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Abstract

The Snail family of transcription factors are core inducers of epithelial-to-mesenchymal transition
(EMT). Here we show that the F-box protein FBXO11 recognizes and promotes ubiquitin-
mediated degradation of multiple Snail family members including Scratch. The association
between FBXO11 and Snail invitro is independent of Snail phosphorylation. Overexpression of
FBXO11 in mesenchymal cells reduces Snail protein abundance and cellular invasiveness.
Conversely, depletion of endogenous FBXO11 in epithelial cancer cells causes Snail protein
accumulation, EMT, and tumor invasion, as well as loss of estrogen receptor expression in breast
cancer cells. Expression of FBXO11 is downregulated by EMT-inducing signals TGFp and nickel.
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In human cancer, high FBXO11 levels correlate with expression of epithelial markers and
favorable prognosis. The results suggest that FBXO11 sustains the epithelial state and inhibits
cancer progression. Inactivation of FBXO11 in mice leads to neonatal lethality, epidermal
thickening, and increased Snail protein levels in epidermis, validating that FBXO11 is a
physiological ubiquitin ligase of Snail. Moreover, in C. elegans, the FBXO11 mutant phenotype is
attributed to the Snail factors as it is suppressed by inactivation/depletion of Snail homologs.
Collectively, these findings suggest that the FBXO11-Snail regulatory axis is evolutionarily
conserved and critically governs carcinoma progression and mammalian epidermal development.

E-cadherin; Snail; Scratch; EMT; F-box; epidermis

1. Introduction

As one of the four primary tissues, epithelia cover the external or internal surface of the
body as well as its cavities and tubes, and act as protective barriers. This is exemplified by
the mammalian skin that protects the body from water loss and infections. Mammalian
epidermis has been one of the best-characterized paradigms to study epithelial development
and homeostasis [1]. The epidermis develops from a single-layered surface ectoderm during
embryogenesis. As the ectodermal cells proliferate, the epidermis progressively stratifies.
Only the basal layer is mitotically active. Basal cells destined for terminal differentiation
withdraw from the cell cycle, delaminate, and migrate up to become spinous cells, which
further differentiate into granular keratinocytes and eventually form the outermost stratum
corneum. The vital function of epithelia requires cells to assemble polarized, continuous
sheets. Epithelial cells tightly attach to each other through lateral junctional structures, in
particular the adherens junctions (AJs) [2]. As a central constituent of epithelial AJs, E-
cadherin critically promotes stable cell-cell adhesion and sustains epithelial tissue structure.
E-cadherin maintains the quiescence of the cells within the epithelial sheets [3,4]. Ablation
of the E-cadherin gene in mouse developing epidermis leads to epidermal hyperproliferation
and defective differentiation, in addition to a perturbed water barrier [5-7]. E-cadherin also
confines cell motility. In carcinomas, inhibition of E-cadherin facilitates cell detachment
from the primary tumor and enhances cell invasiveness [8]. Inactivation of E-cadherin
potentiates tumor invasion and metastasis in vivo in a mouse model of carcinogenesis [9].
Indeed, loss of E-cadherin is an indicator of invasive carcinomas and is commonly used for
cancer diagnosis and prognosis [8]. Overall, E-cadherin is a crucial suppressor of epithelial
cell overproliferation and carcinoma invasion.

The epithelial property is dynamically remodeled during embryonic development, notably
via a reprogramming process referred to as epithelial-to-mesenchymal transition (EMT)
[10,11]. During EMT, epithelial cells decrease epithelial markers, dissolve cell-cell
junctions, and acquire migratory and invasive traits of mesenchymal cells. Downregulation
of E-cadherin is a hallmark of EMT. The epithelial plasticity is under strict spatiotemporal
regulation during embryonic morphogenesis. In adults, as barriers, epithelia are frequently
exposed to a variety of exogenous and endogenous insults including growth factors and
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inflammatory cytokines, many of which are indeed EMT-inducing signals. Because EMT
compromises epithelial integrity, epithelia must resist unscheduled EMT to preserve their
functionality. Aberrant activation of EMT may lead to defective barriers and pathological
events such as fibrosis and cancer. Indeed, EMT has been implicated in carcinoma invasion,
metastatic dissemination, and therapy resistance [10]. Therefore, understanding the
regulation of EMT and epithelial maintenance is of crucial importance.

EMT is governed by a cohort of transcription factors, including members of the Snail, Zeb,
and Twist families [10-13]. These transcription factors induce extensive gene expression
changes and cellular phenotypic switch. As core drivers of EMT, Snail family members
Snail (also known as Snail) and Snai2 (Slug) are transcriptional repressors that directly
inhibit the transcription of E-cadherin and several other intercellular adhesion components
[12,14]. The direct repression of E-cadherin by Snail has been considered dogma of
transcriptional regulation of EMT. Ectopic expression of Snail/2 induces EMT in various
epithelial cells in vitro. Transgenic overexpression of Snail in mouse epidermis, albeit
insufficient for the induction of EMT [15], decreases E-cadherin expression and causes
epidermal hyperplasia [16,17], which phenotypically mimics loss of E-cadherin and is
consistent with E-cadherin’s anti-proliferative activity in the developing epithelia. In human
cancer, expression of Snail/2 and E-cadherin is inversely correlated, and elevated levels of
Snail/2 are associated with tumor aggressiveness and metastasis [12,13]. Collectively, the
Snail-E-cadherin axis profoundly impacts epithelial cell proliferation and plasticity in
normal development and carcinoma progression.

Snail family proteins are highly unstable. Their stability has emerged as a key determinant
of the epithelial phenotype [12,13]. Snail/2 are degraded by the ubiquitin-proteasome
pathway. The Skp1-Cull-F-box-protein (SCF) ubiquitin ligase complexes use diverse F-box
proteins as the critical substrate-recognition subunit to selectively bind target proteins for
ubiquitination and proteolysis [18]. Three F-box proteins, FBXW1 (BTRCP), FBXL14 (Ppa)
and FBXL5, have been shown to promote Snail/2 degradation [19-25]. Genetic inactivation
of FBXW1 and its closely related paralogue FBXW1B (FBXW11, BTRCP2) in mice
demonstrates that these factors control Snail during spermatogenesis in the testis of adult
males, but are dispensable for Snail regulation in embryonic development [26,27]. The
physiological roles of mammalian FBXL14 and FBXL5 are unknown. Therefore,
physiological regulation of mammalian Snail/2 remains largely elusive.

