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Abstract

Snaill transcriptional factor is essential for the epithelial to mesenchymal transition and for the
acquisition by tumor cells of properties associated to this transition, such as increased invasion and
chemoresistance. Snaill function is mainly controlled post-translationally, through different modifications
that directly or indirectly control Snaill protein stability. In this review | describe these modifications, the
enzymes that produce them and their relevance for Snaill function, focusing particularly in
polyubiquitination and phosphorylation. | also propose several explanations for the divergent effects of
some of these modifications, since the phosphorylation of some residues have been reported to both
promote and decrease Snaill stability. Moreover, | discuss the possible causes of the observed Snaill
promiscuity in the interaction with the many factors involved in its regulation, on the basis of the in silico

proposed Snaill structure.
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1. Introduction

Snaill is a transcriptional factor with a key role
in the control of the epithelial-to-mesenchymal
transition (EMT). As a consequence, Snaill expression
in tumor cells provides features associated to this
transition such as increased invasion and
chemoresistance (1). In EMT, Snaill acts as a
transcriptional repressor, binding directly to the
promoter and blocking the expression of key
epithelial genes, such as CDH1, and also activating
the expression of mesenchymal genes; in this case,
through a more indirect interaction with these genes’
promoters (2). Snaill also leads the expression of other
transcriptional factors controlling EMT, such as
Zebl/2, Snail2 and Twist, factors that are collectively
known as EMT-TFs (1, 3). In accordance with its role
in EMT, Snaill expression is rapidly induced by
growth factors and cytokines promoting this
transition, such as EGF, HGF, TGFp, IL6,

endothelin-1, Wnt5a and TNFa, and also by other
conditions causing cellular stress, such as hypoxia,
ultraviolet and gamma irradiation or
chemotherapeutic drugs (4-14). Although some of
these conditions also stimulate Snail gene
transcription, Snaill up-regulation is mainly
produced by an increase in protein stability
dependent on different mechanisms, involving
phosphorylation, reduced Snaill E3 ligase expression
or elevated Snaill deubiquitinases. Different reviews
have been published on the Snaill function in EMT,
chemo-resistance and even acquisition of cancer stem
cell properties (2, 15-16). In this article I focus in the
specific regulation of this factor by post-translational
modifications that control its function, affecting
subcellular localization and protein stability. I
extensively analyze these different modifications that,
in some cases produce contrary actions on Snaill
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function, and discuss their relation with the proposed
Snaill structure.

2. Snaill ubiquitination

Snaill protein is composed by 264 amino acids
structured in two well-defined domains (see Figure 1).
The C-terminal domain binds directly to DNA, to a
consensus 5-CACCTG-3" sequence (or inverse,
5-CAGGTG-3") present in the repressed epithelial
genes, such as CDHI1. The interaction with the DNA
takes place through three Cys2-His2 (C2H2) zinc
fingers (ZnF) with the standard consensus
Cys-X2,4-Cys-X12-His-X3,5-His and a fourth ZnF
with a Cys instead of the last His (C2HC). This last
ZnF is less relevant for DNA binding (17) and it is
likely involved in the interaction with other proteins,
as often happens with C2HC ZnFs (18). The
C-terminal domain also includes the nuclear
localization sequence (19-20) and is the element
involved in the Snaill interaction with factors related
to its function as transcriptional activator, such as
NFkB or the GATA zinc finger protein p66f (2). In
contrast, the regulatory domain presents a short
sequence in the N-terminus, the SNAG domain,
required for binding to co-repressors. Other relevant
regions in the N-terminal domain are the Ser-rich
subdomain (SRD) (amino acids 90-120) and the
nuclear-export sequence (NES) (amino acids 132-144)
(21) (Figure 1). Although they display the same
general organization in two domains, other members
of the SNAIL family exhibit relevant differences in the
regulatory domain. For instance, Snail2 (Slug) does
not contain the SRD or the NES but a specific 28
amino-acid region, called the SLUG domain that is
required for CDHI1 repression (22). Although Snail2 is
also phosphorylated (for instance, see 23), the
post-translational modifications of this factor have

been less investigated, probably reflecting the less
prominent role that Snail2 has in EMT.

Although Snaill gene expression is regulated at
multiple levels (3), the control of Snaill protein
stability is especially relevant, similar to what
happens with other key transcriptional factors, such
as c-myc, p53 or B-catenin. In most cells, Snaill is a
short-lived protein (with a half-life of about 25 min)
and is rapidly ubiquitinated and degraded by the 265
proteasome (24). Actually, Snaill is ubiquitinated by
seventeen different E3 ubiquitin ligases, most of the
Cullin-RING type (see Table 1). The Lys residues
modified by these ubiquitin ligases have been
identified only in a few cases (Figure 1), but they seem
to be preferentially located in the SRD and NES
subdomains.

