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Abstract
The Snail transcription factor is a repressor and a master regulator of epithelial-mesenchymal
transition events (EMT) in normal embryonic development and during tumor metastases. Snail
directly regulates genes affecting cell adhesion, motility and polarity. Invasive tumor cells express
high levels of Snail and it is a marker for aggressive disease and poor prognosis. Transcriptional
repression and EMT induction by Snail requires binding to its obligate corepressor, the LIM protein
Ajuba. It is unclear how this complex is assembled and maintained on Snail target genes. Here we
define functional 14-3-3 binding motifs in Snail and Ajuba which selectively bind 14-3-3 protein
isoforms. In Snail, a NH2-terminal motif in the repression domain cooperates with a COOH-terminal,
high affinity motif for binding to 14-3-3 proteins. Coordinate mutation of both motifs abolishes
14-3-3 binding and inhibits Snail-mediated gene repression and EMT differentiation. Snail, 14-3-3
proteins, and Ajuba form a ternary complex which is readily detected via ChIP at the endogenous E-
cadherin promoter. Collectively, these data show that 14-3-3 proteins are new components of the
Snail transcriptional repression machinery and mediate its important biological functions.
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Introduction
During tumor progression and metastases, EMT is characterized by down-regulation of E-
cadherin and other cell adhesion molecules, which facilitates cell motility [1-2]. The Snail
transcription factor is a master regulator of EMT during both normal embryonic development
and tumor metastases [3-5]. Genetic deletion of the Snail gene in mice causes embryonic
lethality due to defects in gastrulation and in the normal EMT process required for generation
of the mesodermal layer [4]. Ectopic expression of Snail in epithelial cells induces the EMT
transdifferentiation event accompanied by increased migration, motility and invasiveness
[6-7]. Snail expression in immortalized human mammary epithelial cells results in the
acquisition of mesenchymal traits and properties of stem cells [8]. In mice, Snail is
spontaneously up-regulated during tumor recurrence in the mammary gland and high Snail
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expression strongly predicts decreased relapse-free survival in women with breast cancer [9].
Taken together, these studies demonstrate that Snail may play critical roles in both tumor
metastases and recurrence.

The Snail protein contains four COOH-terminal tandem C2-H2 zinc finger motifs and a NH2-
terminal SNAG (Snail/Slug, and Gfi-1) repression domain [10-11]. The DNA target sequence
for zinc finger binding is the E-box, usually found in tandem in Snail target genes. The SNAG
domain recruits the LIM domain protein Ajuba, which acts as an obligate corepressor for Snail
mediated repression [12-13]. The Ajuba protein in turn recruits the protein arginine
methyltranferase 5 (Prmt5) to form a ternary complex of Snail/Ajuba/Prmt5 which can be found
at multiple Snail target genes [14]. The biochemical mechanisms which govern assembly and
function of this complex are still largely unknown. In an effort to further define components
of the Snail signaling system, we identified two putative 14-3-3 binding sites within the Snail
protein.

The 14-3-3 proteins are a family of 28–33-kDa acidic polypeptides which are ubiquitously
expressed in all eukaryotic organisms [15-17]. This family of proteins is highly conserved and
consists of seven members in mammals denoted β, γ, ε, σ, ζ, τ and η, each encoded by a distinct
gene. The 14-3-3 proteins form homo- or hetero-dimers, which appear to function as scaffolds
for assembly of multi-protein complexes for a diverse array of proteins. These targets include
transcription factors, enzymes, cytoskeletal proteins, signal transducers, apoptosis factors and
histones [16-17]. Proteins which bind the 14-3-3 family contain the motifs RSXpS/TXP and/
or RXXXpS/TXP (where pS/T represents phospho-serine or threonine, and X represents any
amino acid residue except cysteine). Binding of 14-3-3 dimers to its partners can induce
conformational changes in protein ligands that may alter their stability, catalytic activity,
subcellular localization, protein-protein interactions and/or DNA binding [15-17]. Not
surprisingly, the 14-3-3 proteins play crucial roles in diverse processes such as cell cycle
regulation, DNA repair, apoptosis, cell differentiation, senescence and cell adhesion. Recently,
14-3-3 proteins have been shown to bind a phosphorylated form of histone H3, suggesting that
14-3-3 proteins also play a role in epigenetic chromatin remodeling [18-20]. Here, we report
that the biological and transcriptional repression functions of Snail are dependent on 14-3-3
binding.