Through biochemical purification, we identified a distinct F-box protein, FBXO11, which
interacts with Snail/2 and promotes their ubiquitination and degradation. Depletion of
endogenous FBXO11 in carcinoma cells leads to accumulation of Snail protein, induction
of EMT, and tumor invasion, suggesting that FBXO11 is essential for suppressing EMT and
sustaining the epithelial state. Consistently, human cancers with reduced FBXO11
expression are associated with a mesenchymal phenotype and adverse clinical outcomes,
suggesting that FBXO11 is an independent prognostic factor. During mouse development,
genetic inactivation of FBXO11 causes neonatal lethality. FBXO11-deficient mouse
embryos exhibit increased Snail/2 protein levels, decreased E-cadherin expression, and
thickened epidermis. Such phenotypes resemble those of epidermis-specific transgenic
overexpression of Snail or deletion of E-cadherin [5-7,16,17], indicating that FBXO11 is a
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physiological ubiquitin ligase of Snail/2 to inhibit epithelial proliferation during mammalian
development. Finally, both FBXO11 and Snail are highly conserved in C. elegans, and
epistasis analysis demonstrates that FBXO11-dependent negative regulation of Snail is a
phyletically ancient program. Taken together, these data reveal that FBXO11 is a bona fide
physiological ubiquitin ligase of Snail/2, and critically guards epithelial cell proliferation
and invasion in mammalian development and cancer.

2. Materials and methods

2.1 C. elegans experiments

C. elegans was grown under standard conditions at 20°C. Strains ST65 ncls13[ajm-1::gfp]
and AA426 dre-1(dh99) were obtained from the CGC, and crossed to obtain 1U489
dre-1(dh99) ncls13[ajm-1::gfp]. For the seam cell fusion assay, gravid adult of ST65 and
1U489 worms were allowed to lay eggs on control RNAI (empty vector L4440), dre-1 or
ces-1 RNAI plates (from the Ahringer collection) for 3 hours. Seam cell fusion was scored
before the L3 molt (around 34 hours after egg lay), developmental age was verified by
gonadal outgrowth. L3 worms were anesthetized with 0.7% 1-phenoxy-2-propanol.

2.2 Generation of FBXO11-deficient mice

C57BL/6 mouse ES cells heterozygous for a targeted allele of FBXO11 were obtained from
EUCOMM, and microinjected into blastocysts derived from C57BL/6J-Tyrc (albino) female
mice. Male chimeras were bred with C57BL/6 female mice to obtain germline transmission
of the targeted mutation. FBX0O11 homozygous mutants were obtained by breeding
heterozygous male and female mice. All mice were maintained in the C57BL/6 background.

2.3 Cell culture and treatments

HEK?293, MCF-7, and MDA-MB-231 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% bovine calf serum. H358 and MEF cells were
grown in DMEM with 10% fetal bovine serum (FBS). PC3 cells were grown in RPMI-1640
medium with 10% FBS. HCT116 cells were grown in McCoy’s 5A Medium with 10% FBS.
Where indicated, the following drugs were used: MG132 (10 uM), cycloheximide (CHX)
(20 nM).

2.4 Lentiviral shRNA depletion and RT-qPCR

To deplete various F-box proteins, cells were infected with lentiviral vector or ShRNAs.
After puromycin selection, cells were harvested in Trizol (Invitrogen), followed by RNA
extraction. Reverse transcription of RNA was conducted using Moloney murine leukemia
virus (MuLV) reverse transcriptase with random hexamers. The expression levels of
selected genes were determined by real-time PCR. Data were normalized against -actin.
Primer and shRNA sequences are listed in Supporting Information.

2.5 Snail protein degradation assay

HEK?293 cells were seeded in 6-well plates for 24 h and transfected with 0.5ug of pPCDNA3-
Snaill-Flag or Snail mutant (p)CDNA3-Snail-6SA-Flag) and 0, 0.4, 0.8, 1.2ug of pPCDNAS3-
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FBXO11, the truncated FBXO11 (aal-335) or the missense mutant FBXO11 (aal-335,
E281K/1282F/V301F). When indicated, 100ng GFP was used as internal transfection
control. Cells were harvested after 24 h, and total extracts were obtained using denaturing
lysis buffer (50mM Tris(pH7.5) ,1mM EDTA and 1%SDS), boiled for 10min and analyzed
by Western blot using the Flag or Snail antibody.

2.6 Measurement of Snail half life

HEK?293 cells were seeded in 6-well plates for 24 h and transfected with 500 ng of
pcDNA3-Snaill-Flag and 100ng GFP was used as internal transfection control. Twenty-four
hours after transfection, cells were treated with cycloheximide (CHX) for 0, 0.5, 1, 2, 3, 4
hours and samples were collected in lysis buffer at the indicated time points for
immunoblotting.

2.7 In vivo ubiquitination

HEK?293T cells were transfected with Flag-tagged Snail or Snail-6SA and either empty
vector or Myc-tagged FBXO11. After 18h, transfected cells were treated with 10pM
proteasome inhibitor MG132 for 6h and extracts were prepared in denaturing lysis buffer
including 50mM Tris (pH7.5),1mM EDTA and 1%SDS. Lysates (100ul volume) were
denatured by boiling for 10 min . Lysates were then diluted 10-fold with cold co-
immunoprecipitation buffer (20mM Tris PH7.5,150mM NaCl, 0.5%NP-40), followed by
centrifuge at 13,200 rpm for 10 min in 4°C. The supernatants were subjected to
immunoprecipitation with anti-Flag M2 antibody and Protein A/G+ beads. Western blotting
was carried out with mouse anti-ubiquitin monoclonal antibody (Cell Signaling, Billerica,
MA).

2.8 Transwell invasion assay

The membranes of Transwell chambers (24-well insert; pore size, 8 um; BD Biosciences)
were coated with 20ug/ml fibronectin at 37°C overnight. Cells (4x10%) were resuspended
with serum-free medium and were plated in the top chamber. Inserts were placed in
complete medium supplemented with serum. After 24h, cells that invaded through the pores
and migrated to the lower surface of the membrane were fixed and stained with 1% crystal
violet. Pictures were taken under microscope and the numbers of cells were counted.

2.9 Wound-healing migration assay

Cells were plated on 6-well plate and cultured to confluence. A wound was created by
manually scraping the cell monolayer with a 200 pl tip and the cells were washed with PBS
and maintained in serum-free medium for the duration of the experiment. Closing of the
wounds was photographed at 0, 24 and 48 hr following wounding.

2.10 Immunostaining

Paraffin embedded 4 pm thick lung sections from wild type and FBXO11 mutant littermates
were stained for H&E. Fresh frozen wild type and FBXO11 mutant littermates at E18.5
were stained for below mentioned antibodies with acetone fixation. Antibodies against
Snai2, N-cadherin, B-catenin, p63 (Cell Signaling, Billerica, MA) and Snail (Abcam,
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Cambridge, MA) were used at 1:100 dilution; anti-E-cadherin (Cell Signaling, Billerica,
MA) antibody was used at 1:400 dilution.

2.11 Analysis of human microarray data

3. Results

The genes expression microarray data were downloaded from The Cancer Genome Atlas-
Cancer Genome-TCGA (http://cancergenome.nih.gov/), and further studied by clustering
analysis of five genes (mesenchymal markers Fibronectin, Vimentin, and MMP2; and
epithelial markers E-Cadherin and KRT8) that are positively or inversely coexpressed with
FBXO11 in lung cancer cohort samples (n = 286). We next carried out a multi-gene score
according to the following algorithm and software: Normalization of probeset log2 values
was performed with median values from all samples. These data were uploaded into Cluster
3.0 to hierarchically cluster the genes using “centered correlation” and “complete” as the
distance metric and method. The output data were then loaded into Java Tree View software
to generate heatmap.

