2 was

abrogated in SARA mutant MEFs. Notably, following TGF-b
activation, the nuclear localization of Smad3 in SARA mutant

MEFs was not changed as in WT MEFs (Figure 4A).

In addition, the results of Western blot analysis were consistent

with the findings of the fluorescence immunocytochemical assay.

Levels of TGF-b-induced phosphorylated Smad2 (p-Smad2) were

decreased in SARA mutant MEFs. Moreover, the total amount of

Smad2 protein was also reduced in SARA mutant MEFs

(Figure 4B). By contrast, downregulation of p-Smad3 or Smad3

total protein did not occur (Figure 4B). Quantitative analysis of

Western blot results further revealed that the ratio between

p-Smad2 and Smad2 total protein was not changed (Figure 4C),

which indicates the loss of the FYVE domain of SARA did not

affect the ability of TGF-b to induce Smad2 phosphorylation.

Significant downregulation of Smad2 expression was also observed

in the skin tissue of SARAD/D mice by immunohistochemical

staining with Smad2 antibody (Figure 4D). Therefore, the

Figure 2. SARA expression patterns in embryonic and adult mice. (A) SARA transcripts were detected in the mouse embryos at embryonic
day (E) 7.5 to E10.5 by whole-mount in situ hybridization. (B) Western blotting was performed to evaluate the expression of SARA in each adult mouse
tissue. Total protein lysates (1 mg) were immunoprecipitated (IP) with anti-mouse SARA-N antibody and then blotted with anti-human SARA
antibody. Adult mouse tissues are as follows: brain (lane 1), heart (lane 2), lung (lane 3), liver (lane 4), kidney (lane 5), spleen (lane 6), and skin (lane 7).
Two isoform of SARA proteins (SARA1 and SARA2) were detected in each tissue except the kidney. Expression of GAPDH was used as the input
control. (C) RT-PCR analysis of adult brain (lane 1) and kidney (lane 2) mRNAs was performed using the primer pair (SARA-E1-f and SARA-E2-r) for
SARA1/2 transcripts. SARA1 and SARA2 transcripts were detected in adult mouse kidneys. GAPDH served as the input control.
doi:10.1371/journal.pone.0105299.g002
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downregulation of Smad2 protein is not limited to SARA mutant

MEFs.

SARA does not interact with Smad2/3 and TGF-b
receptors

A role for SARA as an adaptor protein that mediates TGF-b
signaling by direct interaction with Smad2/3 and TGF-b
receptors has been suggested [9,27]. However, recent findings

indicated that SARA does not associate with R-Smads and TGF-b
receptors in HeLa cells [14]. To examine the interaction between

endogenous mouse SARA1/2 and other components of the TGF-b
signaling pathway, we performed immunoprecipitation analysis

from TGF-b1-treated or -untreated MEFs. After immunoprecip-

itation with mSARA-N antibody, co-immunoprecipitates of

Smad2/3 and TGF-b receptors were detected by Western blot.

SARAD/D MEFs were used as a negative control. It has been

previously shown that 15 min of rapid TGF-b1 stimulation leads to

an increase in the protein interaction between endogenous SARA

and Smad2 in human mesangial cells [27]. However, we could not

detect Smad2/3 or TGF-b receptors in the SARA1/2-immuno-

precipitated complexes from TGF-b1-treated or -untreated MEFs

(Figure S1A). Treatment of TGF-b1 for 5 or 15 minutes increased

p-Smad2 in WT MEFs indicating that TGF-b1 stimulation in this

particular experiment was really working (Figure S1B). Our data

showed that no significant protein-protein interaction between

endogenous mouse SARA1/2 and TGF-b receptors or Smad2/3

occurred in MEFs even after activation by TGF-b.

Loss of FYVE domain of SARA does not affect the
internalization of TGF-b receptors into the early
endosome

Internalization of TGF-b receptors into the early endosome

through a clathrin-dependent pathway regulates TGF-b signaling

[28–31]. Several reports have demonstrated that SARA facilitates

the entrance of TGF-b receptors into this compartment [29,30],

which suggests that TGF-b receptor localization and colocaliza-

tion with early endosome antigen 1 (EEA1), an early endosome

marker, might be affected by the loss of SARA. To assess this, the

localization of endogenous TGF-b receptors and EEA1 in MEFs

was examined using immunofluorescence confocal microscopy.

Similar to previous reports, both TGF-b RI and RII colocalized

with EEA1 in WT MEFs after 30 minutes of TGF-b1 treatment

(Figure 5A–B, upper panel) [29,30,32]. Surprisingly, the coloca-

lization between TGF-b RI or RII and EEA1 still persisted in

SARAD/D MEFs, similar to WT cells (Figure 5A–B, lower panel).