Materials and Methods
Plasmids, cell culture, transfections and luciferease assays

The pMEX-myc-Ajuba and pCMV-HA-Snail, pcDNA-Flag-14-3-3, and pGL2-E-cadherin
luciferase reporter (E-cad-Luc) plasmids have been described [13-14,21]. The pLU-Flag-Snail
and mutants were constructed via PCR-based cloning [14]. The Sport6-CMV- Snail (murine)
and pKLO1-shAjuba (human) plasmids were purchased from Open Biosystems.

MCF7 cells and 293 cells were maintained in DMEM containing 10% FBS, 2 mM L-glutamine,
and Penicillin (50 U/ml)/Streptomycin (50 μg/ml) at 37° C under 5% CO2 in a humidified
chamber. MCF10A mammary epithelial cells were maintained in DMEM/F12 containing 5%
horse serum, EGF (10ng/ml), Hydrocortisone (0.5μg/ml), Cholera toxin (100ng/ml), Insulin
(10 μg/ml), and Penicillin (50 U/ml)/Streptomycin (50 μg/ml). Transfection and luciferase
assays in 293 cells were performed as described [14].

The stable MCF10A-siAjuba and MCF10A-siLuc cells were established via a viral infection
and puromycin selection. The MCF10A cells stably expressing Snail and its mutants were
established via a viral infection. The Stable 293-Flag-Snail and 293-vector cells were
previously described [14].
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Immunoprecipitation, western blot, and antibodies, chromatin immunoprecipitation (ChIP)
Plasmids encoding Myc-Ajuba, HA-Snail and Flag-14-3-3 proteins were transiently
transfected into 293 cells and 24 hours post-transfection, whole cell extracts were prepared as
described [14]. These extracts were precleared with protein A/G beads and co-
immunoprecipiation (co-IP) assays were performed with either α-Myc or α-HA antibodies. For
endogenous co-IP assays, nuclear extracts were prepared from 293-Flag-Snail and 293-vector
cells [14]. Mouse monoclonal α-Myc (Zymed), α-Flag (Sigma), α-HA (Santa Cruz), α-
Vimentin (Sigma), rabbit polyclonal α-14-3-3 (Millipore) and α-Fibronectin (Santa Cruz)
antibodies were purchased. The rabbit polyclonal α-Ajuba serum was previously described
[14].

To prepare cells for ChIP, the MCF10A cells stably expressing Snail and its mutants were
grown in 150 mm plates to 70-90% confluency and were processed as described [14]. The
immunoprecipitated DNAs were detected and quantified with primer sets which amplify the
DNA fragements flanking the known E-boxes in the E-cadherin promoter [22].

Transwell cell migration assays
The MCF10A cells expressing a GFP marker were sorted using FACS and serum-starved for
4 hours. The cells were harvested and resuspended in DMEM/F12 medium. Suspensions
containing 1×105 cells were applied to 8-μm pore transwell filters (Corning). Then, DMEM/
F12 medium containing 5% horse serum was added to the bottom chamber. After overnight
incubation, the migrated cells at the bottom of the filter were fixed with 70% ethanol and cells
in each chamber were quantified by counting three fields under 10× magnification using a
fluorescent microscope. Each condition was performed in triplicate and the average number
of cells per field is represented. Each Experiment was repeated twice.

Results
Snail contains two putative 14-3-3 protein binding motifs and selectively interacts with 14-3-3
protein isoforms

A comprehensive bioinformatic analysis of the Snail amino acid sequence revealed two
putative 14-3-3 protein binding motifs within Snail designated SNA-A and SNA-B (Figure
1A). SNA-A is located in the SNAG repression domain, is found in human and rodent, but not
in cattle, chicken, frog or zebrafish. In contrast, SNA-B is located in the first zinc-finger of
Snail, is highly conserved and is found in all species compared.