Overall survival of lung cancer patients was analyzed by a Web-based Kaplan-Meier plotter
(http://kmplot.com/analysis/index.php?p=service&cancer=lung). Lung cancer cohorts
consisted of GSE14814, GSE19188, GSE29013, GSE30219, GSE31210, GSE3141,
GSE31908, GSE37745, GSE43580, GSE4573, GSE50081, and GSE8894.

3.1 BXO11 interacts with Snail and Snai2

To better understand the regulation of Snail and its biochemical activity, we employed an
affinity purification-mass spectrometry strategy to isolate Snail-associated proteins [28].
We identified multiple peptides derived from FBXO11 [29] (Fig. S1). FBXO11 is distinct
from current F-box ubiquitin ligases of Snail, especially in regard to the substrate-
recognition domains. The potential association between FBXO11 and Snail raised the
possibility that FBXO11 might act as a new ubiquitin ligase of Snail. To test this idea, we
first verified the interaction between the two proteins. Immunoprecipitation (IP) of FBXO11
from mammalian cellular extracts pulled down both Snail and Snai2 (Fig. 1A). Ina
reciprocal assay, IP of Snail co-purified FBXO11 (Fig. 1A). The result suggests that
FBXO11 forms complexes with Snail/2 in cells.

We next validated the protein interactions and mapped interacting domains by in vitro
Glutathione S-transferase (GST) pulldown assay. The FBXO11 protein consists of an
amino-terminal F-box, followed by a small Cysteine (C)-rich domain, a central 19 tandem
repeats that may adopt a B-helix fold [30], and a carboxyl-terminal UBR motif that is
involved in recognition of N-end rule substrates [31] (Fig. 1B). An amino terminus-
truncated FBXO11 fragment (AN) and the UBR domain were each fused to GST (Fig. 1B),
and incubated with lysates prepared from HEK293 cells expressing exogenous Snail/2. We
found that both Snail and Snai2 proteins associated specifically with the fusion protein
containing FBXO11AN, but not with GST alone or the GST-UBR fusion (Fig. 1B). Further
dissection of FBXO11AN revealed that the C-rich domain was primarily responsible for
Snail binding (Fig. 1B).
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Interaction of Snail with FBXW1 requires GSK3B-mediated phosphorylation [19], we thus
tested whether its interaction with FBXO11 might have a similar requirement. A mutant
form of Snail, Snail-6SA, is resistant to phosphorylation by GSK3p and is not recognized
by FBXW1 [19]. However, FBXO11 bound to Snail-6SA as efficiently as to wild type
Snail (Fig. 1B). Therefore, the FBXO11-Snail interaction is independent of GSK3p-
mediated phosphorylation, and thus differs from the FBXW21-Snail association.

Snail protein can be phosphorylated at multiple sites by a variety of kinases other than
GSK3p [13]. We prepared bacterial expressed His-tagged full-length Snail protein that lacks
phosphorylation. We found that FBXO11 strongly bound to bacterial-expressed Snail
protein (Fig. 1C), suggesting that the interaction between the two proteins in vitro is
independent of Snail phosphorylation. Snail contains an amino-terminal SNAG domain and
four carboxyl zinc fingers (ZFs) (Fig. 1D). We further generated two truncated Snail
constructs: one lacks the SNAG domain and the other consists of only the ZFs. The SNAG
domain was dispensable for FBXO11 association, whereas the ZFs retained interaction with
FBXO11 albeit at a decreased affinity compared to full-length Snail (Fig. 1D).

Phosphorylation of Snail controls its subcellular localization, and FBXW1 binds to
phosphorylated Snail in the cytoplasm [19]. We hence examined the subcellular localization
of the FBX0O11-Snail complex. When Snail and FBXO11 were cotransfected into cells,
Snail displayed a mostly nuclear staining pattern as expected, FBX0O11 was predominantly
nuclear as well (Fig. 1E), suggesting that the two proteins mainly interact in the nucleus.
This is also consistent with FBXO11’s ability to bind to Snail-6SA, which resides
exclusively in the nucleus [19].

3.2 FBXO11 promotes ubiquitin-dependent degradation of Snail and Snai2

Based on the association of FBXO11 with Snail/2, we reasoned that FBXO11 might be a
ubiquitin ligase for their degradation. When Snail and GFP were transfected into HEK293
cells, co-transfection of FBXO11 abolished Snail protein expression, but had no effect on
GFP (Fig. 2A), suggesting FBXO11 specifically degrades Snail. FBXW1 only targets
phosphorylated Snail, but not Snail-6SA [19]. By contrast, FBXO11 efficiently degraded
Snail-6SA (Fig. 2A), suggesting that degradation of Snail by FBXO11 does not require
GSK3p-mediated phosphorylation. As all Snail family members contain the conserved ZFs
that exhibit association with FBXO11 (Fig. 1D), FBXO11 also promoted degradation of
Snai2 (Fig. 2A). The Scratch (Scrt) proteins constitute a divergent subgroup of the Snail
superfamily [32]. Scrtl was degraded by FBXO11 as well (Fig. 2A). In all cases, FBXO11-
promoted degradation of Snail family proteins was blocked by the proteasome inhibitor
MG132. Collectively, these results suggest that FBXO11 is capable of inducing proteasomal
degradation of probably all Snail superfamily members.

We attempted to map the domain of FBXO11 responsible for promoting Snail/2
degradation. Consistent with its Snail binding, a truncated FBXO11 (aa 1-335) that contains
the C-rich domain promoted proteasome-dependent degradation of Snail (Fig. 2A and S2).
When Snail was transfected with increasing amounts of FBXO11, reduction of Snail
protein levels became more pronounced (Fig. 2B). Since the UBR motif is dispensable for
Snail binding, deletion of UBR did not affect FBXO11’s ability to degrade Snail (Fig. 2B
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and S2). The FBXO11AN mutant lacking the F-box failed to decrease Snail protein levels
(Fig. 2B and S2). F-box is involved in recruiting the ubiquitin-conjugating enzyme [18]. The
F-box dependence indicates FBXO11 downregulates Snail via a ubiquitin-mediated
pathway. Indeed, when Snail or Snail-6SA was cotransfected with FBXO11, FBXO011
stimulated their polyubiquitination (Fig. 2C). Similarly, FBX011 enhanced
polyubiquitination of Scrtl (Fig. 2C). Consistent with these observations, FBX011
accelerated protein turnover of Snail, but not the GFP control protein (Fig. 2D). Taken
together, the results suggest that FBXO11 selectively promotes polyubiquitination and
degradation of Snail family proteins.

