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ABSTRACT

Epithelial to mesenchymal transition (EMT) is a process by which epithelial
cells acquire a mesenchymal phenotype. It is characterized by the down-
regulation of the adherens junction protein E-cadherin, and it is important
during embryonic development. Snaill expression is sufficient to trigger
EMT in cultured cells and is found up-regulated in some cancers. Snaill
is stabilized both at mRNA and protein levels and in this project we
analyzed the action of ubiquitin ligases affecting protein half-life. Apart
from the already described B-Trcpl, that degrades Snaill in a GSK-3f
phosphorylation-dependent manner, we found the F-box proteins FBXL14
and FBXL5 as novel E3 ubiquitin ligases for Snaill. FBXL14 is a cytoplasmic
ubiquitin ligase that is down-regulated in hypoxia through a transcriptional
mechanism. FBXL5 is nuclear and modulates Snaill binding to the DNA
and nuclear ubiquitination. FBXL5 protein is destabilized after y-irradiation,
inducing high levels of Snaill. Together, these ligases keep a tight control of
Snaill cellular levels, maintaining them low in normal conditions.

La transicié epiteli-mesénquima (EMT, per lacronim en anglés de:
“epithelial to mesenchymal transition”) és un procés durant el qual cel-lules
epitelials adquireixen un fenotip mesenquimal. Esta caracteritzat per la
baixada de 'E-caderina, una proteina de les unions adherents, i és important
en el desenvolupament embrionari. Lexpressié de Snaill és suficient per
desencadenar la EMT en cel-lules en cultiu i s’ha trobat sobre-expressada en
alguns cancers. Snaill sestabilitza tant a nivell de mRNA com de proteina
i en aquest projecte hem analitzat l'accié de les lligases d’'ubiquitina que
afecten els nivells de la proteina. Apart de la ja descrita B-Trcpl, que degrada
Snaill de manera depenent a la fosforilacié per GSK-3f, hem trobat les
proteines F-box FBXL14 i FBXL5 con a noves lligases d’'ubiquitina E3 que
degraden Snaill. La FBXL14 és citoplasmatica i els seus nivells disminueixen
en hipoxia a través d'un mecanisme transcripcional. La FBXL5 és nuclear i
modula tant la unié de Snaill al DNA com la seva ubiquitinacié nuclear. La
proteina FBXL5 es desestabilitza degut a la radiacié gamma (y) induint els
nivells de Snaill. Juntes, aquestes lligases controlen de forma molt ajustada
els nivells cel-lulars de Snaill, mantenint-los baixos en condicions normals.
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I.1. Cancer: a general overview

The careful regulation of cell multiplication and division is what ensures
a correct response to the body needs. When growth is required cell
multiplication exceeds cell death in order to increase the size of the
animal. In contrast, when growth is stopped, the equilibrium between
cell multiplication and death is finely tuned [1]. The problem arises
when mutations in somatic cells affecting critical genes that regulate cell
proliferation and survival appear, causing fatal cancers [2].

A lot of work has been put in the definition of what cancer is and which
are its hallmarks or common characteristics. Tumors are more than insular
masses of proliferating cancer cells with mutations or alterations that directly
promote malignancy. Itis proposed that they are complex tissues with distinct
cell types capable of interacting. Moreover there is further interaction of
the tumor mass with the surrounding tissue, the tumor-associated stroma,
which actively participates in the tumorigenesis. Therefore cancer is not the
tumor per se but the tumor and its microenvironment [3, 4].

The first proposition of the hallmarks of cancer in which six characteristics
were described has been refined in the past years, with a remarkable progress
in the area of the biology of cancer. These characteristics were initially
defined as self-sufficiency in growth signals, insensitivity to anti-growth
signals, limitless replicative potential, sustained angiogenesis, evading
apoptosis and tissue invasion and metastasis [5-7]. The refinement of these
hallmarks allows for better interpretation of the disease (Figure I.1).

Sustaining proliferative
signaling

Resisting Evading growth
call death SUPDressors

Inducing
anglogeneasis

Enabling replicative
immaortality

Figure I.1. The hallmarks of cancer. Schematic illustration of the six hallmarks of
cancer proposed by Hanahan & Weinberg (2011) [4].
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Shortly, the first characteristic that is now considered a hallmark is the
sustained proliferative signaling which allows chronic proliferation of cells
by somatic mutations that activate downstream pathways, disruptions
in the feedback mechanisms that provide the control of proliferative
signaling and low signaling that allows for maintained proliferation by
bypassing the process of senescence. The second trait is evading growth
suppressors by mechanisms of contact inhibition between adjacent cells
and their subsequent evasion. The Transforming growth factor-p (TGF-p)
is one such suppressor and has been seen to activate an alternative cellular
program termed epithelial to mesenchymal transition (EMT) that will be
further described in this section. Resisting cell death is the third hallmark
characterized by cellular evasion of apoptosis, and it has been seen that
the necrosis (dying) of cells has pro-inflammatory and tumor-promoting
potential that can be under genetic control [4].

Enabling cells to have replicative immortality is another characteristic
that empowers the disease, and it has been described that both telomere
lengthening and bypassing senescence can have fatal consequences. The
induction of angiogenesis and the activation of invasion and metastasis are
the last proposed hallmarks. Tumor angiogenesis is a complex process and
cells such as pericytes and a range of bone marrow-derived cells have been
shown to contribute towards it. The actions of metastasis and cell invasion
are again greatly supported by the process of EMT, as well as the plasticity
and molecular characteristics of the stroma and the metastatic colonizers
and the recipient organs [4].

A better interpretation of cancer should allow for an improved model
in targeting the disease. A series of stress phenotypes have been recently
described, and there are functional interplays between these hallmarks that
promote the tumorigenic state and suppress what is termed as oncogenic
stress. These are DNA damage stress, oxidative stress, mitotic stress,
proteotoxic stress and metabolic stress, a large class of non-oncogenes that
have been demonstrated to be essential for cancer survival and are now
being used as targets for different drugs in anti-cancer therapy [3].



I.2. EMT

EMT is a reversible process by which epithelial cells acquire a mesenchymal
phenotype. During the transition the cell-cell adhesion junctions of cells,
including adherens junctions, desmosomes and cytokeratins, change
their polarity and cause a rearrangement of their cytoskeleton in which
intermediate filaments are reverted to vimentin from keratins. The resulting
cells are spindle-shaped, motile and more resistant to apoptosis. Although
EMT was identified in the context of development decades ago, its molecular
mechanisms are being unraveled more recently, since the discovery of its
role in tumor invasiveness was made.

I1.2.1. Physiological EMT
1.2.1.i. EMT in embryonic development

Constructing a whole organism is a complex process that needs co-
ordination in order to build from the zygote, a single cell, all the tissues
that conform an organism. This occurs through several rounds of EMT and
mesenchymal to epithelial transition (MET). There are three rounds of this
process that are called primary, secondary and tertiary EMT (Figure 1.2) [8].

Thereare four main stagesin the process of embryonic development which are
cleavage, patterning, differentiation and growth. First, the zygote undergoes
many rounds of mitosis and cytokinesis to generate a large number of cells
with its exact genetic material. The genes and proteins expressed at this time
are still the maternal ones that promote the cleavage which results in the
formation of the blastula. Cells are then organized in this primary cellular
mass through patterning, a process thatwould not occur without gastrulation.
Gastrulation is where primary EMT happens and it results in the formation
of the three germ layers: ectoderm, mesoderm and endoderm. The zygotic
genes are activated and cause invagination of epithelial cells through an axis.
These cells undergo changes in the phenotype, from the narrowing of the
apical compartment and the re-distribution of the organelles to the bulging
of the basal compartments. Migration of these cells along the extracellular
space under the ectoderm completes the primary EMT, when the endoderm
is produced. It is only then that cells will start to differentiate or specialize in
their structure and function and then grow to form a bigger-sized organism
[9]. Neural crest delamination is another example of primary EMT in
vertebrates. As shown in Figure [.2A there is a group of cells termed neural
crest cells characterized by their high motility that allows them to populate
distant tissues. These cells, which have rounded and pleiomorphic shapes
contrasting the polarized cells that are nearby in the neural tube, lose their
cell-cell adhesion and invade in an active manner through the basal lamina,
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migrating away from the neural tube. This results in the differentiation into
bone, smooth muscle, peripheral neurons, glia and melanocytes [10].
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Figure I.2. EMT during embryonic development. (A) Primary EMT in early embryonic
development when, before implantation, there is formation of the parietal endoderm. After
implantation the first EMT is by the mesendodermal progenitors during gastrulation. (B)
Early mesodermal cells are subdivided into axial, pariaxial, intermediate and later plate
mesodermal cells that will condense into the transient epithelial features called notochord,
somites, somatopleure and splanchnopleure. These will give rise to mesenchymal cells
that will differentiate into specific cell types through secondary EMT. (C) Tertiary EMT
occurs in many tissues, an example of which is the formation of the cushion mesenchyme
in the heart, the precursor of cardiac valves, from the atrioventricular canal (AV) or the
outflow tract (OT) [8].



Secondary EMT occurs after the resulting primary EMT through which
cells have condensed into transient epithelial structures by the MET process,
forming the notochord, the somites, the somatopleure, the splanchnopleure
and the precursor urogenital system. All but the notochord will undergo
secondary EMT [8]. As shown in Figure I.2B the epithelial cells from the
lateral plate mesoderm, which is condensed into the ventral and dorsal
epithelia, separated by a cavity termed coelom, undergo EMT to give rise
to different tissues. From the somatopleure (dorsal epithelium) most cells
conserve their epithelial characteristics except some that will undergo EMT
and give rise to connective tissue. Cells from the splanchnopleure will
generate endocardial progenitors, angioblasts and hematopoietic stem cells
after secondary EMT [8].

The somites are primary tissues that also undergo two differentiated
secondary EMTs to give rise to a range of tissues. The dorsal part converts
into dermal mesenchyme and the myoblasts that delaminate from the
myotome will become progenitors of muscle and satellite cells. The ventral
part of the somites will transform into sclerotomal mesenchyme cells that
will form the vertebrae [11, 12]. In hepatic and pancreatic tissues secondary
EMT gives rise to the transversal mesenchyme and the surrounding
mesenchyme, respectively. In the pancreas, pancreatic endocrine cells
specified in the bud having first undergone EMT and then migrated to the
mesenchyme will revert their phenotype through MET to form the islets of
Langerhans (Figure 1.2B) [13].

A well-studied tertiary EMT process during embryonic development is
cardiac valve formation. The heart forms through three successive cycles
of EMT and MET. During gastrulation the cardiac mesodermal cells are
specified and in the secondary EMT the cardiac progenitors develop from
the splanchnopleure. The primitive foregut that arises from the secondary
EMT allows mesenchymal cells forming it to delaminate and give rise to
the endothelial cell lining of the heart through another MET. The result is
an endocardial tube lined with myocardial epithelium that will, in time,
develop to be the heart primordium. Tertiary EMT happens when the
endothelial cells from the atrioventricular canal invade the cardiac jelly and
give rise to the endocardial cushion. These cushions will become the cardiac
valves (Figure 1.2C) [8, 14].

L.2.1.ii. EMT in wound healing

A physiological role for EMT that persists throughout the life of an
individual is the response to injury or wound healing. Keratinocytes at the
border of the wound partially recapitulate the EMT process. The repair of
the broken dermis requires the recruitment of fibroblasts to the site and the
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hyper-proliferation of keratinocytes at the wound edge. Keratinocytes move
between the injured dermis and the fibrin clot by rearranging their actin
cytoskeleton and extending lamellipodia but, differently to total EMT, they
maintain loose contacts rather than migrating as individual cells. However,
they detach from the basement membrane and are able to degrade connective
tissue facilitating migration in the area though the alteration of expression
of integrin receptors [15]. In the menstrual cycle it has also been described
that wound healing of the ovarian surface epithelium after ovulation follows
a similar process to that described for skin or keratinocyte-mediated wound
healing [16].

I1.2.2. Pathological EMT
1.2.2.i. EMT in organ fibrosis

In organ fibrosis the process of EMT is very similar to that of physiological
EMT. In fibrosis it has been described that myofibroblasts, which are usually
recruited at sites of tissue damage, secrete an excessive amount of collagen
and other extracellular membrane (ECM) proteins in the form of fibers
(Figure 1.3, left). The deposited fibers greatly compromise the tissue and
organ function leading to its eventual failure. The importance of EMT in
this condition was described in 2002 when, by lineage tracing studies, Iwano
and coworkers found that the myofibroblasts that give rise to the fibrotic
collagen network in renal tubes result from the EMT of epithelial cells in
the organ [17]. A large number of studies have also demonstrated that a
similar chain of events leads to fibrosis in lens epithelium, endothelium,
hepatocytes, cardiomyocytes and alveolar epithelial cells of the lung [18-20].

1.2.2.ii. EMT in tumor progression

It has not been until recently that the significance EMT has during cancer
progression been accepted. EMT has been greatly studied in many in vitro
cancer models; however, it is quite difficult to obtain convincing data using
clinical samples. The reason for this is that lineage tracing cannot be used in
human tumors and thus it is quite difficult to determine if a mesenchymal
cell among epithelial tissue is derived from this same tissue or has migrated
from other tissues. Moreover, the phenotype of the metastasis is similar to
that of the primary tumor which can be interpreted as a detachment of a
bulk of cells that implants in the tissue or as a reversion of the EMT (MET
process) before cells colonize distal tissues [21, 22].

Having mentioned that it is difficult to track the EMT process in clinical
samples, there is a lot of evidence that this process is occurring in vivo.
The expression of EMT markers in primary tumors is correlated with



enhanced invasiveness and poorer clinical prognosis. Cancer cells at the
tumor edge having undergone EMT secrete cytokines and proteases that
promote angiogenesis, remodel the peritumoral ECM and activate non-
neoplastic cells. At the same time stromal cells release factors that increase
EMT in cancer cells and foster survival, growth, and invasiveness of the
tumor, thus generating a reciprocal influence between the tumor and
its microenvironment [23, 24]. Moreover, cells having undergone EMT
present more resistance to cell death and senescence as well as resistance to
chemotherapy and immunotherapy since they escape immune surveillance
(Figure I.3, right) [8].
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Figure 1.3. Pathological EMT models. Fibrosis and the invasive front in tumor
progression are two situations during which silent EMT inducers are reactivated.
Adapted from [20].

The current in vivo model for EMT-mediated metastasis is depicted in Figure
1.4, where the primary tumor mass, formed by tumor cells surrounded by
epithelial cells, contains a group of cells that become mesenchymal through
EMT and are able to migrate out of the tumor walls. Due to its newly acquired
motility and loss of cell-cell junctions the invasive front can intravasate
and become a circulating cancer cell in the bloodstream. Cells that secrete
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factors such as fibroblasts and immune cells aid the cancer cells to maintain
their mesenchymal phenotype. From the bloodstream it is possible for the
cancer cells disseminated from the primary tumor to reach organs with a
microenvironment similar to that of the tumor where MET will allow cells
to start the growth of a metastasis [25, 26].

Stem-like characteristics are attributed to cancer cells having undergone
EMT since many of the signals that control normal stem cell homeostasis
are inducers of EMT and contribute to the generation and maintenance of
cancer stem cells (CSCs). The self-renewal and migratory capacities of CSCs
is important both for the genesis of new tumor masses and metastasis from
primary tumors. It is thought that since current treatments focus on the
characteristics and properties of the tumor bulk CSCs remain unaffected
and cause recurrence and resistance to treatment in many cases [27].
Recent studies show that CSCs can be detected very early in the tumor and
disseminated throughout other organs, giving a plausible explanation to
why early surgical removal of a tumor mass is frequently not enough to
avoid metastasis in distal organs [28, 29].
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Figure I.4. EMT and MET in tumor progression and metastasis. Cells in the primary
tumor undergo EMT and migrate from the epithelial tissue and intravasate into the blood
stream where they can migrate to distal organs. In order to form a secondary tumor or
metastasis cells undergo MET and attach to other organs where they can grow. Adapted
from [25].

The shared characteristics of stem cells and CSCs are: (a) extensive
proliferative potential and ability to give rise to new tissues; (b) the
tissues they give rise to (either tumors or normal tissues) are composed of
heterogeneous combinations of cells at various differentiation stages; and (c)
due to the clonal capacity of the cells [30, 31]. It is thought that CSCs can be
the result of either the transformation of normal stem cells or the induction
of EMT in more differentiated cells [32]. Moreover, the characterization
of an intermediate phenotype of cancer cells, termed ‘partial EMT’ or



‘metastable phenotype, must be kept in mind since it gives consistency to the
CSC theory. In this case cells undergoing EMT retain some characteristics
of epithelial cells but also show features of mesenchymal cells. The features
of these cells allow them to migrate as a ‘cohort’ since they have the ability to
migrate in groups of cells that partially maintain cell-cell contacts. Also, the
fact that they express factors of both phenotypes, enables cells to have better
adaptability and fast transcriptional reprogramming [10, 33]. More recently
the involvement of the transcription factor Twistl has been related to CSCs
and their need to undergo MET to be able to metastasize. The dissemination
of the invasive cells has been shown to be dependent on EMT transcription
factors and the reverse process is only allowed when these factors are down-
regulated [34]. Due to the stemness properties provided by the EMT process
CSCs are non-proliferative, and colonization and macrometastasis require
to bypass this problem. It has been suggested that the EMT activator Prrx1
suppresses these EMT stemness properties, making this homeobox factor
unique as it uncouples EMT and stemness and is associated to patient
survival and lack of metastasis [35, 36].
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I.3. Biomarkers for EMT

The aim of this section is to describe the main molecules regulating EMT,
the transition of epithelial cells into a mesenchymal phenotype. Figure 1.5
is a schematic representation of this process in which the well-organized
apical-basolateral structure of epithelial tissue cells and the reorganization
of the cytoskeleton in mesenchymal cells is shown. In the field the hallmark
recognized to be key is the down-regulation of E-cadherin, a molecule that
forms part of the adherens junctions of epithelial cells.
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Figurel.5.Loss of cell polarity during EMT. EMT occurs when epithelial, well-organized
cells lose their epithelial characteristics and become mesenchymal, more motile cells. In
this process the apical-basolateral cell polarity is lost and there is reorganization of the
actin cytoskeleton. Epithelial markers such as E-cadherin, occludins and claudins are
no longer expressed due to a stimulus that induces EMT and mesenchymal markers
such as vimentin, fibronectin or N-cadherin are up-regulated. An increase in tumor
malignancy is achieved due to invasion, metastasis, recurrence and drug resistance of
the tumor [34].

Epithelial cells are typically arranged forming sheets, tubes or vesicles where
the apical polarity between cells is established. In tubular structures the
apical side is exposed to the lumen and the basolateral surface rests on a
basement membrane. The intimate association of epithelial cells is through
specialized cell-cell contact structures, the tight junctions, the adherens
junctions and the desmosomes [38]. Tight junctions are membrane fusions
at the lateral side close to the apical surface providing intercellular sealing.
Occludins and claudins are the main intercellular components, and Zonula
Occludens-1 (ZO-1) and pl120 are undercoating the structure. ZO-1
cytoplasmic tails attach to actin filaments, giving strength and integrity to
the junctions [39]. Adherens junctions are also in the basolateral surface
compartments of cells, next to tight junctions. They connect the cytoskeletal
microfilaments surrounding the lateral interface of cells [40]. E-cadherin,
the down-regulation of which is considered to be the hallmark of EMT,
is an essential homotypic adherens junction protein [41]. This adherens
junction protein is the prototypic type I cadherin that mediates homophilic



intercellular interactions by forming adhesive bonds between one or several
immunoglobulin domains in their extracellular region, connecting to the
cell’s cytoskeletal protein actin indirectly through a- and p-catenin in the
cytoplasm [42]. The anchoring to the actin cytoskeleton is directly through
a-catenin or indirectly through a-actinin and vinculin [43]. Desmosomes
are similar to adherens junctions in structure with transmembrane cadherins
and linker proteins connecting cadherins to intermediate filaments. Their
organization is as individual units and not as a structure that surrounds the
cell and associate to desmoplakins, providing a link to keratin intermediate
filaments [44].

In early EMT there is dissociation of tight junctions with the loss of polarity
due to the redistribution of ZO-1, occludins and claudins. This induces
a change in the organization of the cell's cytoskeleton [38]. In EMT the
adherens junction complexes disassemble and the actin cytoskeleton
reorganizes from an epithelial cortical alignment associated with cell-cell
junctions into actin stress fibers anchored to focal adhesion complexes.
Desmosome components are down-regulated during EMT but the order in
which this process occurs remains to be elucidated [45, 46].

The direct down-regulation of the E-cadherin (CDHI) gene has been
described to be though its promoter, which has four E-box sequences
(CACCTG or CAGGTG) that are directly bound by several transcription
factors and cause the transcriptional down-regulation of the gene [47].
Among these factors are Snaill and 2, Zebl and 2, E47 and KLF8. There
are also indirect repressors such as Twistl, Goosecoid, E2.2 and FoxC2 [8,
33]. The main focus of this thesis will be on Snaill and, to a lesser extent,
Twistl. Each gene and gene family will be described in the required detail,
according to their importance in this study.

I.3.1. The Snail family

The Snail family of repressors is comprised of three members: Snaill (formally
known as Snail), Snail2 (Slug) and Snail3 (Smuc). These transcription factors
have similar domains which are also highly conserved. Snaill is the most
widely studied protein and is considered to play a role in triggering EMT.
In the N-terminal part of the protein there is a SNAG (Sna/Gfi) domain
(amino acids (aa) 1-9) which is required for transcriptional repression and
a phospho-serine rich domain (P-S rich, aa 90-120) that contains various
phosphorylation motifs (Figure 1.6). Where and how posttranslational
modifications affect Snaill will be discussed in a later section. Snaill also has
a nuclear export sequence (NES) that binds to CRM1 (Exportin-1, XPO1;
aa 139-148). At the most C-terminal part we find four zinc fingers (ZnF)
of the C_H, type which are important for DNA binding though E-boxes,
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the consensus sequence of the fourth finger is however atypical and thus
different to that of the first three Zn fingers [48, 49]. It must be taken into
account that Snaill is, when compared to Snail2, a more efficient repressor
since it has better affinity for E-box sequences [50].

The SNAG domain (Figure 1.6) is important in repression and is finely
controlled. It has been shown that Snaill overexpression is correlated to a
global deacetylation of histones 3 and 4 (H3 and H4) due to the recruitment
of histone deacetylase 1 and 2 (HDAC1/2) through the Sin3A co-repressor
[52]. This step is required for the posterior binding of polycomb repressive
complex 2 (PRC2) to the E-cadherin promoter and trimethylation of lysine
27 on H3 [53]. The manner by which Snail1l represses genes and may serve as
a chromatin remodeling factor is through its interaction through the SNAG
domain with Ajuba which functions as a platform for the recruitment of the
protein arginine methyltransferase 5 (PRMT5) on the E-cadherin promoter
[54].

snaill [SNAG —————— p.sricn —JB8— ZnF1 | zaF2 | ZnF3 | ZnF4 — 264 aa
snail2 [SNAG Slig — zZoF1 JzoF2 JZoF3 )ZnF4 JZnFs —268 aa
snail3 | SNAG ZnF1 | ZnF2 | Z0F3 | ZF4 ) ZnF5 —— 292 aa

Figure I.6. The Snail family of transcription factors. Domain structure of the proteins
of the Snail family. The three members have a SNAG domain and multiple zinc fingers
(ZnF), important for DNA binding. Snaill also has a phospho-serine rich (P-S rich)
domain and a nuclear export sequence (NES). Snail2 has a Slug domain. Adapted from
[48].

Snaill also interacts with the histone demethylase LSD1 (lysine-specific
demethylase 1) and CoREST (repressor element-1 silencing transcription
factor co-repressor) forming a ternary complex (Snaill-LSD1-CoREST)
that represses epithelial gene promoters. LSD1 removes dimethylation of
lysine 4 on histone H3 (H3K4me2), a covalent modification associated with
active chromatin. This protein is essential for the transcriptional repression
mediated by Snaill [55-57]. As mentioned in the EMT signaling section
above, Snaill can also bind to SMAD3/4 through a SMAD-binding element
(SBE) located close to one of the E-boxes in the E-cadherin promoter
when the gene is silenced by TGF-p-induced EMT. The Snaill-SMAD3/4
complex has also been detected in the promoters of CAR (Coxsackie and
adenovirus receptor, a tight junction associated protein) and occludin.
[58]. Lysyl-oxidase-like 2 and 3 (LOXL2 and LOXL3) are also cooperating



through the direct interaction with Snaill in the repression of the CHDI
gene, a mechanism that may require oxidation of some lysines [59, 60].
In Drosophila, Snaill binds to the carboxyl terminal binding protein-1
(CtBP1) for repression, a known transcriptional co-repressor; however,
this interaction is not conserved in humans [61, 62]. A more recent study
also shows that Snaill interacts with Akt2 to repress the E-cadherin gene
promoting threonine 45 phosphorylation on histone H3, a mark that is now
related to Snaill action [63]. Moreover, Snaill binds to and represses its own
promoter to control its expression through a feed-back mechanism [64].

The NES present in the Snaill sequence (Figure 1.6) is capable of binding
CRMI1 and control the nuclear export of the protein. Different deletion
mutants of Snaill allowed seeing the part of the protein responsible for its
nuclear localization. While the N-terminal part of the protein is exclusively
cytosolic (aa 1-151), the C-terminus is nuclear (aa 152-264). Moreover, it
is known that the protein responsible for the export is CRM1 since a series
of experiment using Leptomycin B (LMB), an antifungal molecule capable
of binding CRM1 blocking its function, showed that Snaill is retained in
the nucleus. Mutation of the leucines in the NES inhibited the export of
Snaill, confirming the proposed sequence to be an NES. To conclude this
study is was seen that phosphorylation of the P-S rich domain, which is in
close proximity to the NES, helps in the export of Snaill from the nucleus,
probably due to a conformational change in the protein and a better
accessibility of CRM1 to the NES [65]. Finally, a unique nuclear localization
signal (NLS) that mediates the nuclear import of Snail family proteins has
been identified, composed by non-consecutive basic residues at defined
positions in at least three sequential ZnFs [66, 67].

Snaill has not only been described to down-regulate E-cadherin but also
other epithelial markers such as desmoplakin, Muc-1, cytokeratin 18,
occludin, claudins, Vitamin D receptor and others [41, 46, 68-70]. It is also
important in ECM modification. Both Snaill and Zebl are able to induce
the expression of matrix metalloproteases (MMPs) that can degrade the
basement membrane, favoring invasion. It has also been shown that some
proteases can induce EMT, probably by a feedback loop that stabilizes the
EMT process. For example, MMP3 triggers EMT since it increases ROS
cellular levels and induces Snaill expression [71]. In colon carcinoma
cell lines the transmembrane serine protease TMPRSS4 is overexpressed,
inducing EMT due to E-cadherin down-regulation and promoting
metastasis in nude mice [72]. Other MMPs such as MMP13 and Periostin
have also been determined to promote EMT, invasion and metastasis [73,
74].
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Snaill is of great importance during EMT, especially to trigger it and to allow
foracomplete transition. This was confirmed with the Snaill knockout mouse
strain which showed great defects in the formation of the mesoderm germ
layer, with many cells retaining their epithelial phenotype. These embryos
died during the process of gastrulation because they could not undergo a
full EMT [75]. Analysis of tumor samples and their surrounding stroma
has confirmed that Snaill protein is at the tumor-stroma interface, probably
aiding in the communication between tumor and stroma and converting
carcinoma cells to stromal cells [76]. A later study using colorectal tumors
correlates Snaill nuclear levels in the stroma to the bad prognosis of patients
[77]. Snaill has also been detected in many other tumor types, these being
breast, ovarian, colon, squamous cell, synovial and hepatocarcinoma [25].

Snail2 has been less studied than Snaill; however, it is a transcription factor
that can also induce EMT through the repression of E-cadherin [78]. Snail2
can be imported into the nucleus through a similar sequence as Snaill but
lacks a P-S rich region (Figure 1.6) [66]. Snail2 has a central Slug domain
with unknown function that binds CtBP1 for repression, also recruiting
proteins such as HDACI in the promoters of genes. The site of interaction
with HDACI has not been described [79, 80]. A recent study shows that
the co-repressors CtBP1 and nuclear receptor co-repressor 1 (NCoR) need
both the Slug and SNAG domains to be recruited, and that phosphorylation
on serine 4 contributes to the functionality of the protein [81]. Contrary
to what happens with the Snaill knockout, Snail2 mutant mice are viable,
showing that Snail2 is not essential for mesoderm formation [82].

1.3.1.i. Snail posttranslational modifications

Snaill/2 are regulated both at transcriptional and translational levels. The
focus of this thesis is on the posttranslational modifications of Snaill,
particularly on the ubiquitination. This will be the topic that will be described
in this section; however, the transcriptional modulators of the transcription
factors that induce EMT must not be disregarded. Snaill protein is very
short-lived, with an approximate half-life of 25 minutes. Many Snaill
posttranslational modifications have been described to be important for
both its localization and stability. These modification can be grouped into
phosphorylations, mainly on serine residues, ubiquitination and others
such as poly(ADP-ribosyl)ation or O-GlcNAc modification (Table I.1).

Phosphorylation

Glycogen synthase-3p (GSK-3B) was the first kinase described to
phosphorylate Snaill. After analysis of the stability of Snaill in the presence
of the proteasome inhibitor MG132 or lithium, the inhibitor of GSK-3p, it



was found that both molecules potently stabilized Snaill in many cancer
cell lines [83]. Snaill has several putative GSK-3p phosphorylation motifs
which are characterized by an SxxxSxxxS consensus sequence, important
for nuclear export and degradation. Regarding nuclear export, Yook et al.
(2005) showed that phosphorylation of S104 and possibly that of S107 (the
second GSK-3[ motif) are necessary to localize Snaill in the cytoplasm [84].
However, Zhou and collaborators (2004) had stated that the phosphorylation
of the four serines from S107 to S119 influence nuclear export [83].
Importantly, both studies were coincident in that these phosphorylations
are acting as priming site for the second round of phosphorylation of S96
and S100 (the first GSK-3p motif) that gives rise to a consensus destruction
motif or degron DSGxxS sequence for B-transducing repeat containing
protein 1 (Trcpl) binding and degradation (further described in a later
section) [83].

