1' frontiers

in Cell and Developmental Biology

REVIEW
published: 24 November 2020
doi: 10.3389/fcell.2020.603508

OPEN ACCESS

Edited by:

Lei-Miao Yin,

Shanghai University of Tradltional
Chinese Medicine, China

Reviewed by:

Chris Allan McCulloch,

University of Toronto, Canada
Mary C. (Cindy) Farach-Carson,
University of Texas Health Science
Center at Houston, United States

*Correspondence:
Allison J. Cowin
allison.cowin@unisa.edu.au

Specialty section:

This article was submitted to

Cell Adhesion and Migration,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 07 September 2020
Accepted: 30 October 2020
Published: 24 November 2020

Citation:

Strudwick XL and Cowin AJ

(2020) Multifunctional Roles of the
Actin-Binding Protein Flightless |

in Inflammation, Cancer and Wound
Healing.

Front. Cell Dev. Biol. 8:603508.
doi: 10.3389/fcell.2020.603508

Check for
updates
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Actin-Binding Protein Flightless | in
Inflammation, Cancer and Wound
Healing
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Regenerative Medicine, Future Industries Institute, University of South Australia, Mawson Lakes, SA, Australia

Flightless | is an actin-binding member of the gelsolin family of actin-remodeling
proteins that inhibits actin polymerization but does not possess actin severing ability.
Flightless | functions as a regulator of many cellular processes including proliferation,
differentiation, apoptosis, and migration all of which are important for many physiological
processes including wound repair, cancer progression and inflammation. More than
simply facilitating cytoskeletal rearrangements, Flightless | has other important roles in
the regulation of gene transcription within the nucleus where it interacts with nuclear
hormone receptors to modulate cellular activities. In conjunction with key binding
partners Leucine rich repeat in the Flightless | interaction proteins (LRRFIP)1/2, Flightless
| acts both synergistically and competitively to regulate a wide range of cellular signaling
including interacting with two of the most important inflammatory pathways, the NLRP3
inflammasome and the MyD88-TLR4 pathways. In this review we outline the current
knowledge about this important cytoskeletal protein and describe its many functions
across a range of health conditions and pathologies. We provide perspectives for future
development of Flightless | as a potential target for clinical translation and insights into
potential therapeutic approaches to manipulate Flightless | functions.

Keywords: Flightless I, actin-binding protein, wound healing, inflammation, cancer

INTRODUCTION

Flightless I (Flii) is an actin-binding protein that has been implicated in a wide range of biological
processes, from those critical to ovulation and development, through to wound healing and cancer
progression. Originally Flii was characterized in Drosophila, where mutations in the gelsolin
domain caused disordered flight muscle myofibrils resulting in an inability to fly, as well as
abnormal gastrulation during embryogenesis (Campbell et al., 1993; de Couet et al., 1995; Straub
et al., 1996). Flii has since been shown to be a highly conserved protein in mammals with 95%
homology observed between mouse and human and high expression in a wide range of human
tissues with importance to mammalian health (Campbell et al., 1993, 1997; Nag et al., 2013).
The complete loss of Flii has been shown to be embryonically lethal in mice, with failure of egg
cylinder formation prior to gastrulation (Campbell et al., 2002) and human Flii maps within the
critical region of chromosome 17 where contiguous-gene-deletion gives rise to the Smith-Magenis
syndrome, the clinical features of which include short stature, brachydactyly, developmental delay,
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dysmorphic features, sleep disturbances, and behavioral
problems (Chen et al., 1995). Flii has been found to have
functions in many cellular processes that are importance
for physiological processes including wound repair, cancer
progression and inflammation. This review describes the current
knowledge about this member of the gelsolin family of actin-
remodeling proteins and describes its many important functions
across a range of pathologies.

The Actin Binding Protein Flii

Flii is a member of the gelsolin family of actin-binding proteins
and consists of the classic 6-fold gelsolin repeat (GLD) at the
C-terminal, in addition to 16 tandem leucine-rich repeats (LRR)
at the N-terminus (Figure 1; Liu and Yin, 1998). Flii only has
two of the six Ca>* binding sites found in gelsolin that facilitate
conformational change but is predicted to still exist in transition
between a compact conformation and a more open form that
can interact with actin (Nag et al,, 2013). Flii binds actin via
the gelsolin domain (Liu and Yin, 1998), localizing to actin-rich
regions during embryogenesis (Davy et al., 2000) and with beta-
tubulin- and actin-based structures at the periphery of cells that
are stimulated to migrate (Davy et al., 2001). In mammalian cells,
Flii binds both globular (G)- and filamentous (F)-actin, and has
been shown to inhibit polymerization and cap the barbed end of
F-actin, but it does not possess actin severing ability (Mohammad
et al.,, 2012). More than simply being a member of the gelsolin
family of actin-binding proteins, the additional N-terminal LRR
marks Flii as unique amongst the gelsolin family, endowing it
with the ability to interact with other proteins or lipids for
molecular recognition (Liu and Yin, 1998). A number of binding
partners have been revealed that interact with various domains
within Flii, implicating roles in a wide range of cellular processes
(summarized in Table 1). It may be that Flii effects are both cell
specific, and dependent upon the availability of specific binding
partners within each cell.