3.3 Overexpression of FBXO11 in mesenchymal cells activates the epithelial phenotype

Snail/2 factors are central drivers of EMT and directly contribute to repression of epithelial
genes in mesenchymal cells. The ability of FBXO11 to downregulate Snail/2 led us to
investigate whether overexpression of FBX0O11 might de-repress epithelial markers and
alter cellular phenotype. When mouse embryonic fibroblast (MEF) cells were transduced
with lentivirus expressing FBX011, endogenous Snail protein levels decreased and
concomitantly, E-cadherin RNA and protein expression increased (Fig. 3A), whereas
mesenchymal markers N-cadherin and Vimentin were not affected. Immunostaining with an
E-cadherin antibody revealed that a subset of FBXO11-transduced cells became E-cadherin
positive (Fig. 3B). It is likely that degradation of Snail factors by FBXO11 de-represses E-
cadherin, but full activation of E-cadherin transcription requires additional recruitment of
activators, which appears to be sporadic.

Upregulation of E-cadherin is indicative of mesenchymal-to-epithelial transition and is
expected to decrease cell motility and invasion. In the Transwell invasion assay, MEF cells
were highly invasive as they robustly invaded and migrated through the matrix. However,
such invasiveness was potently suppressed after transduction with lentiviral FBXO11 (Fig.
3C). FBXO011 did not exert notable effect on cell proliferation, as FBXO11-transduced cells
could be regularly cultured and passaged without evident changes in growth rates. Together,
these results suggest FBXO11 is able to downregulate endogenous Snail protein abundance
and activate epithelial features in mesenchymal cells.

3.4 Depletion of endogenous FBXO11 in epithelial cells stabilizes Snail protein and
induces EMT and tumor invasion

Because overexpression of exogenous FBXO11 in mesenchymal cells degraded Snail
protein and activated E-cadherin expression, we decided to determine the function of
endogenous FBXO11. We used two independent lentiviral short hairpin RNAs (shRNAs) to
deplete FBXO11 in MCF7 human breast carcinoma cells. Depletion of FBXO11 caused
marked upregulation of Snail protein levels and downregulation of E-cadherin and keratin 8
(KRT8), both of which are epithelial markers and known direct transcriptional targets of
Snail (Fig. 4A). The mesenchymal marker N-cadherin was increased (Fig. 4A). The E-
cadherin to N-cadherin switch is characteristic of EMT. Following depletion of FBXO11,
increased Snail protein levels and decreased E-cadherin expression were also observed in
other carcinoma cells examined, including HCT116 colon cancer (Fig. 4B), H358 lung
cancer, and PC3 prostate cancer cells (Fig. S3). The findings suggest that endogenous
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FBXO11 is required to prevent Snail protein accumulation and maintain E-cadherin
expression in epithelial cells.

Estrogen receptor ERa is a key regulator of mammary gland development and
tumorigenesis [33]. ERa is also a favorable prognostic indicator in breast cancer. Loss of
ERa in breast cancer is associated with increased recurrence and a heightened risk of
metastasis. ERa was previously identified as a direct target of Snail [34]. MCF7 cells are
ERa-positive. Consistent with increased Snail, ERa RNA and protein levels were strikingly
reduced in FBXO11-depleted MCF7 cells (Fig. 4A). As the exact mechanisms leading to
loss of ERa expression in human breast cancer progression are currently uncertain, this
observation implies that loss of FBXO11 might be a contributory factor.

Besides FBXO011, FBXW1 and FBXL14 also regulate Snail protein degradation. We thus
compared all three F-box factors for their effects on Snail protein stability. Each F-box
factor was depleted with two different lentiviral ShRNAs. Depletion of these F-box factors
in MCF7 cells all resulted in accumulation of Snail protein to various degrees, and FBXO11
depletion appeared to exhibit the strongest effect on stabilizing Snail (Fig. S4), suggesting
that multiple ubiquitin ligases can contribute to the regulation of Snail stability.

Decreased E-cadherin expression may weaken intercellular adhesion and change cell
morphology and behavior. As expected, depletion of FBXO11 in HCT116 carcinoma cells
gave rise to a predominance of dispersed and elongated single cells (Fig. 4C). To measure
the migratory capacity of cells, the common in vitro wound-healing assay was conducted.
Wounding lines (scratches) were introduced into the confluent monolayers of control
(vector) and FBXO11-depleted HCT116 cells. Despite slightly reduced cell proliferation
(not shown), FBXO11-depleted cells displayed increased motility as they migrated to fill in
the wounds (cell-free gaps) faster than control cells (Fig. 4D).

Cells acquire increased invasiveness through EMT. In the Transwell invasion assay, control
HCT116 cells rarely invaded, but FBXO11-depleted HCT116 cells were extremely invasive,
showing massive trans-matrix migration (Fig. 4E). When transplanted into immunodeficient
mice, control HCT116 cells formed encapsulated tumors with a clear boundary. By contrast,
FBXO11-depleted tumors showed evident local invasion, exemplified by extensive
infiltration of single tumor cells into nearby muscle fibers (Fig. 4F). Collectively, the results
suggest that FBXO11 is essential for active suppression of Snail protein abundance, EMT,
and tumor invasion.

3.5 EMT-inducing signals downregulate FBXO11 expression, and reduced FBXO11
expression in human cancer correlates with mesenchymal markers and adverse clinical

outcomes

Epithelial cells undergo complete or partial EMT when stimulated with persistent EMT-
inducing signals. If FBXO11 prevents Snail protein accumulation in epithelial cells and
hence suppresses EMT, how does EMT occur? We investigated whether FBXO11
expression was subjected to regulation during the induction of EMT. At the helm of EMT-
inducing signals is TGFp, which potently induces Snail/2 expression and EMT [35]. When
Ab549 lung cancer epithelial cells were exposed to TGFf for two days, cells underwent EMT
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and E-cadherin was downregulated (Fig. 5A) [28]. We found that FBXO11 RNA levels
were reduced too (Fig. 5A). Nickel solution also induces Snai2 and represses E-cadherin
expression in A549 cells [28]. We noticed that FBXO11 was markedly downregulated by
nickel treatment (Fig. 5A). To test whether FBXO11, like E-cadherin, was a target of Snail
or whether its reduced expression was a consequence of EMT, we examined a Snail-
dependent inducible EMT model [28]. Induction of Snail led to complete EMT and a strong
decrease of E-cadherin expression, however, FBXO11 expression was not affected (Fig.
5A). This result suggests that FBXO11 is not a transcriptional target of Snail. Collectively,
the data suggest that expression of FBXO11 is repressed by EMT-inducing signals TGF(§
and nickel, which presumably paves the way for the onset of EMT.

We subsequently examined FBXO11 expression in human tumors. Analysis of microarray
gene expression datasets revealed that FBXO11 in human cancer overlapped with epithelial
markers E-cadherin and KRT8, and inversely correlated with mesenchymal markers
Fibronectin, Vimentin, and MMP2 (Fig. 5B). This observation is consistent with FBXO11’s
role in suppressing EMT and maintaining the epithelial state. As EMT is an indicator of
malignant progression, we thus asked whether reduced FBXO11 expression might lead to
adverse prognosis. In a combined large lung cancer cohort [36], like E-cadherin, elevated
expression of FBXO11 is strongly correlated with increased recurrence-free survival in
patients (Fig. 5C). This association occurs mainly in lung adenocarcinomas but not in
squamous cell carcinoma. FBXO11 is thus a robust and independent prognostic indicator.
Taken together, the above analyses suggest FBXO11 is associated with epithelial
phenotypes and favorable clinical outcome.