Figure 3. Expression of truncated SARA proteins in SARA mutant mice. (A) Schematic diagram of the mouse SARA mRNA transcripts in WT
and SARA-dFYVE mutant mice. The black boxes are SARA exons and the open arrowheads indicate loxP sites. The locations of the RT-PCR primers
used to detect SARA mRNA transcripts are shown (arrows). (B) RT-PCR analysis of mouse brain total RNA, performed using the primer pair (SARA-E2-f
and SARA-E17-r) for SARA1 and SARA2 transcripts and the primer pair (SARA-E1-f and SARA-E5-r) for SARA3 and SARA4 transcripts, is shown in panel
A. (C) To confirm that truncated SARA proteins (SARA3 and SARA4) were expressed in SARA-dFYVE mutant mice, Total protein lysates (1 mg) from
adult skin was immunoprecipitated (IP) and blotted (IB) with anti-mouse SARA-C antibody.
doi:10.1371/journal.pone.0105299.g003
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We were unable to detect any obvious punctate EEA1 staining

pattern in non TGF-b1-stimulated MEF controls (Figure S2).

These results suggest that SARA is not essential for the

internalization of TGF-b receptors into EEA1-containing early

endosomes.

SARA does not participate in TGF-b-mediated cellular
responses

TGF-b signaling regulates diverse cellular processes, such as cell

growth inhibition, apoptosis, senescence, and the epithelial-to-

mesenchymal transition (EMT) [3,33–35]. Therefore, we assessed

whether TGF-b-mediated cellular functions were impaired in

SARA mutant MEFs. Cell proliferation was measured using the

MTT assay. In the absence of TGF-b1 treatment, there was no

significant difference in the cell proliferation rate between WT and

SARA mutant MEFs. SARA mutant MEFs, like WT control cells,

remained sensitive to the growth inhibitory effect of TGF-b1

(Figure 6A). TGF-b-mediated apoptosis was assayed by Hoechst

33342 staining. We observed no difference between SARA mutant

and WT MEFs (Figure 6B). The extent of TGF-b-induced

cellular senescence was determined by the senescence-associated

b-galactosidase (SA-b-Gal) assay. Both WT and SARA mutant

MEFs underwent senescence at similar levels after TGF-b1

treatment (Figure 6C). TGF-b is a major regulator of the EMT,

and it induces smooth muscle a-actin (a-SMA) expression, a

putative indicator of myofibroblast differentiation from fibroblasts

[36,37]. To examine the effect of SARA on TGF-b-induced EMT,

a-SMA expression was measured in MEFs by immunocytochem-

istry and Western blot assays. In a previous study, knockdown of

SARA led to increased a-SMA expression; it was proposed to be a

key mediator of TGF-b-induced EMT [13]. However, our data

showed that loss of SARA did not induce a-SMA expression in

MEFs compared with WT MEFs. Moreover, TGF-b induced a

similar level ofa-SMA expression in SARA mutant and WT MEFs

(Figure 6D). Taken together, our data showed that the TGF-b-

mediated biological functions, including growth inhibition, apop-

tosis, senescence, and EMT, were not significantly different in

SARA mutant and WT MEFs. Thus, we conclude that SARA

does not contribute to the functional TGF-b signaling, if not all, at

least in primary cultured MEFs.

SARA prevents Smurf2-induced Smad2 degradation
We next sought to characterize the mechanism of Smad2

downregulation in SARA mutant mice. Q-PCR data showed no

significant changes in Smad2 mRNA expression between WT and

SARA mutant MEFs (Figure 7A). It indicates that Smad2 might

be regulated by SARA at the protein level rather than at the

transcriptional level. Smurf2 is an ubiquitin E3 ligase that targets

Smad2 for proteasome-dependent degradation [38,39]. A previous

in vitro study suggested that the downregulated SARA expression

enhanced Smad2 and Smurf2 protein-protein interaction, thereby

facilitating Smad2 protein degradation [13]. To test whether

Smad2 protein could be mediated by the same pathway in vivo,

we analyzed the interaction between Smad2 and Smurf2 protein

using SARA mutant MEFs. Despite equal levels of Smurf2 protein

expression between WT and SRAR-KO MEFs (Figure 7B, upper

panel), Smad2 and Smurf2 protein-protein interaction is dramat-

ically enhanced in SARA mutant MEFs (Figure 7B, lower panel).

Furthermore, degradation of the Smad2 protein in SARA mutant

MEFs was inhibited by the proteasome inhibitor MG132, which is

suggested to block proteasomal degradation (Figure 7C). These

data suggest that the reduced expression of Smad2 in SARA

mutant MEFs is dependent on Smurf2-mediated proteasomal

degradation pathway. However, SARA was unable to interact

with Smad2 directly in SARA mutant MEFs (Figure S1).

Therefore, we sought to determine if there are protein-protein

interaction between SARA and Smurf2. The immunoprecipitation

data showed that no interaction could be detected between SARA

and Smurf2, no matter which protein is immunoprecipitated in

MEFs (Figure 7D). These results suggest that SARA possibly

regulates Smad2 protein degradation through an indirect mech-

anism that does not involve binding to Smad2 or Smurf2 proteins.