The action of so many E3 ligases on Snaill
suggests a highly redundant mechanism of protein
degradation to maintain Snaill levels very low under
non-pathological conditions. However, some relevant
points have been very little studied; for instance, the
coordination of action of these E3 ligases. It is possible
that some Snaill E3 ligases work just initiating the
process of ubiquitination and other enzymes more
active on Snaill are in charge of extending
polyubiquitinated Lys48-mediated chains. At this
regard, Snaill down-regulation caused by FBXL5, an
E3 ligase present in the nucleus, as Snaill, is sensitive
to the inhibition of Snaill export (25). These results
have been explained proposing that FBXL5
ubiquitinates Snaill in the nucleus to release it from
the DNA and to enable the accessibility of the NES
sequence to the nuclear export complex; in the
cytosol, Snaill is degraded after the
polyubiquitination is completed by FBXL14 or
BTrCP1, two enzymes present in this compartment
that exhibit high activity on Snaill (25).

Regulatory domain

DNA binding domain
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Figure 1. Snaill ubiquitination by E3 ubiquitin ligases. The figure shows a diagram of murine Snaill protein depicting the N-terminal regulatory domain, comprising the
SNAG sequence, Ser-rich domain (SRD) and the NES element; and the C-terminal DNA-binding domain, with the four Zinc fingers. Ubiquitination of the amino acids are
presented in green or red if they activate or inhibit (respectively) Snaill function. The enzymes that modify these residues are shown. Although not reported, these amino acids

are probably modified by many other E3 ligases.
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Many Snaill E3 ligases bind to a
phospho-degron. The best example of a
phosphorylation-dependent interaction is that of
BTrCP1 that requires the previous phosphorylation by
GSK3p of Ser96 and Ser100 located in the SRD (Figure
1) (26). Phosphorylation by the protein kinase D1
(PKD1) or AMP-activated protein kinase (AMPK) of
Snaill Serll in the SNAG domain is also required for
Snaill degradation by FBXO11 (27-28); however, this
phosphorylation-dependent interaction has been
discussed by other authors (29). Snaill is also
degraded by FBXW?7 (30-31). In this case, the requisite
of Snaill phosphorylation has not been assessed,
although FBXW?7 binds phospho-degrons in other
substrates such as ZEB2 (32-33). Three other Snaill E3
ligases, FBXO31, FBXO22 and SPSB3 also exhibit
phosphorylation-dependence when inducing Snaill
proteolysis (34-36). However, in these cases it is not
totally evident that this is consequence of the
generation of a phospho-degron on Snaill since it
might be related to the stimulation of Snaill nuclear
export caused by GSK3 phosphorylation (see below).
Since most of E3 ligases are present in the cytosol and
nuclear export is dependent on  Snaill
phosphorylation, the inhibition of Snaill degradation
in Snaill phosphorylation-deficient mutants might be
consequence of a deficient nuclear export and not
because the requirement of a phospho-degron.

Snaill in wvitro binding to other ligases is
independent on phosphorylation; for instance, that to
FBXL14 (9). FBXL14 and PTrCP1 are probably the
most active Snaill E3 ligases and redundantly modify
the same group of Snaill lysines (Lys98, 137 and 146)
(9). Although in vitro binding of FBXL14 to Snaill is
not phosphorylation-dependent, in vivo it might be,
since FBXL14 is a cytosolic protein and Snail export to
the cytosol is stimulated by GSK3p-dependent Snaill
phosphorylation. Moreover, Snaill degradation by
FBXL14 is stimulated by LKBI1, that interacts with
both proteins (37).

FBXL14 has a central role in EMT since it also
targets other EMT-TFs such as Snail2, Twistl and
Zeb2 (38). This common down-regulation of EMT-TFs
is also shared by other Snaill E3 ligases: FBXO45, that
also regulates Snail2, Zeb1/2 and Twist1 (39), FBXW?7,
that targets Zeb2 (33), and TRIMI1, that
polyubiquitinates Snail2 (40).

Another interesting issue is the autophagic
degradation of Snaill in the lysosome. It has been
reported that Snaill is also degraded through
selective autophagy (41) although the precise
mechanism remains to be stablished. Interestingly,
Snaill is targeted by two members of the TRIM family
that work as E3 ubiquitin ligases: TRIM21 and
TRIMS50 (40, 42). TRIM proteins are E3 ligases known

to regulate autophagy (43); in some cases, through
Lys63-mediated polyubiquitination (44). Moreover,
TRIM21 promotes autophagic degradation of other
transcriptional factors (IRF3 and c-myc) (45-46). Alike
these factors, it is possible that Snaill undergoes
Lys63-polyubiquination by TRIM50 or TRIM21 and
subsequent lysosomal degradation. It is also possible
that Snaill interaction with these E3 ligases is
mediated by HSP70 (HCS70), since this chaperone
promotes Snaill lysosomal targeting (47).

Snaill polyubiquitination is not always related to
degradation, since two E3 ubiquitin ligases acting on
Snaill increase its protein stability (Table 1). Pellino-1
promotes Snaill Lys63-mediated polyubiquitination
and increases Snaill  half-life  (48). A20
multi-monoubiquitinates and stabilizes Snaill (49).
According to these authors, monoubiquitination of
Lys 206, 234 and 235 is particularly relevant for
stabilization. However, Lys235 is not present in the
murine Snaill and Lys234 is also targeted by FBXL5
and affects DNA binding (25). Therefore, it is likely
that Lys206 monoubiquitination facilitates Snaill
interaction with some nuclear structure, preventing
its export and degradation.