Flii is involved in the assembly of actin into filaments and is
required for Diaphanous-related formins (DRF)-induced actin
assembly (Figure 2; Higashi et al, 2010). Binding directly
to DRFs, Disheveled associated activator of morphogenesis 1
(Daaml) and mammalian Diaphanous homolog 1 (mDial) at
the diaphanous autoinhibitory domain (DAD) Segment in the
Carboxyl-terminal Region through its gelsolin 4-6 region, Flii
enhances the intrinsic ability of DRF FH1-FH2 domains to
assemble linear actin filaments (Higashi et al., 2010). Flii also
promotes Rho-induced DRF actin assembly, by competing with
the binding of the DRF amino-terminal diaphanous inhibitory
domain (DID) domain to the DAD segment in the presence
of active GTP-bound Rho, further disrupting intramolecular
auto-inhibition that would normally restrain the actin assembly
activity of DRF (Higashi et al., 2010). The transmission of HIV
from dendritic cells to T-cells through cell-cell contact, relies
upon Flii for sufficient formation of filopodial extensions by
another DRE Diaphanous 2 (Diaph2) (Shrivastava et al., 2015).
When Flii is induced to bind with Roundabout 1 receptor
(Robo-1), its ability to promote Diaph2 filopodia formation is
perturbed and transmission of virus is reduced (Shrivastava et al.,
2015). It is speculated that Flii may further support DRF actin

assembly by holding the preformed F-actin or by recruiting
globular actin (Goshima et al., 1999; Higashi et al., 2010). Thus,
it appears that Flii may affect cellular migration by regulating
the rearrangement of the actin skeleton. Indeed, Flii has been
reported to have an inhibitory effect upon migration in skin
fibroblasts, keratinocytes and bronchial epithelial cells (Cowin
et al., 2007; Kopecki et al., 2009; Mohammad et al., 2012). Skin
fibroblasts and keratinocytes isolated from mice with reduced Flii
expression migrate faster following scratch wounding in vitro,
whilst scratch wound closure is significantly delayed in cells
from Flii overexpressing mice (Cowin et al., 2007; Kopecki
et al., 2009). Similarly, Flii knockdown in human and mouse
fibroblasts, or overexpression in mouse fibroblasts results in
increased and decreased migration, respectively (Cowin et al.,
2007; Mohammad et al., 2012). An inhibitory effect of Flii has
also been reported in human bronchial epithelial cells, where
Flii knockdown stimulates migration through transwells in vitro,
whereas Flii overexpression inhibits this ability (Wang et al.,
2017). In contrast, Marei et al,, reported that in both NIH3T3
mouse embryonic fibroblasts and CHL1 human melanoma cells,
Flii knockdown using two different siRNAs results in a decrease
in the ability of cells to migrate in an Oris cell exclusion
migration assay (Marei et al., 2016). In this study, loss of Flii
was also associated with a decrease in accumulated distance,
cell displacement and speed (but not directionality) using single
cell tracking following scratch wounding (Marei et al., 2016).
Likewise, siRNA knockdown of Flii in cells isolated from tendons
inhibits scratch wound closure (Jackson et al., 2020b). The
contradictory actions of Flii upon migration in different cell types
is clearly demonstrated by Jackson et al who show that while
fibroblasts isolated from mice with reduced levels of Flii show
enhanced migration, tenocytes isolated from these same mice
have significantly inhibited migration, and overexpression of Flii
enhances their migration (Jackson et al., 2020a).

Flii, Focal Adhesions and Cell Migration
Cell migration is tightly regulated by Rho GTPases, particularly
Rho, Rac and Cdc42, which direct the polymerization, and
depolymerisation of actin to dynamically rearrange the
cytoskeleton to facilitate movement (Ridley, 2015). Of particular
importance is the efficient turnover of adhesion sites to facilitate
movement (Bach et al, 2009). Integrin receptor signaling
initiates actin polymerisation and the formation of short lived
cell-matrix adhesions termed focal complexes, localized under
lamellipodia (Berrier and Yamada, 2007). A proportion of these
focal complexes will develop into elongated focal adhesions,
which are associated with contractile stress fibers and provide
the force required to facilitate locomotion of the cell (Berrier
and Yamada, 2007; Bach et al., 2009). A number of these focal
adhesion can in turn transform into fibrillary adhesions that
interact with the extracellular matrix to modify its structure
and rigidity (Arnaout et al., 2007). Regulation of focal adhesion
protein phosphorylation, such as paxillin by protein kinases
including Src, dictates the regulation of focal adhesion turnover
(Goetz, 2009; Huveneers and Danen, 2009).