Morerecentlyithasbeen found that thereis regulation of GSK-3 localization
through the nucleocytoplasmic chaperone Axin2 which is regulated by the
Wnt canonical pathway through a -catenin-TCF-dependent EMT program
[85]. Another kinase that is involved in the phosphorylation of these serines
and that seems to be priming the phosphorylation by GSK-3f is Casein
kinase 1 epsilon (CK1-¢) that phosphorylates S104 and S107. This kinase
interacts with the ZnF domain of Snaill and regulates its stability together
with GSK-3p [86].

Other kinases affecting the phosphorylation of Snaill that positively
regulate its stability are Casein kinase 2 (CK2) and Protein kinase A (PKA).
CK2a phosphorylates Snaill on S92 and is seen to interact with it in vivo.
PKA strongly phosphorylates Snaill on S11 in vitro. A series of experiments
determined that the phosphorylation of both serines is necessary for Snaill
stability and repression of E-cadherin [87]. Supporting the evidence that
CK2a regulates the stability of Snaill a report linking aberrant expression of
this protein and EMT in breast tumors was recently published by Deshiere
and coworkers [88]. Protein kinase D1 (PKD1) also phosphorylates Snaill on
§11, in this case the authors described this modification to have an inhibitory
effect on EMT, causing the up-regulation of E-cadherin in a prostate cancer
model. The proposed mechanism is that upon S11 phosphorylation nuclear
export of Snaill is triggered via 14-3-140 binding [89]. However, the effects
of phosphorylation on S11 by PKD1 are controversial in the field: in another
prostate cancer model PKD1-induced phosphorylation of Snaill was found
to suppress EMT [89] and in a study of the role of Snaill in breast invasive
ductal carcinoma PKD1 is observed to induce a DNA-bound inactive Snaill
transcriptional repressor complex that cannot repress E-cadherin levels [90].
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Another recent publication supports the idea that PKD1 phosphorylation
enhances nuclear Snaill transcriptional repression activity [91].

Phosphorylation of residues in the C-terminal part of Snaill has been
described to happen through two different kinases: p21 activated kinase 1
(PAK1) and Lats2. PAK1 phosphorylates Snaill on $246 and this causes the
transcription factor to be retained in the nucleus, increasing its repressive
potential [92]. Similarly, Lats2 phosphorylation on T203 also induces nuclear
retention of Snaill, potentiating its activity [93]. PAK1y has been described
to be up-regulated due to DNA damage after y-irradiation [94]. Another
study showing that this insult causes Snaill phosphorylation on $246 also fits
in the idea that this phosphorylation is important in the positive regulation
of the stability of the protein [95], although they point out that it may be
the Checkpoint kinase-1 (CHK1) that is causing this phosphorylation [96].
DNA damage through camptothecin, a topoisomerase I poison, induces a
hyper-phosphorylation of the kinase Ataxia telangiectasia mutated (ATM)
on $1981. The modification of the kinase causes Snaill phosphorylation on
§100 which stabilizes the protein, inhibits its interaction to GSK-3p and
thus prevents degradation [97].

aa | Modification | Effector | Description
S11 P PKA Increased stability
P PKD1 [ Controversial effect
S92 P CK2a | Increased stability
596 P GSK-3B | Degron (with S100) for degradation by 3-Trcp1
CK1e Priming P to allow GSK-33-mediated P
5100 P GSK-3B | Degron (with S96) for degradation by 3-Trcp1
P ATM Increased stability, prevents GSK-38 binding
$107 P GSK-3B | Export to cytoplasm
S$109 P GSK-3B | Export to cytoplasm
S111 P GSK-3B | Export to cytoplasm
$112 O-P GSK-3B | Export to cytoplasm
O-GIcNACc OoGT Increased stability
S$115 P GSK-3B | Export to cytoplasm
T203 P Lats2 Increased stability
P PAK1 Increased stability
S$246 —
P CHKA1 Increased stability
R ribosylation PARP1 [ Increased stability
K Ubi B-Trcp1 | Degradation
K Ubi Mdm2 | Degradation
S de-P SCP Increased stability by de-P of GSK-3[3 motifs

Table I.1. Snaill posttranslational modifications. Compilation of the modifications
on Snaill protein by different effector molecules and their biological significance.
P: phosphorylation; O-P: O-phosphorylation; O-GlcNAc: O-linked [-N-acetyl-
glucosamine; Ubi: ubiquitination; de-P: de-phosphorylation.



Ubiquitination

As mentioned in the previous section, phosphorylation of GSK-3[ on S96
and S100 generates a consensus destruction motif for p-Trcpl-mediated
degradation similar to the previously described for IxBa, f-catenin and Emi
[83]. Another ligase that has been found to be able to degrade a Snail family
member, Snail2, is Murine double minute 2 (Mdm2). Mdm?2 is known to
degrade the tumor suppressor p53, which prevents cancer progression by
inhibition of proliferation and induction of apoptosis. p53 can modulate
the action of the EMT transcription factor Snail2 by forming a p53-Snail2-
Mdm?2 complex that facilitates the degradation of Snail2 [98]. Due to the
structural similarities between Snail2 and Snaill it is possible that the same
ligase targets both proteins. In fact, a preliminary study shows that Mdm2
can also degrade Snaill in a p53-dependent manner [99].

Another ubiquitin ligase controlling Snail2 stability has been described
in Xenopus. It is during neural crest development that the F-box protein
Partner of paired (Ppa; the human homologue is the F-box leucine-rich-
repeat protein 14 or FBXL14) regulates ubiquitin-mediated degradation of
Snail2, showing a transcriptional expression pattern that is contrary to that
shown for Snail2 [100].

Other modifications

Snaill can be poly(ADP-ribosyl)ated by poly(ADP-ribose) polymerase
1 (PARP1), which interacts with the protein and modifies it, causing its
stabilization [101]. Another very dynamic modification that occurs on
S112 of Snaill is O-linked B-N-acetylglucosamine (O-GlcNAc). This
modification happens as a balance of protein O-phosphorylation by GSK-
3B in hyperglycemic conditions by the O-GIcNAc transferase (OGT).
When OGT adds the O-GIcNAc modification on Snaill, which will
substitute the O-phosphorylation modification on the same amino acid,
Snaill action is enhanced. This modification provides a link between
cellular glucose metabolism and the control of EMT [102]. So far, the
removal of phosphorylation marks has only been attributed to a Snaill-
specific phosphatase called small C-terminal domain phosphatase (SCP).
This phosphatase stabilizes Snaill expression while dephosphorylating it
through its binding to the C-terminal part of Snaill. However, the effect of
the SCP is allocated to the N-terminal part of the transcription factor, where
it de-phosphorylates Snaill at the GSK-3p motif [103].
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I1.3.2. The ZFH family

The ZHF family of transcription factors is highly conserved across species
and is constituted by two members: Zeb1 and Zeb2 [104]. It consists of two
groups of ZnFs of the C_H, and C,H type at the N- and C-terminal part of
the protein with an internal homeodomain. Zeb proteins bind to CtBP co-
repressors recruiting histone deacetylases and methyltransferases, PRC1/2
and CoREST among other factors [29].

Zebl and Zeb2 can repress epithelial markers and activate mesenchymal
ones thus triggering EMT [105]. Similarly to the Snail family, TGF-p
activates these mesenchymal genes [106], and Zebl is also overexpressed
by the aberrant activation of the canonical Wnt pathway [107]. Moreover,
Snaill is able to induce Zeb1 in many ways: through the inhibition of micro
RNA (miRNA) 200, induction of ETS1 and by achieving the stabilization of
the Zeb1 protein [68, 108]. Zeb1 also binds to the E-boxes in the E-cadherin
promoter and can thus directly cause a down-regulation of this protein.
However, Zebl induces a latter but more sustained down-regulation of
E-cadherin [109]. Zeb2 protein can also be induced by Snaill in an indirect
manner through the alternative processing of the ZEB2 mRNA [110].

1.3.3. The bHLH family of transcription factors

The basic helix-loop-helix (bHLH) family of transcription factors has
a common structure among the different members with two parallel
amphipatic a-helices joined by a loop that is required for dimerization.
bHLH proteins can bind DNA as homo- or heterodimers using consensus
E-boxes and can act both as transcriptional activators or repressors [111].
The E2A gene products such as E47, the Id proteins and Twist proteins are
transcription factors of this subfamily.

Twistl and Twist2 are the most widely described bHLH proteins involved
in EMT. Apart from sharing the common bHLH domain they have, at the
C-terminal end of the protein, a Twist box important both for transcriptional
activation and repression [112]. E-cadherin repression by Twist1 needs to be
accompanied by the recruitment of chromatin remodeling complexes to the
E-cadherin promoter. Among these complexes PRC1 and PRC2 have been
described to be important for Twistl action, as well as for its interaction
with the NuRD complex [113]. SET8, a H4K20 methyltransferase, can also
be found together with Twist1 repressing the E-cadherin promoter, inducing
the activation of N-cadherin [114].

Similarly to Snaill, the subcellular localization of Twistl regulates its
function and the dimerization partner. This is modulated by integrin-



mediated adhesion to the ECM and posttranslational modifications [115].
Twist factors predominantly heterodimerize with E12 and their function
can thus be determined by the availability of this protein as well as by the
phosphorylation status of the bHLH domain [116]. As described for Snail
and Zeb family members, Twist proteins are up-regulated by TGE-p, Wnt
signaling, RTKs and hypoxia among others. Twist1 is directly modulated in
hypoxia since it has a Hypoxia inducible factor (HIF)-responsive element
(HRE) that is bound by HIF-1a in low oxygen conditions and causes its
stabilization [117].
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I.4. EMT signaling pathways

Many signaling pathways have been associated to the induction of EMT,
resulting in a down-regulation of the E-cadherin (CDHI) gene. Most of the
pathways that have been studied up to now are associated to a stabilization
of Snaill and not to other EMT biomarkers. These signaling pathways
do not act in a linear manner but interact with each other. A schematic
representation of the pathways affecting Snail family gene expression is
seen in Figure I.7. Tumors are found in microenvironments with many
inputs from the bloodstream, surrounding tissues, cells that migrate to the
site such as fibroblasts and immune cells and external stress factors such
as hypoxia and reactive oxygen species (ROS). Therefore, although this
section is divided in short parts describing the signaling pathways known
to be important for the induction of EMT, an interrelation between all the
activation cascades must be kept in mind. In fact, it has been described that
TGF-f, one of the major EMT inducers, cross-talks with stem cell pathways
like Wnt, Ras, Hedgehog and Notch in order to promote EMT; and that
this promotes SMAD complexes which are involved in the repression of
epithelial genes and the activation of mesenchymal ones [118].
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Figure 1.7. EMT signaling pathways. The main signaling pathways for EMT are RTKs,
TGEF-B, Wnt, Notch, NF-«kB and others such as the Shh, AME, stem cell factor (SCF)
c-kit and Rafl. Stress in cells can also cause and up-regulation of Snail genes. Hypoxia,
y-irradiation, UV light and ROS are among these stress factors. The activation of the
Estrogen Receptor causes a down-regulation of Snaill. Black arrows indicate activation
of the genes, the gray arrow silencing. Adapted from [117].

I.4.1. RTKs signaling

The induction of EMT during development was first described to happen
through receptor tyrosine kinases (RTKs). Several RTKs play critical roles
in the regulation of EMT, including the family members of Met, Fibroblast
growth factor (FGF), Insulin-like growth factor (IGF), Epidermal growth



factor (EGF) and Platelet-derived growth factor (PDGF) [9]. For example,
it has been described that FGF is important in neural crest formation,
gastrulation, limb development and in the maintenance of tumor cells
[119]. The Hepatocyte growth factor (HGF)/Met pathway promotes partial
EMT. It is through multiple downstream signaling pathways with Ras as a
main effector and MAP kinase, phosphoinositide 3 kinase (PI3K) and Rac/
Cdc42 being activated what orchestrates the changes in cell adhesion and
motility needed for partial EMT to occur [120, 121]. Moreover, fibroblasts
in the stroma of tumors can become activated and secrete factors that trigger
RTK-mediated signaling, inducing further EMT and increasing the invasive
potential of epithelial tumor cells [122, 123].

1.4.2. TGF- signaling

Members of the TGF- superfamily are considered to be the major EMT
inducers both in development and in pathological processes. Although the
signaling pathways activated by different TGF-[ family members varies, it is
clearbyall the evidence thathasbeen provided over the years that this pathway
is a primary inducer of EMT. For example, Bone morphogenic proteins
(BMPs) are required for the induction and migration of neural crest cells in
the development of chick and mice [124]. It was also recently described that
Snaill forms a complex with SMAD3 and SMAD4 which targets to the gene
promoters of E-cadherin and CAR, a tight-junction protein, during TGF-
B-driven EMT [58]. This demonstrates that this superfamily does not only
cooperate with the signaling pathways triggering EMT such as RTKs and
Wnt but can achieve a direct activation of the transition [125]. Our lab has
found that Snaill also controls TGF-P responsiveness and differentiation
of mesenchymal stem cells, demonstrating that there is a signaling loop
between Snaill and TGF-p in these cells [126].

1.4.3. Wnt signaling

The canonical Wnt signaling pathway is implicated in the initiation and
maintenance of mesoderm formation. The canonical Wnt/p-catenin
pathway is important for cell determination and has been linked to EMT
due to the crucial role of f-catenin as a component of adherens junctions
providing a scaffold for E-cadherin and a-cadherin, and modulating cell-
cell adhesion, proliferation and migration [127]. It was recently described
that the canonical Wnt signaling starts tumor cell dedifferentiation and
activates the invasive capacity of cells though an Axin2-dependent pathway
that stabilizes Snaill by controlling the localization of GSK-3p in the cell,
the dominant kinase modulating Snaill protein turnover and activity [85].
Although the canonical Wnt pathway is the one mostly linked to EMT, the
non-canonical pathway has also been described to be important in Xenopus,
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where Wntl1/Frizzled7-mediated activation plays an essential and specific
role in neural crest migration [128].

I1.4.4. Notch signaling

Activation of the Notch pathway has also been associated to the induction
of EMT. This pathway is involved in the regulation of cell fate specification,
stem cell maintenance and initiation of differentiation in embryonic and
post-natal tissues [130]. For instance, in frog and chick, Notch signaling
has been seen to regulate cranial neural crest cells in an indirect manner
through the effect it exerts on BMPs expression [131]. This pathway also
promotes EMT during cardiac valve formation and in cultured epithelial
cells derived from kidney tubules, mammary glands and epidermis [132].
However, differing to what happens with other signaling pathways such
as Wnt and TGF-f, the Notch pathway is not conserved in all the EMT
processes and thus it is thought that it alone is not sufficient to trigger EMT,
requiring coordination with other signals. Some studies have focused on
how the acquired resistance of tumor cells to different chemotherapeutic
treatments allows them to undergo EMT due to the activation of the Notch
pathway [133-135].

I1.4.5. NF-kB signaling

Inflammation has been linked to cancer and metastasis in many studies.
The Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
pathway emerged as a mediator of EMT in a mouse model of breast cancer
progression [136]. In human mammary epithelial cells NF-kxB was found
to be the upstream regulator of Snaill [137]. Moreover, Snaill and the p65
subunit of NF-kB are known to interact in a complex together with PARP1
to activate the transcription of the mesenchymal gene FN1I (Fibronectinl)
[138]. A study shows that tumor necrosis factor-a (TNF-a), an inflammatory
cytokine, activates NF-kB and is capable of directly stabilizing Snaill
through the induction of COP9 signalosome 2 (CSN2) which blocks the
ubiquitination and degradation of Snaill [139]. Other pro-inflammatory
cytokines such as Interleukin 6 (IL-6) and Interleukin-related protein (ILEI)
are also associated to EMT [140, 141].

1.4.6. Stress pathways

There is a link between EMT and resistance to apoptosis [95] that
complicates the current approaches for treatment of cancer [142]. There are
several insults that have been shown to trigger EMT in a tumor context.
Hypoxia, which is described as a low oxygen condition, activates the EMT
program and triggers angiogenesis [143, 144]. Snaill and Zeb2 are induced



in hypoxia; however, Twistl is the transcription factor that is directly
affected by this stress condition. As described before, Twistl contains a
HRE in its proximal promoter and is directly induced by the stabilization of
HIF-1a in hypoxia [117]. Notch also potentiates HIF-1a recruitment to the
Lysyl oxidase (LOX) promoter, stabilizing Snaill protein [145]. In the renal
system the von Hippel-Lindau (VHL) tumor suppressor also negatively
regulates HIF-1a and its loss is associated with decreased E-cadherin levels.
Other insults that lead to EMT are those related to DNA damage such as
exposure to ultraviolet (UV) light [146], y-irradiation [95, 147] or reactive
oxygen species (ROS), also linked to hypoxia [148, 149].
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L.5. Ubiquitination

As mentioned in previous sections, the focus of this thesis will be on the
study of Snaill protein modifications, in particular on its ubiquitination and
degradation. As described before, Snaill has a very short half-life [83]. This
means this gene has either a very labile mRNA or that the protein is targeted
by the ubiquitin-proteasome system thereby causing its degradation. We
have studied the second option and for this purpose we introduce the more
basic yet necessary concepts of the process of ubiquitination.

Tl HECT type Degradation by 265
? i proteasome

BRi+AMP b

ATP

- RING type

¥
% Deubiguitination

Figure 1.8. General mechanism for the ubiquitination of substrates. Scheme showing
actions of the ubiquitin-activating enzyme or E1, the ubiquitin-conjugating enzyme
or E2 and the two types of E3 ubiquitin ligases: RING and HECT. Polyubiquitinated
proteins are shuttled by other proteins to the 26S proteasome where they can be degraded
or targeted by DUBs (de-ubiquitinating enzymes) which will remove ubiquitin chains.
Adapted from [150, 151].

Ubiquitination is a process by which the 76-amino acid protein ubiquitin is
attached to a target protein. An amide bond is formed between the carboxylic
acid of the terminal glycine of an activated ubiquitin molecule and the
e-amine of a lysine residue in the target protein. Three types of enzymes
are the ones responsible for the final ubiquitination of a substrate: first the
Enzyme 1 (E1) or ubiquitin-activating enzyme that activates the ubiquitin
molecule in an ATP (adenosine triphosphate)-dependent manner, with the
formation of a thio-ester linkage between the E1 and the carboxyl terminus
of ubiquitin; the second enzyme (E2) or ubiquitin-conjugating enzyme that
transfers the activated ubiquitin moiety directly onto the substrate or to a
third enzyme (E3) called ubiquitin ligase [150]. The way in which ubiquitin
is loaded onto the substrate depends on the E3 that can be of the RING/
RING-like (Really Interesting New Gene) or of the HECT (Homologous
to Human Papilloma Virus E6 Carboxyterminal domain) types (Figure 1.8)
[152].



Proteins are recognized by the ubiquitin-ligase machinery through a
degradation signal or degron, which is defined as a minimal element within
a protein that is sufficient for recognition and degradation by the proteolytic
apparatus [153]. For example, in the case of Snaill, as previously described
in this report, phosphorylation by GSK-3 of S96 and S100 creates a degron
of the type DSGxxS that is recognized by the E3 ubiquitin ligase B-Trcpl

(Figure 1.9) [83].

D o
Figure 1.9. The degron sequence for B-Trcpl. Two serine phoshorylations are needed
for B-Trcpl to recognize the substrate it must ubiquitinate. The first serine must be

flanked by an aspartic acid (D) and a glycine (G), then two amino acids (XX) and the
second serine placed at the end [154].

The specificity of the ubiquitination process is given by the combination of
enzymes needed to ubiquitinate a substrate. The human genome encodes
for only two E1 enzymes (UBA1 and UBA6), around 40 E2 enzymes and
more than 600 ubiquitin ligases. The two families of E3 ubiquitin ligases
differ in their catalytic modules but achieve the same end product. RING
type E3 ubiquitin ligases account for the 95% of the human E3s and a total
of 28 HECT type ligases have been found [155].

I.5.1. HECT type ligases

HECT type ligases have a C-terminal 350 amino acid HECT domain which
was first characterized, as its name implies, in the E6-associated protein.
It is responsible for the catalytic activity of the enzyme since it associates
with the E2. The HECT domain also contains a conserved cysteine where
activated ubiquitin is bound generating a thiol ester intermediate that
is further transferred to the substrate [156]. Their substrate specificity is
given by the protein interaction domain found in the N-terminal part, and
gives further classification of these ligases into three subfamilies: HERC
E3s containing RCCl-like domains (RLDs), C2-WW-HECT E3s with
tryptophan-tryptophan (WW) domains, and SI(ngle)-HECT E3s lacking
either RLDs or WW domains [157]. Among the best characterized HECT
ligases are E6-AP which degrades p53, Nedd4-1 degrading PTEN, Nedd4-
2 and Smurfl1/2, which degrade TGF-p-receptor I and II as well as various
members of the SMAD family [158].
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I.5.2. RING type ligases

RING type ligases have a common RING finger domain that recruits E2s
thioestered with ubiquitin to discharge the ubiquitin onto a substrate. RING
finger proteins are divided into single and multi-subunit E3s. Single-subunit
proteins have a substrate recognition and a RING domain in the same
protein. An example of those is Mdm2, which ubiquitinates and degrades
p53 [159]. Multi-subunit RING E3s are also called Cullin-RING E3s since
all of them contain a Cullin scaffolding protein and include the anaphase
promoting complex (APC), the von Hippel-Lindau-Cullin2/elongin B/
elongin C (VHL-CBC), the Fanconi anaemia (FANC) E3 complex and the
so called SCF (Skpl-Cullin-F-box) ubiquitin-ligase complexes. The SCF
subfamily contains the adaptor protein Skpl, a Cullin scaffolding unit, the
RING-H2 finger protein Rbx1 or Rocl and an F-box protein. The F-box
protein is the substrate-recognition subunit and contains, as its name
implies, an F-box domain that is a common 50 amino acid motif used
to bind Skp1 linking the N-terminal part of Cullin to the F-box protein.
Rbx1 binds to the C-terminal part of the Cullin and acts as a docking site
for the ubiquitin-activated E2 (Figure 1.10A) [160]. Despite not forming
part of the complex, Nedd8 has been determined a key player in the SCF
complex enzymatic activity. Nedd8, which in humans is 60% homologous to
ubiquitin, is needed to modify the Cullin subunit to enable it to recruit the
E2 to the complex [161]. An important regulation mechanism is performed
by the COP9 signalosome complex (CSN) that hydrolyses Cullin-Nedd8
conjugates (deneddylation) [162]. Interestingly, CAND1 sequesters Cullin
complexes that are not neddylated and prevents their assembly into SCF
complexes [163].
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Figure 1.10. Schematic representation of the SCF ligase complex. (A) The SCF
complex is formed by different subunits. At the N-terminal part of the F-box ligase
there is an F-box domain that allows the adaptor protein Skp1 to interact with it and
link the ligase to Cullinl which in turn binds to the RING protein Rbx1 and allows the
ubiquitin-conjugating E2 to load ubiquitin onto the substrate. (B) F-box ligases can be
of the W (WD-40, tryptophan rich repeats), L (LRRs, leucine rich repeats) or O (other
types of domains).



There are three subtypes of F-box ubiquitin ligases, depending on their
protein interaction motif. FBXL proteins are those that contain leucine-
rich repeats (LRR) at their C-terminal part and FBXW proteins the ones
with tryptophan repeats (WD40) at this same end. The F-box proteins that
do not contain LRR or WD40 protein interaction motifs are termed FBXO
(other) (Figure I1.10B) [164, 165]. Cullin-RING E3 ligases can be assembled
through Cullinl (forming the described SCF complex), Cullin2, Cullin3,
Cullin4A, Cullin4B, Cullin7 or the Cullin-like protein PARC. A summary
of the formed complexes is listed in Table I.2.

CUI“F'RING = LR Cullin Adaptor protein rg::gs;ﬁit:n
igase protein protein
CRL1/SCF Rbx1 CUL1 Skp1 F-box
CRL2 Rbx1 CuUL2 Elongin C/B VHL-box
CRL3 Rbx1 CUL3 BTB protein
CRL4A Rbx1 CUL4A DDB1 DCAF
CRL4B Rbx1 cuL4B DDB1 DCAF
CRL5 Rbx2 CUL5 Elongin C/B SOCS-box
CRL7 Rbx1 CuL7 Skp1 FBW8
PARC Unknown PARC Unknown Unknown

Table I.2. Types of SCF ligases and their modules. The different subunits of the known
Cullin-RING ligases are listed. Adapted from [166].

1.5.3. Types of modifications by ubiquitin

Ubiquitination is not always associated to the degradation of the target
substrate [167]. There are many types of ubiquitin chains depending on
the lysine used to elongate the chain. There are also chains that are mixed
in the lysine linkages that form them (heterogeneous) and in the type of
ubiquitin-like molecule that composes the chain (heterologous) [168]. In
this report only the homotypic type of chains will be included. This type
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Figure 1.11. Polyubiquitination and multi-ubiquitination. There are seven lysines
through which ubiquitin may link itself to form chains. It can also attach to one or more
lysines of a substrate and not elongate as a chain, mono-ubiquitinating or multi mono-
ubiquitinating the substrate.

INTRODUCTION

29




NOILONAOYLNI

30

of polyubiquitination has been related to degradation of proteins in all but
K63-linked chains (Figure 1.11) [169].

K48-linked chains are the most abundantly found and were the first to be
described as a destruction tag for proteosomal degradation. K11-linked
chains are related to degradation of misfolded proteins by the endoplasmic
reticulum and to the cell cycle control by the APC [170, 171]. K63-
linked chains have been associated to signal transduction and protein
internalization [172]. K27 and K29-linked chains have been associated to
few proteins; however, it was found they have similar functions as they lead
to the lysosomal degradation of Jun and Deltex, respectively [173, 174].
There is no information on the possible function of K6 and K33-linked
chains in in vivo systems although they are found as homotypic chains in
yeast [175] (Table I.3).

Ubiquitin
chain
K6/K33 Unknown function

Cell cycle control and degradation of misfolded

Function

K1 proteins by the endoplasmic reticulum

K27 Lysosomal degradation of Jun

K29 Lysosomal degradation of Deltex

K48 Proteosomal degradation

K63 Signal transduction and protein internalization

Table 1.3. Homotypic lysine-linked chains and their function. All the lysines of
ubiquitin are known to form homotypic chains. The functions of these lysine-linked
chains are collected in this figure.

Apart from creating and elongating ubiquitin chains E3 ligases can mono-
ubiquitinate a substrate by loading only one ubiquitin molecule onto the
lysines. This can occur both as a mono-ubiquitination of one of the lysines
or multi mono-ubiquitination, in which the posttranslational modification
is present in more than one lysine (Figure I.11). Mono-ubiquitination has
been associated to many types of signaling. For example, PTEN kinase has
been described to be imported into the nucleus by mono-ubiquitination on
lysine 289, and polyubiquitination of other lysines lead to its cytoplasmic
degradation [176]. In addition, substrates can be ubiquitinated in different
lysines with combinations of poly- and mono-ubiquitination. This versatility
is due to the fact that despite being a small protein, ubiquitin has seven
lysines that it may use to form ubiquitin chains [168].

I.5.4. Drugs and DUBs: inhibition of the Ubiquitin Proteasome System

The 26S proteasome is a large, multi-subunit, proteolytic complex that
degrades proteins into small peptides. It consists of a 20S proteolytic core



and one or two regulatory 19S particles. These regulatory particles are able
to recognize ubiquitinated proteins, unfold and translocate them inside the
20S core, where they are degraded [177]. The proteasome contains many
enzymatic sites that allow for multiple drugs to target them in different ways.
To date there are many inhibitors targeting this multi-subunit complex.
They can be classified into drugs that form or not a covalent bond with the
threonine amino acid of the active site. Peptide aldehydes are included in the
group of inhibitors that covalently bind the threonine at the active sites and
are characterized for being reversible and potent. An example of these is the
widely used MG132 which, unless chemically modified, can only be used
in in vitro studies since it is rapidly oxidized. Peptide boronates also belong
to the first group and form a more stable bond with the threonines than
peptide aldehydes, therefore they are more potent. Bortezomib is included
in this type of inhibitors. This drug has been approved for clinical use for
over a decade for the treatment of multiple myeloma due to its ability to
cause apoptosis of cells that rapidly progress through the cell cycle. A dose of
Bortezomib that causes partial inhibition of the proteasome in vivo has been
seen to kill multiple myeloma cells while resulting non-toxic to normal cells.
Different types of proteasome inhibitors targeting various catalytic sites of
the complex have been developed and are being used in clinical trials [178].

Before some ubiquitinated proteins can reach the 26S proteasome de-
ubiquitinating enzymes (DUBs) function on them by removing covalently
attached ubiquitin molecules. Little is known about these proteins that
control the abundance and activity of many substrates [179]. The human
genome encodes for 98 DUBs which are grouped into six families based
on their structural similarity and sequence: ubiquitin-specific proteases,
ubiquitin carboxy-terminal hydrolases, ovarian-tumor proteases, Machado-
Joseph disease protein domain proteases, JAMM/MPN domain-associated
metallopeptidases and monocyte chemotactic protein-induced protein.
All of these are cysteine proteases with the exception of JAMMs, which are
metalloproteases [180]. DUBs can have three different roles and process
ubiquitin precursors, de-conjugate ubiquitin from substrates and edit the
ubiquitin conjugates [181]. Their roles are very diverse; however, most of
the information known about them has been obtained from computational
methods. It is a wide field of study that needs to be investigated. Their role
in cancer progression is extended since they can regulate important proteins
involved in many biological processes such as cell cycle control, DNA repair,
chromatin remodeling and many transduction pathways [180].
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OBJECTIVES

Snaill has been described to be targeted for degradation in a
phosphorylation-dependent manner by the E3 ubiquitin ligase
B-Trcpl. However; we had data showing thata Snaill phosphorylation-
deficient mutant at the P-S rich region suffered proteolysis despite its
inability to bind the ubiquitin ligase. For this reason we suspected
there could be additional ubiquitin ligases directly targeting Snaill
for degradation.