Table 1. E3 ubiquitin ligases interacting with Snaill and
controlling Snaill proteasomal degradation. The reported
Snaill E3 ubiquitin ligases are presented indicating if they
de-stabilize (-) or stabilize (+) Snaill. Only enzymes that have been
demonstrated to interact with Snaill by co-immunoprecipitation
are shown. They are presented in the chronological order they
were reported.

Snaill E3 ubiquitin Effect on Snaill Reference
ligase stability

FBXW1 (BTrCP1) - 2
FBXL14 - 9
FBXL5 - 25
FBXO11 27,29
FBXO45 - 39
FBXO31 - 34
FBXW7 30,31
FBXO22 - 35
PPIL2 - 116
SPSB3 - 36
TRIM21 - 40
HECTD1 - 117
TRIM50 - 42
MARCH2 - 118
FBXLS8 - 119
Pelil (Pellinol) + 48
TNFAIP3 (A20 E3 ligase) + 49

Snaill ubiquitination can be reversed by
deubiquitinating enzymes (deubiquitinases, or
DUBs). Alike Snaill E3 ligases, many DUBs acting on
Snaill has been described (Table 2), suggesting again
that Snaill protein stability is finely regulated. Of note
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that several of these DUBs are induced by factors that
considerably up-regulate Snaill expression: for
instance, DUB3 (also known as USP17L2), by IL-6;
USP27X, by TGEFpB; and USP47, by hypoxia (12-13,
50-51). The relevance of these DUBs in Snaill
expression is stressed by results as those obtained in
the broadly studied model of EMT consisting in
NMuMG cells treated with TGFB: USP27X activation
by this cytokine is totally required for the expression
of Snaill (13).

Table 2. Deubiquitinases interacting with Snaill and
controlling Snaill proteasomal degradation. Only enzymes
that have been demonstrated to interact with Snaill by
co-immunoprecipitation are shown. They are presented in the
chronological order they were reported.

Snaill deubiquitinase Reference
USP17L2 (DUB3) 12,50
uspr47 51
PSMD14 120
OTUB1 121
UsP27X 13
UsP1 57
usP3 122
USsP26 123
UsP11 124
uspP37 125,126
USP18 127
UsP29 58, 59
EIF3H 128
USPIX 129
USP36 52
USP10 130,131
OTUD4 132,133
UsP41 134
UsP28 135
uspP22 136
USP30 137
USP35 138
usP5 66

Snaill DUBs are present in the cytosol since
polyubiquitination takes place mostly in this
compartment. However, some DUBs exhibit specific
localizations. This is the case of USP36, present in the
nucleolus where binds and stabilizes Snaill (52). This
is related to the role of Snaill promoting ribosomal
RNA synthesis and ribosome biogenesis, required for
the completion of EMT (53). How Snaill is targeted to
this nuclear sub-compartment remains to be
investigated.

Alike Snaill E3 ligases, some Snaill DUBs also
deubiquitinate other EMT-TFs. This is the case for
DUBS3, that also works on Snail2 and Twist (54), and
USP10 and USP36, capable to bind and stabilize Snail2
(55-56).

Since Snaill expression provides tumor cells
with a high resistance to chemotherapy (1), depletion
of many Snaill DUBs has been associated to
chemosensitivity. However, only two Snaill DUBs
exhibit an increased function upon exposition to
drugs: USP1, that is phosphorylated by ATM and
ATR upon cisplatin treatment enhancing its binding
to Snaill (57), and USP29, that is upregulated by taxol
and doxorubicin (58). USP29 presents another
interesting feature since it stabilizes Snaill not only
through its DUB activity but also enhancing Snaill
interaction with the small C-terminal phosphatase 1
(SCP1) (59). SCP1 promotes Snaill dephosphorylation
(60) and prevents Snaill degradation by the E3 ligases
that recognize phospho-degrons or by those present
in the cytosol, since phosphorylation also controls
Snaill nuclear export (see below).

As an additional point stressing the relevance of
the control of Snaill stability, polyubiquitination is
also regulated by different proteins that interfere with
the function of Snaill E3 ubiquitin ligases. For
instance, the up-regulation in Snaill caused by TNFa
is partially mediated by the NFxB-induced COP9
signalosome 2 protein (CSN2), which blocks Snaill
ubiquitination by BTrCP1 and likely by other
E3-ligases since it inhibits the activity of E3 ligases
requiring cullin (61). In the same direction,
EDAR-associated death domain protein (EDARADD)
stabilizes Snaill preventing degradation by TRIM21
by a multiple mechanism involving interaction with
and degradation of this E3 ligase and also blocking its
transcription (62). Other proteins interacting with
Snaill, such as Elongator protein 3 (Elp3), flotillin and
ERK3 also stabilize Snaill preventing the action of E3
ligases on this protein (63-65). In contrast, the
regulation of Snaill DUBs has been less studied and
has been just associated to their expression. Only the
activity of USP5 is dependent on the previous
phosphorylation of Snaill by MSK1, that enhances the
binding of this DUB and increases Snaill stability (66).
On the contrary, nucleoredoxin (NXN) facilitates
Snaill destabilization though its binding to DUB3
what inhibits the action of this DUB on Snaill (67).