Ras is a member of the Rho family of small GTPases which
upon activation by exchange of GDP for GTP, in turn activates
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FIGURE 1 | Structure of Flii. Schematic diagram of Flii protein including amino acid (aa) locations of the N-terminal Leucine Rich Repeats and C-terminal Gelsolin-like
Domains, phosphorylation (star) and cleavage (lightning bolt) sites. Predicted nuclear localization (left arrow) and export (right arrow) signals and Poly-Ala (white

triangle) and Glu-rich (black triangle) regions are also included.
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Phosphoinositide 3-Kinases (PI3K) to couple extracellular signals
to actin polymerization via Racl (Olson and Marais, 2000).
Cytoskeletal regulatory proteins containing LRR sequences
similar to the Flii LRR, such as Rsp-1, were known to regulate
Ras signal transduction and as such Flii was also predicted to
regulate Ras signaling (Claudianos and Campbell, 1995). Flii
was subsequently found to interact with the proline-rich sites of
active R-Ras (but not K-Ras, H-Ras, or N-Ras) in mouse cells
(Arora et al.,, 2018) as well as within focal adhesion fractions
(Mohammad et al., 2012). It appears that Flii plays a central role
in facilitating cell extension in the early phases of migration, by
recruiting R-Ras to adhesion sites in spreading cells and acting
as an adaptor protein to bring together R-Ras and GTPase-
activating protein SH3 domain-binding protein (G3BP1) (Arora
et al, 2018). The LRR of Flii binds R-Ras, the Ras GTPase
activating protein (Ras GAP) and the C-terminus of G3BPI,
which in turn can bind R-Ras via its C-terminus and via its
N-terminus to Ras GAP, activating Ras to induce Racl-mediated
cell extension formation (Arora et al., 2018).

Racl is a primary mediator of the assembly of focal complexes
at the leading edge of cells to facilitate lamellipodia formation
and cellular migration (Rottner et al,, 1999). Depending upon
the specific guanine nucleotide exchange factor (GEF) which
activates Racl, different actin cytoskeletal arrangements are
made which give rise to contrasting migratory phenotypes.
Activation by GEP Tiam1 results in an anti-migratory phenotype
with increased actin localization at cell-cell contacts, membrane
ruffling and aggregation of NIH3T3 cells, whereas migration
is dependent upon GEF P-Rex1 activation with cells exhibiting
an elongated morphology and the formation of thin membrane
protrusions rich in polymerized actin (Marei et al., 2016). In
migrating CHL1 cells both P-Rex1 and Flii co-localize at the
leading edge together with actin (Marei et al., 2016). Flii in fact
binds preferentially to active Racl in human embryonic kidney
(HEK293T) cells and also to its activator P-Rex1 (Marei et al.,
2016). Migration occurs when myosin, an ATPase motor protein
moves along actin filaments to translate chemical energy from
ATP into mechanical force (Lodish et al., 2000). The binding of
the Flii LRR to Racl is enhanced by P-Rex binding to Flii GLD,
which in turn increases the phosphorylation of myosin light chain
(pMLC) and activation of myosin II to mediate cell contractility

and migration (Marei et al., 2016). Thus, Flii can act as a Racl
effector (Figure 3) to mediate RhoA-ROCK-independent myosin
IT activation and stimulate migration (Marei et al., 2016).

While Flii plays a very clear role in facilitating focal adhesion
formation, it does not appear that more Flii will necessarily
equate to more migration. Indeed, adhesion is impaired in both
fibroblasts and keratinocytes isolated from Flii overexpressing
mice grown on fibronectin, laminin and collagen I and fibroblast
morphology is altered with impaired spreading and reduced
filopodia-like processes (Kopecki et al., 2009; Arora et al., 2015).
Instead of forming focal adhesions only at the leading edge of
motile cells, Flii overexpressing fibroblasts exhibit significantly
increased levels of total F-actin, with increased numbers and
size of focal adhesions and more prominent ventral stress
fiber formation linking the adhesion sites across the periphery
(Kopecki et al, 2011b). Furthermore, these adhesion sites
appear to be converted into more stable focal complexes, which
do not appear to readily turn over, due to reduced paxillin
phosphorylation and increased a-actinin expression (Kopecki
et al., 2011b). While no difference in the levels of active
RhoA is observed in Flii overexpressing fibroblasts, there is a
significant reduction in the levels of activated Racl and Cdc42
(Kopecki et al., 2011b). Mohammad et al further found that Flii
knockdown results in the reduced formation of focal adhesions
containing vinculin and activated Bl integrins, but elevated
incorporation of G-actin into nascent filaments at focal adhesions
(Mohammad et al., 2012).