To determine if Snail interacts with 14-3-3 proteins, plasmids encoding HA- tagged Snail and
Flag-tagged 14-3-3 proteins were transiently co-expressed in 293 cells followed by co-IP and
western blot assays. Snail robustly interacted with 14-3-3γ, ε, τ, η isoforms, weakly associated
with β and showed no interaction with 14-3-3 σ and ζ (Figure 1B). Snail also interacted with
endogenous 14-3-3 proteins as shown via co-IP and western blot using a pan 14-3-3 reactive
antibody (Figure 1C). These data demonstrate that Snail can strongly and selectively interact
with 14-3-3 isoforms.

Both of the 14-3-3 binding motifs in Snail are required for maximal interaction with 14-3-3
proteins

The Snail-14-3-3 interaction was mapped using truncated forms of Snail: HA-Snail-dN
(deletion of the SNAG domain) and HA-Snail-dC (deletion of the zinc finger region). Deletion
of the SNAG domain (HA-Snail-dN) did not strongly affect 14-3-3 η binding (Figure 2B, lane
2 and 3), while HA-Snail-dC failed to bind all four 14-3-3 isoforms (Figure 2B) suggesting
that the 14-3-3 binding motif located in the zinc finger region of Snail is most important for
binding under these conditions. These motifs were mutated to alanines individually or in
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combination in the full-length protein (Figure 2C). The core serine in the NH2-terminal motif
(ΔSNA-A) and the threonine in the COOH-terminal motif (ΔSNA-B) were targeted. Mutation
of the NH2-terminal motif SNA-A slightly decreased its interaction with 14-3-3 isoforms
(Figure 2D, lanes 3, 7, 11and 15). Strikingly, the single T179A substitution in the COOH motif
SNA-B completely abolished the Snail-14-3-3 interaction (Figure 2D). Thus, the NH2-terminal
motif shows weak binding activity alone. The COOH-terminal motif is the dominant site and
is required for 14-3-3 protein binding. The full-length Snail with both motifs intact bound with
the highest affinity.

Snail-14-3-3 interaction is required for E-cadherin repression
E-cadherin is a direct target of Snail repressor and contains tandem Snail binding sites in the
proximal promoter [23-24]. To test if 14-3-3 binding is crucial for Snail-mediated repression
of E-cadherin, we performed luciferase reporter assays in 293 and MCF7 cells. An E-cadherin
promoter reporter (E-cad-Luc) plasmid was transiently transfected with plasmids encoding
Snail (wild-type or mutants) into 293 cells and luciferase asssays were performed. The wild-
type Snail effectively repressed E-cad-Luc activity and the mutant, ΔSNA-A showed
repression of E-cad-Luc comparable to the wild type Snail. The mutants ΔSNA-B and ΔSNA-
AB were impaired in their repression activities compared to the wild type Snail in both 293
and MCF7 cells (Figure 3). Thus, the 14-3-3 binding motifs in Snail significantly affect Snail-
mediated transcriptional repression.

The COOH-terminal motif is required for Snail to induce EMT and cell migration
The process of Snail-induced EMT is characterized by dramatic phenotypic changes that
include loss of the epithelial markers E-cadherin, γ-catenin/plakoglobin, α-catenin, and β-
catenin, gain of the mesenchymal markers Fibronectin and Vimentin, and changes in cell shape
and motility [1-2], all of which are readily observed in MCF10A mammary epithelial cells
[7-8,25]. To examine if these 14-3-3 binding sites in Snail are required for induction of EMT,
MCF10A cells were infected with lentiviral vectors encoding wild type Snail, ΔSNA-A,
ΔSNA-B or ΔSNA-AB proteins. Western blots were performed to examine the expression of
the Snail variants, and the EMT markers E-cadherin, Fibronectin and Vimentin. The exogenous
Snail proteins were expressed in MCF10A cells at similar levels (Figure 4A). The wild-type
Snail and the ΔSNA-A mutant effectively repressed the endogenous E-cadherin, however, both
the ΔSNA-B and ΔSNA-AB mutants were severely impaired in their abilities to repress E-
cadherin (Figure 4A). Increased Fibronectin and Vimentin was observed in Snail and ΔSNA-
A expressing cells, while expression of ΔSNA-B and ΔSNA-AB showed little effect on
Fibronectin (Figure 4A). Concomitantly, expression of Snail and ΔSNA-A induced drastic
morphological changes in MCF10A cells, indicative of EMT, whereas the mutants, ΔSNA-B
and ΔSNA-AB which fail to interact with 14-3-3 proteins did not elicit EMT morphology
(Figure 4B).