Because FBXO11 is a favorable prognostic factor, we investigated whether its function
might be impaired by somatic mutations in human cancer. At the time of this study, cancer
genome sequencing uncovered more than 60 missense, nonsense, and frame-shift somatic
mutations in FBXO11 in human cancer samples, mostly carcinomas from various tissues
(http://cancer.sanger.ac.uk). There were no evident mutational hotspots in FBXO11. Three
missense mutations, namely E281K, 1282F, and VV301F, are located in the C-rich domain of
FBXO11, which is the major determinant of Snail/2 binding (Fig. 1B). Therefore, we
examined the consequence of these mutations on targeting Snail. In the GST pulldown
assay, E281K and V301F mutations abolished the association of FBXO11 with Snail (Fig.
S5A). Compared to wild type FBXO011, these two mutants were severely impaired in
degrading Snail (Fig. S5B and S5C). The results suggest that a subset of cancer-derived
mutations may compromise FBXO11’s ability to degrade the Snail factors. However, the
overall mutation rate of FBXO11 in human cancer was low. Impaired function of FBXO11
may be primarily attributed to its reduced expression (Fig. 5C).

3.6 Inactivation of FBXO11 in mice leads to neonatal lethality, decreased E-cadherin
expression, and defective epidermal development

Given its role in cancer, we wondered whether FBXO11 physiologically regulated Snail.
Regulation of mammalian Snail/2 in vivo remained poorly understood. We generated
FBXO011 mutant mice through blastocyst microinjection of targeted embryonic stem (ES)
cells (Fig. 6A-6C) [37]. The FBXO11 mutant allele carries a knock-in LacZ reporter (Fig.
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6A), which is controlled by regulatory elements of the FBXO11 locus. B-Galactosidase
staining of FBXO11-heterozygous mouse embryos at embryonic day 10 (E10) (Fig. 6D) and
various other stages (not shown) suggested that FBXO11 is ubiquitously expressed
throughout mouse embryonic development.

FBX011 homozygous mutant embryos survived to term, and did not exhibit gross
developmental defects compared to wild type littermates in regard to the size of embryos or
organs such as lung, heart, liver, and kidney (Fig. 6E). However, newborn homozygous
mutants died shortly after birth. Careful examination of histological sections of newborn
pups revealed that the epidermis in FBXO11 homozygous mutants was thicker than that in
wild type pups, and the number of hair follicles in FBXO11 mutants was substantially
reduced compared to wild type littermates (Fig. 6F). The increased epidermal thickness
apparently resulted from keratinocyte hyperplasia. Keratohyalin granules, which are
cytoplasmic aggregates characteristic of the normal granular layer [38], were virtually
absent in FBXO11 mutant skin (Fig. 6F), implying possible defective epidermal
differentiation. These phenotypes, especially the thickening of the epidermis and reduction
of hair follicles, were similarly observed in mice with epidermis-specific deletion of E-
cadherin [5,7]. We thus performed immunohistochemistry analysis of E-cadherin. Based on
the staining intensity, E-cadherin was robustly expressed in all epithelial cells of
interfollicular epidermis and hair follicles in newborn wild type mice, however, its
expression was strongly reduced in the FBXO11 mutants (Fig. 6F). The result provides in
vivo validation that FBXO11 is essential for maintaining E-cadherin expression in epithelial
cells.

3.7 FBXO11-deficient mouse mutants exhibit increased Snail/2 protein abundance in

epidermis

Given FBXO11’s role in targeting Snail/2 for degradation and maintaining E-cadherin
expression, we verified whether downregulation of E-cadherin in FBXO11 mutants might be
attributed to increased protein abundance of Snail/2 factors. We examined protein
expression in extracts prepared from the back skin (predominantly epidermis) of newborn
pups by Western blotting. Snail and Snai2 protein levels were markedly increased while E-
cadherin was strongly decreased in the FBXO11 mutant compared to wild type littermate
(Fig. 6G), suggesting FBXO11 prevents Snail/2 protein accumulation in vivo. The
mesenchymal marker N-cadherin was not detected in either wild type or FBXO11 mutant
skin (Fig. 6G).

To determine what cells exhibited elevated Snail proteins, we analyzed the expression
pattern of Snail factors by immunofluorescence analysis of E18.5 mouse embryos. Snail
MRNA was reported to be transiently expressed in the developing skin and primarily
restricted to the epithelium of nascent hair buds during follicle morphogenesis [16]. The
Snail antibody detected very weak signals in basal epidermal cells in wild type embryos
(Fig. 7A). By contrast, strong staining of Snail was observed in the basal epithelial layer of
epidermis and hair follicles in the FBXO11 mutant (Fig. 7A). Previous studies have shown
that Snai2 RNA was surprisingly primarily confined to the basal layer cells of various
stratified and pseudostratified epithelial tissues in late mouse embryonic stages [39-41].
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Consistently, Snai2 protein in wild type embryos was weakly detected specifically in the
basal cells of interfollicular epidermis and in the outer root sheath of hair follicles, but was
absent in the underneath dermal fibroblasts (Fig. 7A). Importantly, fluorescence staining
intensity of Snai2 in basal epidermal cells of the FBXO11 mutant was remarkably elevated
(Fig. 7A). Unexpectedly, Snai2 protein exhibited cytoplasmic localization (Fig. 7A). We
validated the Snai2 antibody on cultured mesenchymal cancer cells, which displayed
predominantly nuclear staining (Fig. S6), suggesting that the subcellular localization of
Snai2 in basal epidermal cells in vivo is subjected to specific regulation.

As the FBX011-Snail/2 pathway modulates epithelial phenotype, we further examined
expression of EMT markers in E18.5 mouse embryos. Epidermal basal and suprabasal cells
as well as hair follicle epithelial cells stained strongly positive for E-cadherin in wild type
embryos (Fig. 7B). In FBXO11 mutant, E-cadherin staining was diminished in all epidermal
epithelial cells (Fig. 7B). This observation is similar to reduced E-cadherin expression due to
epidermis-specific transgenic Snail [16,17]. The mesenchymal markers N-cadherin and
Vimentin specifically label the dermal compartment (Fig. 7B). There was no evident ectopic
expression of the mesenchymal markers in the FBXO11 mutant epidermis in which E-
cadherin was downregulated. This is consistent with the absence of mesenchymal marker
induction in Snail transgenic epidermis [15]. While downregulation of E-cadherin and
upregulation of N-cadherin often seem coupled in vitro (for instance, Fig. 4A and 4B), these
two gene regulatory programs appear to be separable in vivo. 3-catenin marks cell-cell
contacts and was detected in all epidermal epithelial cells, and there was no obvious
difference in the distribution or abundance of B-catenin in wild-type and FBXO11 mutant
(Fig. 7B). Expression of p63, a specific marker for the basal epidermal cells [42], generally
remained to be confined to a single layer in the epidermis of FBXO11 mutant (Fig. 7B),
suggesting epidermal thickening in the FBXO11 mutant mainly results from increased
suprabasal cells. Overall, inactivation of FBXO11 in mice leads to increased epidermal
Snail/2 protein abundance, decreased E-cadherin expression, and thickened epidermis.
These phenotypes resemble at least in part those of aforementioned epidermal deletion of E-
cadherin or transgenic overexpression of Snail. The results validate that FBXO11 is a
physiological ubiquitin ligase of Snail/2, and provide a molecular basis for the phenotypic
similarities between FBXO11 deficiency and transgenic overexpression of Snail in the basal
layer of epidermis [16,17].