While Flii does not directly bind integrin p1, P4, or
hemidesmosome component tetraspanin CDI151 in scratch
wounded keratinocytes, it does bind focal contact proteins talin,
paxillin, and vinculin, which are important proteins which link
the integrin receptors to the actin cytoskeleton (Critchley et al.,
1999; Kopecki et al., 2009). It appears that Flii may impact upon
focal adhesion turnover, in part through its regulation of paxillin
phosphorylation (Kopecki et al, 2011b). Flii overexpressing
fibroblasts also have a significantly reduced ratio of activated
p130Cas, with decreased expression of Src tyrosine kinase, both
known to be involved in the Src mediated activation of Racl and
Cdc42, phosphorylation of paxillin and subsequent membrane
protrusion (Huveneers and Danen, 2009; Kopecki et al., 2011b).
Taken together, these studies indicate that the effect of Flii upon
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TABLE 1 | Flightless Binding Partners.

Binding Flii Binding Function References
Partner Domain
Actin Dynamics
Actin GLD Actin filament assembly and stabilization Liu and Yin, 1998
G-Actin GLD Inhibit polymerisation Mohammad et al., 2012
F-Actin GLD Caps barbed end Mohammad et al., 2012
Ca2t GLD (Glu1083) Type-2 Ca2+ binding sites control actinomyosin dynamics Nag et al., 2013
(Asp1194)
Caspase-11 LLR and GLD Localizes Caspase-11 to F-actin rich leading edge Lietal., 2008
Daam1 GLD (Modules 4-6)  Disrupts Autoinhibition to enhance DRF-induced linear actin assembly Higashi et al., 2010
mDia1 GLD (Modules 4-6)  Disrupts Autoinhibition to enhance DRF-induced linear actin assembly Higashi et al., 2010
G3BP1 LRR Adaptor protein to facilitate Rac1-mediated cell extension formation Arora et al., 2018
IQGAP1 LRR Facilitate interaction with cdc42 and R-Ras for cell extension and elongation Arora et al., 2020
Kindlin-1 Not Defined Binds this focal adhesion protein which links integrins to the F-actin cytoskeleton and regulates ~ Kopecki et al., 2020
their activity
NMMIIA GLD Regulate formation of cell extensions and collagen compaction Arora et al., 2015
Paxillin Not Defined Binds this focal contact protein which links integrin receptors to the actin cytoskeleton Kopecki et al., 2009
P-Rex1 GLD Rac1 effector to mediate RhoA-ROCK-independent myosin Il activation and enhances collagen ~ Marei et al., 2016
contraction
active Rac1 LRR Rac1 effector to mediate RhoA-ROCK-independent myosin Il activation Marei et al., 2016
active R-Ras LRR Adaptor protein to facilitate Rac1-mediated cell extension formation Arora et al., 2018
Ras Gap LRR Adaptor protein to facilitate Rac1-mediated cell extension formation Arora et al., 2018
Robo-1 Not Defined Association required for filopodial extensions on dendritic cells Shrivastava et al., 2015
Talin Not Defined Binds this focal contact protein which links integrin receptors to the actin cytoskeleton Kopecki et al., 2009
TGF-1,2,3 Not Defined Interacts with members of the TGFB pathway in scratch wounded fibroblasts Chan et al., 2014
Vinculin Not Defined Binds this focal contact protein which links integrin receptors to the actin cytoskeleton Kopecki et al., 2009
Transcription and Translation
AKT Phosphorylation of ~ Recruits p62-associated cargoes to insoluble actin bundle portion, preventing p62 from He et al., 2018
Ser436 recognizing LC3 and impeding autophagic clearance of ubiquitinated proteins within p62
cargoes
Androgen LRR (aa1-494) and  Nuclear receptor coactivator to enhance transcription Wang et al., 2016
Receptor GLD (2a495-822)
BAF53 GLD (aa495-827) Recruits the SWI/SNF ATP-dependent chromatin remodeling complex to the promotor region of ~ Jeong et al., 2009
ER target genes (transcriptional regulation)
BRG1 Not Defined Interaction of this subunit of the SWI/SNF complex and recruitment to the COL1A2 promoter Lim and Jeong, 2014
region
CaMK-Il Not Defined Preferentially binds active CaMK-II to inhibit 8-catenin dependent transcription Seward et al., 2008
CARMA1 LRR and GLD Nuclear receptor coactivator to enhance transcription Lee et al., 2004
ChREBP LRR and GLD Negative regulatory component of the ChREBP transcriptional complex Wu et al., 2013
CISK Phosphorylation of ~ Required for full function as ER co-activator Xu et al., 2009
phosphorylation  Ser436 and Thr818
EEF2 Not Defined Interacts with this essential factor for the translational process Liao et al., 2015
Estrogen LRR GLD (G3 Hormone-independent transcriptional regulation Recruits SWI/SNF chromatin remodeling Gettemans et al., 2005),
Receptor a Module) complex to the promotor region ER target genes to enhance transcription (Jeong et al., 2009
Glucocorticoid LRR Activates GR-mediated transcription Jinetal., 2017
Receptor
GRIP1 LRR Nuclear receptor coactivator to enhance transcription Lee et al., 2004
Importin B LRR Interacts with this nuclear envelop associating protein involved in nuclear-cytoplasmic transport  Liao et al., 2015
LRRFIP1 LRR (aa1-427) Interferes with LRRFIP1 to prevent B-catenin-dependent transcription Seward et al., 2008)
Menin Not Defined Associates with this component of the MLL1/2 methyltransferase complex to facilitate Nayak et al., 2017
chromatin recruitment and RNA Pol Il residency for transcriptional regulation of
SENP3-responsive homeobox genes
MLL1/2 Not Defined Associates with this component of the MLL1/2 methyltransferase complex to facilitate Nayak et al., 2017
chromatin recruitment and RNA Pol Il residency for transcriptional regulation of
SENP3-responsive homeobox genes
Nup88 LRR Interacts with this nuclear pore complex protein involved in nuclear-cytoplasmic transport Liao et al., 2015