Therefore, Snaill is polyubiquitylated and
deubiquitinated by multiple E3 ligases and DUBs that
finely regulate Snaill protein expression in different
cells at under different stimuli. The action of these
enzymes on Snaill is controlled through Snaill
protein phosphorylation, that modulates their
binding and accessibility to Snaill protein and also by
proteins that interact with Snaill and preclude its
polyubiquitination.
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Figure 2. Phosphorylation controls Snaill function. Phosphorylation of the indicated amino acids are depicted in green or red if they activate or inhibit (respectively) Snaill
function. Please notice that phosphorylation of some residues can promote a positive or negative effect on Snaill function depending on the subcellular localization. The protein
kinases that modify these residues are shown. Only those sites that are modified by an identified protein kinase are presented here.

3. Snaill phosphorylation

Snaill protein is modified by different Ser and
Thr protein kinases: thirteen different residues have
been reported to be phosphorylated (Figure 2). Most
of these modifications take place in the Ser-rich
sequence (SRD) (amino acids 90-120). GSK3 is the
protein kinase displaying the highest activity on this
domain. Two sequences are phosphorylated in the
SRD, related to two different actions of GSK3p on
Snaill. First, this protein kinase phosphorylates Ser
residues 107, 111 and 115, uncovering a NES placed at
amino acids 132-144 and promoting Snaill
Crml-dependent nuclear export (21, 26, 68). These
residues follow the characteristic pattern SX3S5XsSX3S
detected in other GSK3 substrates where
phosphorylation takes place gradually from C- to N-
Ser/Thr residues (69). Then, when in the cytosol,
Snaill is phosphorylated by CKle at Ser104 priming
the subsequent phosphorylation at Ser100 and Ser96;
this creates a phospho-degron recognized by TrCP1
that polyubiquitinates and targets Snaill for
proteasomal degradation (26, 68, 70) (Figure 3). This
model is also consistent with reports indicating that
inhibition of nuclear GSK3B promotes Snaill
stabilization in this compartment. This is
accomplished after Wnt stimulation, that promotes
the nuclear export of the Axin2/GSK3p complex;
therefore, since GSK3p is absent from the nucleus,
phosphorylation-induced Snaill exit to the cytosol is
blocked (71).

Although  this model of  progressive

phosphorylation is well-supported by biochemical
evidences, several issues need to be clarified. For
instance, several results suggest that Ser107 is not
phosphorylated by GSK3p. According to the initial
model, it would be phosphorylated in the nucleus by
GSK3p, as the last temporally modified amino acid in
the sequence S(107)PAPS(111)SFSS(115)TSAS(119).
However, it is likely that the modification of this Ser is
not required for nuclear export and that of serine 111,
115 and 119 is sufficient to uncover the NES and to
promote export. In line with this idea, Ser107
phosphorylation by p38 promotes the contrary effect,
Snaill stabilization (72). According to this refinement
of the model, modification of this Ser would not be
required for nuclear export.

Another point consists in the priming of GSK3f
phosphorylation in the nucleus. In contrast to GSK3f3
action in the «cytosol, neither the initiating
phosphorylated residue nor the involved protein
kinase have been described for the priming of Snaill
phosphorylation in the nucleus by GSK3p. Several
data suggest that this might be a consequence of
Ser119 phosphorylation by CK2B. The sequence
surrounding this Ser (AS"SLEAE) fits well with the
CK2 consensus phosphorylation site (73). Moreover,
CK2B phosphorylates Snaill and enhances further
phosphorylation by GSK3p although the precise site
has not been identified (74). Accordingly, CK28
negatively controls Snaill protein expression (74).

Other protein kinases also phosphorylate Snaill
SRD. DYRK2 promotes Ser104 phosphorylation, also
priming for the subsequent modification of Ser96 and
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100 by GSK3pB (75); therefore, it works similarly and
alternatively to CKle. Interestingly, DYRK2 binding
to Snaill and phosphorylation of Ser104 is prevented
by the previous modification of Ser107 by p38, that
promotes Snaill stabilization (72), further suggesting
that Ser107 is not involved in Snaill degradation. It
would be interesting to assess if the action of CKle on
Ser104 is also prevented by Ser107 phosphorylation.

Also present in Snaill SRD, Ser90 is
phosphorylated by G-protein coupled receptor kinase
2 (GRK2) decreasing Snaill stability (76); however, it
is not «clear if this modification creates a
phospho-degron or promotes Snaill nuclear export
and subsequent degradation.