The general objective of this thesis is thus to describe novel ubiquitin
ligases that regulate Snaill stability. To this aim we focused on:

i) 'The characterization of the effect of the SCF ubiquitin ligase
FBXL14.

ii) Finding new SCF ubiquitin ligases that may target Snaill
through a knockdown screening of all the known SCF
ubiquitin ligases.












R.1.FBXL14 is a ubiquitin ligase that targets Snaill for degradation
and is regulated during hypoxia

R.1.1. Snaill levels are regulated by a mechanism alternative to the GSK-
3B/B-Trcpl pathway in some cells

Snaill is degraded through serine phosphorylation by GSK-3p in the Snaill
phospho-serine rich (P-S rich) domain (Figure R.1A). This modification
forms the degron sequence (Figure 1.9) that the SCF ubiquitin ligase B-Trcpl
needs for recognition, polyubiquitination and degradation of the protein
[83]. We wanted to verify if Snaill degradation is only controlled in this
manner and decided to inhibit GSK-3p or the proteasome in different cell
lines with LiCl or MG132, respectively. All the cell lines used had detectable
levels of endogenous Snaill protein (see the cell line descriptions in Table
MM.1). We compared their basal Snaill levels to LiCl- or MG132-treated
cells (Figure R.1B). The response to LiCl went from strong in SW620 and
NIH3T3 cells to mild in RWP-1 cells, and MiaPaca-2 were characterized for
being oblivious to the inhibition of GSK-3f. 3-catenin, the control substrate
of GSK-3p, was up-regulated after addition of LiCl in cell lines with non-
saturated levels of the protein.

To further validate our hypothesis we decided to use two mutant constructs
of Snaill with the Hemagglutinin (HA) tag: SnaillSA-HA, which has the 14
serines comprised in the P-S rich domain (Figure R.1A) mutated to alanines,
and the SnaillSD-HA mutant, which mimics the phosphorylation of all
these serines though their replacement to aspartic acid [65]. We expected
to see that these mutants would not be affected by the addition of LiCl since
their regulation through GSK-3 is impaired. Indeed in Figure R.1C we saw
there was no change in their levels after blocking this pathway but detected a
notable stabilization of the protein after blocking the proteasome. Moreover,
exogenous Snaill was stabilized by both inhibitors, with MG132 exerting
a stronger effect on the levels of the protein. This suggests there may be
additional ligases targeting Snaill regulated independently of GSK-3p.

An experiment to check if the mutant SnaillSA-HA, which cannot be
targeted by the E3 ligase f-Trcpl, could be ubiquitinated would confirm
that there is an alternative degradation pathway for Snaill. Figure R.1D
shows how both Snaill-HA and SnaillSA-HA are ubiquitinated in the
presence of MG132. HIS-tagged ubiquitin was co-transfected with Snaill-
HA wild type (wt) or the SA mutant, MG132 was added prior to lysis and
Nickel nitrilotriacetic acid (Ni-NTA) affinity beads were used to pull down
all ubiquitinated proteins. Blotting against the HA tag showed the levels
of ubiquitinated protein. As seen in Figure R.1D there was no difference
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between the levels of ubiquitination of the Snaill-HA and Snaill1SA-HA
constructs.
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Figure R.1. Stabilization of Snaill independent of phosphorylation by GSK-3p.
(A) Schematic representation of Snaill protein showing the different domains: SNAG,
phospho-serine rich (P-S rich) domain, nuclear export sequence (NES) and the four
Zinc fingers (ZnFs). The numbers show the amino acid location of each domain. (B)
Cells were treated with 50 mM LiCl or 50 uM M G132 for 6h and Snaill expression levels
analyzed by Western blot using total cell extracts. p-catenin was analyzed as a positive
control for LiCl stabilization. Analysis of pyruvate kinase (PK) was used as loading
control. (C) HEK293T cells were transfected with the indicated Snaill-HA plasmids
and treated for 6h with LiCl or MG132 and above. (D) HEK293T cells were transfected
with Snaill-HA or SnaillSA-HA and a ubiquitin-HIS plasmid. After 24h cells were
treated with MG132 where indicated to stabilize ubiquitinated proteins and purified
using Ni-NTA affinity chromatography. Bound proteins were blotted against HA and
ubiquitinated Snaill was detected as a ladder of high molecular weight bands. Non-
modified Snaill was unspecifically bound to the beads and is marked as Snaill-HA*.
The levels of the proteins in the lysate prior to purification are shown in the lower panel.



R.1.2. Snaill interacts with the F-box protein FBXL14

It has been presented in the introduction that the F-box protein Ppa targets
Snail2 for degradation in Xenopus [100]. The effect of Ppa on Snail2 is
phosphorylation-independent and we thought that the homologue of
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Figure R.2. Snaill and FBXL14 interact. (A) HEK293T cells were transfected
for 24h with pcDNA3-Snaill-HA, SnaillSA-HA, SnaillSD-HA or a control vector
together with FBXL14-Myc and treated with 50 uM MG132 for 6h. Cell extracts were
immunoprecipitated with rabbit anti-HA polyclonal antibody (pAb) and blotted against
mouse anti-Myc monoclonal antibody (mAb) or rat anti-HA pAb. The expression
levels of FBXL14-Myc are indicated in the lower panel (Inputs). (B) HEK293T cells
were transfected with the indicated plasmids and immunoprecipitated as in (A).
Immunocomplexes were analyzed with mouse anti-Flag mAb or rat anti-HA pAb. The
expression levels of Flag-B-Trcp1 are indicated in the lower panel (Inputs). (C) NIH3T3
cells expressing high levels of Snaill were transfected with FBXL14-Myc, treated with
50 uM MG132 for 4h and cell extracts immunoprecipitated with rabbit anti-Snaill pAb
or control Immunoglobulin G (IgGs) and analyzed with anti-Myc or anti-Snaill mAb.
(D and E) Pulldown (PD) assays were carried out using extracts from HEK293T cells
transiently transfected with FBXL14-Myc (D), Snaill-HA or Snail1SA-HA (E). Proteins
bound to Glutathione Sepharose beads were analyzed with Myc or HA antibodies. As
a control recombinant fusion proteins were visualized with goat anti-GST pAb (D) or
Ponceau S staining of the membrane (E).
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Ppa, FBXL14, could be acting on Snaill in mammalian cells. FBXL14 is an
F-box protein that forms an SCF complex in order to ubiquitinate proteins.
It contains six leucine-rich repeats (LRRs) in its C-terminal part, which is
highly homologous to this same part of Ppa in Xenopus. The N-terminal
part is almost identical structure and has no other described protein
motifs apart from the F-box domain. We cloned the human FBXL14 and
co-transfected it with Snaill-HA or the SA or SD mutants and performed
immunoprecipitation (IP) experiments. When cells were pre-treated
with MG132 and IP was performed against Snaill-HA using antibodies
against the HA tag we saw FBXL14-Myc precipitated with all the Snaill-
HA mutants (Figure R.2A). This suggests that the interaction of FBXL14
with Snaill is independent on the phosphorylation status of the P-S rich
domain. In contrast, when we checked the interaction of Flag-p-Trcpl with
the Snail1SA-HA mutant we could detect no interaction when compared
to the wt construct (Figure R.2B). This is in agreement with the mechanism
that has been described for the f-Trcpl-dependent degradation of Snaill,
which needs phosphorylation of the serine residues that are mutated in the
SA form [83].

The interaction of FBXL14-Myc with endogenous Snaill was also achieved
in MG132-treated NIH3T3 cells, which express high levels of the protein
(Figure R.2C). To further verify the interaction with the two proteins we
performed in vitro pulldown (PD) assays using Glutathione-S-Transferase
(GST)-Snaill, GST-FBXL14 or GST protein produced in E. coli. In Figure
R.2D cell extracts from HEK293T transfected with FBXL14-Myc were used
and the protein was only observed in PD analysis with GST-Snaill and not
with the GST control. Similarly, GST-FBXL14 was able to pulldown Snail1-
HA and SnaillSA-HA from cell extracts (Figure R.2E). These experiments
demonstrate that FBXL14 and Snaill interact.

R.1.3. Snaill levels are regulated by FBXL14

After determining that FBXL14 binds Snaill we wanted to examine if this E3
ubiquitin ligase can decrease Snaill levels in vivo. For this we co-transfected
Snaill-HA with increasing amounts of FBXL14-Myc and analyzed the
remaining Snaill-HA levels in cells. Snaill protein was decreased in an
inversely proportional manner to FBXL14-Myc (Figure R.3A). Moreover,
when we co-transfected the AF-FBXL14-Myc mutant, which is unable to
bind Skp1 to form the SCF complex since it lacks the F-box domain, Snaill
protein levels were stabilized. Surprisingly, FBXL14-Myc levels were not
corresponded to the amount transfected in lane 5, indicating that FBXL14
could be itself a target of its own degradation, as it happens for many E3
ubiquitin ligases (Figure R.3A). As expected, the degradation of Snaill-HA
by FBXL14-Myc was impaired when the proteasome was blocked prior to



cell lysis (Figure R.3B), and also helped to recover FBXL14 levels in the cells.
Treatment of cells co-transfected with Snaill-HA and FBXL14-Myc or the
AF mutant with the protein synthesis inhibitor cycloheximide (CHX) also
showed that the degradation of the Snaill-HA protein is accelerated in the
presence of the E3 ubiquitin ligase (Figure R.3C).
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Figure R.3. Snaill exogenous levels are regulated by FBXL14. (A) HEK293T cells
were transfected with 0.2 pg Snaill-HA and increasing amounts of FBXL14-Myc (from
0.2 pg in lane 2 to 1.2 pg in lane 5) or the AF mutant (from 0.4 pg in lane 6 to 1.2
pg in lane 8). Snaill-HA protein was analyzed 24h after transfection by Western blot
with anti-HA. FBXL14-Myc and PK levels were visualized as experimental and loading
controls, respectively. (B) Cells were transfected as in (A) and treated or not for 6h with
50 uM MG132 prior to cell lysis. Results were analyzed by Western blot. (C) Similarly
to (A) cells were transfected with 0.2 ug Snaill-HA and 1.2 pg FBXL14-Myc and the
protein synthesis inhibitor cycloheximide (CHX) was added for the indicated time prior
to lysis. Western blotting is shown as a result. (D) Degradation by Flag-B-Trcpl/2 was
determined in an experiment similar to (B). Anti-Flag antibody was used to analyze
B-Trcpl/2 levels. (E) The SnaillSA-HA mutant was co-transfected with the indicated
plasmids and extracts were analyzed by Western blot.
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We also determined the effect of other ubiquitin ligases. Figure R.3D
shows how only Flag-p-Trcpl, and not Flag-pB-Trcp2, degrades Snaill-HA.
Moreover, to corroborate that FBXL14 acts on non-phosphorylated Snaill,
we repeated the degradation assays using the Snail1SA-HA mutant and saw
that only FBXL14-Myc, and not Flag-B-Trcpl, effectively down-regulates
the levels of unphosphorylated Snaill (Figure R.3E).

Having performed all the degradation assays using exogenous Snaill
(Figure R.3) we next wanted to determine if FBXL14 controls endogenous
Snaill. For this purpose we used NIH3T3 cells that express high Snaill
levels. We transiently transfected the FBXL14-HA construct and observed
a notable decrease in Snaill protein levels. The effect was impaired when
the transfected construct was the AF-FBXL14-HA mutant (Figure R.4A).
Moreover, when we performed immunofluorescence (IF) experiments using
the same cell line we detected that FBXL14-HA-transfected cells (marked
with arrows) no longer expressed nuclear endogenous Snaill (Figure R.4B,
left panel). This contrasted with the transfection of the AF mutant which did
not modify the levels of Snaill (middle panel). When we checked the levels
of CtBP1, another transcription factor expressed in the nucleus, it was not
degraded by FBXL14-HA, indicating the specificity of the E3 ligase in the
degradation of Snaill (Figure R.4B, right panel).

Figure R.4. Snaill endogenous levels are regulated by FBXL14. (A and B) NIH3T3
cells were transiently transfected for 48h with FBXL14-HA/AF and endogenous Snaill
levels detected by Western blot (A) or immunofluorescence (IF; B). Confocal microscopy
was used to visualize the results. A rabbit anti-HA pAb was used to detect FBXL14-HA/
AF and mouse anti-Snaill mAb to detect endogenous Snaill. CtBP1 was analyzed as
control for specific degradation.

To determine the effect FBXL14 on EMT we transfected FBXL14 in
a HT29-M6 clone stably expressing Snaill-HA that exhibits a strong
mesenchymal phenotype (Figure R.5A, middle panel). We saw that upon
stable transfection of the vector cells acquired a more compacted phenotype
(right panel) similar to that of control epithelial cells (left panel). When we



tested the protein expression levels by Western blot we observed that Snail1-
HA was depleted from cells transfected with FBXL14 and that E-cadherin
was re-expressed (Figure R.5B). This set of experiments demonstrates that
FBXL14 degrades Snaill and reverses the Snaill-induced mesenchymal
phenotype of cells.
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Figure R.5. The expression of FBXL14 can reverse the EMT process. (A and B) In
order to check if FBXL14-Myc could reverse the phenotype of cells that had undergone
EMT we used HT29-M6 cells with stable expression of pcDNA3-Snaill-HA (previously
described in [41]) and transfected FBXL14-Myc. As seen in (A) cells went from a
mesenchymal fibroblastic-like phenotype (middle panel) to a more epithelial compacted
phenotype (right panel). Western blot analysis of these cells shows how Snaill-HA
levels are completely depleted by the introduction of FBXL14-Myc in this stable clone.
E-cadherin levels were analyzed as a control of the re-establishment of adherens
junctions.

R.1.4. FBXL14 requires the N-terminal domain of Snaill for degradation

To determine which domain of the Snaill protein is sensitive to the
degradation mediated by FBXL14 we co-transfected Green Fluorescent
Protein (GFP) fusion proteins containing the Snaill N-terminal (aa 1-151)
or C-terminal (aa 152-264) domains together with FBXL14 (Figure R.6A).
GFP-SnailICT protein levels remained unaffected by co-transfection
of FBXL14. However, a notable decrease in GFP-SnailINT levels was
detected in FBXL14 transfected cells, in the presence or absence of CHX
(Figure R.6A). To further characterize the region needed for degradation by
FBXL14 we co-transfected N-terminal deletion mutants with the ubiquitin
ligase. Figure R.65 shows a schematic diagram of the constructs used. The
construct lacking the P-S rich region (A90-120) was still very sensitive to
degradation, reinforcing the idea that the p-Trcpl destruction motif is not
needed for the effect of FBXL14 upon Snaill. The effect was also strong on
mutants lacking the first 82 or 90 aa; however, the partial removal of the NES
(last 14 aa of the domain) reduced the effect of FBXL14 on Snaill (Figure
R.6B). This set of experiments suggests that aa 120-151 are important for
the FBXL14-triggered degradation of Snaill protein.
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Figure R.6. The N-terminal domain of Snaill is required for FBXL14-mediated
degradation. (A) HEK293T cells were transfected with Snaill constructs containing
the N-terminal (NT) or C-terminal (CT) domain fused to GFP and FBXL14-Myc as
shown. When indicated cells were treated with CHX for 6h prior to lysis. Western blot
analysis was performed using rabbit anti-GFP pAb, anti-Myc and anti-PK as loading
control. (B) HEK293T cells were transfected with Snaill NT deletion mutants fused
to GFP with or without FBXL14-Myc. The total levels of the Snaill mutants were
determined by analysis of GFP protein. The double band observed in all the mutants
except the GFP-SnailINT(A90-120) is due to the phosphorylation state of the P-S rich
domain (phosphorylated or unphosphorylated). Both bands were similarly degraded
by FBXL14.

R.1.5. Snaill is ubiquitinated by FBX1L14

To find out if FBXL14 stimulates the in vivo ubiquitination of Snaill we
performed ubiquitination experiments. Figure R.7A shows the IP of Snaill
protein after inhibition of the proteasome. The amount of ubiquitinated
Snaill, labeled as Snaill-HA-(Ub) , is highly increased when FBXLI14 is
co-transfected, as would be expected for an E3 ubiquitin ligase targeting
a protein. Despite the fact that Snaill levels are equal in lysates of cells
expressing or not FBXL14 due to the addition of MG132, the amount of
posttranslationaly modified Snaill was highly increased by the presence of
FBXL14.

Similarly, when HIS-tagged ubiquitin was co-transfected with Snaill,
FBXL14 or the AF mutant a similar result was observed (Figure R.7B). In
this case all ubiquitinated proteins were purified through a Nickel column



(Ni-NTA), and only in the presence of FBXL14 and when the proteasome
was blocked to preserve the ubiquitin chains, a ladder of ubiquitinated
Snaill was detected. The observed ubiquitin chains were a mix of mono-
and polyubiquitinated forms. To corroborate the results obtained with wt
ubiquitin we used the ubiquitin mutant UbiK7R, which bears mutations of
all its lysines to arginines (Figure R.7B, right panel), and does not support
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Figure R.7. Snaill is ubiquitinated by FBXL14. (A) HEK293T cells were transfected
with Snail1l-HA and FBXL14-Myc for 24h and treated with 50 uM MG132 for 6h. Mouse
anti-Snaill mAb was used in denaturing conditions to IP all forms of Snaill protein.
Polyubiquitinated Snaill (Snaill-HA-(Ub) ) was detected using goat anti-ubiquitin
pAD. The levels of Snaill-HA and FBXL14-Myc in the lysates was analyzed with anti-
HA and anti-Myc antibodies, respectively. (B) HEK293T cells were transfected with the
indicated plasmids and treated (left panel) or not (right panel) with MG132. Ni-NTA
beads were used to pull down ubiquitinated proteins that were detected with anti-HA
antibody. Note that in the right panel a ubiquitin construct bearing mutations in all
the lysines (K7RUbi) was used and was unable to elongate ubiquitin chains showing
only a discrete band over the non-modified form of Snaill. (C) Left panel: Coomassie
staining of a polyacrylamide gel with the purified proteins obtained from infected Sf9
cells for in vitro ubiquitination assays (HIS-Snaill and SCF™*'* complex, respectively).
Right panel: Western blot analysis of in vitro ubiquitination reactions with the purified
proteins of the left panel. E1, E2 and ubiquitin (Ubi) were commercial.
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proteasome degradation as it is unable to elongate ubiquitin chains. This is
due to the fact that modified proteins can only incorporate a single ubiquitin
molecule in each lysine that is modified [182]. Again, the modification of
Snaill, which was detected as a single band over the non-modified protein,
was only observed in the presence of FBXL14 but not with the AF mutant
(Figure R.7B, right panel).

In order to confirm that the ubiquitination of Snaill mediated by FBXL14
is direct we set up an in vitro system in which we used baculovirus-infected
Sf9 cells to produce recombinant protein and purified it using Ni-NTA
affinity chromatography. HIS-Snaill was purified alone and the SCF**\
complex was isolated by infecting all the components (HA-Cullinl,
FBXL14-HA, HIS-Skpl and Rbx1; Figure R.7C, left panel) and purifying
it through the binding of HIS-Skp1 to Ni-NTA agarose beads. To carry out
in vitro ubiquitination reactions commercial E1 enzyme UBE1, E2 enzyme
UbcHb5c, ubiquitin and ATP were mixed with purified SCF**'* and HIS-
Snaill. The elongation of the Snaill ubiquitination ladder was only achieved
when all the components needed for the reaction were added (Figure R.7C).
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Figure R.8. The mutation of different lysines affects the degradation of Snaill
by FBXL14 and B-Trcpl. (A and B) The lysines that were found to be putatively
ubiquitinated in Snaill were mutated to arginines and the mutants were transfected
for 24h together with FBXL14, the AF mutant (A) or B-Trcpl (B), using 0.2 ug of the
Snaill plasmid and 1.2 pg of the control or ubiquitin ligase plasmid. (C and D) The
quantification of Snaill-HA levels of three independent experiments + the standard
deviation (s.d.) are represented in panels (C) and (D), corresponding to (A) and (B),
respectively.



R.1.6. Lysines K98, 137 and 148 are important for FBXL14 ubiquitination
of Snaill

We wanted to analyze the lysines that participate in the ubiquitination of
Snaill. We found that the N-terminal domain of Snaill, which is important
for the FBXL14-mediated degradation of the protein (Figure R.6), contains
five conserved lysines: K9, K16, K98, K137 and K146. Lysines 137 and 146
are contained in the sequence that was characterized by the N-terminal
deletion mutants (aa 120-151) as being responsive to the action of FBXL14.
Mutation of lysines K9 and K16 did not affect protein stability (data not
shown). The mutation of lysine K98 to arginine (K98R) alone did not change
the sensitivity of Snaill to FBXL14 (Figure R.8A and C). The mutation of
K137 or K146, or the double mutant, partially decreased the degradation
rate of Snaill when exposed to FBXL14. Nevertheless, the mutation of
both lysines was not enough to abolish degradation by FBXL14. We only
accomplished impaired down-regulation of Snaill levels by FBXL14 by
replacing lysines 98, 137 and 146 by arginines (Figure R.8A and C). This
result suggests that the three lysines are participating in the degradation of
Snaill by FBXL14.

Since the lysines ubiquitinated by f-Trcpl have not yet been described we
decided to carry out a similar experiment as in Figure R.8A using B-Trcpl to
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Figure R.9. The Snaill mutant K98, 137, 146R is resistant to degradation and
ubiquitination. (A) Determination of the degradation kinetics of the wt and K98,
137, 148R Snaill-HA constructs through the addition of CHX. The left panel shows a
representative degradation assay and the right panel the densitometric analysis of three
independent experiments * the s.d. (B) Ubiquitination of the K98, 137, 146R Snaill
mutant was determined after the transfection of the indicated plasmids as in Figure
R.7B. The ubiquitination of Snaill was analyzed by Western blot after Ni-NTA affinity
purification of the samples with anti-HA antibody.
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degrade Snaill and the lysine mutants. The lysines that conferred Snaill with
resistance against 3-Trcpl degradation were the same as for FBXL14 (Figure
R.8B and D). To further confirm that the mutation of these lysines presents
Snaill with higher stability we submitted cells transfected with either the wt
or K98, 137, 146R Snaill constructs to a CHX time-course (Figure R.9A). In
accordance to our previous results the stability of the mutant was higher than
the wt with over 80% of the protein remaining after 4h of CHX. The study of
the triple lysine mutant of Snaill led us to also examine the ubiquitination
capability of the triple mutant. Figure R.9B shows that this mutant presents
lower ubiquitination efficacy by both FBXL14 and -Trcpl, as expected due
to its degradation resistance.

R.1.7. Knockdown of FBX1.14 stabilizes Snaill protein

Since the levels of FBXL14 messenger RNA (mRNA) have not been studied
in mammalian cell models we decided to analyze them in a range of cell
lines. We found FBXL14 is expressed to a similar extent in all the cell lines
analyzed (Figure R.10). We could not study the protein levels since no
antibodies are available.

FBXL14

HPRT

Figure R.10. FBXL14 mRNA is expressed in all the cell lines studied. The levels of
FBXL14 mRNA were analyzed in the indicated cell lines by semi-quantitative RT-PCR.
HPRT levels were determined as loading control.

To analyze if Snaill levels were sensitive to the depletion of endogenous
FBXL14 we designed three different short hairpin RNAs (shRNAs) to
specifically knock down the ubiquitin ligase. We tested these constructs
using the co-transfection of FBXL14-Myc and the shRNAs in a transient
manner, and obtained efficient down-regulation with sh FBXL14(1), sh
FBXL14(2) and a combination of the two. sh FBXL14(3) did not affect
FBXL14 protein levels (Figure R.11A). We next used the combination of
the two shRNAs positive for knock down of FBXL14 in HEK293T cells
transiently transfected with Snaill-HA and checked the stability of the
target protein through a CHX time-course (Figure R.11B). When FBXL14
was depleted the stability of Snaill was greatly increased. The quantification
of the remaining protein indicates that Snaill-HA protein levels remained



stable for up to 2h after the addition of CHX in the absence of FBXL14
(Figure R.11B).

To check if this effect was also occurring at endogenous Snaill levels we
stably transfected SW620 and NMuMG cell lines with the shRNA against
FBXL14 and obtained a clear accumulation in Snaill protein. The mRNA
levels of FBXL14 were analyzed by semi-quantitative RT-PCR and were
detected to be strongly down-regulated by the shRNA, as expected for a
knock down condition (Figure R.11C). These results indicate that the
absence of FBXL14 protein induces the stabilization of Snaill.
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Figure R.11. FBXL14 inhibition increases Snaill protein stability. (A) HEK293T cells
were transfected with FBXL14-Myc and different combinations of short hairpin RNAs
(shRNAs) cloned into pSUPER-Neo-IRES-GFP against FBXL14 or a scrambled control
(sh control). Expression of exogenous FBXL14 protein was determined by Western blot
with anti-Myc after 48h of transfection and GFP levels analyzed as transfection control.
(B) The top panel shows a Western blot of HEK293T cells transfected for 48h with sh
control or sh FBXL14(1+2), the combination which yielded the best results in (A). Cells
were lysed after the addition of CHX at the indicated time points. A densitometric
analysis of three independent experiments + the s.d. was performed and the results are
shown in the bottom panel. (C) SW620 and NMuMG cells were stably transfected with
sh control or sh FBXL14 and Snaill protein levels analyzed by Western blot. The down-
regulation of FBXL 14 was verified by semi-quantitative RT-PCR. The levels of PK and
HPRT were determined as loading controls for Western blot and RT-PCR, respectively.

R.1.8. FBXL14 is down-regulated during hypoxia

In order to find a physiological role for FBXL14 we took advantage of
two models of EMT widely used in our laboratory: hypoxia (1% oxygen
atmosphere) and TGF-f, treatment. Figure R.12A shows the expression of
various proteins after the two treatments in NMuMG and MCF7 cell lines.
As expected, endogenous Snaill protein levels were up-regulated with both
treatments but only TGF-f, increased SNAILI mRNA. E-cadherin was
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down-regulated in both conditions although the effect was less drastic with
hypoxia than by TGF-B, treatment. Nuclear HIF-1a protein was stabilized in
hypoxia and this increase corresponded to a substantial decrease in FBXL14
mRNA levels (Figure R.12A). The marked down-regulation of FBXLI14 in
a 1% oxygen atmosphere led us to think that the regulation of this ligase
may play a role in the protein stability of Snaill under this particular stress
condition.

To confirm that Snaill protein stability was altered during hypoxia we
co-transfected NMuMG and MCEF7 cells with Snaill-HA and GFP as a
transfection control, to ensure hypoxia was not affecting the transfection
efficiency. Western blot analysis showed that Snaill exogenous protein was
expressed at least two-fold more in both cell lines under hypoxic conditions
(Figure R.12B and C). This suggests that Snaill protein gains stability
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Figure R.12. FBXL14 is down-regulated during hypoxia. (A) NMuMG (left) and
MCEF?7 (right) cell lines were cultured in normoxia (N), hypoxia (H) or 5 ng/ml TGF-§,
for 72h. Protein analysis was carried out by Western blot with anti-Snaill and anti-E-
cadherin antibodies. HIF-1a levels were analyzed in nuclear extracts as hypoxia control
and PK as loading control. The mRNA levels of SNAILI and FBXL14 were analyzed by
semi-quantitative RT-PCR. HPRT was used as loading control. (B) NMuMG (left) and
MCEF7 (right) cell lines were transfected where indicated with Snaill-HA, FBXL14-Myc
and GFP as transfection control and cultured under N or H for 72h. Snaill-HA were
determined by Western blot and compared to those of the normalization control GFP.
(C) Three independent experiments carried out as in (B) were quantified and the relative
Snaill-HA/GFP values calculated + s.d. The bars show the hypoxic ratio of Snaill-HA/
GFP when the normoxic ratio is brought to one.



in hypoxia. When FBXL14 was co-transfected in cells submitted to low
oxygen conditions, Snaill was not stabilized. This further indicates that the
reinstatement of FBXL14 levels stimulates Snaill degradation and suggests
that the regulation of FBXL14 in hypoxia is mainly at the transcriptional
level.

R.1.9. Hypoxia-induced down-regulation of FBXL14 is associated with
TWIST1 expression

Twistl is known to be directly regulated by HIF-la through its HRE
(described in more detail in the Introduction) [117] and therefore up-
regulated in hypoxia. For this reason we checked the protein levels of Twist1
(Figure R.13A) in normoxia and hypoxia in NMuMG and SW620 cell lines,
and detected an up-regulation of the protein concomitant with the increase
in HIF-1a levels. Again, Snaill protein levels were increased while the
mRNA remained constant, and FBXL14 was greatly down-regulated.

To evaluate if Twistl is required for FBXL14 down-regulation and Snaill
stabilization we knocked down Twistl using shRNAs. In these conditions,
Snaill protein was no longer stabilized in hypoxia. The absence of Twistl
also inhibited the down-modulation of FBXLI14. To check if this was the
main pathway activated in hypoxia we determined the protein levels of
GSK-3p/B-Trcpl by Western blot and found that this pathway remained
unchanged in NMuMG cells. However, in SW620, an increase in inactive
GSK-3p (phosphorylated GSK-3[ on serine 9; P-Ser9-GSK-3[) was detected
in hypoxia, as well as an increase in B-Trcp1 levels in the same conditions, an
up-regulation that was accentuated in the absence of Twist1 (Figure R.13A).
Hence, the down-regulation of FBXL14 seems to be the preferred pathway
to increase Snaill protein stability in NMuMG cells while in SW620 there
is evidence of a mixed mechanism since the two degradation pathways of
Snaill are inactivated in hypoxia.