(Continued)
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TABLE 1 | Continued

Binding Flii Binding Function References

Partner Domain

p62 GLD Interferes with LC3-mediated p62-cargo engulfment by autophagosome He et al., 2018

Phospho-Ser436

PPARy LRR (LXXLL Motif) Prevents PPARY receptor repression of the transcriptional activity Choi et al., 2015

RbBP5 GLD (G1-3 Module)  Associates with this component of the MLL1/2 methyltransferase complex to facilitate Nayak et al., 2017
chromatin recruitment and RNA Pol Il residency for transcriptional regulation of
SENP3-responsive homeobox genes

SENP3 GLD (G1-3 Module)  Transcriptional regulation of SENP3-responsive homeobox genes. Recruits SENP3 to the Nayak et al., 2017
promotor regions, facilitating mutual association with chromatin

SMAD3 Not Defined TGFB-dependent interaction of this subunit of the SWI/SNF complex Lim and Jeong, 2014

SNF2L Not Defined Transcriptional regulation via ISWI chromatin-remodeling complex Pepin et al., 2013

Syncrip Not Defined Interacts with this RNA-binding protein involved in RNA metabolism, such as RNA stability, Liao et al., 2015
splicing, and translational control

Thyroid LRR Hormone-independent transcriptional regulation Gettemans et al., 2005

Receptor

UCP1 N/A Cooperates with LRRFIP1 as transcriptional activator of UCP1 in brown adipose tissue Shamesi et al., 2020
thermogenisis

Ulk1 Phosphorylation of Inhibits the phosphorylation by Akt, allowing autophagic clearance of ubiquitinated proteins He et al., 2018

Ser64 within p62 cargoes

WDR5 Not Defined Associates with this component of the MLL1/2 methyltransferase complex to facilitate Nayak et al., 2017
chromatin recruitment and RNA Pol Il residency for transcriptional regulation of
SENP3-responsive homeobox genes

Inflammation

BCAP Not Defined Binding promotes Flii inhibition of NLRP3 Inflalmmasome activity Carpentier et al., 2019

Caspase-1 LRR and GLD Inhibits inflammatory activity and limit caspase-1 induced cell death Lietal., 2008

Caspase-11 LRR and GLD Directs localisation of Caspase-11 to F-actin rich leading edge and reduce TLR4 inflammatory Li et al., 2008
signaling pathway

LPS LRR Binds LPS to inhibit activation of macrophages Leietal, 2012

LRRFIP1 LRR (aa1-427) Disrupts LRRFIP1-MyD88 binding to reduce TLR4 signaling Dai et al., 2009

LRRFIP2 LRR (aa1-427) Disrupts LRRFIP2-MyD88 binding to reduce TLR4 signaling Fli-LRRFIP2 binding enhances the Dai et al., 2009) (Jin et al.,
interaction of Flii and Caspase-1 to inhibit NLRP3 Inflammasome 2013

MyD88 GLD Interferes with formation of TLR4-MyD88 inflammatory signaling complex Wang et al., 2006

NRX Not Defined Binding links Flii to MyD88 and synergistically prevent TLR4 inflammatory signaling pathway Hayashi et al., 2010

RdCVF Not Defined Binding links Flii to MyD88 and synergistically prevent TLR4 inflammatory signaling pathway Hayashi et al., 2010

migration is at least in part, due to its role in regulating focal
adhesion maturation.