Remarkably, and depending on the context,
some of the above-mentioned phosphorylation have a

contrary effect since they have been also associated to
a higher Snaill activity (see Figure 2). Both ATM and
DNA-dependent protein kinase catalytic subunit
(DNA-PKc), two enzymes activated by DNA damage,
phosphorylate Snaill Serl00 promoting Snaill
stability (77-78). This has been related to the Snaill
up-regulation observed after the addition of several
agents causing DNA damage. Although Ser100
phosphorylation  also  participates in  the
GSK3p-induced Snaill degradation (see above), these
conflicting results have been explained indicating that
phosphoSer100 binds HSP90 what stabilizes Snaill in
the nucleus (77). Therefore, Serl00 phosphorylation
might produce different effects depending whether it
is produced in the cytosol or in the nucleus. At
previous discussed, when in the cytosol and catalyzed
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Figure 3. Progressive Snaill phosphorylation promotes Snaill nuclear export and degradation. According to this model, Snaill is initially phosphorylated at Ser119
in the nucleus by CK2. This primes Snaill for the successive phosphorylation by GSK3B of Serl15 and Ser111. Phosphorylation of these sites exposes the NES present in amino
acids 138 and 146 and promotes Snaill nuclear export. At the cytosol, CK1e phosphorylates Snaill Ser104; this triggers the phosphorylation of Ser100 and Ser96 by GSK3p,
generating a phospho-degron and promoting binding of BTrCpl E3 ligase and subsequent Snaill degradation. Of note that Snaill export from the nucleus to the cytosol can
promote also its polyubiquitination by other E3 ligases resident in this compartment, such as FbxI14, that does not require Ser96 or Ser100 phosphorylation. Only the SRD
domain of Snaill is depicted in this figure; the sequence corresponds to the murine one; the human sequence is identical except a Val-Ala change in position 118.
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by GSK3p it would facilitate Ser96 phosphorylation
and PTrCP1 dependent degradation; when in the
nucleus, it would recruit HSP90, prevent
Crm1-mediated nuclear export and stabilize Snaill. A
representation of this mechanism is presented in
Figure 4a. Alternatively, Snaill phosphorylated in
Ser111-119 and also in Serl00 by ATM might be
exported and interact with HSP90 in the cytosol. In
any case, binding of HSP90 would prevent
phosphorylation by GSK3p in Ser 96 and 100 and the
generation of the phosphodegron. This association of
HSP90 to phosphoSer100 in the cytosol would be
inhibited if the neighbor Ser104 has been previously
phosphorylated by CKle (Figure 4b).

A  similar model also explains Snaill
phosphorylation by ERK2 that takes place in Ser104
(79-80) (see Figure 4 legend). As a consequence of its
activation by the collagen receptor discoidin domain
receptor 2 (DDR2), ERK2 phosphorylates Snaill in
Ser104 and Ser82 and stabilizes it (79). In this case,
ERK effects are more complex because this protein
kinase modifies an additional site, Ser82 (although
this amino acid is not conserved in all mammalian
Snaill proteins) and also decreases GSK3p activity. In
any case, it provides an additional example that the
phosphorylation of the same residue Serl04 has
different effects depending it is produced in the

cytosol (by CKle) or in the nucleus (by ERK2).

Modification of other sites outside the SRD
domain is also relevant for Snaill function.
Phosphorylation of Ser165 (by IKBKE), Thr203 (by
Lats or STK39) or Ser246 (by PAK1) increase Snaill
stability and presence in the nucleus (81-84). It has
been proposed that these modifications promote
Snaill interaction with unknown nuclear factors
preventing the export to the cytosol. The possibility
that some of these modifications decrease binding of a
specific E3 ubiquitin ligase or enhance the interaction
with proteins involved in Snaill transcriptional
activity have not been investigated. Although Ser165,
Thr203 and Ser246 are located in the Zn finger
domain, Snaill phosphorylated in these residues is
active suggesting that these modifications do not alter
Snaill DNA binding.

Whereas Ser246 increases Snaill function,
modification of Ser249 by the PAR-atypical protein
kinase C (aPKC) promotes Snaill degradation (85).
This can be attributed to a preferential cytosolic
localization of Ser249-phosphorylated Snaill since
this amino acid is required for the interaction with the
importin-f complex, and therefore, its
phosphorylation might preclude Snaill transport to
the nucleus (86).
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Figure 4. Snaill phosphorylation in the nucleus in Ser100 prevents degradation. (A) Snaill Ser100 phosphorylation in the nucleus by ATM (or DNA-PKc) promotes
the recruitment of HSP90 and retention in this compartment. Alternatively, Snaill phosphorylated in Ser100 might be exported to the cytosol, where is bound by HSP90
preventing further by phosphorylation of Ser96 by GSK3B. However, if Ser104 is modified by CKle previous to the modification of Ser100, the association of HSP90 to
phosphoSer100 is inhibited (B). A similar mechanism might also act when Snaill is phosphorylated at Ser104 in the nucleus by ERK2. Phosphorylation of this site would facilitate

binding by a chaperone and would prevent nuclear exit.
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Snaill is also phosphorylated in Ser11 by protein
kinase D1 preventing Snaill function during EMT
(87-88). Several mechanisms have been suggested to
explain the inhibitory action of this phosphorylation.
First, it has be proposed that it creates a binding site
for 14-3-3c and triggers Snaill nuclear export (87). It
also prevents the interaction with Snaill co-repressor
Ajuba, maintaining Snaill bound to DNA but inactive
(88). Ajuba is a protein essential for the assembly of
the Snaill-repressive complex (89). Curiously, Snaill
binding to Ajuba is potentiated by 14-3-3 proteins,
although not by 14-3-3c (90). For other authors, Ser11
phosphorylation generates a phosphodegron, a
binding site for FBXO11, that targets Snaill for
proteasomal degradation (27-28). Since these
mechanisms do not exclude each other, it is possible
that all of them are operative depending on the
conditions.