To examine cell motility, MCF10A cells expressing Snail, ΔSNA-A, ΔSNA-B and ΔSNA-AB
were sorted by FACS using GFP as the selection marker. The migration potential of these cells
was assayed using standard transwell assays. Both Snail and the mutant ΔSNA-A promoted
cell migration, while the mutants ΔSNA-B and ΔSNA-AB did not (Figure 4C). Taken together,
these data indicate the 14-3-3 binding site located in the first zinc finger motif of Snail is
required for Snail to induce motility in MCF10A cells.

The Snail corepressor Ajuba contains functional 14-3-3 binding motifs
Since 14-3-3 proteins may function by mediating the assembly of multiprotein complexes, we
asked if 14-3-3 proteins affect the potential of Snail to recruit its corepressor Ajuba. Two
putative 14-3-3 binding motifs in the preLIM region of Ajuba were identified (Figure 5A). To
verify the interaction between Ajuba and 14-3-3 isoforms, Myc-tagged Ajuba and Flag-tagged
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14-3-3 isofoms were expressed in 293 cells followed by co-IP assays. Ajuba did not interact
with 14-3-3 β, ε, σ, or ζ (Figure 5B). However, Ajuba strongly interacted with 14-3-3 γ, τ and
η.

To examine whether the two putative 14-3-3 binding motifs in Ajuba were required for 14-3-3
protein interaction, we mutated these two motifs individually or in combination (Figure 5A).
Mutation of the NH2-terminal motif (Aj-A) enhanced the binding activity of Ajuba to 14-3-3
γ (Figure 5C). Mutation of the COOH-terminal motif (Aj-B) alone or mutation of Aj-A and
Aj-B simultaneously significantly decreased, but did not completely abolish the interaction
beween Ajuba and 14-3-3 γ (Figure 5C). These data together suggest that Aj-B is the dominant
site for 14-3-3 binding, and that Ajuba may contain additional, weaker 14-3-3 binding sites at
other locations.

To determine if Snail, 14-3-3 and Ajuba form a stable ternary complex, we co-expressed HA-
Snail, Myc-Ajuba and Flag-14-3-3 γ in 293 cells. Ajuba readily co-immunoprecipitated Snail
and 14-3-3 γ when these proteins were co-expressed (Figure 5D, lanes 2, 3). Mutation of the
14-3-3 binding motifs in Snail or in Ajuba did not significantly affect the Snail-Ajuba
interaction. However, mutation of the 14-3-3 binding motifs in Ajuba drastically decreased its
ability to bind 14-3-3 γ (Figure 5D, lanes 8, 9). These data suggest that a stable Snail-
Ajuba-14-3-3 ternary complex can be assembled in cells

Ajuba is required for Snail to induce EMT in MCF10A cells
To examine the role of Ajuba in Snail-mediated repression and EMT, a viral vector containing
a shRNA sequence targeting human ajuba was stably introduced into MCF10A cells to create
MCF10A-siAjuba cells. A vector containing shRNA targeting luciferase was used as a control.
Following puromycin selection, these populations were infected with viruses expressing Snail
or empty vector. The expression of E-cadherin, Vimentin, Fibronectin, Ajuba and Snail were
examined via western blot. Ajuba was efficiently knocked down but not abolished in MCF10-
siAjuba cells (Figure 6A). Snail expression in MCF10A-siLuc cells repressed E-cadherin, and
comcomitantly increased Vimentin and Fibronectin. Snail did not induce similar changes in
MCF10A-siAjuba cells (Figure 6A). In further support of these observations, Snail failed to
induce morphological changes in MCF10A-siAjuba cells (Figure 6B). Taken together, these
data indicate that Ajuba is a critical co-factor for Snail-mediated EMT.