Loss of SARA promotes skin tumor formation and
malignant progression

In SARA mutant mice, a significant decrease in Smad2 protein

was detected in MEFs and skin tissues (Figure 4). Keratinocyte-

specific Smad2-KO mice display accelerated skin tumor formation

and progression [21]. To test whether SARA played a causal role in

skin carcinogenesis, SARA mutant and WT mice were challenged

using a two-stage chemically induced carcinogenesis protocol with

DMBA as the initiator, followed by twice weekly treatments with the

tumor promoter TPA. The papilloma number was 2-fold higher in

SARA+/D and SARAD/D mice than in WT mice (Figure 8A),

indicating that SARA ablation promoted tumor formation. Forty

weeks after the beginning of promotion, 86.2% of WT tumors were

benign papillomas and 13.8% of tumors had progressed to well-

differentiated squamous cell carcinoma (SCC) (Figure 8B and C).

The incidence of malignant tumors in SARA+/D mice was similar or

slightly increased: 12.1% of SARA+/D tumors exhibited well-

differentiated SCCs and 6.1% showed moderately-differentiated

SCCs (Figure 8B and C). However, it is noteworthy that while loss

of both SARA alleles, most of the benign papillomas were converted

into malignant forms: 58.8%, 3.9%, and 5.9% of tumors in

SARAD/D mice showed well-differentiated, moderately-differenti-

ated, and poorly-differentiated SCCs, respectively (Figure 8B and

C). Taken together, our results indicate that loss of SARA not only

promotes skin tumor formation, but also stimulates malignant

transformation.

Discussion

The expression and biochemical function of human SARA has

been described using some in vitro cell systems. SARA contains

three important domains (N-terminal FYVE, Smad binding

domain, and C-terminal receptor binding domain) and serves as

a scaffold protein for assembling the complex of TGF-b receptors

and Smad2/3 at cell membrane regions enriched in PtdIns3P

[9,10]. Subcellular internalization of the TGF-b receptors/

Figure 4. TGF-b/Smad2 signaling is downregulated in SARA mutant mice. (A) Serum-starved MEFs were treated with or without 4 ng/mL
TGF-b1 for 30 min. The cellular locations of Smad2 and Smad3 were detected by immunofluorescence staining using Smad2 and Smad3 antibodies.
TGF-b-induced nuclear translocation of Smad2 but not Smad3 was decreased in SARA mutant MEFs. (B) After cells were treated with or without 4 ng/
mL TGF-b1 for 1 hour, MEF lysates were collected and analyzed by Western blot. Total Smad protein and phosphorylated Smad protein were detected
by specific antibodies as indicated. (C) Quantification of Western blot results in panel B showed that mutation of SARA protein did not alter the ability
of Smad2 protein phosphorylation. Although Smad2 protein levels were reduced, Smad3 expression was not altered. (D) Analysis of Smad2
expression in mouse skin by immunohistochemistry with Smad2 antibody. The controls were incubated with only the secondary antibody, as shown
in the insert sections. Smad2 protein was decreased in SARAD/D skin compared with WT.
doi:10.1371/journal.pone.0105299.g004
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SARA/Smads complex into early endosomes facilitates Smad2/3

phosphorylation and enhances TGF-b signaling [12,27,28].

Mutations of SARA resulted in mislocalization of Smad2 and loss

of TGF-b signaling [9,10]. Thus, SARA is considered essential for

TGF-b signaling transduction and activation. However, this model

has been challenged by other reports. First, SARA seems to

preferentially interact with Smad2 rather than with Smad3 [27],

and it participates in TGF-b/Smad2 signaling due to maintenance

of Smad2 expression but not Smad3 [13]. Second, another report

showed that SARA is not essential for TGF-b-mediatedSmad2

[16] or Smad3 signaling [15]. Third, subcellular internalization of

the activated receptor-bound complex is not required for TGF-b
signaling [16]. Fourth, SARA does not interact with TGF-b
receptors or Smad2/3, and it is dispensable for TGF-b signaling in

some cell lines [14]. Therefore, the specific role of SARA in TGF-

b signaling is controversial. Notably, all of these data came from in
vitro cell culture assays that primarily use overexpression systems,

which may not accurately reflect the in vivo functions of SARA.

To investigate the biochemical and biological significance of

SARA in organisms, we used a loss-of-function approach in a

mouse model to clarify these issues. This is the first study to

describe the biological and biochemical roles of SARA in vivo.

Figure 5. Loss of FYVE domain of SARA does not affect the internalization of TGF-b receptors into the early endosome. WT and
SARAD/D MEFs were incubated at 4uC for 1 hour and then treated with 4 ng/mL TGF-b1 for 30 minutes at 37uC. Cells were fixed and stained with
antibodies to endogenous EEA1, TGF-b RI (A), and RII (B). The overlap between the two signals is displayed in yellow (indicated by arrows).
doi:10.1371/journal.pone.0105299.g005
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We found that mouse SARA exists in two isoforms, a full-length

transcript (SARA1) and a shorter transcript lacking the Smad

binding domain (SARA2); the Ensembl-predicted isoform lacking

the FYVE domain (SARA3) was not found. By analyzing the

expression pattern of SARA in mice, we demonstrated that

SARA1 and SARA2 are ubiquitously expressed at different levels

in mouse tissues from early embryonic stages through adulthood.