The maturation of focal adhesions into contractile fibrillary
adhesions enables cells to modify the structure and rigidity of
the surrounding extracellular matrix (Arnaout et al., 2007). At
collagen adhesion sites, Flii associates with non-muscle myosin
ITA (NMMIIA), a regulator of adhesion, polarity, and migration
of non-muscle cells which is required for maturation of adhesions
and the generation of contractile forces on collagen substrates
(Alexandrova et al., 2008; Choi et al., 2008; Arora et al., 2015).
The leading edge of extensions in cells spreading on collagen
are enriched with TRPV4 channels leading to increased localized
Ca’™ fluxes, which are required for the association of Flii with
NMMIIA (Arora et al., 2015). Moreover, the LRR domain of
Flii binds to Ras GTPase-activating-like protein (IQGAP1) to
facilitate interaction with cdc42 and R-Ras to first form short
cell extension (via cdc42), and then elongate these extensions
(via R-Ras) responsible for collagen fibril compaction and
alignment (Arora et al., 2020). Together with NMMIIA, Flii
appears to promote the formation of cell extensions and collagen

compaction (Arora et al.,, 2017). Flii-overexpressing fibroblasts
form more elongated protrusions, penetrating further into the
pores of collagen-coated membranes. The cells also remodel the
surrounding collagen into more strongly compacted collagen
fibrils, as well as displaying an increased uptake and degradation
of exogenous collagen (Arora et al., 2015). Despite this apparent
role in extracellular matrix remodeling, fibroblasts isolated from
mice with altered levels of Flii do not exhibit differences in their
ability to contract collagen gels in vitro (Kopecki et al., 2011b).
The process of cell migration is also dependent upon
efficient disassembly of hemidesmosomes followed by the rapid
formation of new and stable adhesions sites (Jones et al., 1998).
Hemidesmosome formation is impaired in Flii overexpressing
mice (Kopecki et al., 2009). In addition to an overall reduction
in the number of hemidesmosomes, those present also have
fewer sub-basal dense plates and shorter adhesion sites (Kopecki
et al, 2009). Additionally, the basement membrane within
the skin of Flii overexpressing mice have sparse tonofilaments
and a decreased network of anchoring fibrils (Kopecki et al.,
2009). Reducing Flii in heterozygous knockout mice, significantly

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2020 | Volume 8 | Article 603508


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Strudwick and Cowin

Multifunctional Roles of Flightless |

Inactive DRF

DID
DAD

assembly and the formation of cell extensions.

FIGURE 2 | Flii Regulation of DRF-Mediated Actin Assembly. Binding of the diaphanous autoinhibitory domain (DAD) to the diaphanous inhibitory domain (DID)
elements of Diaphanous-related formins (DRF) results in autoinhibition of the functional domains. Rho binding partially disrupts the DID-DAD interaction. The
dissociation of the DID-DAD interaction is enhanced by Flii GLD bound to the DAD segment, which allows for activation of the DRF and filamentous actin (F-actin)

DID

Active DRF

Cell Extension

increases CD151 and the basement membrane component
laminin, as well as increases the level of integrin B4 chains in
response to wounding (Kopecki et al, 2009). While integrin
a6 is initially decreased in day 3 wounds, it is elevated during
the later stages of healing in Flii heterozygous mice (Kopecki
et al., 2009). The combination of integrin a6 and B4 is required
for stable hemidesmosome formation (Dogic et al., 1998; Jones
et al, 1998; Hintermann and Quaranta, 2004) and suggests
that decreasing Flii expression can promote the stabilization
of hemidesmosomes.

Distinct from the receptor-mediated pathways involving Rho,
Rac and Cdc42, Flii also regulates migration through binding to
the p30 domain of Caspase-11 via both its LRR and GLD where
it localizes to the F-actin rich leading edge (Li et al., 2008). Its
interaction with caspase-11 has no effect on caspase-11 activity
(Li et al, 2008) which can regulate actin dynamics by actin
depolymerisation to facilitate immune cell migration (Li et al.,
2007). Caspase-11 binds to actin interacting protein 1 (Aipl), to
promote the activation of cofilin by Aip1, and stimulates cofilin-
mediated actin depolymerisation (Li et al, 2007). Moreover,
Flii interacts with Ca?>*/calmodulin (CaM)-dependent protein
kinase type II (CaMK-II), which itself co-localizes with the
actin cytoskeleton and influences cytoskeletal and focal adhesion
dynamics to influence cell motility through dephosphorylation of
focal adhesion kinase and paxillin (O’Leary et al., 2006; Easley
et al.,, 2008). Regardless of the precise nature of the interaction it
is clear that Flii acts as a key regulator of a number of pathways
that influence cytoskeletal arrangement.