14-3-3 proeins are recruited to the E-cadherin promoter via an interaction with Snail
To examine how mutation of the 14-3-3 binding motifs affects the ability of Snail and its
associated proteins to localize to the promoters of endogenous Snail target genes, we applied
ChIP analysis to the Snail target gene E-cadherin. Antibodies specific to Snail, Ajuba and
14-3-3 proteins were used for the ChIP assays and the immunoprecipitated DNA fragments
were quantified by PCR amplification using a primer set flanking the three Snail-binding sites
located in the proximal promoter region of the E-cadherin gene (Figure 6C). The proximal
promoter of the E-cadherin gene was highly enriched by antibodies to Snail and 14-3-3 (Figure
6C, lanes 3 & 5), and modestly enriched by antibody to Ajuba in MCF10A-Flag-Snail cells
(Figure 6C, lane 4). However, binding of Snail, Ajuba and 14-3-3 proteins was significantly
diminished in the MCF10A cells expressing the ΔSNA-AB mutant (Figure 6C). Taken
together, these data suggest that the association of Snail, Ajuba and 14-3-3 with the endogenous
E-cadherin promoter is strongly influenced by the 14-3-3 binding motif.

Discussion
Expression of Snail is directly associated with acquisition of the metastatic and invasive
phenotype in human cancers [5-6,8]. Thus, definition of the machinery which mediates Snail
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functions is of great interest. In this study, we show that 14-3-3 proteins are new components
of this machinery. The 14-3-3 proteins bind Snail directly, and mutation of the 14-3-3 binding
motif in the zinc finger domain of Snail significantly impairs Snail-mediated repression and
EMT. Snail, 14-3-3 proteins, and Ajuba are readily detected at the endogenous E-cadherin
promoter in a Snail-dependent manner. Collectively, these data suggest that 14-3-3 proteins
may function as co-factors for Snail and directly modulate Snail functions.

The 14-3-3 proteins are often implicated in cytoplasmic signaling cascades. However, there is
less evidence that they regulate gene transcription via interactions with transcription factors
[16-17]. In these few reported cases, binding of 14-3-3 proteins to these transcription factors
can either sequester them in the cytoplasm or affect their DNA binding activities. For example,
the forkhead transcription factor Foxo1 has two functional 14-3-3 binding motifs and upon
phosphorylation can bind 14-3-3 proteins [26]. 14-3-3 proteins tether the Foxo1 protein to other
cytoplasmic factors and may also inhibit the Foxo1-DNA interaction. 14-3-3 proteins interact
with p53 via a 14-3-3 binding motif located in the DNA binding domain of p53. However, this
interaction can increase p53's DNA binding activity and activates gene expression [27]. Here,
we demonstrate that a functional 14-3-3 binding motif in the DNA binding domain of Snail is
essential for its repression functions and mutation of this motif results in dissociation of Snail-
associated protein complexes from target genes in chromatin. Thus, binding of 14-3-3 proteins
to Snail may either stablize the Snail repression complex and/or direct the Snail complexes to
chromatin.