In addition, the distinct protein expression ratios between SARA1

and SARA2 in different organs (Figure 1B) suggest that different

SARA isoforms may play distinct roles. The difference between

Figure 6. SARA does not participate in TGF-b-mediated cellular responses. (A) Growth curves of MEFs were determined using the MTT
assay. Cells were treated with or without 4 ng/mL TGF-b1 and stained with MTT at the times indicated. The data points are the average of three
independent measurements, and the standard deviation from the mean is shown. (B) The morphology of apoptotic cells was observed by Hoechst
33342 staining. MEFs were serum-starved for 24 hours and then treated with or without 10 ng/mL TGF-b1 for 24 hours. Apoptotic cells showed
condensed chromatin and a fragmented apoptotic nucleus (indicated by arrows). The percentage of apoptotic cells was counted in ten random fields
for each triplicate sample. (C) MEFs were treated with or without 4 ng/mL TGF-b1 for 6 days, fixed, and stained with b-gal. The percentage of
senescent cells was counted in ten random fields for each triplicate sample. (D) MEFs were serum-starved for 24 hours and then treated with or
without 10 ng/mL TGF-b1 for 3 days. Cells were subjected to immunocytochemistry and Western blot analysis using an anti-a-SMA antibody. The
percentage of a-SMA positive cells was counted in ten random fields for each triplicate sample. Coomassie blue stain penicillin-streptomycinserved as
the loading control.
doi:10.1371/journal.pone.0105299.g006

Figure 7. SARA prevents Smurf2-induced Smad2 degradation. (A) Smad2 RNA expression levels in WT and SARA mutant MEFs were
quantified by Q-PCR. Data represent means of three independent experiments performed in triplicate. (B) Expression of Smurf2 protein in WT and
SARA mutant MEFs were detected by Western blot analysis (upper panel). MEF lysates (500 mg) were immunoprecipitated (IP) with Smurf2 antibody
and blotted (IB) with the indicated antibodies (lower panel). (C) WT and SARA mutant MEFs were treated with DMSO and MG132 (20 mM) for 8 hours
prior to lysis. Expression levels of Smad2 protein were quantified by Western blot analysis. (D) MEF lysates (500 mg) were immunoprecipitated (IP)
with Smurf2 or mSARA-N antibody and blotted (IB) with the indicated antibodies.
doi:10.1371/journal.pone.0105299.g007
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these two proteins is the presence of the Smad binding domain in

SARA1, which facilitates binding of Smad2/3 to the receptors.

Thus, the unexpected presence of endogenous SARA2 in

organisms implies that there may be a different role for SARA

independent of an interaction with Smad proteins.

Since previous studies have suggested that SARA plays a critical

role in TGF-b signaling in cell lines, we speculated that SARA

deficiency would cause defects in mouse development. However,

no significant abnormalities were detected in SARA mutant mice

during development. Nevertheless, this finding may be due to

compensation by other FYVE family members, such as Hrs

(hepatic growth factor-regulated tyrosine kinase substrate). Hrs

plays an essential role in mouse early development [40,41] and

contributes to TGF-b signaling through cooperation with SARA

[40].

Furthermore, our SARA mutant mice produced extra SARA

truncated protein products (SARA3 and SARA4) from the targeted

allele. Therefore, we could not exclude the possibility that these

mutant proteins contain enough activity to maintain embryonic

development and growth. Previous studies have shown that SARA

protein lacking FYVE domain abrogates SARA’s ability to initiate

signal transduction as a dominant-negative inhibitor [9,12,31].

Figure 8. Loss of SARA promotes skin tumor formation and malignant progression. (A) Average number of tumors in WT and SARA
mutant mice at different time points. Arrow indicates TPA withdrawal. Twenty weeks after the beginning of promotion, a significant difference in the
number of papillomas per mouse between the WT and SARA mutant mice were evident (P,0.05). (B) Incidence of malignant progression in skin
tumors generated 40 weeks after the beginning of promotion. SARAD/D mice showed a highly significant increase in the percentage of SCCs
compared with SARA+/D and WT controls. Moderately- and poorly-differentiated SCCs were not found in WT mice. (C) Histological analysis of skin
tumors. Papilloma (note a proliferation of hyperkeratotic stratified squamous epithelium); well-differentiated SCCs (note tumor cells destroy the
basement membrane and invade the dermis); moderately-differentiated SCCs (note cells are markedly irregular in shape and size, distinct nuclear
pleomorphism and mitotic activity); and poorly-differentiated SCCs (note immature cells predominate, with numerous atypical mitosis, and minimal
keratinization) are shown.
doi:10.1371/journal.pone.0105299.g008
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Despite the lack of significant developmental abnormalities, SARA

mutant mice still harbored some defects in SARA-mediated

TGF-b signal transduction. Further analysis confirmed that

TGF-b-mediated Smad2 protein phosphorylation and nuclear

translocation were downregulated in SARA mutant mice. Of note,

the downregulation in TGF-b signaling was caused by decreased

protein levels of Smad2, not by an impaired ability to transduce

TGF-b signals. This phenomenon was not observed with Smad3.

Because signal transduction ability of TGF-b pathway is intact

in SARA mutant mice, we hypothesized that SARA may not

directly participate in the transduction of TGF-b signaling.