These cytoskeletal interactions exhibited by Flii are of critical
importance in C. elegans, where Flii regulates the cytokinesis
of somatic cells and appears essential for cell division, acting

together with Ras to control the development of germline cells
and interacts with the phosphoinositol-signaling pathway in the
regulation of ovulation (Deng et al., 2007; Lu et al., 2008). Flii
may also play a role in coordination of mammalian ovulation,
as Flii has been shown to interact with the imitation switch
(ISWI) ATPase homolog SNF2L that is expressed in mouse
ovary granulosa cells (Pepin et al, 2013). SNF2L expression
is required for normal follicle maturation and differentiation
in luteal cells (Lazzaro et al., 2006) and appears to regulate
fibrinogen-like 2 (Fgl2) expression in differentiating granulosa
cells (Pepin et al., 2013). It may be that Flii interacts with SNF2L
to regulate folliculogenesis in mammals and therefore play a role
in ovulation in mammals. Whilst C. elegans Flii associates directly
with Ras (Goshima et al., 1999), and colocalisation of Flii with
both Ras and Rho has been observed at actin arcs, membrane
ruffles and at the leading edge of motile mouse fibroblasts (Davy
etal., 2001), the LRR of mammalian Flii does not directly bind to
Ras or other small G proteins, such as Rac2, RhoA, or CDC42
in yeast-two hybrid or pull down assays (Liu and Yin, 1998).
Nevertheless, Flii appears to play an important role in linking
the structure of the cytoskeletal to transcriptional regulation
(Lee et al., 2004).

While Flii associates with the cytoskeleton and is co-localized
with actin-based structures in motile mouse fibroblasts, it
can translocate to the nucleus upon hormone stimulation or
during periods of cell stress and gradually accumulates in
the nucleus as cells approach confluence (Davy et al, 2001;
Adams et al., 2008). While it is currently unclear whether the
predicted nuclear localization (‘***KRKFITHRGKRK!%4¢) and
export (P*LTDLLYLDL!®®) signals are functional (Gettemans
et al,, 2005), it is clear that Flii can be found both within
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Nucleus

FIGURE 3 | Flii regulates Rac-1 mediated migration. Migration relies upon the maturation of short-lived cell-extra cellular matrix (ECM) adhesions termed focal
complexes (FC) into elongated focal adhesions (FA), associated with contractile stress fibers of filamentous actin (F-actin) which provide the force required align
collagen and facilitate locomotion of the cell. Flii recruits R-Ras adhesion sites. The LRR of Flii binds R-Ras, the Ras GTPase activating protein (Ras GAP) and the
C-terminus of G3BP1, which in turn can binds R-Ras via its C-terminus and via its N-terminus to Ras GAP, activating Ras to induce Rac1-mediated cell extension
formation. Flii also activates Rac-1 via pRex to form filopodia and facilitate migration.
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the nucleus, or within the cytoplasm either associated the
membrane/cystosol or the cytoskeleton (Davy et al., 2001). The
translocation of Flii appears to be a gradual process when
stimulated by serum starvation or where CaMK-II is inhibited.
Under these conditions, nuclear accumulation of Flii appears to
take 8-10 h, while nuclear export is somewhat faster, requiring 3-
6 hours following CaMK-II activation (Seward et al., 2008). While
Flii is predominantly observed within the cytosol of unwounded
fibroblasts, within 30 mins of scratch wounding, it can be found
within the nucleus and in the perinuclear region (Chan et al,,
2014). It is interesting to note that translocation of Flii from
the cytoplasm to the nucleus upon wounding is observed in
fibroblasts, but not keratinocytes (Cowin et al., 2007), pointing
to the complicated nature of Flii actions and its dependence upon
specific cellular conditions.