To validate that Twistl is directly acting on FBXL14 levels we decided to
transiently transfect Twist1 in three cell lines (RWP-1, MCF7 and NMuMG)
as an alternative way of up-regulating the protein. We found that, in all the
cases, FBXLI4 levels were greatly down-regulated (Figure R.13B). These
results suggest there is a direct association between Twistl expression in
hypoxia and down-regulation of FBXL14 levels.

We analyzed if FBXLI14 down-regulation was detected in pathological
conditions of hypoxia in collaboration with Dr. Félix Bonilla in Hospital
Puerta del Hierro (Madrid). To this aim, we determined the expression of
FBXL14 and CA9 (Carbonic Anhydrase 9), a marker of hypoxia [183], in a
set of 33 human colon adenocarcinomas. CA9 was not detected in normal
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Figure R.13. Hypoxia down-regulates FBXL14 levels which are directly controlled
by Twistl. (A) Twistl was stably down-regulated using shRNA infection in NMuMG
(left) and SW620 (right) cells. These cells were cultured under normoxic (N) or hypoxic
(H) conditions for 48h and mRNA levels of FBXL14 and SNAILI analyzed by semi-
quantitative RT-PCR. The indicated proteins were detected by Western blot. HPRT and
PK were the loading controls for RT-PCR and Western blot, respectively. (B) RWP-1,
MCF7 and NMuMG cells were transiently transfected with Twistl or a control vector
(cntrl) for 48h and FBXL14, TWISTI1 and SNAILI mRNA levels analyzed by RT-PCR.
HPRT was used as loading control.

colon mucosa but was observed in 30 tumor samples. FBXL 14 was decreased
in 25 tumor samples with respect to normal tissue. A statistical inverse
correlation was observed between the expression of FBXL14 and CA9
(r=0.43, p=0.013; Figure R.14A). A correlation was also established between
the presence and absence of TWIST1 in these tumors. When TWISTI is
present there is a down-regulation of FBXLI4 (geometric average 0.3 in
TWISTI-positive cases versus 0.81 in negative TWIST1 samples, p=0.046,
analysis of variance). Expression of TWIST1 also correlates with the up-
regulation of CA9 (geometric average 1.83 in cases with TWIST1 presence
versus 0.09 when TWISTI is not detected, p=0.012, analysis of variance;



Figure R.14B). Altogether these results indicate that hypoxia-induced down-
regulation of FBXL14 mRNA is associated with TWIST1 expression both in
cell lines and in human tumor samples.
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Figure R.14. FBXL 14 is down-regulated in hypoxic human tumors and is associated
with TWIST1 expression. (A) Expression of CA9 (Carbonic Anhydrase 9), a marker of
hypoxia, and FBXL14 shows an inverse correlation in human tumors. The expression
of the different transcripts was performed by quantitative RT-PCR. The result is the
Pearson correlation coefficient between CA9 (y-axis) and FBXL14 (x-axis) expression.
(B) Box plots depicting the relationship between the presence or absence of TWIST1 in
tumor tissues and CA9 (left) or FBXL14 (right) mRNA levels. Details of the statistical
analysis are provided in the Materials & Methods section (V/M.7).

R.1.10. FBXL14 has a complex transcript regulation mechanism

To complete the work carried out with FBXL14 we decided to investigate
the transcript regulation of this F-box ligase. The results presented in this
section are preliminary. In the laboratory, a Chromatin immunoprecipitation
sequencing (ChIP-Seq) analysis of the regions of endogenous Snaill binding
in SW620 cells suggested that the transcription factor binds to a region
spanning nearly the whole first exon of the FBXLI14 transcript (Figure
R.15A) (unpublished work by Alba Millanes). First we validated the high
throughput results obtained for FBXL14 by repeating the experiment in
the same cell line (not shown) and using cells expressing Snaill-HA. We
observed there was significant enrichment of Snaill protein in the putative
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binding region, both in endogenous (not shown) and ectopic conditions
(Figure R.15B). As negative control we used the promoter region of FBXL14,
particularly a region containing a consensus E-box sequence like the three
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Figure R.15. Snaill levels modulate FBXL14 mRNA transcription. (A)
Schematic representation of the putative Snaill binding region from a Chromatin
Immunoprecipitation Sequencing (ChIP-Seq) performed in the lab in SW620 cells
(green region). The primers used for ChIP in (B) are labeled as prom, 1, 2, 3 and 4
and mapped against the FBXLI14 coding transcript (transcript 1). Small light-green
rectangles show consensus E-box sequences for Snaill binding. (B) ChIP was performed
with Snaill antibodies in HT29-M6 control or Snaill-HA clones. The result is the mean
* s.d. of three independent experiments. (C and D) Quantitative RT-PCR analysis of
FBXL14 in cells overexpressing (C) or with knocked down (D) Snaill protein. Results
are the mean + s.d. of three independent experiments. (E) Schematic representation of
FBXL14 RNAs: t1 is the protein-coding transcript, 2 A/B are two alternative transcripts
and NAT is a long non-coding RNA mapped in the region. (F) Semi-quantitative RT-
PCR analysis of t2 and NAT of FBXL14 in MDA-MB-231 cells stably infected with sh
control or Snaill.



found in the enriched region (2.5 kbp upstream of the transcription start
site), and did not present any binding of Snaill.

To see if the levels of FBXL14 mRNA were modulated by Snaill we analyzed
cells overexpressing or knocked down for Snaill by RT-PCR. Figure R.15C
shows that cells transfected with Snaill had increased levels of FBXL14
when the transcription factor was overexpressed in both RWP-1 and
HT29-M6 cells. The opposite experiment confirmed that down-regulation
of Snaill leads to reduced FBXL14 mRNA (Figure R.15D). The effect
exerted by Snaill on FBXL14 was not due to Snaill affecting the activity
of the promoter region of FBXLI14 as confirmed by reporter assays (data
not shown). These results open many questions. Transcription factors
usually bind to the promoter region of genes. The fact that Snaill is found
immunoprecipitating with the chromatin of the coding region of FBXL14 is,
therefore, surprising. We decided to analyze the meaning of these results by
looking at publicly available data of the transcripts that have been described
to span the first exon of FBXL14 (Ensembl Genome Browser and NATsDB).

As expected, we found that there is more than one transcript in the region
found to be bound by Snaill. Apart from the protein coding transcript
(transcript 1; t1) there are two alternative sense transcripts (transcripts 2
A/B; t2 A/B) that most probably code truncated forms of the FBXL14 protein
as predicted by in silico analysis, although more work should be done in
order to confirm this hypothesis. These have a similar first exon, although t2
B starts the splicing to the second exon a few bases (41 bp) before transcript
t2A, with a first exon that is identical to that of the protein coding t1 (Figure
R.15E). The fact that the start of the first exon coincides is what makes us
think that t2 transcripts will be protein coding. The second exon, which is
short in all the cases, starts a bit over 26 kbp from the last amino acid of exon
1 for t1, and over 5 kbp for both t2 transcripts. The protein sequence yields
a truncated protein in both transcripts t2, with stop codons appearing very
early in exon 2A and 2B sequences. Moreover, we found there is a long non-
coding natural antisense transcript (NAT) that is described to start in the
intronic region of all the transcripts and to span over the promoter region of
the three FBXL14 sense transcripts (Figure R.15E). We wanted to determine
if Snaill expression modulation also correlated to a differential expression
of the other transcripts for FBXL14. We down-regulated the levels of the
protein by shRNA and analyzed FBXLI4 t2 A/B and NAT levels (Figure
R.15F). The synergy observed for t1 seemed to be maintained for the other
transcripts, indicating that the Snaill could indeed be directly regulating
FBXL14 expression through the binding to the NAT promoter which may
help stabilize the coding transcript t1 of FBXL14, the only FBXL14 protein
we think is functional in cells. The intron length shown in the NAT needs
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to be further characterized, hence the hashed lines indicating its length
(Figure R.15E). These results suggest that there is complex regulation of
FBXL14 transcription and modulation, and indicate that there may be a
positive feed-back loop between Snaill protein levels and FBXL14 mRNA
expression that probably helps maintain Snaill stability tightly controlled.



R.2. FBXLS5 controls Snaill DNA binding and function

R.2.1. FBXL5 is revealed as a new F-box ubiquitin ligase for Snaill
through a shRNA screening

Preliminary results showed that there are significant amounts of
ubiquitinated Snaill that resides in the nucleus, suggesting there could be
additional ubiquitin ligases targeting Snaill. To this aim we carried out a
shRNA screening of all the known F-box ubiquitin ligases. The screening
was performed simultaneously in two cell lines: SW620, which express high
basal Snaill levels, and MCF7, with low Snaill expression levels. Figure R.16
shows the screening results for the SW620 cell line.
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Figure R.16. Screening of F-box ligases targeting Snaill. SW620 cell line was stably
infected with shRNAs targeting the indicated F-box ubiquitin ligases. Non-infected
cells (wt) and a non-specific ShRNA (sh control) were used as basal level controls, and
MG132 was used as positive control for Snaill stabilization. Protein levels for Snaill
were analyzed by Western blot. PK was used as loading control.

The shRNAs that passed the first round of screening were targeting the
following F-box ubiquitin ligases: FBXW5, FBXL5, FBXO3, FBXO4,
FBXO5, FBX024, FBX0O25 and FBXO27. The other ligases that seem to
have an effect of Snaill in Figure R.16 were discarded by additional controls
carried out in RWP-1 cells (data not shown). To confirm that the effect
was directly affecting Snaill protein stability we stably infected SW620 and
MCEF?7 cells with pBabe-Snaill-HA, which is under the control of a weak
promoter and thus expressed at low levels, and transiently transduced the
indicated shRNAs before analysis (Figure R.17). In SW620 cells there only
seemed to be an effect using shRNAs against FBXW5, FBXL5 and FBXO4
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(Figure R.17A). The stabilization of Snaill-HA was especially strong in the
conditions where FBXW5, FBXL5, FBX0O24 and FBXO25 were knocked
down in the MCF7 cell line (Figure R.17B).
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Figure R.17. Second round of shRNA screening. (A and B) Transient infection of the
shRNAs that stabilized Snaill in the first round of screening was carried out in SW620
(A) and MCF7 (B) cells stably expressing pBabe Snaill-HA. In this case wt is for cells
only expressing Snail1-HA and sh control for cells expressing both a non-specific shRNA
and Snaill-HA. Exogenous Snaill levels were analyzed by Western blot.

Before going further into the study of one of the ubiquitin ligases with respect
to Snaill we decided to validate that the results observed in the screening
were specific. For this we checked the mRNA levels of the ligases used in the
second round of screening in knock down cells of the same ligase compared
to sh control conditions (Figure R.18). We found that all the shRNAs were
down-regulating their target gene by more than 50%, with exception of sh
FBX024 which was reducing this ligase’s levels by less than 20%.

-
[=]
[=]

2

=i}
=

% mRNA compared 1o sh control

Figure R.18. mRNA levels of knocked down ubiquitin ligases. The mRNA levels of the
E3 ligase with which SW620 cells were stably infected (indicated under each bar) were
analyzed by quantitative RT-PCR. The results represent three independent experiments
+s.d.



The results obtained from the two rounds of screening pointed at FBXW5 and
FBXLS5 as putative novel ubiquitin ligases targeting Snaill for degradation.
We started working with both ligases but decided to develop the project
with FBXL5 since we found out that it is a nuclear protein (shown later)
while FBXW5 is located in the cytoplasm. FBXL5 protein has a hemerythrin
domain in its N-terminal part, an F-box domain and six leucine-rich repeats
(LRRs) at its C-terminal end. The two substrates that had been described
for it were p120°", a protein important to drive vesicular transport and
mitotic spindle organization [184] and Iron regulatory proteins (IRP) 1 and
2, involved in cellular iron homeostasis [185, 186]. The hemerythrin domain
of FBXL5 was the first of its kind found in mammals, making FBXL5 a very
attractive protein to study since hemerythrin domains in other species have
been described to bind iron through di-iron centers in a reversible manner,
regulating protein stability in a very dynamic manner. The two studies about
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Figure R.19. FBXLS5 is a candidate for the degradation of Snaill. (A) Part of the
first round of shRNA screening in MCF7 cells in which the effect of sh FBXL5 is seen
compared to non-infected cells (wt), sh control and MG132 as positive control for Snaill
stabilization. (B) Morphology of MCE7 cells under light microscopy after being stably
infected with sh control, sh FBXL5-5 or a mix of all the plasmids targeting the FBXL5
sequence (sh FBXL5-pool). (C) The levels of SNAIL1, FBXL5 and FBXL14 mRNA were
analyzed in cells stably expressing sh FBXL5 relative to sh control condition. The results
are the average of three independent experiments + s.d.
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IRP1 and IRP2 report that FBXLS5 is stabilized through the addition of iron
and de-stabilized when the metal is removed from cells.

The effect of the shRNA of FBXL5 on Snaill levels in MCF7 cells was very
strong (compare Figure R.16 and R.19A). We had seen during the first round
of the screening with MCF7 cells that the levels of Snaill were up-regulated
even higher than those in which the proteasome inhibitor was blocked using
MG132. Moreover, the phenotype of cells after infection of sh FBXL5 was
switched from epithelial to mesenchymal, with cells presenting a fibroblast-
like morphology (Figure R.19B). Figure R.19C shows the mRNA levels of
SNAILI when FBXL5 levels were down-regulated by 70%. To discard a
possible off-side effect due to down-regulation of FBXL14 we determined
its mRNA levels in sh FBXL5 conditions. A slight decrease of about 15%
was noted in SW620 cell line whereas in MCF?7 cells we detected an increase
(Figure R.19C). Altogether, the localization and the results showing the
notable increase in Snaill levels obtained through down-regulating FBXL5
in different cell lines prompted us to focus our study on this ubiquitin ligase.

R.2.2. FBXL5 and Snaill interact through the C-terminal end of Snaill

The action of F-box ubiquitin ligases on a substrate is through direct
interaction of both proteins. To determine this interaction we first used the
overexpression of tagged Snaill and FBXL5 in cells in the presence of iron
(addition of Ferric Ammonium Citrate; FAC) to stabilize FBXL5 and of the
proteasome inhibitor MG132 to avoid Snaill degradation. We found that
Myc-FBXL5 co-immunoprecipitated with Snaill-HA in these cells (Figure
R.20A). We verified the endogenous interaction in RWP-1 cells also treated
with FAC and MG132, and detected association between Snaill and FBXL5
(Figure R.20B).

To prove that the interaction between the two proteins was direct we carried
out a pulldown assay with recombinant protein obtained from Sf9 cells and
found that Flag-FBXL5 directly associated to GST-Snaill and not to GST
(Figure R.20C). To ensure the interaction of FBXL5 was specific for Snaill
and not a general mechanism of action of transcription factors involved in
EMT, we performed pulldown analysis using GST and GST-FBXL5 purified
from bacteria with cell extracts expressing Snaill, Snail2, Twistl and Zeb1.
Interestingly, both Snaill and Snail2 were bound by FBXLS5.

To map the binding region in Snaill protein we used GFP-Snaill deletion
mutants comprising the C-terminal (CT) part of Snaill (GFP-CT: aa
152-264) or the N-terminal (NT) Snaill (GFP-NT: aa 1-151). Only the
CT domain of Snaill presented FBXL5 binding capacity (Figure R.21A),
suggesting that the binding of FBXL5 to Snaill is though the ZnF domain.



GST-FBXL5 also pulled down endogenous Skp1, as would be expected for
a correctly folded and active F-box protein (Figure R.21A). The interaction
with Skpl was not competed by GFP-Snaill, suggesting that an SCF**5-
Snaill degradation complex may be assembled in vitro.

To further map the interaction of the C-terminal part of Snaill with FBXL5
we determined the contribution of each of the ZnF to the binding by means
of deletion mutants. Constructs lacking ZnF4 (aa 236-263) retained full
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Figure R.20. Snaill directly interacts with FBXL5. (A) HEK293T cells were
transfected for 24h with Snaill-HA, Myc-FBXL5 and a control plasmid as indicated.
They were treated with 100 uM FAC for 6h and 10 uM MG132 for 5h prior to lysis.
Immunoprecipitation (IP) was carried out using rabbit anti-HA pAb and Myc-
FBXLS5 levels analyzed by Western blot. Snaill-HA levels are shown as IP control. (B)
Endogenous IP of FBXL5 was carried out in RWP-1 cells treated with 100 uM FAC and
10 uM MG132 for 6h prior to lysis. IP was carried out using rabbit anti-FBXL5 pAb and
detection with mouse anti-Snaill mAb and goat anti-FBXL5 pAb as IP control. no AB
means that no antibody was added to the IP, and irr AB stands for irrelevant antibody
of the same species as the specific antibody used for IP. (C) Pulldown (PD) analysis of
the interaction between GST-Snaill and Flag-FBXL5 using purified proteins from Sf9
insect cells to verify the direct interaction of the two proteins. FBXL5 and Snaill were
detected with anti-Flag and anti-GST antibodies, respectively. The band marked with an
asterisk (*) is a degradation band of GST-Snaill that appears after periods of incubation
at room temperature. (D) GST or GST-FBXL5 protein purified from bacteria was used
to PD the indicated proteins from lysates of HEK293T cells transfected for 48h. GFP was
used as a negative control.
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binding capacity but when both ZnF4 and ZnF3 (aa 209-235) were deleted
the binding was decreased by over 50% (Figure R.21B and C). When ZnF2
(aa 181-208) was also deleted the association of the two proteins was
completely abolished. Other mutant constructs bearing deletions in ZnF1
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Figure R.21. The C-terminal part of Snaill is needed for FBXL5 interaction. (A) PD
analysis with GST or GST-FBXLS5 protein purified from BL21 bacteria. Vectors encoding
the GFP, GFP-Snaill, GFP-NT and GFP-CT proteins were transfected in HEK293T cells
for 48h and extracts were used for PD. The result was analyzed by immunoblotting and
Skpl was a positive control of interaction with GST-FBXL5 to check the functionality
of the protein. (B) PD analysis similar to (A) in which ZnF deletion mutants were
used to map the site of interaction of FBXL5 with the C-terminal part of Snaill. (C)
Schematic representation of the deletion mutants used for PD analysis to map the site
of interaction of Snaill to FBXL5 (B) and quantification of the percentage binding from
three independent experiments.



(aa 150-180) or both ZnF1 and ZnF?2 retained a binding of the 55 or 20% of
the original full-length construct, respectively. These experiments suggest
that the domain with a predominant role in FBXL5 binding is ZnF2 but that
ZnF1 and ZnF3 also contribute to maintain this interaction (Figure R.21B

and C).
R.2.3. FBXL5 is a nuclear ubiquitin ligase

Since little is known about the characteristics of FBXL5 we decided to
determine its expression in different cells lines. We tested both the protein
(Figure R.22) and mRNA levels (not shown) and did not find any striking
differences between epithelial or mesenchymal cell expression nor a strong
correlation between Snaill and FBXLS5 levels (Figure R.22).
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Figure R.22. Expression of FBXLS5 in different cell lines. Testing of a series of cell lines
to determine the expression of FBXL5 in enriched nuclear extracts using a validated
antibody against FBXL5 (goat pAb, see Figure MM. 1 for further details) by Western blot.
Snaill levels were also determined, and Lamin1 was used as loading control. The asterisk
(*) indicates an unspecific band detected with the FBXL5 antibody.

Analysis of the localization of FBXL5 by subcellular fractionation of cell
lysates indicated that this ubiquitin ligase is mainly found in the nucleus
(Figure R.23A). In this same analysis the localization of FBXW5, the other
ligase found in the shRNA screening to be a potential candidate for Snaill
degradation, was also determined and was found to be cytoplasmic. The other
two described Snaill ubiquitin ligases, FBXL14 (Figure R.4B) and B-Trcpl
[83], are cytoplasmic. We also determined that there is strong interaction of
Snaill-HA and Myc-FBXLS5 in the nucleus of HEK293T cells in the presence
of the proteasome inhibitor MG132 (Figure R.23B). Stable transfection with
the shRNA against FBXL5 in MCF7 and RWP-1 cells (Figure R.23C and
D) showed a down-regulation in nuclear FBXL5 levels. This demonstrated
the specificity of the antibody against FBXL5. In the knockdown conditions
Snaill nuclear protein levels were greatly stabilized in both MCF7 and
RWP-1 cell lines, further validating the screening performed to find new E3
ligases targeting Snaill (Figure R.23C and D).
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Figure R.23. Nuclear localization of FBXL5 by Western blot. (A) The indicated cell
lines were sub-fractionated after a 4h treatment with 10 uM MG132. Western blot
was used to determine the localization of the indicated proteins. Lamin Bl was used
as nuclear fraction control and PK as cytoplasmic control. (B) HEK293T cells were
transfected with the indicated plasmids for 24h and treated with 100 uM FAC for 6h
and 10 pM MG132 for 4h prior to lysis. The cytoplasmic fraction of cells was washed
off and the nuclear fraction used to immunoprecipitate Snaill-HA using rabbit anti-HA
pAb. Myc-FBXL5 levels were analyzed by Western blot with mouse anti-Myc mAb and
Snaill-HA levels with rat anti-HA pAb. Lamin B1 was used as loading control for nuclear
extracts. (C and D) Stably transfected MCF7 (C) or RWP-1 (D) cells with pLKO-GFP sh
control or FBXL5-5 vector were analyzed for endogenous FBXL5 (goat pAb) and Snaill
levels. Tubulin was used as cytoplasmic, Sin3A as nucleoplasmic and H3 as chromatin
loading control, respectively. These antibodies were also used as controls of correct sub-
fractionation of cell extracts.

We also performed immunofluorescence (IF) analysis in both RWP-1 and
MCEF7 cell lines with two pAb against FBXL5 (Figure R.24A and B). We
found that the localization was mainly nuclear with some protein detected
also in the cytosol. This was confirmed in RWP-1 cells (Figure R.24A) by
the detection of the Myc-FBXL5 ectopic protein using antibodies against
the Myc tag. Moreover, staining with the two different anti-FBXL5 pAb in
MCEF?7 cells yielded the same results: there was strong, but not exclusive,
nuclear localization of FBXL5 (Figure R.24B).



We further characterized the expression of ectopic Myc-FBXL5 and saw
that untreated (control) cells expressed mostly nuclear FBXL5 with some
cytoplasmic staining; when FAC was added the FBXL5 protein was stabilized,
especially in the cytoplasmic compartment (Figure R.24C). As expected,
when we inhibited nuclear export using Leptomycin B (LMB), FBXL5 was
retained in the nucleus. When the proteasome inhibitor MG132 was used
cells presented a strong nuclear signal with very little or no cytoplasmic
staining.
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Figure R.24. IF analysis of FBXL5 localization. (A) Top panel: RWP-1 cells were
stained with goat anti-FBXL5 pAb. Bottom panel: RWP-1 cells transiently transfected
with Myc-FBXL5 were stained with mouse anti-Myc mAb. (B) MCF7 cells were stained
with goat or rabbit anti-FBXL5 pAb. (C) MCF7 cells transiently transfected with Myc-
FBXL5 (green) were treated with 100 uM FAC for 4h, 5 ng/ml LMB for 2h and 10 uM
MG132 for 4h. DAPI (blue) staining was used to identify nuclei in all panels.

R.2.4. FBXL5 causes degradation of Snaill

To determine if FBXL5 can cause the degradation of Snaill we co-expressed
Snaill-HA and Myc-FBXL5 or a control vector and analyzed the stability
of the protein by adding CHX. We found that Snaill protein stability was
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Figure R.25. Snaill is degraded by FBXL5. (A) HEK293T cells were transfected for 24h
and lysed after CHX addition. The graph shows the quantification of four independent
experiments * s.d. (B) RWP-1 cells were transfected with GFP or GFP-FBXL5 and
Snaill protein expression analyzed by IF. The graph shows the quantification of three
independent experiments + s.d. (C and D) Degradation experiments as in (A) but using
Snail2-HA (C) and Twistl-V5 (D) instead of Snaill-HA. Densitometry of the bands
relative to Tubulin levels was performed. (E) Different Snaill constructs were analyzed
for degradation with FBXL5 or the AF mutant using HEK293T cells transfected for 24h.
(F) RWP-1 (left) or RWP-1 Snaill-HA (right) cells were treated for 6h with 100 uM
FAC, overnight with 100 uM DEX or sequentially with both where indicated. Snaill and

endogenous FBXL5 levels were analyzed by Western blot.
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decreased in the presence of FBXL5 (Figure R.25A). When we quantified
Snaill protein remaining in cells after 2h of CHX treatment only around
10% of Snaill-HA was present in cells transfected with FBXL5 compared
to 60% in control cells (Figure R.25A, right panel). We could also detect
the degradation of endogenous Snaill when transfecting RWP-1 cells
with GFP-FBXL5 fusion protein and analyzing Snaill by IF. We found the
GFP-FBXLS5 protein localized both in the nucleus and the cytoplasm, and
most cells expressing this construct were depleted of endogenous Snaill
compared to GFP-transfected cells (Figure R.25B). However, around 30%
of the cells transfected with GFP-FBXLS5 still expressed nuclear Snaill that
was resistant to FBXL5 degradation (Figure R.25B, right panel). We also
analyzed if FBXL5 degrades Snail2-HA and found that that this is the case
(Figure R.25C). In agreement with these results, the stability of Twistl was
not affected by FBXL5 overexpression (Figure R.25D).

Contrary to what happened with FBXL14, which was able to degrade the
N-terminal deletion mutant of Snaill, FBXL5 was not capable of degrading
either the Snaill-NT or -CT deletion mutants (Figure R.25E). This may
indicate that the degron recognized by the ubiquitin ligase spans the two
domains or that the domain required for binding and for ubiquitination is
not found in the same half of the protein.

FBXL5 levels are modulated by iron, and we wanted to test if this metal
also regulates Snaill levels. To this aim we treated RWP-1 cells with FAC or
the iron chelator deferoxamine (DFX) for the indicated times. Indeed we
saw that upon iron addition and thus FBXLS5 stabilization Snaill levels were
low; however, iron chelation caused Snaill protein to be highly stabilized
(Figure R.25F, left panel). When we depleted FBXL5 using DFX and then
restored the iron levels with FAC we saw that FBXL5 endogenous levels
recovered and Snaill was degraded. This effect was also achieved when
exogenous Snaill protein was expressed (Figure R.25F, right panel). This
set of experiments demonstrates that FBXLS5 is capable of degrading Snaill,
both through its overexpression and stabilization with iron.

R.2.5. FBXL5 ubiquitinates Snaill in vivo and in vitro

The next step in determining the ubiquitin ligase activity of FBXL5 was
to establish if it ubiquitinates Snaill, and more importantly if it does so in
the nucleus. IP of ubiquitinated proteins using nuclear cell extracts clearly
showed that FBXL5 ubiquitinates Snaill in this compartment (Figure
R.26A). Moreover, it also greatly increased polyubiquitinated Snaill in
total cell extracts (Figure R.26B). The use of HIS-tagged ubiquitin further
demonstrated an augmented in vivo ubiquitination of Snaill and of the
C-terminal deletion mutant by FBXL5 (Figure R.26C).
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We confirmed that the FBXL5-mediated ubiquitination of Snaill was
direct by setting up an in vitro system, similarly to what we did with the
FBXL14 F-box protein. We isolated the SCF**!> complex by infecting all
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Figure R.26. Snaill is ubiquitinated by FBXL5. (A) HEK293T were transfected with
the indicated plasmids for 24h and treated with 10 uM MG132 for 3h. Denaturing IP
of the nuclear extracts was carried out using mouse anti-FK2 mAb that recognizes
ubiquitinated proteins. Immunoblotting was against the HA tag. (B) Total cell extracts
or nuclear extracts were obtained from RWP-1 Snaill-HA cells transfected for 48h after
a 4h treatment with 10 pM MG132. Lysis was in strong denaturing conditions with SDS
buffer and immediate boiling of the samples to avoid the action of de-ubiquitinating
enzymes. (C) RWP-1 cells were transfected with the indicated plasmids and HIS-tagged
ubiquitin for 24h. 10 uM MG132 was added for 4h and Ni-NTA purification carried
out in denaturing conditions. Anti-HA antibody. was used for immunoblotting. (D)
The SCF™ complex was purified from Sf9 cells using Ni-NTA beads. Coomassie
staining of a 12% polyacrylamide gel (left panel) and 7.5% gel (right panel) shows all
the proteins forming the complex. (E) Western blot analysis of in vitro ubiquitination
assays performed using SCF*™*'*. (F) In vitro ubiquitination reactions using SCF*™** or
SCF™** and p120-catenin as substrate (specificity control). (G) Experiment similar to
(F) in which different ubiquitin mutants are used.
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the components (HA-Cullinl, Flag-FBXL5, HIS-Skpl and Rbxl1; Figure
R.26D) in the Sf9 baculovirus system and used it to ubiquitinate HIS-Snaill,
also obtained from baculovirus (see Figure R.7C, left panel). The purified
complex could not modify an unspecific protein such as p120-catenin,
and neither could the SCF™*"* complex (Figure R.26E). Only when all the
components needed for ubiquitination were present the SCF*™*> complex
was able to elongate ubiquitin chains on the Snaill protein (Figure R.26F).
When we used methyl-ubiquitin (me-Ubi) that cannot elongate ubiquitin
chains instead of wt ubiquitin in the assays we detected a discrete pattern
of bands corresponding to mono-, bi- and tri-ubiquitinated Snaill. The
result was repeated for both SCF*™*"* and SCF*™* (Figure R.26G). This was
indicative of the fact that three independent lysines can be ubiquitinated by
the E3 ligases and that the ladder seen when using wt ubiquitin is due to the
polyubiquitination of multiple lysines and not multi-mono-ubiquitination.
We also found that SCF*™*!> was able to elongate K48-Ubi chains (mark for
proteosomal degradation), confirming that FBXL5 has a role in degradation
since this mutant only allows the elongation of K48 ubiquitin chains as it has
all the other lysines mutated to arginines (Figure R.26G).