As indicated above, Snaill stability is regulated
through the action of several protein kinases. Some of
these kinases and, therefore, Snaill function are also
controlled by different signaling pathways. For
instance, Lyn tyrosine kinase, through the stimulation
of Vav-Racl, activates PAK1 that phosphorylates and
up-regulates Snaill protein and function (91).
Increased Snaill function is also the consequence of
GSK3 inhibition caused by Akt (26, 92), although
GSK3p inhibition and Snaill stabilization can be
produced by alternative mechanisms, such as GSK3b
nuclear export (see above, 71) or that involving the
hexokinase 2-facilitated phosphorylation of GSK38 by
PKA (93).

Also related to the Snaill-induced drug
resistance, Snail phosphorylation is controlled by
chemotherapeutic drugs. For instance, agents that
increase DNA damage, such as camptothecin or
ionizing radiation, through the activation of ATM and
DNA-PKc phosphorylate Snaill Ser100 and increase
Snaill stability (77-78). lonizing radiation has also
been reported to inhibit GSK3f, preventing the
destabilizing effect of this enzyme on Snaill (94).

Finally, and although many protein kinases have
been described to phosphorylate Snaill, few Snaill
phosphatases have been reported so far. Only SCP1
phosphatase dephosphorylates Snaill and prevents
its nuclear export and degradation (60). Although
SCP1 has been proposed to dephosphorylate the two
sequences phosphorylated by GSK3p in the nucleus
and in the cytosol, the preferential localization of this
phosphatase in the nucleus suggests that it acts on
Ser111, S115 or Ser119, inhibiting nuclear export and
therefore, cytosolic degradation. If this phosphatase
acts on one of these residues or on all of them remains
to be stablished.

As described in this section, Snaill is extensively

phosphorylated by GSK3B controlling its nuclear
export and its cytosolic proteasomal degradation.
GSK3p action on Snaill is potentiated by CK1 and
CK2 and antagonized by other protein kinases that
phosphorylate and stabilize Snaill in the nucleus.
Stabilizing modifications are up-regulated by
chemotherapeutic drugs that promote Snaill
expression.

4. Other Snaill post-translational
modifications

Among other modifications, acetylation is
especially relevant since it controls Snaill function.
Initially described by Yang and coworkers (12), this
modification is associated to the switch in Snaill
function, from working as a transcriptional repressor
to a transcriptional activator (see 2). Snaill acetylation
is produced by CREB-binding protein (CBP), a protein
that interacts with Snaill. The modified residues are
Lys146 and 187, placed in the NES and in the first
ZnF, respectively (11) (see Figure 1). This might
interfere with Snaill binding to the E-boxes; however,
transcriptional activation by Snaill is not dependent
on its direct interaction to DNA; Snaill binding to
activated promoters is indirect, mediated by different
co-factors (2). Snaill acetylation is sensed by
bromodomain-containing protein 4 (BRD4), a histone
acetylation reader, that interacts with acetylated
Snaill preventing its degradation (95). BRD4
interferes with Snaill polyubiquitination by BTrCpl
and FBXL14, probably competing with the direct
interaction of these E3 ligases (96) and likely also
preventing Snaill nuclear export, since Lysl46 is
placed very close to the NES. CBP interaction and
therefore, Snaill acetylation is stimulated by Snaill
lactylation (97), although in this case the modified
residue has not been identified. It is possible that this
Snaill modification is also catalyzed by CBP, as it has
been described in other proteins (97).

Other reports have also confirmed that Snaill
acetylation stabilizes and increases the transcriptional
activity of this factor (98-99). For instance, treatment
with histone deacetylase inhibitors increases Snaill
through the up-regulation of CSN2, a protein that
stabilizes Snaill (61, 98). However, some discrepant
results have also been published: Snaill deacetylation
by Sirtuin 1 (SIRT1) has been associated with
increased Snaill function in the nucleus (100). It
remains to be established which residues are
deacetylated in these conditions. Therefore, it is
possible that the relevance of Snaill acetylation is
dependent on the specific function of Snaill in the
different cellular system; thus, if it works
preferentially as a transcriptional activator or
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repressor. For instance, if Snaill action is
predominantly to repress epithelial genes,
deacetylation should be required for its action;
however, if repression is exerted by other alternative
factors (such as Zebl/2 or Snail2, see 2) and Snaill
works mainly as a transcriptional activator,
acetylation should be necessary. At this regard, a
Snaill mutant unable to be acetylated works as
transcriptional repressor although does not activate
gene expression (11).