Immunoprecipitation analysis revealed that neither TGF-b
receptors nor Smad2/3 interact with SARA1 or SARA2 in the

absence or presence of TGF-b stimulation. This result is consistent

with the findings of a previous study [14]. The results of

colocalization analyses of TGF-b receptors with EEA1 further

confirmed that neither SARA1 nor SARA2 is essential for TGF-b
receptor internalization into early endosomal compartments.

Cytoplasmic promyelocytic leukemia (cPML) is an essential

regulator of TGF-b signaling; it interacts with the TGF-b
receptor/SARA/Smad complex and facilitates internalization of

this complex into the early endosomes. Loss of cPML resulted in

mislocalization of SARA and TGF-b receptors with EEA1 and

further attenuated TGF-b signaling transduction [32]. In contrast,

SARA deficiency did not cause mislocalization of TGF-b receptors

with EEA1. These results indicate that cPML is a key component

in the regulation of TGF-b receptor internalization, whereas

SARA probably is not. Based on these results, we conclude that

SARA is not required for the activation process of TGF-b signal

transduction; rather, it modifies TGF-b signaling by regulating the

expression of Smad2 protein.

Since loss of SARA decreased the protein expression of Smad2,

we examined whether TGF-b-mediated biological functions were

impaired in SARA mutant mice. We observed no detectable

effects of SARA on TGF-b-mediated growth inhibition, apoptosis,

senescence, or the EMT using primary cultured MEFs as an in
vitro model. Similar results were obtained in SARA mutant mice;

no significant TGF-b-related phenotypes have been observed in

SARA mutant mice to date. These data indicate that the loss of

SARA, despite decreasing Smad2 expression, is not sufficient to

exert a negative influence on MEFs in response to TGF-

bsignaling. Loss of SARA expression results in a concomitant

decrease in Smad2 expression in some epithelial cell lines, and it

may enhance marker expression (a-SMA) consistent with EMT

[13]. However, we did not observe enhanced a-SMA expression in

SARA mutant MEFs. The discrepancy may be due to the use of

different cell types or differences between primary cultured cells

and an immortal cell line.

Following investigation showed that Smad2 was targeted for

degradation via the Smurf2-mediated ubiquitin-proteasome sys-

tem in SARA mutant MEFs. This result is consistent with the

findings of a previous in vitro study [13]. Smurf2 is a HECT class

ubiquitin E3 ligase that induces the ubiquitination and degrada-

tion of TGF-b-induced p-Smad2 [38,39]. It has been found that

ubiquitination and degradation of nuclear Smad2 is caused by

Smad2 accumulates in the nucleus and is independent from the

phosphorylation of Smad2 [42]. In SARA mutant mice, we

detected a significant enhanced protein-protein interaction

between Smad2 and Smurf2 but not the protein amount of

Smurf, suggesting that an abnormal accumulation of Smad2 in the

nucleus. It has been showed that Smad2 would be maintained in

cytoplasm by interacting with SARA and can be released to

nucleus by the phosphorylation through TGF-b signal transduc-

tion [43,44]. Interestingly, in our study, we found that loss of

SARA does not affect the ability of canonical TGF-b signaling

pathway to induce phosphorylation of Smad2. In addition, the

interaction between SARA and Smad2 was not detected in our

MEF cells. Moreover, only FYVE-domain of SARA was deleted in

SARA mutant mice should only affected the membrane-binding

affinity of SARA. How this membrane-binding-deficient mutant

SARA could unmask the nuclear import function of Smad2 in our

in vivo SARA mutant mice is still unclear. The detailed molecular

mechanisms require further investigation.

Dysfunction of TGF-b signaling is associated with a variety of

human pathologies, such as fibrosis and cancer. Studies carried

out with a two-stage carcinogenesis model and some in vitro cell

culture systems have provided abundant evidence that TGF-b
has dual roles in cancer. During early tumor progression, TGF-

b first acts as a tumor suppressor and later as a tumor promoter

at tumor malignant conversion. It acts directly on tumor cells to

enhance the EMT [3,45,46]. In contrast, loss of Smad2 in

keratinocytes can accelerate skin tumor formation in the early

stages and increase malignant conversion in the later stages

[21]. Unlike the dual effects of TGF-b, Smad2 has inhibitory

effects on both early tumor growth and later malignant

conversion. A previous study suggested that prolonged treat-

ment with TGF-b reduces SARA expression, further decreases

Smad2 protein, and enhances the EMT phenotype [13]. Based

on its critical role in TGF-b signaling transduction, SARA has

been suspected as a key factor in tumorigenesis. Here, we have

provided the first evidence that loss of SARA causes tumor

growth in early stages, and promotes the malignant conversion

in later stages in a skin cancer animal model. SARA mutant

mice had decreased levels of Smad2 protein in skin tissue and

exhibited a similar tumorigenic phenotype as keratinocyte-

specific Smad2-KO mice, indicating that SARA may exert its

tumor suppressive effects in part through modulation of Smad2

protein levels. Notably, the loss of one Smad2 allele is sufficient

to promote tumor formation and malignant progression [21]. In

addition, loss of one SARA allele in mice, which express more

Smad2 protein than in Smad2+/2 mice, only induced tumor

formation but not highly malignant progression. Our results

suggest that malignant conversion requires a significantly lower

level of Smad2 than tumor formation. Thus, we conclude that

SARA may play a role in the maintenance of the Smad2

checkpoint activity that is required to block not only tumor

formation but also malignant conversion at different threshold

concentrations.