3.8 The FBX0O11-Snail regulation is conserved in evolution and the FBXO11 deficient
phenotype is attributed to Snail factors in C. elegans

The genetic study in mice demonstrates that FBXO11 physiologically suppresses Snails in
epidermis, however, it does not prove that the FBXO11 deficient epidermal phenotype,
which is albeit similar to that of transgenic overexpression of Snail, is caused by abnormally
accumulated Snail factors. To address this point, we took advantage of the nematode C.
elegans model organism. Both FBXO11 and Snail have homologs in C. elegans. We were
interested in verifying whether the FBXO11-Snail regulatory axis was evolutionarily
conserved. In C. elegans, differentiation of the hypodermis starts as epidermal seam cells
exit the cell cycle at the L4 larval stage and fuse to form a continuous cuticular structure
[43]. Null mutations in dre-1, the C. elegans counterpart of FBXO11, cause embryonic
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lethality; but hypomorphic loss-of-function mutants, such as dre-1(dh99), as well as dre-1
depletion by RNA. starting from the L1 stage, display specific precocious seam cell fusion
at the L3 stage [43] (Fig. 8A and 8B). If the dre-1 phenotype is attributed to aberrant
accumulation of Snail homologs, one may expect that removal of Snail factors should at
least in part rescue the dre-1 epidermal defects.

The C. elegans genome encodes three Snail superfamily members: CES-1, SCRT-1 and
K02D7.2 [44]. CES-1 and SCRT-1 are homologs of human Scrt proteins, whereas K02D7.2
is most closely related to human Snai2 [32] and is hence renamed SNAI-2 in this study.
CES-1 regulates cell cycle progression, polarity and apoptosis, and functions as a
transcriptional repressor of the target gene egl-1 [45-47]. As FBXO11 regulates Scrt in
human cells (Fig. 2A and 2C), we indeed found that RNAi depletion of ces-1 significantly
reduced the precocious seam fusion in the dre-1(dh99) mutants from approximately 80% to
30% (Fig. 8A). The C. elegans SCRT-1 and SNAI-2 remain poorly characterized and have
no described functions. According to the WormBase, there exists a mutant allele of snai-2,
snai-2(bc366), which causes a premature stop codon in the coding region due to deletion,
and the resulting truncated mutant protein lacks most zinc fingers and is expected to be
nonfunctional. We found that this mutation in snai-2 could also rescue the precocious
phenotype of depletion of dre-1 by RNAI (Fig. 8B). Therefore, depletion/inactivation of
either ces-1 or snai-2 suppresses the dre-1 seam cell phenotype caused by a hypomorphic
mutation or RNAI, suggesting that the dre-1 phenotype is at least in part attributed to Snail
homologs. These results validate the in vivo role of FBXO11/DRE-1 in negatively regulating
Snail-like proteins and demonstrate that such regulation is evolutionarily conserved.

4. Discussion

E-cadherin-based epithelial intercellular adhesion confines cell proliferation and motility.
During epithelial morphogenesis, dynamic adhesive remodeling ensures coordinated cell
proliferation, differentiation, and migration. In cancer, deregulated epithelial plasticity
contributes to malignant progression. However, the molecular mechanisms regulating
epithelial cohesion in development and cancer are complex and remain poorly understood.
In this study, we discovered that the F-box protein FBXO11 functions as a ubiquitin ligase
for the EMT-driving transcription factors Snail/2. FBXO11 interacts with Snail/2 proteins
and promotes their ubiquitination and proteasome-mediated degradation. Overexpression of
FBXO11 reduces Snail protein levels and activates epithelial features in mesenchymal cells.
Conversely, depletion of endogenous FBXO11 in epithelial cancer cells leads to increased
Snail protein abundance, decreased E-cadherin expression, EMT, and tumor invasion,
demonstrating that FBXO11 actively maintains the epithelial state to suppress carcinoma
progression. FBXO11 is downregulated by EMT-inducing signals. Consistently, human
cancers with low FBXO11 expression are associated with a mesenchymal phenotype and
adverse clinical outcome. Genetic inactivation of FBXO11 in mice causes aberrant
accumulation of Snail/2 proteins in epidermis, demonstrating mammalian FBX011
physiologically regulates Snal/2. Diminished epidermal E-cadherin expression and
thickened epidermis in FBXO11 mutants partly phenocopy transgenic overexpression of
Snail [5-7,16,17], suggesting the FBXO11-deficient phenotype is potentially attributed to
Snail/2 accumulation. In support of this notion, depletion or inactivation of Snail homologs
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in C. elegansrescued the FBXO11 mutant worms, suggesting that the FBXO11 mutant
phenotype is indeed at least in part caused by the Snail family members and the FBXO11-
Snail regulatory module is an evolutionarily conserved program. Taken together, these
findings indicate FBXO11 is an indispensable physiological ubiquitin ligase of the Snail
factors, and highlight the importance of the FBX0O11-Snail pathway in the control of
epithelial proliferation, homeostasis and plasticity during mammalian epidermal
development and carcinoma progression.

Since prior submissions of this manuscript, it has recently been reported that FBX0O11
promotes tumor metastasis by acting as a ubiquitin ligase of Snail, in particular, FBX011
specifically recognizes Serine 11 (S11)-phosphorylated Snail [48]. In the present study,
FBXO11 was able to bind to unphosphorylated Snail in vitro (Fig. 1C). Truncated Snail
lacking residues 1-11 still strongly associated with FBXO11 (Fig. 1D). Furthermore, the S11
phosphorylation site of Snail is not conserved in Snai2 and SCRT1 as well as their C.
elegans homologs, all of which are expected substrates of FBXO11. Despite this
discrepancy, both studies revealed that FBXO11 degrades Snail and suppresses tumor
progression. The present study further demonstrates the physiological regulation of Snail
family members by FBXO11 in mice and C. elegansin vivo.