Snaill also undergoes other post-translational
modifications that increase its stability and function.
For instance, Snaill interacts with PARP1 and is
polyADP-ribosylated by this protein (101-102). The
interaction requires the Snaill C-terminal domain
although the precise modified amino acids in Snaill
have not been identified. Snaill poly ADP-ribosylation
has been associated to a higher stability and enhanced
association to co-repressors such as LSD1, likely
because it prevents Snaill phosphorylation and
nuclear export. Snaill is also sumoylated at Lys234, a
modification stimulated by TGFf and required for
invasion (103). Sumoylation increases Snaill nuclear
levels although it is not known if this is produced
because it decreases polyubiquitination of Lys234 or
enhances the binding to some nuclear factor. Finally,
Snaill is also modified by p-N-acetylglucosamine
(O-GIcNAc), a reaction catalyzed by O-GIcNAc
transferase and triggered by high-glucose levels (104).
This modification has been mapped to Serll2
preventing Snaill phosphorylation by GSK3p, likely
on Serlll and, therefore stabilizing Snaill in the
nucleus (105). Snaill glycosylation has also been
detected in other conditions that promote Snaill
stabilization (93, 105). Therefore, these modifications
seem to prevent Snaill phosphorylation, both
increasing Snaill presence in the nucleus and stability.
Snaill ADP-ribosylation and glycosylation are
promoted by drugs that increase Snaill expression,
such as doxorubicin and oxaliplatin, respectively (102,
105).

Therefore, besides being modified by
ubiquitination =~ and  phosphorylation,  Snaill
undergoes other post-translational modifications.
Among these, acetylation is particularly relevant since
modulates Snaill function, from working as a
transcriptional repressor to a transcriptional activator.
Moreover, other Snaill modification such as
ADP-ribosylation and glycosylation also enhance
Snaill protein stability.

5. Insights from Snaill structure

A very relevant question consists in why Snaill
is modified by so many enzymes. As presented in

Tables 1 and 2, seventeen E3 ligases and twenty-three
DUBs have been described to act on Snaill. This
indicates that Snaill protein stability is finely tuned
and probably a set of Snaill E3 ligases and DUBs is
specifically expressed in every cell and in every
specific condition. This wide number of enzymes
might be also related with Snaill protein organization.
Where Snaill C-terminal domain has been crystalized
and is well structured (86), the rest of the protein has
been predicted to be poorly organized. Figure 5A
shows several representations of the structure
predicted by Alphafold (https:/ /alphafold.ebi.ac.uk/
entry/095863) (106-107) where the different elements
of the N -and C-terminal Snaill domains have been
highlighted. As seen, this program suggests that
Snaill protein is arranged as a core formed by the Zn
fingers 1-3 with other protruding elements, all of
these showing very little regular secondary structure.
The proposed protein organization fits well with the
experimental data; for instance, Ser11l, Serll5 and
Ser119, whose phosphorylation regulates nuclear
export, are predicted to be relatively close to the NES
(amino acids 132-144), suggesting that their
modification might facilitate NES accessibility to
Crml.

It has also been predicted that the most of
N-terminal part, particularly the SRD is intrinsically
disordered (108). This is also confirmed by an analysis
with DISOPRED? tool (109) as shown in Figure 5B.
This might be relevant for Snaill function, as
discussed below, but it might be also the cause of
artifacts. For instance, the number of DUBs acting on
Snaill seems excessive; it is possible that some of
them might regulate Snaill in a more indirect fashion;
for instance, controlling the activity of factors
required for Snaill expression, and its interaction with
Snaill, particularly when it has been determined by
coimmunoprecipitation of overexpressed proteins, is
artifactual.

Intrinsically disordered regions (IDRs) are
especially abundant in nuclear proteins, particularly
in transcription factors (110). IDRs are defined by the
existence of several conformational ensembles what
has suggested that proteins with IDRs might have the
capability to associate to a high number of factors
(111). However, despite this variable structure, many
IDRs display selectivity (112). In Snaill, the presence
of IDR in most of the N-terminal regulatory domain
might be required for its role as an interaction hub,
regulating the assembly of the transcriptional
activation complex and increasing the local
concentration of members of this complex. Therefore,
during the transcription of mesenchymal genes Snaill
would act as a specialized scaffold protein.
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Figure 5. Predicted Snaill protein organization. (A) Structures were taken from Alphafold (https://alphafold.ebi.ac.uk/entry/O95863). The different regions of Snaill
protein were highlighted with different boxes: SNAG, red; SRD, orange; NES, brown; ZnF 1-3, dark green; Znf4, light green. Different rotations of the same structure are
presented. In B, a prediction of disordered regions was assessed with DISOPRED2. The murine Snaill protein was used in both in silico analysis.

6. Conclusions, open questions and future
perspectives

In general terms, as seen above and on the basis
of the alterations in Snaill function, Snaill
post-translational modifications are classified in three
large groups: A) modifications that regulate Snaill
protein stability. These are the polyubiquitination of
several Lys that target Snaill to the proteasome and
the phosphorylation of Ser in the SRD, that promote
binding of BTrCP1 and other E3 ubiquitin ligases.
Other modifications also impact Snaill stability; for
instance, Lys63-mediated polyubiquitination or
sumoylation prevent Snaill Lys48-polyubiquitination
and degradation by the proteasome. B) Modifications
that control Snaill presence in the nucleus. These
consist mainly in the phosphorylation of different
residues in the SRD and other domains, that either
facilitate the access of Crm1 to the NES and enhance
nuclear export or, on the contrary, promote the
interaction of Snaill with nuclear proteins and
prevent the export. Other alterations such as
glycosylation might also stimulate nuclear retention
inhibiting the phosphorylation of specific residues
involved in export. C) Modifications that directly
affect Snaill function, preventing Snaill binding to
the DNA or regulating its association with