TGF-b signaling generally is a master immunosuppressive

regulator of the immune response. It inhibits both B and T

lymphocyte proliferation and differentiation, and alters the

functions of all classes of mature leukocytes [47–49]. In addition

to the alteration of TGF-b signaling pathway in skin cancer cells,

the innate and adaptive immune systems also play a critical role in

tumor growth and progression [50]. Although our SARA mutant

mice exhibit symptoms similar to keratinocyte-specific Smad2-KO

mice, we could not rule out whether SARA mutant mice have

some defects in their immune system which may contribute to

promote tumorigenesis. To figure out this question, further

experiments must be carried.

The importance of TGF-b-induced EMT in the malignant

conversion of cancer has been demonstrated. These conversion

changes are reversible upon removal of TGF-b. Thus, many

different cancer therapy approaches involving the inhibition of

TGF-b-induced EMT have been considered. Although tumor

invasion and metastasis is reduced by inhibiting TGF-b signaling,

the loss of TGF-b-mediated growth inhibition on other normal

cells often increases the risk of tumor formation. This dual role of
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TGF-b could pose a challenge when targeting the TGF-b
signaling system for cancer treatment. Recent studies showed that

Smad2 has a tumor suppressive effect on both tumor growth and

malignant conversion, thus making it a promising candidate for

cancer therapy. However, overexpression of Smad2 upregulated

TGF-b signaling [51], which may affect the immune system and

normal cell functions. Interestingly, SARA also has a tumor

suppressive effect on both tumor growth and malignant conver-

sion. Unlike Smad2, however, overexpression of SARA in cultured

cells did not alter TGF-b signaling [9,40]. Thus, it is worthy to

know that SARA could be an attractive novel target for cancer

therapy. However, it is still unclear how SARA deficiency

promotes skin carcinogenesis and how TGF-b mediates the loss

of SARA expression. The answers to these questions may give us

more insight into the possibilities of this novel therapeutic target

and strategies for cancer treatment.

Supporting Information

Figure S1 SARA does not interact with Smad2/3 and
TGF-b receptors. (A) MEFs were treated with or without 4 ng/

mL TGF-b1 for 5 or 15 minutes. MEF lysates (500 mg) were

immunoprecipitated (IP) with anti-mouse SARA-N antibody and

blotted (IB) with the indicated antibodies. SARAD/D MEF served

as the negative control. WT MEF lysate (100 mg) served as the

input control. (B) WT MEFs were treated with or without 4 ng/

mL TGF-b1 for 5 or 15 minutes. Phosphorylation of Smad2

(p-Smad2) was detected by Western blot. GAPDH served as the

input control.

(TIF)

Figure S2 Punctate EEA1 staining pattern is not exhib-
ited in non TGF-b1-stimulated MEF controls. WT and

SARAD/D MEFs were incubated at 4uC for 1 hour and then

37uC for 30 minutes. Cells were fixed and stained with antibodies

to endogenous EEA1, TGF-b RI, and RII.

(TIF)

Table S1 Offspring from SASA+/D intercrosses are born
at Mendelian frequencies.
(TIF)

Text S1 cDNA sequences of SARA variant transcripts.
(DOCX)

Acknowledgments

We thank the staff of the pathology core and animal facility at IBMS for

assistance. We also thank Hsin-Yi Tung and Yen-Ling Shih for valuable

advice and comments on the manuscript. We also thank the technical

services provided by the Pathology Core Facility of Institute of Institute

Biomedical Sciences, Academia Sinica, Taiwan.

Author Contributions

Conceived and designed the experiments: HMC YTY. Performed the

experiments: HMC YYL PCT. Analyzed the data: HMC CTL YTY.

Wrote the paper: HMC YTY.

References

1. Moses HL, Serra R (1996) Regulation of differentiation by TGF-beta. Curr
Opin Genet Dev 6: 581–586.

2. Moustakas A, Pardali K, Gaal A, Heldin CH (2002) Mechanisms of TGF-beta

signaling in regulation of cell growth and differentiation. Immunol Lett 82: 85–

91.

3. Zavadil J, Bottinger EP (2005) TGF-beta and epithelial-to-mesenchymal

transitions. Oncogene 24: 5764–5774.

4. Phanish MK, Wahab NA, Colville-Nash P, Hendry BM, Dockrell ME (2006)
The differential role of Smad2 and Smad3 in the regulation of pro-fibrotic

TGFbeta1 responses in human proximal-tubule epithelial cells. Biochem J 393:

601–607.

5. Derynck R, Akhurst RJ, Balmain A (2001) TGF-beta signaling in tumor

suppression and cancer progression. Nat Genet 29: 117–129.

6. Wrana JL (2000) Regulation of Smad activity. Cell 100: 189–192.

7. Moustakas A, Souchelnytskyi S, Heldin CH (2001) Smad regulation in TGF-
beta signal transduction. J Cell Sci 114: 4359–4369.