F-box proteins confer substrate specificity. In general, a single F-box protein targets
multiple substrates [49], and its function probably depends on the distribution pattern of
diverse substrates. It is often challenging to identify specific substrate that is responsible for
a particular phenotype. While Snail factors were hereby identified as physiological
substrates of FBXO11, FBX011 was shown to promote the degradation of BCL6 and
BLIMP1, both of which are zinc finger transcription factors critical for B cell development,
and CDT?2, a cell cycle regulator [50-53]. In addition, FBXO11 was previously reported to
regulate TGFp signaling, although the underlying biochemical mechanism remains unknown
[54]. However, little was known about the physiological function of mammalian FBXO11
and the corresponding substrates [29]. In this study, we generated FBXO11-deficient mice.
FBXO011 mutant embryos displayed decreased E-cadherin and epidermal hyperplasia.
Because the skin phenotype mirrors transgenic overexpression of Snail or deletion of E-
cadherin [5-7,16,17], and Snail/2 protein levels are in fact elevated in FBXO11 mutant
epidermis, it is conceivable that Snail factors may contribute to the epidermal defects.
Nevertheless, contributions from other FBXO11 substrates cannot be excluded. Different
FBXO011 substrates may function in different cell types and/or developmental stages. The
neonatal lethality of FBXO11 mutant mice is possibly due to pulmonary defects, however,
we did not detect Snail/2 proteins in wild type and FBXO11 mutant lungs with current
antibodies (not shown). Therefore, the FBXO11 substrate(s) involved in lung development
remain to be identified. There are likely additional defects in the FBXO11 mutants. Based
on FBXO11’s regulation of BCL6 and BLIMP1, FBXO11 mutants are expected to have
hematopoietic abnormalities. In C. elegans, the FBXO11/DRE-1 mutant phenotype is
suppressed by depletion of CDT2, BLIMP1, or Snail homologs, suggesting all these
substrates are essential contributors.

Given their critical function in development and pathogenesis, Snail transcription factors are
tightly regulated by transcriptional, translational, and post-translational mechanisms [12,13].
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Control of their protein stability represents an important mechanism in epithelial regulation.
It is not unusual that a single substrate protein may be controlled by multiple ubiquitin
ligases. For example, mammalian cell cycle regulator Cyclin D1 is ubiquitinated by at least
five distinct F-box factors [49]. Different F-box regulators may function under diverse
cellular contexts. Snail factors are vital for early developmental EMT processes, in
particular mesoderm and neural crest formation [14]. Inactivation/depletion of Snail/2
severely impairs early embryonic morphogenesis. Conversely, overexpression of Snai2 in
the neural tube of the chick embryo increases neural crest production [14]. Transgenic
overexpression of Snail in developing epidermis of mouse embryos represses E-cadherin,
and causes epidermal hyperproliferation and thickening [16,17], although the EMT
phenotype is incomplete as there is no ectopic induction of mesenchymal marker expression
in the epidermal cells [15,16]. Multiple F-box proteins have now been identified to degrade
Snails. Genetic studies in mice show that FBXW1 and related FBXW?1B are critical for
Snail regulation during spermatogenesis in adult male mice, but dispensable for embryonic
development [26,27]. In the present study, FBXO11 deficiency leads to epidermal
thickening and accumulation of Snail/2 primarily in the basal layer of developing epidermis
in late stage mouse embryos, suggesting FBXO11 principally controls Snail/2 during
mammalian epidermal development. It remains to be investigated how other Snail/2-
mediated developmental EMT events (e.g. gastrulation, neural crest) may be regulated by F-
box proteins.
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Fig. 1. FBXO11 interacts with Snail/2 (A)
FBXO11 interacts with Snail/2 in co-immunoprecipitation (co-1P) assay. HEK293 cells

were transfected with Flag-tagged FBXO11 (F-FBXO11) and/or untagged Snail/2, and
treated with MG132 for 6 hours before lysis. Whole-cell extracts were subjected to IP with
anti-Flag or anti-Snail antibody, and immunoblotting with indicated antibodies.

(B) FBXOL11 associates with Snail/2 in vitro. A schematic of the human FBXO11 protein
shows various fragments that are fused to GST. The fusion proteins were purified from
bacteria and incubated with lysates prepared from HEK293 cells expressing exogenous
Snail, Snail-6SA, or Snai2. GST resin-bound proteins were immunoblotted with anti-Snail
or —Snai2 antibody. Wild type Snail protein exhibits a higher molecular weight than
Snail-6SA due to phosphorylation. Coomassie blue gel staining images are shown.
Asterisks indicate expected fusion proteins.

(C) FBXO011 binds to Snail independently of its phosphorylation in vitro. His-tagged Snail
and MOF (negative control) proteins were expressed in bacteria, purified, and incubated
with HEK293 cell extract expressing Flag-FBXO11. Nickel bead-bound proteins were
examined by immunoblotting with a Flag antibody. Asterisks indicate His-tagged proteins.
(D) Domains of Snail implicated in FBXO11 association. A schematic of human Snail
protein shows various fragments that were fused to His tag, which were tested for FBXO11
binding in vitro.

(E) Co-localization of FBXO11 and Snail in cells. Myc-tagged FBXO11 and Flag-tagged
Snail were co-transfected into mouse fibroblast cells, followed by treatment with MG132
prior to immunostaining with anti-Myc and anti-Flag antibodies. Scale bar: 50um
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Fig. 2. FBXO11 promotes degradation and polyubiquitination of Snail/2 and Scrtl
(A) FBXO11 promotes proteasomal degradation of Snail/2 and Scrtl. HEK293 cells were

transfected with Flag-tagged Snail, Snail-6SA, Scrtl, or untagged Snai2, together with GFP
as well as empty vector, full-length or truncated FBXO11, and treated with DMSO or
MG132 for 6 hours before harvest. Cellular lysates were immunoblotted with anti-Flag, anti-
Snai2, or anti-GFP antibody.

(B) F-box of FBXO11 is required for degrading Snail. HEK293 cells were transfected with
Snail, GFP, and increasing amounts of full-length FBXO11 or indicated deletion mutants.
Cell extracts were subjected to immunoblotting with anti-Snail or GFP antibody.

(C) FBXO11 promotes polyubiquitination of Snail and Scrtl. HEK293 cells were
transfected with Flag-tagged Snail, Snail-6SA or Scrtl together with or without FBX011,
followed by treatment with MG132 for 6 hours prior to harvest. Denatured cell lysates were
immunoprecipitated with anti-Flag antibody and immunoblotted with anti-ubiquitin (top) or
anti-Flag (bottom) antibody. Polyubiquitinated Snail/Scrtl proteins were indicated as high-
molecular-weight species. Immunoglobin heavy chain (from the Flag antibody used in IP) is
marked by asterisks.

(D) FBXO11 accelerates Snail protein turnover. HEK293 cells were transfected with Snail
and GFP, in combination with FBXO11 or FBXW1. After 24 hours, cells were treated with
cycloheximide (CHX) and harvested at indicated time points for immunoblotting with anti-
Snail or anti-GFP antibody. The graph shows the quantification of Snail protein levels
(based on the band intensity from the gels) normalized to GFP over the time course. Snail
protein level at 0 hour time point of CHX treatment was set as 100%.
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Fig. 3. Overexpression of FBXO11 in MEFs reduces Snail protein abundance and activates
epithelial features

MEF cells were infected with lentivirus expressing Flag-tagged FBXO11 or control vector.
(A) FBXO011 reduces endogenous Snail protein abundance and activates E-cadherin. Cells
were lysed and subjected to immunoblotting with antibodies against Snail, E-cadherin, N-
cadherin, Vimentin, Flag, and tubulin, and RT-gPCR analysis for E-cadherin.