Lysines 98, 137 and 146 are important for the degradation of Snaill
mediated by FBXL14 and (B-Trcpl (Figure R.8A and B). To figure out
which are the important lysines for degradation by FBXL5 we performed
Mass Spectrometry (MS) analysis of in vitro ubiquitinated Snaill. The
three lysines we found to be significantly modified (p<0.01) were K85,
K146 and K234 (Figure R.27). Lysines 85 and 146 are both located in the
N-terminal part of Snaill; in fact K146 seems to be a highly targetable lysine
for ubiquitination since it is modified by the three known ubiquitin ligases
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Figure R.27. MS analysis of Snaill modified by SCF®**'%, (A) In vitro ubiquitination
assays using the indicated components were carried out for 2h 30min at 30°C. The area
marked with a black rectangle, which contains modified Snaill, was excised from the
Colloida blue-stained polyacrylamide gel and analyzed by MS. (B) Output result of the
MS analysis showing the statistically significant modifications (p<0.01) on Snaill.
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for Snaill. Likewise, the peptide that was found ubiquitinated on K85 was
simultaneously phosphorylated on S92, a modification described to be
carried out by CK2a [87]. K234 is located in the C-terminal part of Snaill
between ZnF3 and ZnF4, in the region through which Snaill mediates DNA
binding and interacts with FBXL5.

Weanalyzed the MS resultsin detail and decided to study the phosphorylation
by CK2 (892, see Figure R.27B) to see if it is needed for FBXL5 action upon
Snaill. Although not added to the results for the MS analysis due to the non-
significant nature of the result (p<0.01), some of the Snaill obtained from
Sf9 cells also bared phosphorylation on the GSK-3p target serines. In E. coli
purified proteins do not bear any posttranslational modifications. However,
the Sf9 baculovirus system has been reported to yield proteins that can be
phosphorylated [187]. We found this information very interesting since
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Figure R.28. Phosphorylation of Snaill by CK2 does not modify its behavior towards
FBXL5. (A) GST-Snaill purified from bacteria (E. coli; EC) or from Sf9 infected cells
(Sf9) was ubiquitinated in vitro by SCF™**. Note that the bands observed under the
GST-Snaill band (top band) are degradation fragments always detected in GST-Snaill
purified from bacteria and, to a smaller extent, in GST-Snaill from baculovirus. (B)
Autoradiography of GST-Snaill or HIS-Snaill phosphorylated by CK2 using radioactive
ATP. GST was used as non-specific control. The arrows indicate the bands observed in
the film, including the auto-phosphorylation of CK2. (C) GST-Snaill phosphorylated
or not by CK2 was used for PD analysis using HEK293T cells transfected for 48h
with Myc-FBXL5. (D) GST-Snaill phosphorylated or not by CK2 was used in in vitro
ubiquitination assays. The asterisk (*) shows a band that is unspecifically recognized by
the antibody when the SCF™*"* complex is added to the reaction.



previous assays in which we tried to ubiquitinate GST-Snaill from bacteria
had a very poor outcome when compared to Sf9-purified protein (Figure
R.28A). To determine the importance of CK2-induced phosphorylation
of Snaill on FBXL5 binding and ubiquitination we phosphorylated the
unmodified GST-Snaill from bacteria (Figure R.28B) and used it for
pulldown analysis and ubiquitination assays. We obtained high levels of
phosphorylated Snaill as shown by in vitro kinase assays using radioactive
ATP (Figure R.28B). We performed parallel non-radioactive reactions and
carried out pulldown assays (Figure R.28C) and in vitro ubiquitination
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Figure R.29. Changing the phosphorylation status of Snaill does not modify its
interaction with FBXL5. (A) Autoradiography of GST-Snaill purified from bacteria and
phosphorylated by CK2, GSK-3f or a combination of the two kinases using radioactive
ATP. GST was used as non-specific control. The arrows indicate phosphorylated GST-
Snaill and the auto-phosphorylation of both CK2 and GSK-3f. (B) PD analysis using
the modified Snaill described in (A). The PD was carried out with HEK293T cell
extracts transfected for 48h with Myc-FBXL5. (C) GST-Snaill purified from Sf9 cells
was de-phosphorylated using Calf Intestinal Phosphatase (CIP). GST-Snaill (S9) was
used as positive control for phosphorylated Snaill and GST-Snaill (EC) as negative
control. The PY20 antibody recognizes phosphorylated threonines. Despite the fact that
the amino acids we needed to be de-phosphorylated were serines this is a good control
since the CIP employed in this experiment is able, as indicated by the manufacturer, to
de-phosphorylate threonines and serines with the same affinity. (D) PD analysis using
phosphorylated and unphosphorylated GST-Snaill purified from baculovirus. The PD
was carried out with HEK293T cell extracts transfected for 48h with Myc-FBXL5. The
bands observed under the main GST-Snaill band are degradation bands that resulted
from the treatment of the protein with CIP (30°C for 20min).
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assays (Figure R.28D). CK2 phosphorylation was not enough to enhance
the binding of Snaill to FBXLS5 or its ubiquitination.

Despite the negative results obtained with CK2 phosphorylation we thought
that the differences in ubiquitination efficiency of FBXL5 upon Snaill might
be due to the posttranscriptional modifications of baculovirus-purified
protein. We thus phosphorylated bacteria-purified Snaill with GSK-3
and simultaneously with CK2 and GSK-3f (Figure R.29A). Once again the
protein was efficiently phosphorylated as seen in the in vitro kinase assays
yet when we tried to pull down FBXL5 we did not obtain an increase in
binding (Figure R.29B). We therefore decided to carry out the reverse
strategy and remove the phosphorylation marks on the Sf9-purified protein
(Figure R.29C). We successively accomplished this aim and used the purified
unphosphorylated GST-Snaill for pulldown analysis. Again there were no
differences in the binding to FBXL5 (Figure R.29D), to which we concluded
that phosphorylation by CK2 and GSK-3[ does not affect the in vitro affinity
of Snaill towards FBXLS5.

R.2.6. Snaill ubiquitination by FBXL5 decreases its binding to DNA

Since the binding of FBXL5 to Snaill is through its C-terminal part and
we know from MS analysis that K234 is ubiquitinated in this same half of
the protein we wondered if the interaction, ubiquitination or both could
be affecting Snaill binding to DNA. We first analyzed the subcellular
distribution of Snaill in RWP-1 Snaill-HA cells after a 48h transfection
with Myc-FBXL5 or a control vector in conditions where the proteasome
was blocked. To ensure that the total levels of Snaill were the same in both
conditions we obtained total cell extracts and analyzed the expression of
Snaill-HA. As expected, the protein levels detected were the same in the two
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Figure R.30. FBXL5 decreases the chromatin pool of Snaill. RWP-1 Snaill-HA cells
were transiently transfected with Myc-FBXL5 or a control vector for 48h and treated
with 100 uM and 10 uM MG132 for 4h. Lysis was carried out using sub-fractionation
of the lysates (left panel) or total cell extracts with SDS buffer (right panel). Snaill-HA
levels were analyzed by Western blot. Myc-FBXL5 protein was detected as control of
transfection and Tubulin, Sin3A and H3 were used as control for cytoplasmic or total,
nucleoplasmic and chromatin fractions, respectively.



samples (Figure R.30, right panel). The analysis of the subcellular distribution
of Snaill by sub-fractionation showed that there was a significant reduction
in Snaill levels in the chromatin fraction and an increase in the cytoplasmic
and nucleoplasmic compartments (Figure R.30, left panel). This suggests
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Figure R.31. DNA binding is impaired when Snaill is ubiquitinated by FBXLS5. (A)
EMSA assay to test Sf9-purified protein for this application. Increasing amounts of GST-
Snaill bound to the labeled DNA probe were loaded in a non-denaturing polyacrylamide
gel (single arrow). The maximum amount was competed with 10-fold cold wt or mutated
(mut) probe compared to labeled probe. Retardation of the band (marked with two
arrows) was achieved with anti-HA antibody (the GST-Snaill retains the HA tag) and
not with unspecific IgGs. (B) Competition assay using bacteria-purified GST-FBXL5
and GST-Snaill. The binding of FBXL5 to Snaill was carried out previous to incubation
with the probe to check if this impaired the Snaill binding to DNA. (C) EMSA in which
GST-Snaill from baculovirus was ubiquitinated in vitro and then allowed to bind to the
DNA probe. (D) Western blot analysis of the samples loaded in the EMSA prior to DNA
binding to check ubiquitination. (E) Desitometric quantification of five independent
EMSA experiments using GST-Snaill or ubiquitinated GST-Snaill. Bars show the mean
relative binding to the probe + s.d.
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that FBXLS5 is able to either prevent the binding or displace Snaill from the
DNA when degradation by the ligase is impaired.

To determine if it was the binding of Snaill to FBXL5 or the resulting
ubiquitination of the protein what was important for Snaill being released
or not able to attach to DNA we carried out a series of Electrophoretic
Mobility Shift Assays (EMSA). These experiments were done with GST-
Snaill and not with HIS-Snaill, since the latter was unable to effectively
bind DNA, probably due to its histidine tail impairing the correct folding
of Snaill for this type of assays. We used a DNA probe containing the first
E-box in the E-cadherin promoter [41]. The system was verified by testing
increasing concentrations of Snaill, competing the probe with 10-fold
more wt but not mutated (mut) probe or by retarding the band with anti-
HA antibody that binds Snaill, an effect not achieved with unspecific IgGs
(Figure R.31A). We then used the experimental set-up to check if FBXL5
binding to Snaill impairs or competes its interaction with DNA. We found
there was no difference in binding despite the fact that we repeated this
experiment with GST-FBXL5 purified from bacteria (Figure R.31B), Flag-
FBXL5 and SCF™*!%, both purified from Sf9 cells (not shown). Moreover, it
was not possible to obtain a super-shift in the presence of DNA with FBXL5
and Snaill which indicates that Snaill has greater affinity for DNA than
for FBXLS5 in these in vitro conditions so we cannot appreciate the Snaill-
FBXLS5 interaction in the EMSA. In general, ubiquitin ligases only interact
with their substrates for short periods of time. We think that the FBXL5-
Snaill destruction complex is dissembled in vitro when a third component
such as DNA, to which Snaill has higher affinity, is introduced in the
reaction.

Having ruled out the fact that Snaill and FBXL5 compete for the binding
to DNA, we wanted to find out if the ubiquitination of Snaill by FBXL5
stopped Snaill from being able to bind DNA (Figure R.31C). For this
purpose in vitro ubiquitinated Snaill was used to carry out EMSA assays
(Figure R.31D). As expected, we found that the ubiquitination by FBXL5
impaired Snaill DNA binding, probably due to a conformational change
of the protein, especially in its C-terminal part (Figure R.31C). When we
quantified various independent experiments the binding was always lower
with ubiquitinated Snaill, with on average around 30% of Snaill still being
able to bind the probe (Figure R.31E). The pool of Snaill still capable of
binding the probe was probably that which remained unmodified due to
saturation of the in vitro reaction (Figure R.31C).
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Figure R.32. Snaill ubiquitinated by FBXL5 must exit the nucleus to be degraded.
(A) HEK293T cells were transfected with the indicated plasmids and protein stability
analyzed using CHX. (B) PD analysis using GST-FBXL5 and HEK293T cells transfected
with Snaill wt, T203A (unphosphorylated) or T203E (mimics phosphorylation)
for 48h. GST was used as unspecific control. (C) PD analysis similar to (B) but cells
were transfected with Snaill or Snaill and Lats2 for 48h. (D) IP using HEK293T cells
transfected with the indicated vectors for 24h and treated with 10 uM MG132 for 4h. IP
was carried out using rabbit anti-HA pAb and Western blot using mouse anti-Myc, anti-
Flag and rat anti-HA antibodies as control. (E) In vivo ubiquitination assay using RWP-
1 cells transfected for 24h with the indicated plasmids. Cells were treated with 10 uM
MG132 prior to lysis and the result was analyzed with anti-HA antibodies to visualize
ubiquitinated Snaill. (F) HEK293T cells were transfected with the indicated plasmids
and treated with 5 ng/ml LMB for 1h prior to CHX treatment. (G) The GFP-Snail1LA-
HA mutant which has impaired export to the cytoplasm due to point mutations in the
NES was transfected with Myc-FBXL5 or the AF mutant for 24h in HEK293T cells and
Snaill protein levels analyzed by Western blot. Densitometry of the bands relative to

Tubulin was performed.
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R.2.7. Snaill retention in the nucleus impairs its degradation by FBXL5

The FBXL5 binding site to Snaill is closely located to a threonine residue,
T203, phosphorylated by the Lats2 kinase [93]. T203 phosphorylation
retains Snaill in the nucleus and stabilizes the protein. We decided to study
if this phosphorylation or the retention of Snaill in the nucleus could block
its degradation by FBXL5. Figure R.32A shows a degradation assay in which
Lats2 was co-transfected with Snaill and FBXL5. The addition of the kinase
impaired the degradation of the protein and increased the half-life to similar
levels as to that of cells without FBXL5. To study the binding of FBXL5 to
Snaill phosphorylated by Lats2 we used T203 mutants of Snail1 for pulldown
analysis with GST-FBXL5 (Figure R.32B). Snaill T203A, which cannot be
phosphorylated, and Snaill T203E, which mimics phosphorylation, equally
bind the ubiquitin ligase. The co-transfection of Lats2 with Snaill compared
to Snaill alone did not show any difference in Snaill affinity for FBXL5
(Figure R.32C). Moreover, a co-immunoprecipitation of Snaill and FBXL5
in the presence or absence of Lats2 showed that this protein is capable of
binding both the ubiquitin ligase and the kinase simultaneously (Figure
R.32D).

We thought that Lats2 could be impairing the degradation of FBXL5 by
affecting its export and thus retaining ubiquitinated Snaill in the nucleus. In
vivo ubiquitination of Snaill co-transfected with FBXL5 and Lats2 confirmed
that despite the strong ubiquitination experienced by Snaill in the presence
of Lats2 its degradation was impaired (Figure R.32E). If the effect of Lats2
inhibiting the degradation of Snaill by FBXL5 is indeed due to the retention
of the protein in the nucleus a similar result should be obtained by simply
blocking Snaill export using Leptomycin B (LMB) (Figure R.32F) or using a
Snaill mutant that cannot be exported to the cytoplasm (Figure R.32G). In
both cases the degradation of Snaill by FBXL5 was blocked, demonstrating
Snaill must exit to the cytoplasm to be degraded.

R.2.8. Snaill is stabilized by y-irradiation in an FBXL5-dependent
manner

Snaill expression increases apoptotic resistance; moreover, different
apoptotic insults affecting DNA integrity such as doxorubicin, etoposide or
ionizing y-irradiation achieved a good stabilization of exogenous Snaill and
induced the phosphorylation of histone H2AX on serine S139 (y-H2AX)
(Figure R.33A). When looking at which of these insults down-regulate
FBXL5 protein we found that only y-irradiation decreases FBXLS5 to levels
comparable to DFX treatment. We further confirmed this effect by using
RWP-1 and MCF7 cell lines and analyzing the endogenous levels of both
Snaill and FBXL5 proteins. We found they were inversely modulated in
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Figure R.33. Ionizing radiation causes degradation of FBXL5 and posttranslational
stabilization of Snaill. (A) RWP-1 Snaill-HA cells were treated for 4h with 10 uM
doxorubicin, 10 uM etoposide, overnight with 100 pM DFX or irradiated at 20 Gy and
lysed 2h later. Cells were lysed by sub-fractionation and the nucleoplasmic fraction
analyzed by Western blot for Snaill and endogenous FBXL5 levels. The chromatin
y-H2AX levels were determined as control for DNA damage in cells. Lamin Bl was
used as nucleoplasmic loading control. (B) Sub-fractionation of MCF7 and RWP-1 cells
after 20 Gy irradiation was carried out at the indicated times. Nucleoplasmic extracts
were analyzed by Western blot. (C) MCF7 and RWP-1 cells were treated with 2.5 pg/
ml Actinomycin D (Act D) for 1h prior to irradiation with 20 Gy. Immunoblotting of
the nucleoplasmic extracts was carried out. Sin3A was used as nucleoplasmic loading
control. (D) mRNA levels of SNAIL1, FBXL5 and FBXLI14 in irradiated MCF7 and
RWP-1 cells were analyzed by quantitative RT-PCR. Results are shown as percentage
mRNA compared to non-irradiated control and are the mean of three independent
experiments + s.d. (E) RWP-1 Snaill-HA cells were stably infected with pBabe control
or Myc-FBXL5 vectors and irradiated with 20 Gy. Analysis of total cell extracts was
performed by Western blot. (F) RWP-1 cells stably expressing pLKO-GFP-sh control or
sh FBXL5-5 vectors were submitted to irradiation with 20 Gy and lysed after 2h. Protein
levels of total cell extracts were analyzed by immunoblotting.
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a post-irradiation time-dependent manner (Figure R.33B). While Snaill
was progressively up-regulated in both cell lines in response to irradiation
FBXLS5 levels were reduced.

To determine the nature of the y-irradiation effect on Snaill we inhibited
transcription in cells using Actinomycin D (Act D) prior to irradiation.
We found that while in MCF7 cells the stabilization of Snaill was both at
transcriptional and protein level, it was mainly posttranslational in RWP-
1 cells (Figure R.33C). Accordingly, SNAILI mRNA levels were increased
in MCF7 cells and remained unchanged in RWP-1 cells after irradiation.
FBXLS5 levels were only slightly down-regulated and no significant changes
were observed in FBXL14 (Figure R.33D), which was used as control of
specificity of the pathway with regards to Snaill stabilization.

When cells overexpressing Myc-FBXL5 were submitted to y-irradiation the
exogenous protein was destabilized. Moreover, Snaill-HA up-regulation
was prevented in the presence of Myc-FBXL5 (Figure R.33E). We carried
out the reverse experiment in which we knocked down FBXL5 in RWP-1
cells and found that the stabilization of Snaill protein was similar to that
obtained in irradiated control cells. The depletion of FBXL5 also inhibited
the strong up-regulation of Snaill by y-irradiation (Figure R.33F). These
experiments suggest that FBXL5 levels are decreased by y-irradiation
causing strong stabilization of Snaill protein levels in many tumor cell lines.









Snaill is known to be one of the earliest and most important EMT inducers.
However, little is known about its protein regulation. A great deal of effort
is focused on the RNA levels of this transcription factor that has a half-
life of only around 20 minutes [83]. When the mRNA levels of Snaill are
analyzed its importance is frequently not reflected in the results since Snaill
mRNA levels do not always correlate to protein stabilization. In fact, prior to
starting the work described herein, only B-Trcpl had been related to Snaill
protein regulation through proteosomal degradation. The action of B-Trcpl
requires the previous phosphorylation of the P-S rich domain of Snaill by
the kinase GSK-3p, first in the nucleus to induce the export of the protein
and then in the cytoplasm, where Snaill is degraded [83].

In this work we have demonstrated two alternative mechanisms of Snaill
protein degradation through the action of the E3 ubiquitin ligases FBXL14
and FBXL5. While the characterization of these two Snaill F-box ligases
was being carried out another group found the RING ligase Mdm?2 can also
degrade Snaill [99] although additional experimental work is required to
definitively conclude that Snaill is an Mdm2 substrate.
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D.1. FBXL14

We have shown that FBXL14 degrades and ubiquitinates Snaill. Our work
was originated by the observation that the inhibition of GSK-3p did not
yield the same Snaill protein stabilization as proteasome inhibition. This led
us to think there might be alternative degradation pathways for Snaill. After
determining that a Snaill mutant unable to be phosphorylated by GSK-
3P at the P-S rich domain could be ubiquitinated we looked for possible
candidate ubiquitin ligases capable of causing such a modification on Snaill
protein. One of the proteins that behaves and has some degree of homology
to Snaill is its family member Snail2, which had been described by Vernon
and coworkers to be degraded by the Xenopus F-box protein Ppa, the human
orthologue of which is FBXL14 [100]. We obtained the necessary tools to
carry out a biochemical analysis of Snaill and FBXL14 in mammalian cell
lines. FBXL14 was found to bind both the wt and a GSK-3f-independent
mutant of Snaill, as well as being capable of degrading the two forms of
Snaill. In vitro and in vivo ubiquitination assays determined the specific
effect the ligase has on Snaill.

The site of interaction of both FBXL14 and B-Trcpl with Snaill is through
the N-terminal part. The P-S rich region, within which we find the 3-Trcpl
consensus degron sequence, is also located there. In depth determination of
the minimal region of Snaill sensitive to FBXL14 degradation showed that
the degron region spans through a hydrophobic part of Snaill found in its
N-terminal part (amino acids 120-151). This information is in accordance
to what has been described in Xenopus for Snail2, since the ubiquitin
ligase and the target protein also bind through a hydrophobic region of the
N-terminus (amino acids 38-64) [100]. The three lysines that when mutated
inhibited the ubiquitination both by FBXL14 and B-Trcp1 were also located
at the N-terminal part of the protein, and were K98, K137 and K146. The
mutation of the lysines led to a Snaill protein that was highly stable and
was significantly less ubiquitinated than the wt protein. However, there was
some residual ubiquitination that suggests there may be other lysines of
Snaill that can be ubiquitinated, although to a lesser extent.

The fact that the inhibition of FBXL14 in cell lines produces a strong up-
regulation of Snaill protein levels indicated its relevance in the basal control
of Snaill stability. B-Trcp1 differs in this observation as its knockdown does
not produce such a relevant effect on basal levels of Snaill protein, as seen
in the screening for F-box ubiquitin ligases targeting Snaill (see FBXW1),
an observation supported by findings in other laboratories [188]. The
reason for the difference is most probably due to the need of f-Trcpl for
the phosphorylation event caused by kinases like GSK-3p. Therefore the
mere expression of the ubiquitin ligase does not suffice to target Snaill for



proteosomal degradation. In fact, it has been published that when B-Trcpl
is knocked out in mice these only present minor abnormalities such as
impairment in spermatogenesis and reduced fertility [189]. It was necessary
to generate mice knockdown for B-Trcp2 in all the tissues in a f-Trcpl-null
background to see a severe testicular phenotype related to a great increase
in Snaill protein in the tissue, blocking the process of spermatogenesis
[188]. This indicates that, with respect to Snaill, f-Trcpl is only essential
in very particular tissues, supporting the idea that this F-box ligase does
not have a role in the maintenance of Snaill basal levels but generally
responds to previous stimulation of other pathways activating GSK-3
(and possibly other kinases not yet described) that induce Snaill instability
through phosphorylation. Moreover, it suggests there may be some degree
of redundancy between the two ligases B-Trcpl and B-Trcp2. Although
there is no available information on the knockout of Ppa/FBXL14 we think
that since it regulates Snaill and Snail2 among other EMT factors [190] it
is possible that embryos cannot progress at the time of gastrulation due to
aberrant and uncontrolled EMT.

To find a physiological model where FBXL14 down-regulation is associated
with Snaill protein stabilization we used two EMT systems already
established in the lab and found there was great down-regulation of FBXL14
mRNA in low oxygen conditions and not with TGF-f treatment. Hypoxia
is linked to tumor progression since it is a mechanism of adaptation of
the tumor to the environment. It promotes cell survival, drug resistance,
increased cell migration and invasion, characteristics shared with Snaill
stabilization [191]. It was very interesting not only to find that in hypoxia
FBXL14levels inversely correlated to HIF-1a but also to Snaill protein levels,
as expected. The observation that FBXL14 mRNA was down-modulated
by a physiological program such as hypoxia causing the disruption of the
homeostasis of Snaill protein expression by increasing its stabilization was
in agreement with our hypothesis that Snaill protein levels are controlled by
multiple ligases in normal conditions.

While we were studying the regulation of FBXL14 it was published that
HIF-1a, the transcription factor that senses oxygen depletion, binds the
Twistl promoter through a HRE, increasing both its mRNA and protein
[117]. Therefore we thought there was a possibility of a crosstalk between
Twistl and Snaill through the regulation of FBXL14. As shown in the
results when we knocked down Twistl and submitted cells to low oxygen
conditions FBXL14 mRNA remained unchanged and Snaill protein was
no longer stabilized. Moreover, the simple overexpression of exogenous
Twistl in cells caused a marked down-regulation of FBXL14. Altogether
these results suggest that there is a direct link between Twist1 transcription
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factor expression and FBXL14 mRNA regulation. We think that the fact
that FBXL14 contains a Twistl consensus box in its promoter reveals the
possible transcriptional mechanism of FBXL14 down-regulation by Twist1
in hypoxia (Figure D.I). Nonetheless, we think there may be a direct link
between the stabilization of Snaill through Twistl independent of FBXL14.
We found that transfection of Twistl stabilized Snaill exogenous protein,
providing another link between Twistl and Snaill protein expression (data
not shown). It is possible that Twistl can directly regulate Snaill protein, a
hypothesis that has been reinforced by the publication of a work showing
that Twist1 physically interacts with Snaill and Snail2 through its C-terminal
WR domain when the transcription factors are phosphorylated by GSK-38,
possibly preventing degradation by 3-Trcpl [192]. There are other studies
supporting our findings of increased Snaill protein levels in hypoxia in
breast cancer cell lines and tumor samples [193]. An alternative mechanism
that has also been described is hypoxia-activated Notch signaling that
up-regulates Snaill by two mechanisms: the translocation of the Notch
intracellular domain to the Snaill promoter increasing the expression of the
transcription factor and to the Notch-dependent recruitment of HIF-1a to
the LOX promoter, which increases LOX protein levels and stabilizes Snaill
protein [145]. Both mechanisms show no change in mRNA levels of Snaill.

Hypoxia — HIF-1a. —> Twist1

TSS

I—T FBXL14
M +—HH—

\ [l Predicted Twist1 box

D

Figure D.1. FBXL14 regulation in hypoxia. Hypoxia stabilizes HIF-1a protein levels
which, in turn, binds the HRE in the Twistlpromoter, up-regulating this gene. Twist1
causes a down-modulation of FBXL14 that we speculate could be due the repression of
the mRNA expression through predicted Twistl boxes found in the promoter and the
3’-UTR of FBXL14. TSS: transcription start site.

Based on this we wanted to study the down-modulation of FBXL14 by
TWIST!I in hypoxia and did so using RNA from hypoxic human tumor
samples and surrounding healthy tissue as control. Hypoxia was verified in
the tumors by the up-regulation of CA9, which was strongly correlated to
a down-regulation in FBXL14 levels. The association of TWISTI with these



two factors was done on a presence-absence basis. When CA9 levels are
high TWIST1 is present and FBXL14 mRNA is down-regulated. We carried
out an mRNA analysis of the tumors since there is no reliable antibody for
detecting the FBXL14 endogenous protein, not allowing us to establish a
relationship between Snaill and FBXL14 levels in the study. However, other
studies have linked the co-expression of HIF-1a, Snaill and Twist1 to bad
prognosis in cancer patients [194].

We thought there could exist a possible co-operation of the transcriptional
down-regulation of FBXLI4 and the inactivation of GSK-3p in the
stabilization of Snaill protein. When we studied both pathways we found
that in NMuMG cells only down-regulation of FBXL14 explained the rise in
Snaill protein levels in hypoxia; however, in SW620 cells, phosphorylation
of serine S9 on GSK-3f indicated that this enzyme is inactivated in low
oxygen conditions. This means that in some cell lines the mechanism by
which Snaill protein is stabilized in hypoxia is dependent on the shutdown
of both the FBXL14 and B-Trcpl degradation pathways. The inactivation
of GSK-3p related to the stabilization of Snaill has been already described
to usually happen due to growth factors and Wnt signaling [195]. We have
found hypoxia to be another relevant mechanism through which some
tissues may adapt to cellular stress and inhibit GSK-3p causing Snaill up-
regulation; although it is FBXL14 that is widely down-regulated in response
to this stress pathway.

The localization of FBXL14 protein is cytoplasmic, as determined by
immunofluorescence studies in NIH3T3 (see Results section) and RWP-
1 cells (not shown). Cytoplasmic FBXL14 can easily target Snaill when it
exits the nucleus through phosphorylation events. The study carried out to
determine the degron sequence or minimal region of Snail1 that is necessary
to be degraded by FBXL14 showed that this area is comprised between aa
120-151, a region that spans from the end of the P-S rich domain to the
end of the NES, and that both phosphorylated and unphosphorylated Snaill
are degraded by FBXL14 (the Snaill duplet observed by Western blot with
transfected GFP-Snaill fusion proteins is similarly affected). The question
that remains open is how this E3 ligase targets the nuclear and unmodified
pool of Snaill. We think that the levels of the transcription factor are probably
maintained low through the degradation of newly synthesized protein by
FBXL14, when Snaill is being translated and still present in the cytoplasm.
The fact that the degron is located within a region that is not necessarily
modified by phosphorylation is not surprising since many SCF*™*" proteins
have been described to have unmodified substrates. For example, FBXL12
mediates Ku80 ubiquitination in response to DNA damage [196] and FBXL7
degrades Aurora A in the centrosome during spindle formation, causing
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mitotic arrest [197]. We hypothesize this is due to the hydrophobic nature
of LRRs, which allow for strong protein interactions.