8. Massague J, Seoane J, Wotton D (2005) Smad transcription factors. Genes Dev

19: 2783–2810.

9. Tsukazaki T, Chiang TA, Davison AF, Attisano L, Wrana JL (1998) SARA, a
FYVE domain protein that recruits Smad2 to the TGFbeta receptor. Cell 95:

779–791.

10. Wu G, Chen YG, Ozdamar B, Gyuricza CA, Chong PA, et al. (2000) Structural
basis of Smad2 recognition by the Smad anchor for receptor activation. Science

287: 92–97.

11. Hu Y, Chuang JZ, Xu K, McGraw TG, Sung CH (2002) SARA, a FYVE
domain protein, affects Rab5-mediated endocytosis. J Cell Sci 115: 4755–4763.

12. Itoh F, Divecha N, Brocks L, Oomen L, Janssen H, et al. (2002) The FYVE

domain in Smad anchor for receptor activation (SARA) is sufficient for
localization of SARA in early endosomes and regulates TGF-beta/Smad

signalling. Genes Cells 7: 321–331.

13. Runyan CE, Hayashida T, Hubchak S, Curley JF, Schnaper HW (2009) Role of
SARA (SMAD anchor for receptor activation) in maintenance of epithelial cell

phenotype. J Biol Chem 284: 25181–25189.

14. Bakkebo M, Huse K, Hilden VI, Forfang L, Myklebust JH, et al. (2012) SARA is
dispensable for functional TGF-beta signaling. FEBS Lett.

15. Goto D, Nakajima H, Mori Y, Kurasawa K, Kitamura N, et al. (2001)

Interaction between Smad anchor for receptor activation and Smad3 is not
essential for TGF-beta/Smad3-mediated signaling. Biochem Biophys Res

Commun 281: 1100–1105.

16. Lu Z, Murray JT, Luo W, Li H, Wu X, et al. (2002) Transforming growth factor

beta activates Smad2 in the absence of receptor endocytosis. J Biol Chem 277:
29363–29368.

17. Wilkinson DG (1999) In Situ Hybridization: A Practical Approach. Oxford

University Press, USA.

18. O’Gorman S, Dagenais NA, Qian M, Marchuk Y (1997) Protamine-Cre

recombinase transgenes efficiently recombine target sequences in the male germ

line of mice, but not in embryonic stem cells. Proc Natl Acad Sci U S A 94:

14602–14607.

19. Denizot F, Lang R (1986) Rapid colorimetric assay for cell growth and survival.

Modifications to the tetrazolium dye procedure giving improved sensitivity and

reliability. Journal of immunological methods 89: 271–277.

20. Itahana K, Campisi J, Dimri G (2007) Methods to Detect Biomarkers of Cellular

Senescence. In: T. Tollefsbol, editor editors. Biological Aging. Humana Press.

pp. 21–31.

21. Hoot KE, Lighthall J, Han G, Lu SL, Li A, et al. (2008) Keratinocyte-specific

Smad2 ablation results in increased epithelial-mesenchymal transition during

skin cancer formation and progression. J Clin Invest 118: 2722–2732.

22. Squire RA, Goodman DG, Valerio MG, Fredrickson T, Strandberg JD, et al.

(1978) Tumors. In: Benirschke K, Garner FM, and Jones TC (eds) Pathology of

laboratory animals Vol II Springer, Berlin Heidelberg New York Tokyo:

pp 1051–1283.

23. Kulkarni AB, Huh CG, Becker D, Geiser A, Lyght M, et al. (1993)

Transforming growth factor beta 1 null mutation in mice causes excessive

inflammatory response and early death. Proc Natl Acad Sci U S A 90: 770–774.

24. Carvalho RL, Itoh F, Goumans MJ, Lebrin F, Kato M, et al. (2007)

Compensatory signalling induced in the yolk sac vasculature by deletion of

TGFbeta receptors in mice. J Cell Sci 120: 4269–4277.

25. Waldrip WR, Bikoff EK, Hoodless PA, Wrana JL, Robertson EJ (1998) Smad2

signaling in extraembryonic tissues determines anterior-posterior polarity of the

early mouse embryo. Cell 92: 797–808.

26. Morsut L, Yan KP, Enzo E, Aragona M, Soligo SM, et al. (2010) Negative

control of Smad activity by ectodermin/Tif1gamma patterns the mammalian

embryo. Development 137: 2571–2578.

27. Runyan CE, Schnaper HW, Poncelet AC (2005) The role of internalization in

transforming growth factor beta1-induced Smad2 association with Smad anchor

for receptor activation (SARA) and Smad2-dependent signaling in human

mesangial cells. J Biol Chem 280: 8300–8308.

28. Penheiter SG, Mitchell H, Garamszegi N, Edens M, Dore JJ Jr., et al. (2002)

Internalization-dependent and -independent requirements for transforming

growth factor beta receptor signaling via the Smad pathway. Mol Cell Biol

22: 4750–4759.

29. Hayes S, Chawla A, Corvera S (2002) TGF beta receptor internalization into

EEA1-enriched early endosomes: role in signaling to Smad2. J Cell Biol 158:

1239–1249.