(B) FBXO11-transduced MEF cells express E-cadherin. Cells were analyzed by
immunofluorescence staining with anti-E-cadherin antibody and Hoechst (for DNA).

(C) FBXO11 inhibits cell invasion in vitro. Cells were assayed for Transwell invasion.
Representative images are shown. The histogram shows the quantification of relative cell
numbers migrated through matrix (from 6 random fields).

o N & O o
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Fig. 4. Depletion of endogenous FBXO11 in carcinoma cells causes EMT and enhances cell
migration and invasion

(A, B) Depletion of endogenous FBXO11 in carcinoma cells stabilizes Snail protein and
causes gene expression changes characteristic of EMT. MCF7 and HCT116 cells were
transduced with lentiviral ShRNAs targeting FBXO11 or empty vector pLKO. Cells were
collected and subjected to immunoblotting and RT-qPCR analysis for indicated epithelial
and mesenchymal markers.

(C) Depletion of FBXO11 induces EMT. Images of control and FBXO11-depleted HCT116
cells show morphological differences.

(D) Depletion of FBXO11 enhances cell migration. Representative images of wound
(scratch)-healing assay demonstrate FBXO11-depleted HCT116 cells migrated faster than
control cells, as shown 48 hours after scratching.

(E) Depletion of FBXO11 stimulates cell invasiveness in vitro. In the Transwell invasion
assay, few control HCT116 cells invade and migrate through the matrix layer. By contrast,
FBXO11-depleted HCT116 exhibit dramatically improved invasive potential.

(F) Depletion of FBXO11 enhances tumor invasion in transplant assay. Control and
FBXO11-depleted HCT116 cells were injected into immunodeficient mice. Tumors were
isolated and sectioned for H&E staining. Dashed line denotes the tumor boundary.
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Fig. 5. Regulation of FBXO11 by EMT-inducing signals and expression of FBXO11 in human
cancer

(A) To induce EMT, A549 cells were treated with TGFp or nickel for 2 days, and DLD1
cells stably expressing inducible Snail (Sna-ER) were exposed to 4-hydroxytamoxifen
(4HT) for 2 days. Cells were subsequently subjected to RT-gPCR analysis for FBX0O11 and
E-cadherin.

(B) Expression of FBXO11 correlates with indicated epithelial markers and inversely with
mesenchymal markers in a lung cancer cohort (n = 286). Clustering was based on expression
levels of EMT markers. Green indicates lower expression, and red indicates higher
expression.

(C) FBXO11 is a robust predictor for favorable clinical outcome in cancer. Kaplan-Meier
10-yr overall survival was based on expression levels of E-cadherin or FBXO11 in a large
cohort of lung cancer patients (n = 1405). The online survival analysis software was
previously reported [36].
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Fig. 6. Generation and characterization of FBXO11 mutant mice
(A) Schematic representation of FBXO11 inactivation. The mutant allele (Mut) contains a

“LacZ-Neo” cassette that also includes the mouse En2 splice acceptor (SA) and the SV40
polyadenylation sequences (pA) [37]. This cassette acts as an exon, which stops the
transcription of FBXO11 at the pA and thus creates a null allele. Blue vertical bars represent
the exons of FBXO11. The exon 4 encodes the F-box motif. FRT and LoxP are specific
DNA elements for potential recombination and conditional deletion (irrelevant in the current
study). Primers P1 and P2 are used for genotyping.

(B) Genotyping of mouse FBXO11 mutants. Wild type (WT), FBXO11 heterozygous (+/-)
and homozygous (-/-) mutant mice were genotyped by PCR with the P1 and P2 primers
(WT: 179 bp; Mut: 204 bp).

(C) Validation of FBXO11 deficiency in the mouse FBX0O11 homozygous mutants. Mouse
E10.5 embryos with indicated genotypes were analyzed for FBXO11 RNA expression by
quantitative RT-PCR (with primers corresponding to the exons 3 and 4). Expression of
FBXO11 in the homozygous mutant was undetectable (less than 0.1% of the WT).

(D) Whole mount B-Galactosidase staining of wild type (WT) and FBXO11 heterozygous
(het) E10 mouse embryos. FBXO11 mutant allele carries a knock-in LacZ reporter. Scale
bar: Imm.

(E) Sagittal sections of WT and FBX0O11 homozygous mutant (KO) E15.5 mouse embryos
(H&E, scale bar: 1mm).

(F) FBXO11-deficient mouse epidermis exhibits reduced hair follicles, thickened epidermis
and diminished E-cadherin expression. Sagittal sections of newborn wild type (WT) and
FBXO11 —/- littermate were stained with H&E (scale bar: 500um) or
immunohistochemically with an anti-E-cadherin antibody (scale bar: 200 um).
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(G) Elevated Snail protein levels in FBXO11 mutants. Protein extracts were prepared from
the back skin of neonatal WT and FBXO11 KO embryos, and immunoblotted with indicated
antibodies.
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Fig. 7. Molecular characterization of epidermis from FBXO11-deficient mouse embryos
Cryosections of FBXO11 mutant and control littermate embryos at E18.5 were stained for

immunofluorescence analysis with antibodies specific for Snail, Snai2, and E-cadherin (A)
as well as N-cadherin, Vimentin, B-catenin, and p63 (B). Dashed lines demarcate the
basement membrane that separates the epidermis from dermis. Arrows indicate basal cells
with increased Snail expression. The asterisks denote autofluorescence of the cornified
layer. Scale bar: 100pum.
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Fig. 8. ces-1 depletion or snai-2 mutation suppresses the seam cell fusion phenotype of reduced
dre-1in C. elegans

(A) Precocious seam cell fusion in dre-1(dh99) L3 larvae is suppressed by ces-1 RNAI. (top)
Images of seam cell adherence junctions in the L3 molt as visualized by the ajm-1::gfp
reporter. Wild type seam cells were unfused on control RNAI (empty vector L4440) or ces-1
RNA.. dre-1(dh99) seam cells were precociously fused on control RNAI but showed rescue
of this phenotype on ces-1 RNAi. Worms were scored fused if more than 80% of cells were
fused. Significance was determined using the Student-T-test. Data are the mean + the
standard deviation (SD) from 5 independent experiments.

(B) Precocious seam cell fusion caused by dre-1 RNA. in L3 larvae is suppressed by the
snai-2(bc366) allele. (top) Images of seam cell adherence junctions in the L3 molt as
visualized by the ajm+-1::gfp reporter. Seam cells are mostly unfused in wild type or
K02D7.2/snai-2(bc366) on control RNAI (empty vector L4440). dre-1 RNAI causes
precocious seam cell fusion at the L3 molt in the wild type strain but not in the
snai-2(bc366) mutant, indicating a suppression by snai-2. Data in histogram are the mean +
SD from 3 independent experiments.
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