Few reports about FBXL14 can be found in the literature. In Drosophila
it is thought that Ppa can be located in the nucleus since it contains a
putative nuclear localization sequence (NLS) which is found between the
F-box domain and the LRRs [198]. Moreover, the F-box protein is seen
to degrade the transcription factor called Pax transcription factor Paired
(Prd) in this organism [100]. The segmented pattern of expression of the
transcription factor was in both cases contrary to that of the ubiquitin ligase
and was determined to be important in the development of the embryos.
A more recent study shows that, in Drosophila, Ppa can regulate the
stability of the Centromeric Histone H3, protein that is, like Snaill, found
in the nucleus [199]. This gives an indication that in some organisms this
ubiquitin ligase could be located in the nucleus. It has been found that some
species like zebrafish have two FBXL14 isoforms: FBXL14a and FBXL14b
[200]. The authors of this study suggest they act as differential regulators
of the dorsoventral patterning through the modulation of MAP kinase
phosphatase-3 (Mkp3). They find that the murine FBXL14 is evolutionary
conserved from the zebrafish isoform FBXL14b. The differences observed
between various species leads us to think that the localization of the protein
is not conserved and that it is cytoplasmic in mammals and nuclear in
Drosophila.

The distinct RNA patterning of Ppa has motivated different investigations to
determine if this is a common feature of this family of genes [201]. However,
it has been found that it is only Ppa that shows an unusual patterned
transcript localization. After the publication of our work characterizing the
mechanisms through which FBXL14 acts on Snaill in tumor cells [202]
the same group that had described the degradation of Snail2 by Ppa in
Xenopus published an interesting new study [190]. Lander and coworkers’
article shows that Ppa is a common regulator of EMT transcription factors
since it can degrade Snail2, Twistl and Zeb2 as well as Snaill. These results
indicate that the transcript patterning of Ppa possibly is an indicator of the
regulation of a group of different proteins involved in the process of EMT.

Regarding the transcriptional regulation of FBXL14 by the action of its
target substrate Snaill it is a new field that remains to be fully characterized.
It was very surprising for us to find through ChIP that Snaill is bound to
the exonic region of the FBXLI4 gene. It is known that Snaill represses
genes such as E-cadherin by binding to their promoter; however, this is the
first time that we see it directs the expression of a NAT. This possibility is
easier to explain that the binding of a transcription factor to exonic regions.
We think that the binding of Snaill occurs in the promoter region of the



non-coding antisense transcript (NAT), although more work needs to be
done to elucidate the exact mechanism of action (Figure D.2). Snaill itself is
modulated by long non-coding RNAs as shown by a high throughput study
in which these transcripts were depleted, also demonstrating that their
action can be both repressive and activating, like in the FBXL14 case [203].
As discussed before, we know that FBXL 14 is a gene that controls the stability
of an important subset of transcription factors involved in EMT. Therefore,
it is plausible that it may be tightly regulated at transcriptional level through
a feed-back mechanism by the proteins it affects. Snaill regulates the levels
of the FBXL14 NAT which may stabilize the FBXL14 mRNA. When Snaill
is depleted the NAT is down-regulated and so is FBXL14 (Figure D.2).
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Figure D.2. Snaill regulation of a NAT of FBXL 14 through binding to the chromatin
region of the first exon of the protein-coding transcript. Model of the putative
regulation loop by Snaill binding to the chromatin of the region mapping for exon 1
of the FBXL14 gene. (A) Snaill binds to the DNA in the first exon of FBXL14 gene,
probably controlling the expression of the FBXL14 NAT, resulting in the stabilization of
the FBXL14 mRNA. (B) When Snaill is not present there is a decrease or inhibition of
the expression of the FBXL14 NAT.
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D.2. FBXL5

The second half of this work presents the degradation and ubiquitination
of Snaill by FBXL5. Due to the complex posttranslational regulation of
Snaill we decided to look for more candidate ubiquitin ligases targeting
this transcription factor. To do this we carried out a screening using
shRNAs targeting all the known ubiquitin ligases and picked FBXLS5 as the
most promising F-box protein. The knock down of FBXL5 stabilized both
endogenous and exogenous Snaill, indicating that the effect exerted by
FBXLS5 is reflected on the posttranslational stability of its target. Differing
from the results obtained with FBXL14 and B-Trcpl, the two known ligases
for Snaill, FBXL5 binding to the transcription factor was through the ZnF
domains found in the C-terminal part of the protein. This fact caught our
interest since this region is the one that allows for Snaill binding to DNA.
Moreover, in contrast to what has been described for Ppa/FBXL14, FBXL5
did not act as a general EMT ubiquitin ligase since it only interacted and
degraded Snaill and Snail2. Twistl and Zeb1 were not affected by FBXLS5.

FBXL5 has the particularity of being a nuclear ubiquitin ligase. When we
were characterizing this protein we used both exogenous and endogenous
expression in Western blot and immunofluorescence (IF) analysis. In both
types of studies we found that FBXL5 is strongly localized in the nucleus
with some protein expressed in the cytoplasm. This characteristic greatly
enhanced our interest for the study of this F-box protein with regards to
Snaill since it is the first time a nuclear ubiquitin ligase is described to
target it. We saw that FBXL5 is expressed in a quite ubiquitous manner
in tumor cell lines. The verification of endogenous antibodies was a task
that was carried out in a very thorough manner since it was very important
for us to demonstrate the localization of FBXL5. In the results we showed
that the sShRNA down-regulates FBXL5 in two cell lines, causing a strong
increase in Snaill levels both in the nucleoplasm and the chromatin.
Moreover, we demonstrated the interaction between FBXL5 and Snaill in
this compartment. Other FBXL type E3 ligases have also been described to
be nuclear. FBXL3, an F-box E3 ligase that regulates Cry proteins, which are
involved in the control of circadian processes, has also been characterized to
be predominantly, but not exclusively, nuclear, and expressed ubiquitously
in cells [204].

To find out the distribution of FBXL5 within cells we submitted them to
various treatments. The addition of iron caused FBXL5 to be stabilized and
expressed in the nucleus with augmented accumulation in the cytoplasm.
We think that the pool of FBXL5 that is modulated by iron levels is
especially the cytoplasmic one; however, nuclear stabilization cannot be
neglected. Therefore, the ligase can be localized both in the nucleus and in



the cytoplasm. As expected, FBXL5 was totally nuclear when treated with
LMB. In fact, analysis of the FBXL5 sequence shows that it contains several
putative nuclear export sequences (NES). One of them is located in aa 354-
364 with the consensus sequence LXXXLXXLXL, and its putative binding
to CRM1 inducing the export of FBXL5 is in agreement with the results
obtained with LMB. Our surprise came when we treated cells both with
iron and MG132 as FBXL5 was only nuclear. Indeed, we were expecting the
protein to be expressed in the whole cell but saw it clearly localized in the
nucleus. It is possible that the ubiquitin ligase that targets it for degradation,
which remains to be studied, is localized in the nucleus and since FBXL5
is mainly found in this compartment blocking the proteasome causes it to
accumulate there.

The degradation of FBXL5 is thought to be through a putative degron
sequence that is masked in the presence of iron [205]. The exact sequence
has not yet been mapped but a study has shown that in the absence of iron
the hemerythrin (iron-binding) domain is ubiquitinated. FBXL5 cannot
ubiquitinate itself as it occurs for many members of the F-box family, for
instance with FBXL14 [205]. Hemerythrin domains have an a-helical
bundle fold that commonly contains a diiron center. The iron atoms are
redox-active and can switch between a fully oxidized diferric (met) state, a
partially reduced semi-met state and a fully reduced diferrous (dioxy) state.
One of the iron atoms is coordinated by the imidazole side chains from three
histidines and the other iron by two histidines, and can also bind to oxygen.
The bridge between the two iron atoms is provided by a glutamate and an
aspartate [205, 206]. The mammalian FBXL5 hemerythrin domain differs
from the consensus hemerythrin domain described in other organisms in
that it has an additional glutamic acid instead of a third histidine binding
the first iron atom. Mammalian FBXLS5 is not able to directly bind oxygen,
although some studies suggest that hydrogen bonds may be formed from
the iron to the oxygen atoms, an observation that is controversial in the field
[205-207]. FBXLS5 is an iron-sensing protein; however, it is not as dynamic
as it was originally thought. The protein can sense the cytosolic iron of
cells and is more stable in the presence of the metal. However, this only
holds true when the protein is being newly synthesized. Findings by other
groups show that the stability of FBXL5 is only modulated by the presence
of iron when the protein is produced de novo [206], influencing the state
of the synthesized protein. When oxygen and iron levels are high FBXL5
is presented as a highly stable, oxidized and properly folded protein that
can bind to the SCF complex [206]. However, even if iron levels are high, if
oxygen is low the protein will exist in its reduced form (similar to low iron
conditions) and will be partially unfolded due to the dissociation of the iron
atoms. This FBXL5 will be degraded by the proteasome [208]. Therefore the
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E3 ligase, although not directly binding oxygen, is sensitive to its levels at
the time of synthesis.

The modification of the general levels of iron by the addition of FAC or
DFX directly modulated Snaill endogenous and exogenous levels. The
results shown indicate that there is an inverse correlation between the
levels of iron and those of Snaill protein. Accordingly, when FBXL5
levels go up those of Snaill go down. The physiological meaning of these
conditions translated to tumor progression is yet to be found. We have
observed that the depletion of iron in cells strongly increases the expression
of Snaill protein and thus promotes EMT, at least in vitro. The contrary
action maintains low Snaill protein levels. The chelation of iron has been
studied as a chemotherapeutic cancer treatment [209, 210] since neoplastic
cells show increased requirements for iron than normal cells as they have
higher numbers of transferrin receptors [211]. These drugs also inhibit
enzymes that provide the precursors for DNA synthesis that facilitate DNA
replication and division of cancer cells [212]. However, despite the fact that
some studies are being carried out with these drugs, the chelation of iron
is not one of the standard procedures for cancer treatment [213]. One of
the main side effects of removing iron from cells is that HIF-1q, the protein
stabilized during hypoxia, is greatly up-regulated. This is due to the fact
that the von Hippel-Lindau tumor suppressor gene (VHL), the E3 ligase
that degrades HIF-1a in normoxic conditions, can only recognize its target
when prolyl hydroxylases act on it. Iron facilitates the binding and activation
of the oxygen substrate consumed during hydroxylation, and its chelation
inhibits the role of prolyl hydrolases [207, 213, 214]. Regarding EMT, a
study has shown that iron chelation can inhibit the shift of cells towards
a mesenchymal phenotype when it is already induced by TGF-f [215]. In
our hands, chelation of iron has highly increased Snaill levels, and we think
this is due, at the early stage, to the decrease in FBXL5 levels, and later on
due to the effect the stabilization of HIF-1a has on FBXL14 mRNA. It is
possible that these therapies work at the start of a cancer treatment when
intracellular iron levels are high, but eventually they will lead to disturbed
iron and oxygen homeostasis, inducing EMT. It is probable that the use of
these drugs is not widely extended due to the side effects after the primary
target, iron, is depleted from cells.

We have thoroughly demonstrated the ubiquitination of Snaill by FBXL5
both in vivo and in vitro. The results showed that FBXL5 acts in the nucleus
ubiquitinating Snaill. A C-terminal mutant of Snaill was able to be
ubiquitinated in vivo, although to a lower extent than the wt construct. This
was the first indication that the C-terminal part of the protein could contain
putative lysines ubiquitinated by FBXL5. Indeed, mass spectrometry analysis



later demonstrated that K234 is modified by FBXL5. The direct effect of
FBXL5 on Snaill was confirmed in the in vitro assays which also helped
to establish that FBXL5 can ubiquitinate at least thee lysines (experiment
with me-Ubi) and that it targets the protein for proteosomal degradation
by elongating homotypic K48-linked chains. The other two Snaill lysines
modified by FBXL5 were either the same (K146) or located very close to the
other lysines found to be modified by FBXL14 and B-Trcpl. We think that
this region of the N-terminal is highly susceptible to being ubiquitinated to
target the protein for degradation.

We used GST-Snaill expressed in Sf9 cells and used it to bind DNA. The
binding was not competed by FBXL5 addition. Western blot analysis
showed that no endogenous FBXL5 protein is found strongly bound to
chromatin (at least it cannot be detected), observation that is in accordance
with competition experiments demonstrating that Snaill has a much higher
affinity for DNA than for FBXL5. We found that Snaill ubiquitinated
by FBXL5 was less able to bind the DNA probe, suggesting that
polyubiquitination of Snaill by FBXL5 is not compatible with its binding
to DNA. This experiment does not prove that FBXL5 causes Snaill to be
detached from DNA; however, it complements the results obtained in cells
transfected with the E3 and treated with the proteasome inhibitor MG132.
We observed that there was substantially less Snaill in the chromatin of
cells, despite the maintenance of overall Snaill levels in cells due to the
blocking of the proteasome. The cytoplasmic and nucleoplasmic fractions
were enriched in Snaill, evidencing a change in the localization of the
protein in the presence of FBXL5. Other proteins such as FBXL10 have been
found to have a function in chromatin, FBXL10 acts as a transcriptional
repressor of c-Jun and c-Fos by binding to their promoter through its JmjC
DNA-binding domain [216, 217].

The inhibition of degradation of Snaill by FBXL5 in the presence of Lats2
shows that the phosphorylation of T203 prevents the action of the FBXL5
ubiquitin ligase. The modification induced by Lats2 on Snaill does not allow
the protein to change its cellular compartment for reasons that remain to
be elucidated [93]. We speculate that Snaill phosphorylation on T203 may
recruit chaperone-binding proteins that prevent CMR1 binding and thus
Snaill export. In fact there are two chaperones that have been reported to
increase Snaill protein stability, HSP27 and HSP90, which binds to Snaill
when S100 is phosphorylated by ATM [97, 218]. We have demonstrated in
vivo and in vitro that the interaction of FBXL5 with Snaill is not blocked by
the presence of Lats2, a study complemented with the use of mutants T203A
and T203E that mimic the Snaill protein modified or unchanged by Lats2,
respectively. These mutants presented similar binding to FBXL5 as the wt
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form of Snaill. Lats2 inhibited the degradation by FBXL5; however, the
ubiquitination of Snaill was maintained and even increased when the two
proteins were overexpressed. Therefore, despite the close location of the Lats2
modification to the binding region of Snaill and FBXL5, ubiquitination was
not impaired. There was actually more ubiquitination observed than only in
the presence of FBXL5 since the ubiquitinated protein was possibly retained
in the nucleus due to the phosphorylation of T203, preventing the exit and
thus proteosomal degradation of Snaill. This fact was confirmed with the
observation that FBXL5 cannot degrade Snaill in the presence of the nuclear
export inhibitor LMB. Similarly, the Snaill mutant Snail1LA, unable to bind
CRM1 due to its amino acid changes in the NES (leucines L139 and L142 to
alanines), was not degraded by FBXL5. The addition of LMB or the use of the
SnaillLA mutant in vivo did not prevent ubiquitination, similarly to what
happened in the presence of Lats2. All together these results indicate that
Snaill cannot be efficiently degraded in the nucleus by FBXL5 and that it is
when the modified protein exits this compartment that it can be depleted
from the cell. We think that we would obtain similar results in the presence
of molecules enhancing the stability of Snaill such as other kinases like
PKA or CK2a and even in the presence of OGT or PARP1 enzymes, which
add an O-GIcNAc modification and ADP(ribosyl)ate Snaill, respectively.
Although it is possible that one or more of these molecules could work in
an alternative pathway by blocking the interaction or the ubiquitination of
Snaill by FBXL5, presenting a different mechanism to Snaill retention in
the nucleus by Lats2.

To determine the importance of FBXL5 modulation in physiological
conditions we compared the levels of exogenous Snaill and endogenous
FBXLS5 in cells under different conditions of stress. The down-regulation of
FBXLS5 protein post y-irradiation was comparable to that of iron depletion,
and Snaill levels were significantly up-regulated. The series of experiments
carried out to verify this effect clearly show that the down-regulation of
FBXLS5 after irradiation induces, at least in part, the stabilization of Snaill
protein. It has been previously described that Snaill is stabilized due to
DNA damage by phosphorylation of S100 by activated ATM [97]. This
type of insult has also been linked to an increase in overall TGF-f levels,
although the increase in this cytokine is found at longer times than 2h,
the time at which we detect a notable down-regulation of FBXL5 [219].
This means that there may be a complimentary effect which leads to long-
term Snaill stabilization post y-irradiation: first a rapidly induced down-
regulation of FBXL5 levels and phosphorylation events by ATM and CHK1,
and maintained stability by the expression of TGF-f as a consequence of
the up-regulation of ATM. In fact, this model would be in agreement with
a recently published study that demonstrates that Snaill is required for



TGF-f synthesis, a pathway that may need the stabilization of Snaill due
to lack of FBXL5 after irradiation before being activated to maintain high
Snaill levels [126].

In studies carried out in bacteria it was shown that radio-resistance may
be acquired by low intracellular iron levels due to the fact that there is less
generation of ROS, offering protein protection upon this stress condition
[220]. A more recent study shows that some cancer cells with low IRP1
levels and thus lower intracellular iron are also more radio-resistant [221].
Consistently, reduced levels of ROS have been attributed to increased
survival of cancer stem cells (CSCs) and of stem cells in general in response
to radiation [222]. These results show that there is a possible link between low
iron levels in cells leading to down-regulated FBXL5 and increased Snaill
protein stability after irradiation. Apart from down-regulation of FBXL5
and phosphorylation on S100 by ATM it has been suggested by Nagarajan
and coworkers that some degree of inactivation of GSK-3p may also help
in the stabilization of Snaill after y-irradiation of lung cells [223], which
may well be a characteristic of this type of cells as observed for hypoxia and
SW620 cell line.
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D.3. Tight regulation of Snaill levels by ubiquitin ligases

B-Trcpl was the first ligase to be described targeting Snaill degradation in
response to GSK-3p-mediated phosphorylation [83]. We have described
FBXL14 and FBXL5 as potent Snaill E3 ubiquitin ligases. Therefore
there are three ubiquitin ligases that degrade Snaill, raising the question
as to why a protein needs so many alternative posttranslational control
pathways. Snaill is a transcription factor important in development,
mainly during gastrulation. Normally it should only be re-expressed in
adulthood during wound healing; however, in fibrosis and cancer its role
has negative implications. The down-regulation of Snaill protein in adult
tissues is through complicated mechanisms and pathways. We think that
the involvement of so many E3 ligases in Snaill protein turnover regulation
is linked to the consequences its re-expression has in adult tissues and, in
general, due to its importance.

FBXL14 and FBXL5 are ubiquitin ligases expressed throughout panels of
cell lines, showing no correlation at basal levels with Snaill expression. It
seems these two ligases are involved in the constant down-modulation of the
transcription factor, always keeping its levels to a minimum. These ligases
are dis-regulated by stresses that have been associated to tumor progression,
such as hypoxia and cell survival after irradiation. The two ligases probably
complement each other due to their sub-cellular localization and to the
inability of FBXL5 to degrade Snaill in the nucleus. In fact it is quite
possible that both FBXL14 and B-Trcpl complement the action of FBXL5:
B-Trcpl may be more active in aiding phosphorylated Snaill be proteolysed
in the proteasome while FBXL14 probably deals with the remaining pool
of Snaill. However, the possibility that the FBXL5-ubiquitinated Snaill is
directly degraded by the proteasome as it exits the nucleus has to be kept in
mind; it may not require further action by other ligases before degradation.
Experiments blocking B-Trcpl and/or FBXL14 would confirm the complete
sequence of events of the degradation pathway of Snaill ubiquitinated in
the nucleus.

The regulation of the two ligases that maintain a basal control of Snaill
protein levels differs in many aspects. FBXL14 levels are maintained through
complex transcriptional management. We know that FBXL14 mRNA levels
are probably governed by the presence of the NAT. The function of the other
two sense transcripts, if any, is yet to be determined. In turn these levels
are regulated by Snaill protein through binding to the chromatin. It is not
strange to find that the degradation target of a ligase can modulate its levels.
In fact, Mdm?2 and its substrate p53 are in a self-regulatory loop that ensures
there is never an overload of Mdm?2 nor of p53 [224]; this is comparable
to Snaill and FBXL14 that also seem to form an auto-regulatory loop



(Figure D.2). Regarding FBXL5, the regulation is at protein level, since iron
affects its stability and determines the integrity of the protein as it is being
synthesized, and irradiation somehow causes it to be rapidly degraded.
p53 is also an example of a transcription factor that is regulated by more
than one ubiquitin ligase: Mdm2 and Mdmx, among 15 other described
ligases [225]. The cooperation of the two proteins is thought to be essential
for maintaining tissue homeostasis. Mdm2 and Mdmx regulate p53 in a
differential manner, similarly to what happens with FBXL14 and FBXLS5.
Mdm?2 degrades p53 directly but Mdmx inhibits p53 by binding to and
masking its transcriptional domain, not necessarily causing its degradation
[224, 226]. The need for different ligases to modulate transcription factors
seems to be a general mechanism that remains to be fully understood.

To sum up we think that FBXL14 and FBXL5 are the ligases that mediate
the control of the basal levels of Snaill expression. This is supported by
the fact that when we knock down the ligases Snaill protein is highly
stabilized and cells acquire a mesenchymal phenotype. However, when
the third ligase, p-Trcpl, is down-regulated, there are no changes in Snaill
levels. No information is available regarding the knock down of Mdm2 on
Snaill levels. We think that the action of f-Trcpl upon Snaill may have
been overestimated since it is always determined by the inhibition of the
GSK-3p by LiCl. LiCl inhibition does not only affect the kinase in its role of
exposing the phospho-degron for B-Trcpl but also blocks the exit of Snaill
due to phosphorylation of the P-S rich domain [83]. This blockade inhibits
the degradation by the cytoplasmic E3 ligase FBXL14 and makes us think
that the overall effect on the B-Trcp1-dependent degradation of Snaill is less
than currently thought.

Regarding the specificity of the ubiquitin ligases it is known that FBXL14
acts as a master regulator of many transcription factors including Snaill/2,
Zeb2 and Twistl. The B-Trcpl pathway is known to affect Snaill after
phosphorylation by GSK-3 and, while this report was being written, Twist1
was published to be also regulated by this ligase after phosphorylation and
export by the action of inhibitor of kB kinase-B (IKK-f) [227]. We have
seen that FBXL5 targets both Snaill and Snail2, although only the action of
FBXL5 on Snaill has been studied in depth. The gathering of this information
indicates there is some degree of overlapping in the action of the ubiquitin
ligases upon EMT transcription factors. While FBXL5 keeps nuclear Snaill
and Snail2 levels down FBXL14 ensures the action in the cytoplasm while
also down-regulating Twistl and Zeb2. B-Trcpl degrades Snaill and Twist1
in response to stimuli. The multiple pathways and mechanisms that lead to
Snaill protein stabilization confirms that this fine tuning is associated to the
negative consequences increased Snaill has in pathological processes.
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D.4. Summary of the thesis: Snaill regulation by proteasome
degradation

Snaill degradation is tightly regulated by different E3 ubiquitin ligases.
Previous to our work it was described that B-Trcpl degrades the
transcription factor when it is phosphorylated in the nucleus by GSK-3,
exported to the cytoplasm, phosphorylated by the same kinase, recognized
by B-Trcpl through the phospho-degron, ubiquitinated and degraded [83].
This pathway of degradation can be blocked by growth factors and Wnt
signaling (see A in the overview scheme).

The observation that Snaill does not need to be previously phosphorylated
to be degraded led us to look for a novel ligase targeting the transcription
factor. We found that the cytoplasmic ligase FBXL14 targets a Snaill
mutant that cannot be phosphorylated in its P-S rich domain as well as
phosphorylated Snaill. This ligase is down-regulated at transcriptional level
by Twist1 expression, which is stabilized by the HIF-1a protein, a marker of
hypoxia (see B in the overview scheme).

A sh RNA screening to investigate the existence of other E3 ligases regulating
Snaill showed that FBXL5 also controls Snaill protein stability. This nuclear
ubiquitin ligase can modify Snaill when bound to DNA, ubiquitinate it in
the same compartment and degrade it in the cytoplasm. The degradation by
FBXLS5 can be blocked by factors such as Lats2 affecting the export of Snaill
to the cytoplasm. The protein stability of the ligase is reduced when cells are
submitted to y-irradiation or when iron levels are depleted, causing Snaill
protein stabilization (see C in the overview scheme).
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The following conclusions can be drawn from the results presented in this
PhD thesis:

1.

Snaill stability is regulated by the FBXL14 ubiquitin ligase, a mechanism
alternative to the GSK-3p/B-Trcpl pathway.

The N-terminal part of Snaill is needed for degradation by FBXL14
which requires lysines 98, 137 and 148 for ubiquitination.

FBXL14 is down-regulated in hypoxia, correlating with Twistl
stabilization through increased HIF-1a levels, both in cell lines and in
human tumor samples.

FBXL14 transcript regulation is complex as it has two sense and an
antisense transcript (NAT) that are modulated by Snaill protein levels.

FBXLS5 is a nuclear ubiquitin ligase that degrades Snaill and binds its
C-terminal part, ubiquitinating lysines in the N-terminus (K85 and
K146) and in the C-terminus (K234).

The ubiquitination of Snaill by FBXL5 decreases its binding to DNA
and occurs in the nuclear compartment although degradation is carried
out in the cytoplasm.

FBXL5 levels are modulated by intracellular iron concentrations and
reduced in response to y-irradiation, correlating with stabilization of
Snaill in these conditions.
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MM.1. Cell Culture

Cells were obtained from the Cancer Cell Line Repository (IMIM) and
grown in Dulbeccos modified Eagle’s medium (DMEM, Invitrogen)
supplemented with 4.5 g/L glucose (Life Technologies), 2 mM glutamine,
56 U/ml penicillin, 56 pg/L streptomycin and 10% fetal bovine serum (FBS;
all from GIBCO). Cells were maintained at 37°C in a humid atmosphere
containing 5% CO, unless otherwise specified. NMuMG cell line was always

supplemented with 10 ug/ml insulin (Invitrogen).

Cell line Origin Characteristics
Human colorectal Epithelial cells mainly consisting of
SW620 ) individual small spherical and bipolar cells
adenocarcinoma ; . .
lacking microvilli
MiaPaca-2 Human pancreatic Attached epithelial cells with floating
carcinoma rounded cells
Human pancreatic Epithelial morphology growing in colonies
RWP-1 . : . ; :
carcinoma with well-formed intercellular junctions
Mouse embryonic Mesenchymal morphology with no
NIH3T3 ) . )
fibroblasts expression of E-cadherin
Contains the SV40 large T-antigen
C that allows for episomal replication of
HEK293T | Human embryonic kidney | - cfected plasmids with the SV40 origin
of replication
HT29-M6 Human col_on Eplthellal_ morphology with high levels of
adenocarcinoma E-cadherin
. Epithelial cells with low levels of
MDA-MB-231 [Human breast carcinoma .
E-cadherin
NMuMG Mouse mammary cells Eplthellall morphology with high levels of
E-cadherin
Human breast Epithelial morphology with high levels of
MCF7 : .
adenocarcinoma E-cadherin

Table MM.1. Cell lines. Description of the characteristics of the different cell lines used
during this study.

Stable HT29-M6 expressing pcDNA3-Snaill-HA were generated and
maintained in our laboratory [228] through the addition of the G418
antibiotic (GIBCO) to the medium at 500 ug/ml. Stable RWP-1 cells
expressing pcDNA3-Snaill-HA were also generated in our laboratory [64]
and maintained in the same conditions as the HT29-M6 Snaill-HA clone,
using 500 pg/ml G418 in the cell culture.

MM.1.1. Cell treatments

To carry out various experiments cells were treated with different molecules
for the indicated times at the concentrations shown in Table MM.2. Hypoxic
conditions were set up by placing the cells into a 1% O,, 5% CO, and 96%
N, atmosphere for the indicated time and y-irradiation of cells was carried
out at the indicated specific energy (gray; Gy) using the radioactive source
Radionucleid Cs 137 and the IBL 437c version H irradiation apparatus.
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Table MM.2. Cell treatments. Detailed description of the cell treatments used in this

work.

Molecule

Effect

Supplier

Concentration

for use
TGF-8 EMT inducer PeproTec 5 ng/ml
LiCl GSK-3B inhibitor Sigma 50 mM
MG132 (Z-Leu- Proteasome .
Leu-Leu-al) inhibitor Sigma 10-50 uM
Cycloheximide | Protein synthesis .
(CHX) inhibitor Sigma 20 pg/ml
. Nuclear export
"ept(‘l’_““;l’é‘;'" B | inhibitor (binds Sigma 5 ng/ml
CRM1)
Actinomycin D Transcription .
(ActD) inhibitor Sigma 2.5 pg/ml
Ferric Ammonium | Increase in iron .
Citrate (Ill) (FAC) levels Sigma 100 uM
Deferoxamine .
mesylate (DFX) Iron chelator Sigma 100 uM
i DNA damage by .
Doxorubicin intercalating DNA Sigma 10 uM
Etoposide Topoisomerase | Calbiochem 10 uM

inhibitor




MM.2. Plasmid construction

The general cloning protocol for all the constructs was by (a) producing
a linear insert containing the desired DNA sequence obtained by PCR
amplification (Platinum Pfx DNA polymerase, Invitrogen) from genomic
DNA or from a plasmid containing the insert; (b) by amplification from
mRNA by RT-PCR; or (c) by excising the DNA sequence of interest from
a plasmid by means of restriction enzymes. The recipient vector and insert
were digested using endonucleases purchased from New England Biolabs
(NEB) when needed and the linearized vector de-phosphorylated for 1h
at 37°C with Calf Intestinal Phosphatase (CIP). After each step the DNA
of interest was purified from solution or from an agarose gel through the
[lustra GFX PCR DNA and Gel Band Purification kit (GE Healthcare) and
eluted using H,O. Ligation was carried out overnight at room temperature
using a 1:5 ratio vector:insert and T4 DNA ligase (NEB). The resulting
ligation was transformed in heat shock-activated DH5a E. coli competent
cells and colonies screened by endonuclease digestion and sequencing.