30. Di Guglielmo GM, Le Roy C, Goodfellow AF, Wrana JL (2003) Distinct

endocytic pathways regulate TGF-beta receptor signalling and turnover. Nat

Cell Biol 5: 410–421.

Mutation of SARA Promotes Skin Carcinogenesis

PLOS ONE | www.plosone.org 14 August 2014 | Volume 9 | Issue 8 | e105299



31. Panopoulou E, Gillooly DJ, Wrana JL, Zerial M, Stenmark H, et al. (2002) Early

endosomal regulation of Smad-dependent signaling in endothelial cells. J Biol
Chem 277: 18046–18052.

32. Lin HK, Bergmann S, Pandolfi PP (2004) Cytoplasmic PML function in TGF-

beta signalling. Nature 431: 205–211.
33. Ten Dijke P, Goumans MJ, Itoh F, Itoh S (2002) Regulation of cell proliferation

by Smad proteins. J Cell Physiol 191: 1–16.
34. Jang CW, Chen CH, Chen CC, Chen JY, Su YH, et al. (2002) TGF-beta

induces apoptosis through Smad-mediated expression of DAP-kinase. Nat Cell

Biol 4: 51–58.
35. Senturk S, Mumcuoglu M, Gursoy-Yuzugullu O, Cingoz B, Akcali KC, et al.

(2010) Transforming growth factor-beta induces senescence in hepatocellular
carcinoma cells and inhibits tumor growth. Hepatology 52: 966–974.

36. Hu B, Wu Z, Phan SH (2003) Smad3 mediates transforming growth factor-beta-
induced alpha-smooth muscle actin expression. Am J Respir Cell Mol Biol 29:

397–404.

37. Desmouliere A, Geinoz A, Gabbiani F, Gabbiani G (1993) Transforming growth
factor-beta 1 induces alpha-smooth muscle actin expression in granulation tissue

myofibroblasts and in quiescent and growing cultured fibroblasts. J Cell Biol
122: 103–111.

38. Lin X, Liang M, Feng XH (2000) Smurf2 is a ubiquitin E3 ligase mediating

proteasome-dependent degradation of Smad2 in transforming growth factor-
beta signaling. J Biol Chem 275: 36818–36822.

39. Zhang Y, Chang C, Gehling DJ, Hemmati-Brivanlou A, Derynck R (2001)
Regulation of Smad degradation and activity by Smurf2, an E3 ubiquitin ligase.

Proc Natl Acad Sci U S A 98: 974–979.
40. Miura S, Takeshita T, Asao H, Kimura Y, Murata K, et al. (2000) Hgs (Hrs), a

FYVE domain protein, is involved in Smad signaling through cooperation with

SARA. Mol Cell Biol 20: 9346–9355.

41. Komada M, Soriano P (1999) Hrs, a FYVE finger protein localized to early

endosomes, is implicated in vesicular traffic and required for ventral folding
morphogenesis. Genes Dev 13: 1475–1485.

42. Lo RS, Massague J (1999) Ubiquitin-dependent degradation of TGF-beta-

activated smad2. Nat Cell Biol 1: 472–478.
43. Xu L, Chen Y-G, Massague J (2000) The nuclear import function of Smad2 is

masked by SARA and unmasked by TGFb-dependent phosphorylation. Nat
Cell Biol 2: 559–562.

44. Xu L, Kang Y, Col S, Massague J (2002) Smad2 nucleocytoplasmic shuttling by

nucleoporins CAN/Nup214 and Nup153 feeds TGFbeta signaling complexes in
the cytoplasm and nucleus. Mol Cell 10: 271–282.

45. Wang XJ (2001) Role of TGFbeta signaling in skin carcinogenesis. Microsc Res
Tech 52: 420–429.

46. Cui W, Fowlis DJ, Bryson S, Duffie E, Ireland H, et al. (1996) TGFbeta1 inhibits
the formation of benign skin tumors, but enhances progression to invasive

spindle carcinomas in transgenic mice. Cell 86: 531–542.

47. Smeland EB, Blomhoff HK, Holte H, Ruud E, Beiske K, et al. (1987)
Transforming growth factor type beta (TGF beta) inhibits G1 to S transition, but

not activation of human B lymphocytes. Exp Cell Res 171: 213–222.
48. Wahl SM (1992) Transforming growth factor beta (TGF-beta) in inflammation:

a cause and a cure. J Clin Immunol 12: 61–74.

49. Rehmann JA, LeBien TW (1994) Transforming growth factor-beta regulates
normal human pre-B cell differentiation. Int Immunol 6: 315–322.

50. Glick AB, Perez-Lorenzo R, Mohammed J (2008) Context-dependent regulation
of cutaneous immunological responses by TGFbeta1 and its role in skin

carcinogenesis. Carcinogenesis 29: 9–14.
51. Ito Y, Sarkar P, Mi Q , Wu N, Bringas P Jr., et al. (2001) Overexpression of

Smad2 reveals its concerted action with Smad4 in regulating TGF-beta-

mediated epidermal homeostasis. Dev Biol 236: 181–194.

Mutation of SARA Promotes Skin Carcinogenesis

PLOS ONE | www.plosone.org 15 August 2014 | Volume 9 | Issue 8 | e105299