co-repressors, such as Ajuba or with co-activators, as
the GATA zinc finger protein p66f (113). Few
modifications are classified in this category. Only
Snaill Serll phosphorylation by PKD decreases
Snaill binding to Ajuba and therefore, Snaill
repression of transcription (88). However, the most
relevant is acetylation that is associated to an
increased Snaill binding to co-activators. In any case,
acetylation also stimulates Snaill protein stability, as
previously commented (95). Regarding this
modification, biochemical in vitro assays need to be
performed to assess if acetylation indeed modifies the
direct association of Snaill to DNA, to co-repressors
or co-activators. A possibility to be considered is that
acetylation is required for stabilizing Snaill
interaction with CBP itself, being this protein the main
responsible for the effect of Snaill on transcriptional
activation.

As discussed above, some modifications might
have a different role if they are produced in the
cytosol or in the nucleus, or if they are accompanied
by other modifications. This is the case for the
phosphorylation of Serl00 and Serl04 that, when
performed by ATM and ERK2 in the nucleus have a
positive effect on Snaill stability, whereas when
catalyzed by GSK3B and CKlein the cytosol
participate in Snaill degradation (see Figure 4). An
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explanation for these results has been provided in
section 3. As indicated, the phosphorylation
promoted by ATM or ERK2 might facilitate the
interaction with some nuclear structures and inhibit
Crm1 binding and nuclear export. It is unlikely that
these activating phosphorylations by themselves
decrease the interaction with Crml, since all the
modified residues are in sequences far from the NES
(Figure 2); however, they might promote a more
compact structure that would be less accessible to
CK2 and GSK3B, the protein kinases that
phosphorylate Snaill SRD and induce Snaill nuclear
export.

Many different biochemical issues on Snaill
structure and on the impact of post-translational
modifications need to be investigated. Some of them
are presented Table 3. For instance, the relevance of
Snaill acetylation in Snaill binding to E-boxes, to
SNAG-interacting co-repressors or to co-activators, or
the identification of factors specifically bound by
phosphorylated residues when these modifications
increase Snaill stability.

Table 3. Open questions on the regulation of Snaill
function. See more details in the text.

Snaill
modification

Open questions

Polyubiquitination Is the action of different Snaill E3 ligases coordinated?
How many Snaill E3 ligases recognize a
phospho-degron?

How relevant is Snaill degradation by the lysosome in
tumors?

How many Snaill E3 ligases and DUBs increase or
eliminate polyubiquitination in in vitro assays?
Which factors interact with monoubiquitinated Snaill
promoting its stabilization?

Phosphorylation ~ Does CK2 phosphorylate Snaill Ser119 and prime further

Ser115 phosphorylation by GSK3p?

Does Hsp90 binding to phosphorylated Ser100 prevent
Ser96 phosphorylation by GSK3p?

Which nuclear factors interact with phosphorylated
Ser100 or Ser104?

Do phosphorylation of Ser165, Thr203 or Ser246 preclude
Snaill nuclear export by binding to specific nuclear
factors?

Does Snaill Ser11 phosphorylation modulate interaction
of co-repressors with the SNAG box in in vitro assays?

Acetylation Does acetylation prevent Snaill interaction with E boxes

or affect SNAG binding co-repressors?
Does acetylation facilitate Snaill interaction with
transcriptional co-activators?

Does acetylation have an impact on Snaill protein
stability

Other Does Snail parylation, glycosylation or lactylation avoid

Snaill phosphorylation and nuclear export?

Another issue of interest consists in the
identification of drugs promoting Snaill degradation.
So far, no specific inhibitors of Snaill DUBs have been
characterized. It seems unlikely that compounds
targeting Snaill DUBs in tumor cells might have a
therapeutic use, considering the high number of
Snaill DUBs that have been described and their
different expression in many cancer cells. It would be
more interesting to inhibit Snaill DUBs in
tumor-activated fibroblast, since Snaill is also crucial
for the pro-invasive function of these cells (114), that
are less heterogeneous than epithelial tumor cells.
Moreover, so far only USP29X has been shown to
control Snaill stability in these cells (13). Another
feasible line of research might consist in the
identification of compounds increasing the expression
of Snaill E3 ligases such as BTrCP1 and FBXL14, the
most active ones. Alternatively, drugs enhancing
Snaill interaction with these E3 ligases might be also
very useful. At this respect, Snaill degradation is
boosted by metformin, a drug that reverses EMT
(115). This compound enhances Snaill interaction
with FBXL14, facilitating Snaill degradation (37). It is
possible that compounds working similarly to
metformin might decrease Snaill expression and
increase the cytotoxic action of DNA damaging
agents.

In any case, the variety and extent of Snaill
post-translational ~ modifications  highlight the
importance of Snaill protein stabilization in the
control of EMT and the cellular properties associated

to this transition, such tumor invasion and
chemoresistance.
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