In the case that blunt edges were needed in the cloning strategy DNA ends
were filled in using Klenow fragment (3’> 5, NEB) for 15min at room
temperature. PCR inserts cloned blunt were phosphorylated using T4
polynucleotide kinase (NEB) and Forward buffer (Invitrogen) for 15min at
room temperature.

MM.2.1. Snaill constructs

The pcDNA3-Snaill-HA, SnaillSA-HA, SnaillSD-HA, SnaillLA-HA and
GFP-Snaill (including the wt construct, the N-terminal and C-terminal
deletion mutants, all the GFP-SnaillNT mutants: A90-120, 82-151, 82-
138 and 1-138, and the GFP-SnaillCT-AZnF4 construct) were cloned in
our lab and have been previously described [41, 65]. Snaill point mutants
were obtained by using the QuickChange site-directed mutagenesis kit
(Stratagene) and the pcDNA3-Snaill-HA vector as template. To make the
Snaill C-terminal deletion constructs we removed a BglII/EcoRV Snaill
C-terminal fragment from the GFP-Snaill-HA leaving the HA tag and
cloned the different ZnF domains amplifying them with specific primers
containing BglII and EcoRV restriction sites (primers AZnF1-F, AZnF1F2-F
and AZnF-R). The primers used are listed in Table MM.3.

The pGEX-GST-Snaill-HA construct was previously cloned in our lab in
pGEX-6P-2 (GE Healthcare) using BamHI/NotI digestion sites [41]. The
human pcDNA3-Snaill-HA wt, T203A and T203E mutants were kindly
provided by Dr. Gregory D. Longmore (The BRIGHT Institute, Washington,
USA) and were previously described [93]. The baculovirus expression
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vector pFastBacl-6xHIS-TEV-Snaill-HA was obtained by subcloning of the
pcDNA3-Snaill-HA insert by digestion with BamHI/NotI. The pEBG-2T-
GST-Snaill-HA construct for expression in eukaryotic cells was obtained
after subcloning a BamHI/Notl insert from pcDNA3-Snail1-HA expression
vector and this vector was used to subclone the GST-Snaill-HA insert by
digestion with EcoRI/NotI into the pFastBacl vector. The Snaill-HA insert
from pcDNA3 was cloned into pFastBacHT B vector with the 6xHIS tag
(6xHIS-TEV-Snaill-HA). pBabe-Snaill-HA was cloned using blunt ends
by excising the Snaill-HA from the pcDNA3-Snaill-HA vector with Xhol/
BamHI and cloned into pBabe digested with EcoRI.

Primer [Sequence
K9R-1F |5-CCTTCCTGGTCAGGAGGCCGTCCGAC-3’
K9R-1R |5-GTCGGACGGCCTCCTGACCAGGAAGG-3’
K16R-1F [5-CGACCCCCGCCGGAGGCCCAACTATAGC-3’
K16R-1R |5-GCTATAGTTGGGCCTCCGGCGGGGGTCG-3
K98R-1F [5-CCGATGAGGACAGTG GCAGAAGCTCCAGCCGCCCAGC-3
K98R-1R |5-GCTGGGCGGCTGGGAGCTTCTGCCACTGTCCTCATCGG-3
K137R-1F [5-GGGCCAACTTCCCAGGCAGCTG-3
K137R-1R | 5-CAGCTGCCTGGGAAGTTGGCCC-3’
K146R-1F [5-CTCTCGGTGGCCAGGGACCCCCAGTCG-3’
K146R-1R | 5-CGACTGGGGGTCCCTGGCCACCGAGAG-3’
AZnF1-F | 5-GCAATAGATCTGCACGACCTGTGGAAAGG-3’
AZnF1F2-F | 5-GCAATAGATCTCCTGCTCCCACTGCAAC-3’
AZnF-R | 5-CAAGATATCCGCGAGGGCCTC-3

Table MM.3. Snaill cloning primers. Primers used to obtain point mutants of the
pcDNA3-Snaill-HA construct and ZnF deletion mutants of the GFP-Snaill-HA.

MM.2.2. FBXL14 constructs

The FBXL14 cDNA was amplified by RT-PCR from 1 pg RNA of RWP-1
cells (SuperScript One Step RT-PCR, Invitrogen) with primers FB-1F and
FB-1R which contain a Kozak start site and BamHI and EcoRV restriction
sites, respectively. It was cloned into BamHI/EcoRV-digested pcDNA3
(Invitrogen) carrying a HA epitope and into pcDNA3.1-Myc-HisA. The
F-box deletion mutant of FBXL14 (AF) was obtained using the forward
primer FB-2F(AF) which included a BamHI restriction site and the FB-1R
primer. The BamHI/Notl FBXL14-HA insert was subcloned into pGEX-
6P-1 (GE Healthcare) to produce recombinant GST-FBXL14 and into
pFastBacl for the baculovirus expression system.

To carryout RNA interference experiments the short hairpin RNAs (shRNAs)
against the human FBXL14 mRNA were designed using a small interfering
RNA selection program [229]. Selected oligonucleotides containing target
sequences were cloned into pSUPER-Neo-IRES-GFP (Oligoengine) using



5’-BglII and 3’-Xhol as restriction sites. The sequence of the four specific
shRNAs and a non-specific scrambled shRNA are shown in Table MM.4
(FB-si-1F to FB-si-4R).

Primer |Sequence
FB-1F 5-AACGGATCCACCATGGAGACCCACATCTCATGC-3
FB-1R 5-CAAGATATCCCCTTCTGGAGCTTCCC-3’
FB-2F(AF) | 5-AACGGATCCACCATGGAGGCCAAGCTGCACCTGCGC-3
FB-si-1F |5-GATCCCCGAAGCTCACAGATCTTTCTTTCAAGAGAAGAA
(637-659) | AGATCTGTGAGCTTCTTTTTC-3’
FB-si-1R | 5-TCGAGAAAAAGAAGCTCACAGATCTTTCTTCTCTTGAAA
(637-659) | GAAAGATCTGTGAGCTTCGGG-3
FB-si-2F |5-GATCCCCCCAGAGTCTGGCTTACATATTCAAGAGATATG
(880-902) | TAAGCCAGACTCTGGTTTTTC-3
FB-si-2R | 5-TCGAGAAAAACCAGAGTCTGGCTTACATATCTCTTGAATA
(880-902) | TGTAAGCCAGACTCTGGGGG-3’
FB-si-3F |5-GATCCCCCGCTCAACATTGGACAGTGTTCAAGAGACACT
(999-1021) | GTCCAATGTTGAGCGTTTTTC-3’
FB-si-3R | 5-TCGAGAAAAACGCTCAACATTGGACAGTGTCTCTTGAACA
(999-1021) | CTGTCCAATGTTGAGCGGGG-3’
FB-si-4F |5-GATCCCCGCCAGCTGGAGCACTGTAATTCAAGAGATTACA
(scrambled) | GTGCTCCAGCTGGCTTTTTC-3’
FB-si-4R | 5-TCGAGAAAAAAGCCAGCTGGAGCACTGTAATCTCTTGAAT
(scrambled) | TACAGTGCTCCAGCTGGCGGG-3

Table MM.4. FBXL14 cloning primers. Primers used in the cloning of FBXL14-related
constructs.

MM.2.3. FBXL5 constructs

The pcDNA3-6xMyc-FBXL5 and 6xMyc-AF-FBXL5 were a kind gift by
Dr. James A. Wohlschlegel (University of Texas, USA) and were previously
reported in [186]. The baculovirus expression vector pFastBacl-3xFlag-
FBXL5 was a kind gift from Dr. Richard K. Bruick (University of Texas,
USA) and was previously reported in [185]. A BamHI/Xhol FBXL5 insert
was subcloned from pFastBacl-3xFlag-FBXL5 into pGEX-6P-1 to produce
recombinant GST-FBXL5 protein.

GFP-FBXL5 construct was obtained by PCR amplification of the sequence
from a pcDNA3-6xMyc-FBXL5 construct using the following primers:
FW (Xhol restriction site) 5-ATATCTCGAGATGCGCAAGGGGG-3, RV
(BamHI restriction site) 5-TATGGATCCTTCGCCAGAGCGGCAG-3,
and cloned into peGFP-Cl. For subcloning of 6xMyc-FBXL5 insert
into pBabe for retroviral infection pBabe vector [230] was digested with
EcoRI and pcDNA3-6xMyc-FBXL5 with EcoRV/BamHI. The plasmid was
generated using blunt-end ligation after Klenow treatment. For cloning of
pLKO-GFP-shRNA constructs pLKO.1 vectors containing the shRNAs for
FBXL5 (Sigma) were digested with BamHI and then with Scal to recover
the plasmid. pGSCW [231] was digested with Pvul/BamHI and then with

MATERIALS &

METHODS

109




SAOH13N
® SIVIHILVIN

110

Scal for the GFP insert. The two parts were ligated together and tested for
expression.

MM.2.4. Other plasmids

The pMT107 containing human ubiquitin (6xHIS) was a kind gift from
Dr. Gabriel Gil-Gémez (IMIM, Barcelona). HIS-Ubiquitin-K7R plasmid
was provided by Dr. Boudewijn M.T. Burgerin and the pcDNA3-Flag-f3-
Trcpl/Trcp2 were provided by Dr. Ger Strous (both from the University
Medical Center Utrecht, The Netherlands). pcDNA3-Twist1-V5-HIS was
a kind gift from Dr. Anthony O. Gramolini (Charles H. Best Institute,
Toronto, Canada). pcDNA3-Zeb1 was cloned in our lab and was previously
described [68]. pcDNA3-Flag-Lats2 was provided by Dr. Gregory
D. Longmore (The BRIGHT Institute, Washington, USA). pcDNA3-
Snail2-HA was cloned by cDNA amplification using the forward primer
5-CCGGATCCACCATGCCGCGCTCCTTCC-3* and reverse primer
5-CAAGATATCCGTGTGCCACACAGC-3" with BamHI and EcoRV
restriction sites, respectively, and inserted in the pcDNA3-HA vector.

The pFastBacl vectors used for baculovirus protein expression were
pFastBacl-HA-Cullinl, pFastBacl-6xHIS-T7-Skp1, pFastBacl-Rocl/Rbx1
that were obtained after subcloning the BamHI/NotI (Cullinl and Skp1) or
BamHI/Xhol (Roc1/Rbx1) inserts from pBacPAK8 vectors kindly provided
by Dr. Michele Pagano (New York University, USA) and Dr. Masaki
Matsumoto (Kyushu University, Japan).



MM.3. Cell transfection and infection
MM.3.1. Degradation and overexpression assays

For degradation assays HEK293T cells were seeded in 6-well plates for
14h or until they reached 90-100% confluence and transfected with 200 ng
Snaill-HA and 0.5-1.2 pg FBXL14-Myc, AF-FBXL14-Myc, Flag-B-Trcpl,
Flag-B-Trcpl or 6xMyc-FBXL5. When indicated GFP was used as an internal
control. In experiments involving Flag-Lats2 the same amount of Snaill-HA
was transfected, 0.5 pg 6xMyc-FBXL5 and 1 pg Lats2. For Twist1 and Snail2
degradation assays the quantity of these vectors transfected per well was 0.4
ug instead of the 0.2 pg employed for Snaill. Cells were harvested 24h after
transfection. The transfection mix was as follows: 200 pl sterile 150 mM NaCl
was placed in a micro-centrifuge tube and the required DNA was pipetted
into the solution. 12 pl of 1 mg/ml polyethylenimine (PEI, Polysciences,
Inc.) were added and the mixture was kept at room temperature for 15min.
The solution was added drop-wise to the cells containing 3 ml cell culture
medium.

Stable transfection of pSUPER-Neo-IRES-GFP-sh FBXL14 plasmids in
SW620 cells was carried out with 4 pug of DNA using Lipofectamine®-PLUS™
reagent (Invitrogen) for 6h following manufacturer’s instructions. Cells
were selected with G418 (1 mg/ml for SW620) until the non-transfected

controls were dead, GFP-expressing cells sorted and analyzed by Western
blot and RT-PCR.

When overexpression experiments were carried out in RWP-1 Snaill-HA
cells were seeded in p100 plates and transfected with 4 ug of the indicated
plasmid with Lipofectamine™ 2000 (Invitrogen) during 6h following
manufacturer’s instructions and grown for 48h prior to cell lysis. Where
indicated cells were treated with 10 uM MG132 and 100 uM FAC for 6h.

MM.3.2. Lentiviral infection

Lentiviral expression in different cell lines was used to stably knock down
or down-regulate genes using shRNAs cloned in pLKO.l-puro vector
(Sigma). The different shRNAs used in this work were from the Mission®
shRNA library from Sigma, and unless otherwise indicated, a mix of four or
five different shRNAs was simultaneously infected. Note that in the FBXL5
section when shRNAs are numbered their reference is the following, from
one to five: TRCN4290, TRCN4291, TRC4292, TRCN4293 and TRC4294.
All of them target the coding region of FBXL5 except shL5-4 (reference
TRC4293) which targets the 3> UTR.
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For viral infection HEK293T cells were seeded in p100 plates with 10 ml
medium at high confluence and transfected using PEI (1.5 ml 150 mM NaCl,
DNA and 78 ul PEI mixture incubated for 15min at room temperature)
with a total of 20 pg DNA of which 50% was the indicated shRNA or an
equally distributed quantity of different sequences targeting the same gene,
10% was the pPCMV-VSV-G vector (codes for the viral envelope), 30% was
the pMDLg/pRRE vector and 10% the pRSV rev vector, the last two being
involved in the packaging of the virus. The medium was changed 24h after
transfection and 5.5 ml fresh medium were added. The supernatant was
used for transduction of cells at 24 and 48h after the medium change by
filtering it through 45 ym membrane filters (Millipore) and addition of 0.8
ug/ml of polybrene to the viral supernatant, which was used to replace the
medium of target cells. After the second round of infection the medium of
the target cells was changed and puromycin added when indicated to select
infected cells for 72h (Table MM.5). Cells expressing the sShRNA were then
expanded and their protein and mRNA levels analyzed.

. Puromycin
CllllTg selection )(’pglml)
NMuMG 2
SW620 4

MCF7 2
RWP-1 2.5

Table MM.5. Puromycin selection of cell lines. In order to generate stable cell lines
puromycin was used after infection at the indicated concentrations for 72h.

MM.3.4. Retroviral infection

The procedure used for retroviral infection is similar to that of lentiviral
infection. In this case the vector used was pBabe-puro for overexpression of
proteins. The cells used for viral production were HEK293 Phoenix GagPol,
which stably express the HIV-1 GAG and POL gene products [232]. Cells
were seeded in p100 plates at high confluence and transfected using PEI
as previously described with a total of 10 ug DNA of which 80% was the
indicated pBabe vector and 20% was the pCMV-VSV-G vector, coding for
the viral envelope. The rest of the procedure was the same as for lentiviral
infection of cells.



MM 4. Protein analysis

Before analysis of protein extracts quantification in duplicates using the
DC Protein Assay kit (Lowry method; Bio-Rad) was carried out. Unless
indicated, prior to addition of the desired buffer for lysis cells were washed
three times with cold PBS and scraped in the plate with the buffer.

MM.4.1. Total cell extracts

Total cell extracts were obtained with two different buffers. In FBXL14
experiments Total lysis buffer was used, and in FBXL5-related work 2% SDS
(sodium dodecyl sulfate) lysis buffer was employed.

To obtain extracts with Total lysis buffer cell extracts were rotated at 4°C
for 30min and centrifuged for 15min at 13,200 rpm. The supernatant was
collected in a new tube and stored at -20°C. Cell extracts obtained with 2%
SDS lysis buffer were kept at room temperature to avoid precipitation of the
SDS, syringed five times, centrifuged at 13,200 rpm for 10min and boiled at
95°C for 3min.

Total lysis buffer 2% SDS lysis buffer

20 mM HEPES-KOH pH 7.8 2% SDS

25% glycerol 50 mM Tris-HCl pH 7.5
1% Triton X-100 10% glycerol

420 mM NaCl

1.5 mM MgCl,

0.2 mM EDTA

Protease inhibitors

MM.4.2. Sub-fractionated cell extracts

To obtain cell extracts with differentiated cytoplasmic, nucleoplasmic and
chromatin fractions cells were scrapped in cold Buffer A and the lysate
pipetted up and down five times in order to break cell aggregates and kept
on ice for 10min. A volume equal to 1/30™ of the lysate of 10% Triton X-100
was added and the tube vortexed for 20s. Centrifugation of the sample for
1min at 11,000 was used to separate the cytoplasmic extract which was stored
in a new tube. The remaining pellet (nucleus) was washed twice in Buffer
A to avoid cross-contamination of sub-cellular compartments and then
resuspended in Buffer C. It was rotated at 4°C for 20min and centrifuged
at 13,200 rpm for 15min. The supernatant was stored as nucleoplasmic
fraction. The pellet was again washed twice in Buffer C and then resuspended
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in 2% SDS lysis bufter, following the same protocol as for total cell extracts
to obtain a homogeneous chromatin fraction. This protocol was modified
from [233].

Buffer A Buffer C
10 mM HEPES-KOH pH 7.8 20 mM HEPES-KOH pH 7.8
1.5 mM MgCl, 25% glycerol
10 mM KCl 420 mM NaCl
Protease inhibitors 1.5 mM MgCl,
0.2 mM EDTA

Protease inhibitors

MM.4.3. Western blot

Protein was analyzed by SDS polyacrylamide gel electrophoresis (SDS-
PAGE) by loading the samples previously mixed with 5x Loading buffer and
boiled at 95°C for 3min. Gels had a 7.5-15% polyacrylamide concentration.
The Mini-Protean System (Bio-Rad) was used to run gels in TGS buffer that
were then transferred to Protran nitrocellulose membranes (Whatman)
during 60-90 min depending on the molecular weight of the protein using
Transfer buffer.

5x Loading buffer TGS buffer
250 mM Tris-HCI pH 6.8 25 mM Tris-OH pH 8.3
10% SDS 192 mM glycine
0.02% Bromophenol blue 5% SDS
50% glycerol
20% B-mercaptoethanol TBS-T
25 mM Tris-HCl pH 7.5
Transfer buffer 137 mM NaCl
50 mM Tris-OH 0.1% Tween-20
386 mM glycine
0.1% SDS Ponceau S stain
20% methanol 0.5% Ponceau S

1% acetic acid

Prior to blocking, and to ensure that protein was loaded and transferred
correctly onto the membrane, Ponceau S staining was performed to each
membrane. Membranes were placed directly from the Transfer buffer to
Ponceau S staining and rocked for 5min. The solution was removed and



various washes were performed to remove excess stain with distilled water.
When needed the stained membrane was scanned.

Membranes were blocked in 5% skimmed milk or 3% BSA (phospho
antibodies) in TBS-T for 1h and incubated in the desired antibody for
another hour at room temperature or overnight at 4°C. After three 10min
washes with TBS-T Horseradish peroxidase (HRP)-combined secondary
antibody (Dako) was diluted in 5% skimmed milk and the membrane was
incubated for 1h at room temperature. Prior to developing three more
10min washes with TBS-T were performed. Membranes were developed
using Luminata Western HRP Substrates (Millipore) and exposed on Agfa-
Curix or Hyperfilms ECL (Amersham) for proteins that were more difficult
to detect.

MM.4.4. Coomassie staining

In order to stain polyacrylamide gels to visualize and quantify proteins
Coomassie staining was used. Once the protein was separated in the
polyacrylamide gel it was submerged in Coomassie solution for 1h or
until the gel appeared completely blue. The Coomassie solution was then
removed, Coomassie destaining solution added to the gel and several washes
performed until the desired staining was obtained.

Coomassie solution Coomassie destaining solution
0.1% Coomassie brilliant blue R250  40% methanol
20% methanol 10% acetic acid

10% acetic acid

Filter prior to use

MM.4.5. Immunoprecipitation (IP)
MM.4.5.1. IP of exogenous proteins

Immunoprecipitation of exogenous proteins was carried out using HEK293T
cells seeded in p100 plates. When cells were at 90% confluence they were
transfected using PEI with 4 ug of the indicated plasmids (in total 8 ug DNA
per plate). Transfection was carried out by placing 1.5 ml sterile 150 mM
NaCl in a micro-centrifuge tube and pipetting the desired DNA in each
tube. Then 78 ul PEI were added and the solution was incubated at room
temperature for 15min. The transfection solution was added to the plates
containing 10 ml medium drop-wise and 24h after transfection cells were
treated with 50 uM MG132 for 6h (FBXL14 experiments) or 100 uM FAC for
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1h and then 10 pM MG132 for 4h (FBXL5 experiments). Cells were washed
with cold PBS and lysed with 500 pl IP buffer A (FBXL14 experiments)
or IP buffer B (FBXL5 experiments). The lysates were syringed five times,
vortexed for 5s, rotated at 4°C for 15min and centrifuged at 13,200 rpm
for 10min. The supernatant was placed in a new tube and one tenth of the
volume stored as input.

For FBXL14 experiments protein A sepharose beads (Roche) were used
and pre-clearing of the lysate for 1h at 4°C was performed. In FBXL5
experiments magnetic protein A beads were used (Thermo scientific) and
pre-clearing was not required. The antibody for the IP was added to the
lysate and rotated for 90min at 4°C and beads were added for 1h. Three
10min washes were performed with the used IP buffer, except for FBXL5
experiments in which the first wash was carried out with IP buffer B with
a final NaCl concentration of 300 mM. Elution was carried out with 2x
Loading buffer and boiling for 3min at 95°C.

MM.4.5.2. IP of endogenous proteins

To co-IP transfected FBXL14-Myc using the Snaill antibody NIH3T3 cells
were transiently transfected with 8 ug of FBXL14-Myc, treated for 6h with
50 uM MG132 and lysed in IP Buffer A following the same protocol for lysis
as for IP of exogenous proteins. Extracts were pre-cleared using protein A
sepharose (Roche) for 1h and rabbit anti-Snaill pAb used for 2h at 4°C.
Protein A sepharose was added overnight and then washed three times for
10min with IP buffer A. Elution was carried out with 2x Loading buffer and
boiling for 3min at 95°C.

IP buffer A IP buffer B

50 mM Tris-HCI pH 8.0 50 mM Tris-HCl pH 7.5
150 mM NaCl 150 mM NaCl

0.5% Triton X-100 5% glycerol

Protease inhibitors 1% Nonidet P-40

Protease inhibitors

To achieve the endogenous co-IP of FBXL5 and Snaill RWP-1 cells were
grown to 80% confluence in p150 plates and treated with 100 uM FAC and
10 uM MG132 for 6h, lysed in 500 pl IP buffer B and processed as for IP
with exogenous proteins. The indicated antibody was used overnight at 4°C
and protein A magnetic beads (Thermo Scientific) added for 1h at 4°C. Five
10min washes were carried out prior to elution with 2x Loading buffer and
boiling for 3min at 95°C.



When Immunoglobulin G (IgG) is indicated a quantity of IgGs (Sigma)
equivalent to the quantity of antibody used in the specific conditions was
added and the sample was treated equally as the one containing the specific
antibody.

MM.4.6. Immunofluorescence (IF)

Cells were grown at low confluence on sterile coverslips in 24-well
plates, transfected with the indicated plasmids for 24h and fixed with 4%
paraformaldehyde for 15min at room temperature. After washing with PBS,
cells were permeabilized with PBS-0.5% Triton X-100 for 5min and blocked
with PBS-1% BSA for 1h for FBXL14 experiments or permeabilized and
blocked simultaneously in PBS-5% BSA-0.5% Triton X-100 for 1h. Coverslips
were incubated with the indicated antibodies in blocking buffer (PBS-1%
BSA-0.02% Triton X-100) at 27°C, rinsed with PBS and incubated with
purified Alexa-Fluor 488, Alexa-Fluor 555 or Alexa-Fluor 647-conjugated
anti-mouse, rabbit or goat IgGs (depending on the primary antibody and
the combination needed; all from Invitrogen) in blocking buffer for 1h at
room temperature. The cover-slips were rinsed with PBS, stained with DAPI
(Sigma) dissolved 1:20,000 in PBS for 5min and mounted with Fluoromount
G (Electron Microscopy Sciences). Fluorescence was visualized using the
inverted fluorescence microscope DM IRBE (Leica, Wetzlar, Germany)
and captured in a TCS-NT Argon/Kripton confocal laser microscope for
FBXL14 experiments or the Confocal TCS SPE (Leica) system with 630x
amplification for FBXL5 experiments.

MM.4.7. Pulldown (PD) assays

HEK293T cells seeded in p100 plates were transfected with 5 pg of the
indicated plasmids using PEI (as in IP procedure) and lysed in 500 ul
pulldown (PD) lysis buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM
EDTA, 0.5% Nonidet P-40 and protease inhibitors) 48h after transfection,
rotated at 4°C for 30min, and centrifuged at 13,200 rpm for 10min.
Lysates were pre-cleared using 2 ug GST protein and 30 pl bead volume of
Glutathione Sepharose 4B. PD was performed with 2 ug GST, GST-Snaill-
HA, GST-FBXL14 or GST-FBXL5 for 1h at 4°C and thoroughly washed three
times for 10min in PD lysis buffer. Elution was carried out with 2x Loading
buffer and boiling for 3min at 95°C. Standard Western blot procedure was
used to analyze the samples.

For PD assays using in vitro purified proteins 0.2 pmol 3xFlag-FBXL5 were
incubated with 2.5 pmol GST or GST-Snaill (all from baculovirus) in 200 ul
binding buffer (50 mM Tris-HCl pH 7.5, 1% Triton X-100, 1 mM EDTA and
1 mM DTT) for 25min at room temperature. Incubation with 20 ul bead
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volume of Glutathione Sepharose 4B was carried out for 25min at room
temperature to recover proteins bound to GST and beads were washed
three times for 5min with 750 ul binding buffer. Elution was carried out
with 2x Loading buffer and boiling for 3min at 95°C. Standard Western blot
procedure was used to analyze the samples.

MM.4.8. Antibodies used

Protein Species Provider Ref. Dilution
. . WB 1:10
Snail1 mouse mAb | hybridoma F9 [76] IF 11
Myc mouse mAb hytérlg%ma V\{E 1158 0
. . WB 1:2000
HA rabbit pAb Sigma H6908 IP/IE 1-250
Tubulin mouse mAb Sigma T9026 WB 1:10000
Flag mouse mAb Sigma F3165 WB 1:10000
Flag rabbit pAb Sigma F7425 WB 1:2000
Snail1 rabbit pAb Abcam ab82846 IP 1:200
y-H2AX (P-Ser139) | mouse mAb Abcam ab22551 WB 1:2000
GFP rabbit pAb Abcam ab6556 WB 1:5000
HIF-1a mouse mAb Abcam ab1 WB 1:200
Twist1 rabbit pAb Abcam ab50581 WB 1:200
Skp1 rabbit mAb Abcam ab10546 WB 1:2000
H3 rabbit pAb Abcam ab1791 WB 1:40000
PK mouse mAb Chemicon AB1235 WB 1:4000
FBXL5 rabbit pAb Santa Cruz | sc-134984 IP/IF 1:50
FBXL5 goatpAb | SantaCruz | sc54364 | 0 200 (BSA)
CtBP1 goat pAb Santa Cruz sc-5963 IF 1:100
Ubiquitin goat pAb Santa Cruz sc-6085 WB 1:500
B-Trcp1 rabbit pAb Santa Cruz | sc-33213 WB 1:500
Lamin B1 rabbit pAb Santa Cruz | sc-20682 WB 1:1000
Sin3A rabbit pAb Santa Cruz sc-994 WB 1:5000
Zeb1 goat pAb Santa Cruz | sc-10572 WB 1:1000
B-catenin mouse mAb BD TD 610154 WB 1:2000
E-cadherin mouse mAb BD TD 610182 WB 1:4000
p120 catenin mouse mAb BD TD 610134 WB:1:2000
P-Ser9-GSK-38 rabbit pAb | Cell Signalling 9336 WB 1:1000 (BSA)
GSK-3p rabbit pAb | Cell Signalling 9332 WB 1:2000
HA rat pAb Roche 65850900 WB 1:2000
GST goat pAb GEC"::"h' 27-457701|  WB 1:5000
V5 mouse mAb Invitrogen 46-0705 WB 1:5000
PY20 mouse mAb Millipore 05-947 WB 1:500 (BSA)
FK2 mouse mAb Millipore 04-263 IP 1:1000
FBXW5 rabbit pAb [226] WB 1:2000

Table MM.6. Antibodies and their applications. The antibodies used in this study,
their commercial information and dilution for use are described in detail (BD TD: BD
Transduction Labs; Santa Cruz: Santa Cruz Biotechnology).



Due to the lack of information regarding endogenous detection of FBXL5
we decided to test different antibodies against this protein. Figure MM.]I
shows how transiently transfected Myc-FBXL5 can be detected with the
goat anti-FBXL5 pAb (sc-54364, Santa Cruz Biotechnology) as well as with
the Myc tag antibody (hybridoma 9E10). In this report, unless otherwise
specified, this antibody is used for all the Western blot applications as well
as for some IF experiments.

Myc-FBXL5
ot ——R

-
= = ain @ FBXL5

W e T " WR Tubulin

Figure MM.1. FBXL5 antibody test. The antibody used for FBXL5 detection was
carefully selected for Western blot applications. In this case, HEK293T cells were
transfected with increasing Myc-FBXL5 quantities and lysed after 24h. The levels of
FBXL5 were analyzed in two independent membranes with goat anti-FBXL5 pAb and
mouse anti-Myc mAb. Tubulin is shown as loading control.
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MM.5. Ubiquitination assays
MM.5.1. In vivo ubiquitination assays

For in vivo ubiquitination assays in which the IP was carried out with rabbit
anti-Snaill pAb HEK293T cells seeded in p100 plates and transfected for
24h with 1 pg Snaill-HA and 5 pg FBXL14-Myc where indicated following
the same PEI transfection protocol as for IPs. Prior to lysis cells were
treated with 50 uM MG132 for 5h where indicated and lysed using an SDS
denaturing buffer (IP buffer A containing 1% SDS). Cleared lysates were
diluted 10-fold prior to IP which was carried out in the same conditions as
the IP for endogenous proteins using the rabbit anti-Snaill pAb.