Recently, 14-3-3 proteins have been described as “interpreters” of the histone code by binding
to phosphorylated serine 10 in histone H3, a modification that is associated with mitotic
chromatin compaction [18-20]. However, interphase phosphorylation on Serine 10 in histone
H3 has been linked to transcriptional activation of target genes. The ability of 14-3-3 proteins
to recognize multiple post-translational modifications, and their ability to homo/hetero-
dimerize suggests that they may have broad capabilities to recognize combinatorial marks in
chromatin and thus control diverse nuclear processes. A working model for the role of 14-3-3
proteins in Snail-mediated repression is shown in Figure 6D. Snail recognizes the E-box DNA
sequence in target genes and serves as the targeting component of this complex. 14-3-3 homo/
heterodimeric proteins may bridge and stabilize a bipartite Snail-Ajuba complex via
recognition of the pS/pT motifs in each component. The 14-3-3 components then may utilize
a different surface to bind modifications in histone tails as that has been shown in the case of
histone H3 scenario, thereby anchoring the complex to chromatin. This scenario would also
facilitate access of the arginine mehtyltransferase Prmt5 for chromatin, allowing the placement
of additional recognition marks, which are readily observed in nucleosomes repressed by Snail
[14]. It is also possible that the 14-3-3 proteins directly recruit chromatin modulators like
HDACs to Snail target genes [28]. Regardless of the exact mechanims, our data clearly show
that the 14-3-3 binding motif in Snail is required to repress target genes during the EMT
transdifferentiation process. These observations are consistent with other reports of 14-3-3
protein functions and cancer [16,29-30]. Thus, biological or pharmacological strategies to
target the Snail-14-3-3 repression machinery may prove useful for cancer therapeutics and
metastasis prevention.
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Figure 1.
Snail selectively interacts with 14-3-3 isoforms. (A) Snail contains conserved 14-3-3 binding
motifs. The putative 14-3-3 binding motifs are designated SNA-A and SNA-B. The numbers
correspond to the locations of the core serine and threonine residues within the 14-3-3 binding
motifs of Snail. (B) Snail interacts with 14-3-3 isoforms when co-expressed in 293 cells. (C)
Snail interacts with endogenous 14-3-3 proteins in 293 cells. Co-IP assays were carried out
with the α-Flag antibody (lanes 1, 2), and a normal mouse IgG (Lane 3). Western blot was
performed with a pan reactive antibody broadly recognizing endogenous 14-3-3 isoforms.
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Figure 2.
Both of the 14-3-3 binding motifs in Snail are required for optimal interaction with 14-3-3
proteins. (A) The truncated forms of Snail used. (B) Interaction of 14-3-3 proteins with
truncated Snail variants. The “*” indicates a non-specific band. (C) Single amino acid
substitutions in the 14-3-3 binding motifs of Snail. The core serine in the NH2-terminal motif
and the threonine in the COOH-terminal motif were replaced with alanines, respectively. (D)
The SNA-A and SNA-B sites are required for optimal 14-3-3 protein binding.
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Figure 3.
The COOH-terminal motif SNA-B is critical for Snail to repress E-cadherin. (A) The E-
cadherin promoter reporter assays in 293 cells. The luciferase reporter construct E-cad-Luc,
Snail and its mutants were co-transfected into 293 cells and normalized luciferase activity was
determined. (B) The E-cadherin promoter reporter assays in MCF7 cells.
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Figure 4.
The COOH-terminal motif SNA-B is required for Snail to induce EMT and cell migration in
MCF10 cells. (A) Mutation of SNA-B inhibits Snail-medidated repression on endogenous E-
cadherin on induction of mesenchymal markers. MCF10A cells were infected with lentiviral
vectors encoding the COOH-terminal Flag-tagged Snail wild type, its mutant variants and GFP.
Whole cell extracts were prepared from exponentially growing MCF10A cells and western
blots were performed using the indicated antibodies. (B) A functional SNA-B motif is essential
for Snail to induce morphological changes in MCF10A cells. Images were taken under the
phase-contrast microscope. GFP was used for the indicator of the infection efficiency. (C) Cell
migration assays. Each condition was performed in triplicate: the average number of cells per
field is represented.
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Figure 5.
Ajuba contains functional 14-3-3 binding motifs and selectively interacts with 14-3-3 isoforms.
(A) Ajuba contains putative 14-3-3 binding motifs in the preLIM region: Aj-A and Aj-B. The
numbers correspond to the locations of the core serine residues within 14-3-3 binding motifs
of Ajuba and the alanine substitution mutations. (B) Ajuba interacts with 14-3-3 isoforms γ,
η and τ when co-expressed in 293 cells. The “*” indicates a non-specific band. (C) Aj-B is the
dominant site for 14-3-3 binding. Myc-Ajuba and its mutants, together with Flag-14-3-3γ were
co-expressed in 293 cells and co-IP assays were performed. (D) Snail, Ajuba and 14-3-3 can
form a ternary protein complex in living cells. Myc-Ajuba, Myc-ΔAj-AB, HA-Snail, HA-
ΔSNA-AB and/or Flag-14-3-3γ were expressed in 293 cells, and co-IP assays were performed
with α-Myc antibody and western blot with α-HA or α-Flag antibodies.
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Figure 6.
14-3-3 proeins are recruited to the E-cadherin promoter via an interaction with Snail. (A)
Depletion of Ajuba in MCF10A cells inhibits Snail-mediated repression on E-cadherin and
induction of Fibronectin and Vimentin. (B) Snail does not induce morphological changes in
MCF10A-siAjuba cells. (C) PCR analysis of the immunoprecipitated DNA fragments from
MCF10A cells. ChIP assays were performed in the MCF10A-Snail and the MCF10A-ΔSNA-
AB cells using the indicated antibodies. The PCR primers flanking the Snail binding sites in
the proximal promoter produces a 200bp fragment detected by ethidium bromide staining. (D)
The cartoon shows a model for how Snail, Ajuba and 14-3-3 may interact with target genes in
chromatin.
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