For in vivo ubiquitination assays in which the IP was carried out with the
mouse anti-FK2 mAb (which recognizes mono- and polyubiquitinated
proteins) HEK293T cells were transfected as indicated for exogenous protein
IP procedure and treated with 100 uM FAC and 10 uM MG132 for 4h. The
cytoplasmic fraction was washed out when indicated using Buffer A and
the pellet resuspended in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1% Triton X-100,
NEM and protease inhibitors), rotated at 4°C for 10min and centrifuged at
13,200 rpm for 10min. For the IP 2 ug mouse anti-FK2 mAb antibody were
used for 1h at 4°C, then 20 pl protein G magnetic beads (Thermo Scientific)
were added and incubated at 4°C for 1h. Beads were washed three times in
1 ml RIPA buffer, and eluted with 2x Loading buffer and boiling for 3min
at 95°C. Standard Western blot procedure was used to analyze the samples.

When the in vivo ubiquitination assays were carried out using overexpressed
HIS-tagged ubiquitin (wt or K7R mutant) HEK293T or RWP-1 cells were
seeded in 6-well plates and transfected for 24h with 200 ng Snaill-HA, 0.5
pg Ubi-HIS or UbiK7R-HIS and 0.5 pg 6xMyc-FBXL5 or control vector,
using PEI in HEK293T cells or Lipofectamine™ 2000 (Invitrogen) for 6h in
RWP-1 cells following manufacturer’s instructions. In experiments involving
Flag-Lats2 the transfection proportions were slightly changed, using 200 ng
Snaill-HA, 0.8 ug Ubi-HIS or UbiK7R-HIS, 0.5 ug 6xMyc-FBXLS5 or control
vector and 1 pg Flag-Lats2. Only when the HIS-Ubi plasmid was used cells
were treated with 25 uM MG132 for 4h prior to lysis. Cells were lysed in 500
ul of Buffer I (6 M guanidinium-HCI, 100 mM phosphate buffer at pH 8.0,
10 mM Tris-HCI pH 8.0, 0.2% Triton X-100, 5 mM imidazole and 10 mM
B-mercaptoethanol), sonicated twice at 15% for 10s and incubated with 30
ul bead volume of equilibrated Nickel nitrilotriacetic acid (Ni-NTA) agarose
beads (Qiagen) for 3h at room temperature. Beads were washed once in 1
ml Buffer I, once in 1 ml Buffer II (8 M urea, 100 mM phosphate buffer at
pH 8.0, 10 mM Tris-HCI pH 8.0, 0.2% Triton X-100, 5 mM imidazole and



10 mM [-mercaptoethanol) and three times in 1 ml Buffer III (8 M urea,
100 mM phosphate bufter at pH 6.3, 10 mM Tris-HCI pH 6.3, 0.2% Triton
X-100, 5 mM imidazole and 10 mM B-mercaptoethanol) [235]. A final wash
was carried out using PBS before elution with 2x Loading buffer and boiling
for 3min at 95°C. Standard Western blot procedure was used to analyze the
samples.

MM.5.2. In vitro ubiquitination assays

For in vitro ubiquitination typical reactions were composed of 10-40 ng
6xHIS-Snaill-HA or GST-Snaill-HA, 0.5 -2 pg SCF™** or SCF™** (all
purified from Sf9 insect cells unless otherwise indicated), 10 pg ubiquitin
(wt, methylated ubiquitin which cannot elongate chains or the mutant
ubiquitin K48 which is only able to elongate polyubiquitin chains through
lysine 48), 40 ng E1 (6xHis-UBE1, Boston Biochem), 200 ng E3 (UbcH5c,
Boston Biochem) in 20 pl reaction bufter containing 10 mM HEPES pH 7.5,
10 mM KCI, 100 mM NaCl, 1.5 mM MgCl,, 1 mM DTT and 25 mM ATP
for 1-2.5h at 30°C [185]. Reactions were stopped with 5x Loading buffer
and boiled for 3min at 95°C. Standard Western blot procedure was used to
analyze the samples unless otherwise indicated.
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MM.6. Recombinant protein purification
MM.6.1. Recombinant proteins from E. coli

For purification of protein from E. coli (GST, GST-Snaill-HA, GST-FBXL14
and GST-FBXL5) the pGEX-6P-1 vectors were transformed in the BL21
E. coli strain and grown to saturation in 5 ml Luria-Beltrani (LB) broth
supplemented with Ampicillin (50 pg/ml). The saturated culture was grown
in 500 ml LB with Ampicillin until an OD_ of 0.6-0.8 was reached. Protein
expression was induced using 0.1 M IPTG for 2h. All this procedure was
carried out at 37°C. The bacterial pellet was collected after centrifugation
of the culture at 4°C for 15min at 15,000xg. The pellet was resuspended in
STE buffer containing 0.1 mg/ml lysozyme at 4°C for 15min. Protease and
phosphatase inhibitors and 5 mM dithiothreitol (DTT) were added at this
point. Sarcosyl detergent was added to 1% final concentration and mixed by
pipetting. The lysate was sonicated five times at 15% for 15s on ice. A final
concentration of 1% Triton X-100 was added, the lysate was vortexed for 20s
and centrifuged at 15,000xg for 20min, and the supernatant was collected.
Triton X-100 was added to a final concentration of 2% and vortexed for 20s.

The supernatant was incubated with 100 pl bead volume Gluthatione
Sepharose 4E (GE Healthcare) per 250 ml of LB culture for 3h at 4°C
and washed twice in cold PBS for 30min. Sepharose was equilibrated
in Glutathione elution buffer (GEB) for 5min at room temperature and
sequential elutions were carried out in 100 mM glutathione peptide
(L-glutathione reduced, Sigma) in GEB at pH 8.0 for 10min at room
temperature, all containing 5 mM DTT. Buffer exchange was performed
using chromatography columns (Micro Bio-Spin® 6, Bio-Rad) and protein
stored in aliquots at -80°C. Protein quantification was carried out using
Coomassie staining of polyacrylamide gels and analysis of the bands using
image software analysis (Image Quant, GE Healthcare LifeSciences).

STE buffer Glutathione elution buffer
10 mM Tris-HCI pH 8.0 100 mM Tris-HCI pH 8.0
150 mM NaCl 120 mM NaCl

1 mM EDTA 10% glycerol

0.1% Triton X-100
HEGN buffer
25 mM HEPES-KOH pH 7.6
10% glycerol
0.02% Nonidet P-40



MM.6.2. Recombinant proteins from infected Sf9 cells

pFastBacl baculovirus vectors coding for HA-Cullin1, 6xHIS-Skp1, Roc/
Rbx1, FBXL14-HA, 3xFlag-FBXL5, 6xHIS-Snaill-HA and GST-Snaill-HA
were used to generate recombinant bacmids using the Bac-to-Bac® system
(Invitrogen). Isolated bacmids were transfected in Sf9 insect cells using
the Cell Fectin II reagent (Invitrogen) to generate high titer baculoviruses.
Infection of Sf9 cells was performed during 2-3 days and cell pellets were
snap frozen and stored at -80°C.

Purification of the SCF™*5 or SCF**!* complexes was done after infection
for 48-72h of 6xHIS-Skpl, HA-Cullinl, Rbxl and 3xFlag-FBXL5 or
FBXL14-HA baculovirus at ratio 1:2:1:1, respectively. Lysis was carried out
in HEGN buffer with 400 mM KCI (HEGN 400) and clarified cell extracts
were diluted to 200 mM KCI with 10 mM Imidazole and incubated with
100-200 ul bead volume of Ni-NTA agarose beads for 3h, washed three
times in HEGN 400 with 20 mM imidazole, once with HEGN 100 with
20 mM imidazole and eluted using HEGN 100 with 500 mM imidazole.
Purified 6xHIS-Snaill-HA and SCF complexes were analyzed by SDS-
PAGE and Coomassie staining, and quantified using a BSA standard and
image software analysis (Image Quant, GE Healthcare LifeSciences).

For GST-Snaill-HA purification from infected Sf9 cells the pellet was
resuspended in STE buffer with 1% Triton X-100, syringed 5 times and
sonicated twice at 15% for 10s. The lysate was kept on ice for 10min and
centrifuged at 15,000 rpm for 20min. Binding to Gluthatione Sepharose
4E beads, washing and elution was as for E. coli protein purification.
Purification of 3xFlag-FBXL5 was carried out following the same protocol
as for GST-Snaill but using anti-Flag M2 affinity gel (A2220) and elution
using the 3xFlag peptide (F4799, both from Sigma) following manufacturer’s
instructions. Again the proteins were analyzed by SDS-PAGE and Coomassie
staining and quantified using a BSA standard and image software analysis
(Image Quant, GE Healthcare LifeSciences).

MM.6.2.i. De-phosphorylation of GST-Snaill from Sf9 cells

During the purification process of GST-Snaill from Sf9 cells washed
Gluthatione Sepharose beads with the bound protein were incubated
with Calf Intestinal Phosphatase (CIP) in buffer NEB3 (100 mM NacCl, 50
mM Tris-HCI pH 7.9, 10 mM MgCl2 and 1 mM DTT) for 20min at 30°C.
The de-phosphorylated protein, which was still bound to the beads, was
washed three times for 5min with 1 ml cold PBS and eluted as described for
unmodified GST-Snaill.
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MM.7. RNA analysis
MM.7.1. RNA extraction and semi-quantitative RT-PCR

Total RNA was extracted from cells with the RNeasy mini kit (Qiagen).
For Snaill amplification, 0.5 ug of total RNA were used with the Qiagen
OneStep RT-PCR kit using specific primers. RNA was quantified using
either a quartz cuvette and a Cary 50 UV-Vis spectrophotometer (Varian)
or a NanoDrop™ Spectrophotometer (Thermo Scientific). For FBXL14 and
HPRT amplification 0.5 pg of total RNA were reverse-transcribed with the
SuperScript™ First-Strand kit using Oligo dT (Invitrogen) according to the
manufacturer’s instructions and cDNA was used in semi-quantitative RT-
PCR. The primers used were: L14-1, for human and murine FBXLI14 (200
ng cDNA, 34 cycles); SN-1, for murine SNAILI (37 cycles); SN-2, for human
SNAILI (37 cycles); TW-1, for human and murine TWISTI (37 cycles);
and HP-1, for human and murine Hypoxanthine phosphoribosyltransferase
(HPRT; 100 ng; 34 cycles). For transcript analysis of FBXLI4 the indicated
primers were used with 100 ng RNA and 37 cycles, with previous treatment
of RNA with DNAse to avoid cross-contamination. For analysis of NAT the
RT was carried out using the specific reverse primer and, before the PCR
step, the forward primer was added to amplify the transcript in a strand-
specific manner (Table MM.7).

MM.7.2. Phenol-chloroform RNA extraction

To extract RNA cells were washed three times with PBS and lysed in 800
ul TRIzol® reagent (phenol; Invitrogen). The lysate was vortexed, 200 pl
chloroform added, mixed and incubated at room temperature for 2min.
The solution was centrifuged at 13,200 rpm at 4°C for 15min and the clear
supernatant was removed and mixed with 500 pl isopropanol. Incubation
for 10min at room temperature precipitated the RNA which was pelleted at
13,200 rpm at 4°C for 15min. The pellet was washed with 1 ml 75% ethanol
and centrifuged at 7,500 rpm at 4°C for 5min. After evaporation of all
ethanol traces in a bath at 60°C the RNA pellet was resuspended in water
and dissolved for 10min at 60°C prior to quantification.

MM.7.3. Quantitative RT-PCR

RNA was retrotranscribed using oligo dT and the Transcriptor First
Strand ¢cDNA Synthesis Kit (Roche) following manufacturer’s instructions.
Analyses were carried out in triplicates with 100-150 ng of cDNA using
the LightCycler 480 Real Time PCR System (Roche). The primers used for
quantitative RT-PCR are indicated in Table MM.7 and can be identified
since the primer name starts with a lower case g.



MM.7.4. Transcript analysis of tumor samples

Thirty-three samples of colon adenocarcinomas and their matched normal
colon mucosa (taken, at least, 3 cm from the outer tumor margin) were
obtained immediately after surgery, immersed in RNA later™ (Ambion
Inc, Austin, Texas), snap-frozen in liquid nitrogen and stored at -80°C
until processing. The use of these samples for the study was approved by
the Research Ethics Board of the Hospital Universitario Puerta de Hierro
(Madrid, Spain). RNA was extracted from tumor cell lines and from about
30 mg of tumor and normal tissues using RNeasy Mini Kit (Qiagen). RNA
samples were treated with an RNase-free DNase, DNA-free™ (Ambion), as
specified in the manufacturer’s protocol and nucleic acids were quantified
spectrophotometrically with the NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Inc, Wilmington, Delaware, USA).

The analysis of these samples was carried out as previously described [110].
400 ng of RNA were retro-transcribed using the Gold RNA PCR Core Kit
(PE Biosystems, Foster City, CA) and random hexamers. Real-time PCR
was performed in a Light-Cycler apparatus (Roche Diagnostics, Mannheim,
Germany) using the LightCycler-FastStart™" DNA Master SYBR Green
I Kit (Roche Diagnostics, Mannheim, Germany) and oligonucleotides
corresponding to human TWIST1 (TW-1), FBXL14 (L14-2) and Carbonic
Anhydrase 9 (CA9; CA-1; Table MM.7). Expression of TWIST1 RNA was
only detected in 23 tumor samples and never in normal tissues. FBXL14
RNA levels were calculated in the tumor and in normal tissues by a relative
quantification approach. CA9 was not detected in normal tissues; therefore,
its expression was only determined in tumor tissues. An arbitrary value
(0.001), corresponding to half the minimum value detected in the series,
was assigned to three tumors in which CA9 expression was not detected.
The amounts in the target genes were expressed in relation to the expression
of succinate dehydrogenase complex subunit A (SDHA; primers SDHA-
1) [110]. The relative concentrations of targets and reference genes were
calculated by interpolation, using a standard curve of each gene generated
with a serial dilution of a cDNA prepared from RNA extracted from SW480-
ADH cells. The expression levels of FBXL 14 for each patient were calculated
as the ratio of its expression in tumor (T) versus its expression in normal
tissue (N) (T/N).

As the gene expression values were not normally distributed (according
to Kolmogorov-Smirnov test), to carry out the statistical analysis we
normalized data distribution by using log . Expression levels of CA9 and
FBXL14 were contrasted with presence or absence of TWIST1 expression
in different tumor samples by ANOVA. CA9 and FBXL14 expression levels
were studied by the Pearson test. Two-tailed p values < 0.05 were considered

MATERIALS &
METHODS

125




statistically significant. Statistical analysis was carried out using the SPSS
statistical package, version 13.0.

MM.7.5. Primers used

Primer Sequence

L14-1 5-ATGGCATCAACCGCATGGTGC-3’ and 5-CCTTCTCACTGTCCGTCATCTGCC-3’
L14-2 5-GGCTGCACCCGAATCACCAAG-3 and 5-TCCCCTCGTGCCTCCTTCTCAC-3
SN-1 5-GCGCCCGTCGTCCTTCTCGTC-3 and 5-CTTCCGCGACTGGGGGTCCT-3
SN-2 5-TTCCAGCGCCCTACGACCAG-3’ and 5-GCCTTTCCCACTGTCCTCATC-3

HP-1 5-GGCCAGACTTTGTTGGATTTG-3" and 5-TGCGCTCATCTTAGGCTTTGT-3’
TW-1 5-CATGTCCGCGTCCCACTAG-3" and 5-TGTCCATTTTCTCCTTCTCTGG-3

CA-1 5-ATCCACGTGGTTCACCTCAG-3’ and 5-CGATTTCTTCCAAGCGAGAC-3’

SDHA 5-TGGGAACAAGAGGGCATCTG-3' and 5-CCACCACTGCATCAAATTCATG-3’

L14-t2A 5-GTGAGAAGGTCAGGGATTGCTCT-3 and 5-CCACTCTGGTGCTGCTCAG-3
L14-t2B 5-GTGCCTCAAGGGATTGCTCT-3' and 5-CCACTCTGGTGCTGCTCAG-3

L14-NAT 5-CCTTCTCACTGTCCGTCATCTGCC-3’ and 5-ATGGCATCAACCGCATGGTGC-3
qSNAIL1 5-GCCTTTCCCACTGTCCTCATC-3’ and 5-TTCCAGCAGCCCTACGACCAG-3’
qFBXL14 5-TGCCTGTTCCCGGAGCTGCT-3' and 5-CTTGTGGTAGGCGGCGTCCC-3’

qFBXL5 5-CTTACCCAGACTGACATTTCAGATTC-3 and 5-GAAGACTCTGGCAGCAACCAA-3’
qHPRT 5-GGCCAGACTTTGTTGGATTTG-3' and 5-TGCGCTCATCTTAGGCTTTGT-3’
qFBXW5 5-CGCAGTGCCACAGGCGCCAA-3" and 5-ACGGGCCCTGCCGTGGTCAT-3’
qFBX03 5-AGCCCGATTGGAAATGGGTCCTGATG-3' and 5~ AGGCGTGAGCAGCGGCGTCT-3
qFBX04 5-TTCAGCGACTGGGGCCGCCT-3’ and 5-CAGCCGCGTCAGGGTGCTGG-3
qFBX05 5-GCCGGTCCAGAAGACGGCGG-3 and 5-TTACAACCGGCTCCCCACGTCCG-3
qFBX024 5-GCCTAGGCTGGGGACATGGTGAA-3’ and 5-AGCGGCAGGTCTGGCCGAGG-3’
qFBX025 5-ACAGAAGATGGCTGGAAGAGATGT-3 and 5-TAGCCATGCCTTTTGAGTATTTGTGT-3
qFBX027 5-AGCTGCCAGTCTCCCGCCCG-3' and 5-TCGGAGGCCTTCTTGGCCGCA-3

Table MM.7. Primers used for mRNA analysis. The sequences of the different primers
used in this study are listed. The first primer is forward and the second primer reverse;
q: quantitative RT-PCR.
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MM.8. Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) assays were performed using p150
plates of the indicated cells at 80% confluence. Cells were crosslinked with
1% formaldehyde in serum-free DMEM at 37°C for 10min. Crosslinking
was stopped using a final concentration of 125 mM glycine for 2min at
room temperature. From this point on all the processes were at 4°C. Cells
were collected in 1 ml Soft lysis bufter, centrifuged at 3,000 rpm for 15min
and the pellet resuspended in 0.5 ml SDS lysis buffer and sonicated 10 times
for 10s at 40% (Branson) to generate DNA fragments of around 500 bp.
Incubation of 20min on ice and centrifugation was used to verify lack of
sedimentation of the chromatin. For IP 0.5-1 pg of chromatin was diluted
10 times in dilution buffer (final SDS concentration of 0.1%), incubated
overnight with rabbit anti-HA pAb (1:250) or mouse hybridoma anti-
Snaill mAb (1:10), and immunocomplexes were recovered for 1h with
blocked (BSA and sheared salmon sperm DNA) 20 pl protein A or protein
G magnetic beads (Invitrogen), respectively. Beads were washed five times
with 1 ml of each of the following buffers: Low salt, High salt, LiCl and TE
and eluted for 30min at 37°C in 100 pl Elution buffer.

To de-crosslink proteins from DNA 200 mM final concentration of
NaCl was added to each sample and incubated at 65°C for at least 4h.
Proteinase K treatment was carried out by adding 10 ul 0.5 M EDTA, 20
ul 1 M Tris pH 6.5 and 2 pl Proteinase K (Sigma) for 1 h at 55°C. DNA
was purified using the Illustra GFX PCR DNA and Gel Band Purification
kit (GE Healthcare) and eluted using 50 pl of water. Bound DNA was
detected by quantitative RT-PCR as for RNA analysis with the following
primers: prom forward (FW) 5-GCTTAGGGGAAGGCTGTTCC-3’ and
reverse (RV) 5- CCCTCCAGTCGGTGTTCTAGAA-3’; primer 1 FW
5-AGGCCAAGCTGCACCTG-3’ and RV 5-TTGTAGCAGCCGCTGAG
GTT-3% primer 2 FW 5-TTCTGCTCATTGCCTGGG-3
and RV  5-GTGAGTTTCTG  GCAGTCCTGAA-3’;  primer
3 FW 5-AGGCTCCTCAACCTCAGCTT-3 and RV
5-CATGGCCAGATGCATGATG-3’; and primer 4 FW 5-CTGTGACA
AGGTGGGAGATCA-3" and RV 5-TGCATCTGCCGCACCAT-3..
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Soft lysis buffer

50 mM Tris-HCI pH 8.0
2 mM EDTA

0.1% Nonidet P-40

10% glycerol

Protease inhibitors

Dilution buffer
0.01% SDS

1.1% Triton X-100
1.2 mM EDTA
167 mM NaCl

16.7 mM Tris-HCI pH 8.0

High salt buffer

0.1% SDS

1% Triton X-100

2 mM EDTA

20 mM Tris-HCI pH 8.0

500 mM NacCl

TE buffer
10 mM Tris-HCI pH 8.0
1 mM EDTA pH 8.0

SDS lysis buffer

50 mM Tris-HCI pH 8.0
10 mM EDTA

1% SDS

Low salt buffer
0.1% SDS

1% Triton X-100
2mM EDTA

20 mM Tris pH 8.0
150 mM NaCl

LiCl buffer

250 mM LiCl

1% Nonidet P-40

1% Sodium deoxycholate
1 mM EDTA

10 mM Tris-HCI pH 8.0

Elution buffer
1% SDS
100 mM Na,CO,



MM.9. Electrophoretic Mobility Shift Assay (EMSA)

The DNA probes were obtained by annealing the forward and
reverse oligonucleotides in TEN buffer, placed at 95°C for 5min
and allowed to cool down to room temperature in a dry heating
block. The sequences corresponded to E-box 1 in the E-cadherin
promoter (positions -64 to -92) with the following sequence:
5-GGCTGAGGGTTCACCTGCCGCCACAGCC-3’ The mutated E-box 1
version was 5-GGCTGAGGGTTAACCTACCGCCACAGCC-3’ (mutated
bases are underlined) [41]. The probe was labeled with **P using T4
polynucleotide kinase (Invitrogen) and Forward Reaction Buffer according
to manufacturer’s instructions. Excess unincorporated radioactive y*?P-ATP
was removed using I[llustra MicroSpin G-50 Columns (GE Healthcare). The
counts per minute (cpm) of the labeled probe were determined using the
liquid scintillation analyzer Tri-Carb 2800TR (Perkin-Elmer). When used,
the probe was diluted to 10,000 cpm/pl in TE buffer.

TEN Buffer Binding buffer

10 mM Tris-HCI pH 7.5 20 mM HEPES-KOH pH 7.9

50 mM NaCl 100 mM KClI

1 mM EDTA 3 mM MgCl,
0.1% Nonidet P-40

TBE buffer 1 mM DTT

45 mM Tris 1.5 uM ZnCl,

45 mM boric acid

1 mM EDTA pH 8.0 6% non-denaturing gel (30 ml)
4.7 ml acrylamide:bisacrylamide

EMSA loading buffer 40% (19:1)

20% Ficoll 400 3 ml TBE 10x

0.25% Bromophenol blue 400 pl 10% APS

0.25% Cyanol xylene 40 Wl TEMED

Recombinant proteins (in 10 mM Tris-HCI pH 7.4) were incubated in 20 ul
Binding buffer on ice for 30min unless otherwise stated. 500 ng of poly dI-
dC (Sigma) and 0.2 pmol of *?P-labelled probe (5x10* cpm) were added to
the reactions and incubated on ice for an additional 30min. For super-shift
reactions 250 ng of rabbit IgG or rabbit pAb HA were added and incubated
at room temperature for 15min. When competition was carried out with
the wt or mutated probe 10-fold cold probe were used when compared
to the labeled probe. In the case of binding of DNA to the product of a
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ubiquitination reaction, the Binding buffer, the labeled probe and the poly
dI-dC were added after the reaction time in a total volume of 30 ul and
incubated on ice for 30min. Protein-bound DNA complexes were resolved
in a 6% non-denaturing TBE-polyacrylamide gel and run at constant
intensity of 10 mA in TBE buffer in the Protean® ii xi Cell System (Bio-Rad)
previously pre-run for at least 1h at 10 mA. Before loading the samples the
first sample (control) was mixed with EMSA loading buffer containing two
dies that allowed for the tracking of the radioactive free probe in the gel as
it was running. After running the gel was dried using 80°C heat in vacuum
conditions for 1h and different expositions were made using Hyperfilms
ECL (Amersham).



MM.10. Mass Spectrometry (MS) analysis

The protein bands excised from a Colloidal blue stained (Invitrogen) 4-20%
Mini-Protean® TGX™ Precast polyacrylamide gel (Bio-Rad) were obtained
from in vitro ubiquitination assays carried out as described in section
MM.5.2 using 4-fold more HIS-Snaill than indicated. The reaction time was
2.5h and all the procedure was carried out avoiding keratin contamination
of the samples. The two sections below describing the MS analysis included
below were written and the procedures carried out by Drs. E. Sabid6 and G.
Espadas-Garcia in the CRG/UPF Proteomics Unit (PRBB, Barcelona).

MM.10.1. Sample preparation

Gel bands were destained with 40 % acetonitrile in a 100 mM ammonium
bicarbonate buffer, reduced with DTT (2 uM, 30min, 56°C) and alkylated in
the dark with iodoacetamide (10 pM, 30 min, 25°C). Gel bands were then
dehydrated with acetonitrile and digested with 0.3 ug of trypsin (Promega)
overnight at 37°C. After digestion, tryptic peptides were extracted and
cleaned up on a homemade Empore C18 column (3M, St. Paul, MN, USA)
[236].

The peptide mixes were analyzed using a LTQ-Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an
EasyLC (Thermo Fisher Scientific (Proxeon), Odense, Denmark). Peptides
were loaded directly onto the analytical column at a flow rate of 1.5-2 pl/
min using a wash-volume of four times the injection volume, and were
separated by reversed-phase chromatography using a 12 cm column with an
inner diameter of 75 um, packed with 5 pm C18 particles (Nikkyo Technos
Co., Ltd. Japan). Chromatographic gradients started at 97% buffer A and
3% bufter B with a flow rate of 300 nl/min, and gradually increased to 93%
buffer A and 7% buffer B in 1min, and to 65% buffer A and 35% buffer B
in 60min. After each analysis, the column was washed for 10min with 10%
buffer A and 90% buffer B. Buffer A: 0.1% formic acid in water. Buffer B:
0.1% formic acid in acetonitrile.

The mass spectrometer was operated in positive ionization mode with
nanospray voltage set at 2.2 kV and source temperature at 250°C. Ultramark
1621 for the FT mass analyzer was used for external calibration prior the
analyses. Moreover, an internal calibration was also performed using the
background polysiloxane ion signal at m/z 445.1200. The instrument was
operated in DDA mode and full MS scans with one micro scan at resolution
of 60,000 were used over a mass range of m/z 250-2,000 with detection in
the Orbitrap. Auto gain control (AGC) was set to 1e6, dynamic exclusion (60
seconds) and the charge state filter disqualifying singly charged peptides was
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activated. Following each survey scan the top twenty most intense ions with
multiple charged ions above a threshold ion count of 5,000 were selected for
fragmentation at normalized collision energy of 35%. Fragment ion spectra
produced via collision-induced dissociation (CID) were acquired in the
linear ion trap, AGC was set to 5e4, isolation window of 2.0 m/z, activation
time of 0.1ms and maximum injection time of 100ms was used. All data
were acquired with Xcalibur software v2.2.

MM.10.2. Data analysis

Proteome Discoverer software suite (v1.3.0.339, Thermo Fisher Scientific)
and the Mascot search engine (v2.3, Matrix Science [237]) were used for
peptide identification. Data were searched against an in-house generated
database containing all proteins corresponding to mouse in the SwissProt
database plus the most common contaminants as previously described
[238]. A precursor ion mass tolerance of 7 ppm at the MSI level was used,
and up to three miscleavages for trypsin were allowed. The fragment
ion mass tolerance was set to 0.5 Da. Oxidation of methionine, protein
acetylation at the N-terminal, phosphorylation at serine, threonine and
tyrosine and ubiquitination (glycine-glycine) at lysines were defined as
variable modification. Carbamidomethylation on cysteines was set as a fix
modification. The identified peptides were filtered using a Mascot Ion Score
of 20.



MM.11. In vitro kinase assays

To phosphorylate recombinant Snaill 4 pmol of the purified protein were
incubated with 100 ng CK2 (a and { subunits; Biaffin GmbH & Co KG) or
50 units GSK-3p (NEB) for 30min at 30°C and stopped with 2x Loading
buffer and boiling at 95°C for 3min. The reaction was carried out in a total
volume of 10 pl containing 20 mM Tris-HCI pH 8.0, 100 mM NaCl, 125
ug/ml BSA, 20 mM MgCL, 0.75 mM DTT and 125 uM ATP. When using
radioactive ATP 2 puCi were added to the 125 pM ATP. Radioactive reactions
were employed as positive control of the activity of the kinase upon the
target protein, and one third of the reaction was loaded and separated in a
10% polyacrylamide gel. After running, the gel was dried using 80°C heat
in vacuum conditions for 1h and different expositions were made using
Hyperfilms ECL (Amersham). The non-radioactive reactions performed
in parallel were used for pulldown and in vitro ubiquitination assays as
described in the corresponding sections.
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