Flii and Transcriptional Regulation

More than simply facilitating cytoskeletal rearrangements, Flii
has other important roles in the regulation of gene transcription
within the nucleus. Flii interacts with nuclear hormone receptors
including the androgen receptor (AR), estrogen receptor (ER),
thyroid receptor (TR) and glucocorticoid receptor (GR) to

regulate a number of cellular processes including proliferation,
differentiation, apoptosis, and migration (Archer et al., 2004;
Jin et al., 2017). Via its LRR, Flii associates with both ER
and TR in a hormone-independent fashion (Gettemans et al.,
2005). However, the expression of Flii in skin fibroblasts and
keratinocytes is significantly enhanced with the addition of
increasing concentrations of B-estradiol (Adams et al., 2008) and
its occupancy of the promoter regions of ER target genes is
increased in a hormone dependent manner (Lee et al., 2004; Jeong
et al., 2009). Thus Flii binding to the ERa is enhanced in an
estrogen-dependent manner, leading to enhanced transcription
of estrogen responsive genes including trefoil factor family
1 (TFF1, also known as Ps2), growth regulation by estrogen
in breast cancer 1 (GREB1), myelocytomatosis viral oncogene
(Myc) and Cathepsin D (Jeong et al., 2009; Jeong, 2014). Flii can
also bind the AR at the AR-ligand binding domain (residues 624
919) by both the LRR (residues 1-494) and residues 495-822 of
the GLD, but not with residues 825-1268 (Wang et al., 2016).
The recruitment of Flii to the promotor regions of target genes
appears to be gene specific as, while Flii is required for TFF1/Ps2
expression, it is not required for ER-induced expression of the
progesterone receptor (PgR), nor is it recruited to the promotor
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Pol I) to bind to the exposed promotor region of the target genes.

FIGURE 4 | Flii as a Nuclear Receptor Co-Activator. Flii associates with nuclear receptors (NR) via the leucine rich repeat (LRR), the gelsolin domain (GLD) or both, in
response to hormone (h) binding to NR. Flii (blue) facilitates chromatin remodeling by binding to key components of the SWI/SNF chromatin remodeling complex -

actin and BAF53. It also brings together the p160 coactivator GRIP1 via the LRR domain and CARM1 via both the LRR and GLD to facilitate histone modification by
acetylating CBP/p300 (bound to GRIP1) and methylating CARM1. Together these actions, allow Flii to enhance transcription by allowing for RNA Polymerase Il (RNA

Methylation

region of this gene (Won Jeong et al., 2012). Flii also forms a
complex with AR in response to the AR ligand, competing with
ligand binding to AR (Wang et al., 2016). In the presence of NCor
and SMRT, known corepressors of AR, the interaction between
Flii and AR is enhanced such that Flii inhibits AR transactivation
which results in reduced AR nuclear localisation and repression
of AR-dependent signaling (Wang et al., 2016).

Flii binds not only to actin in its globular and filamentous
forms, but also to actin related proteins including Brg- or Brm-
associated factor 53 (BAF53) (Goshima et al., 1999; Lee et al.,
2004). Both actin and BAF53 are key components of the SWI/SNF
chromatin remodeling complex, required for the initiation of
transcription of nuclear receptor target genes. For transcription
to occur, a SWI/SNF complex incorporating two molecules of
actin, BAF53, or one of each must first be formed at the promoter
site (Archer et al.,, 2005). Flii is required for the maintenance of
optimal chromatin configuration at the enhancers of estrogen
target genes, to facilitate binding of RNA polymerase II to the
promotor region of the target gene (Jeong, 2014). In the case
of ERa-mediated transcription, Flii binding to the ERa and

BAF53 via its C-terminal GLD, recruits the SWI/SNF ATP-
dependent chromatin remodeling complex to the promotor
region of estrogen receptor target genes (Jeong et al., 2009). Flii in
association with BAF53 is also required for the early recruitment
of BRG1 to the promotor regions or estrogen responsive genes
TFF1/pS2 and GREBI, ahead of ER recruitment and efficient
expression of estrogen target genes (Jeong et al., 2009).

Binding of Flii to the coactivator-associated arginine
methyltransferase 1 (CARM1) occurs via both the N-terminal
LRR domain and the C-terminal GLD (Lee et al., 2004). It also
binds the p160 coactivator glucocorticoid receptor-interacting
protein 1 (GRIP1- also known as steroid receptor coactivator-2
SRC-2) via the LRR domain (Archer et al., 2004; Lee et al., 2004).
Flii and CARM1 act synergistically as secondary coactivators
in the presence of the GRIP1/SRC-2 to facilitate histone
modification and enhance ER mediated transcription (Lee et al.,
2004). A schematic representation of the role of Flii as a NR
co-activator can be found in Figure 4. Although not necessary
for the interaction of Flii and ER coactivator GRIP1/SRC-2
complex, in order to function fully as an ER co-activator, Flii
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must first be phosphorylated at residues Ser436 and Thr818 by
cytokine-independent survival kinase (CISK), a downstream
effector of the PI 3-kinase, a pathway that is essential for
the survival and proliferation of mammalian cells (Xu et al.,
2009; Mendoza et al., 2011). Flii LRR binding to GR not only
activates GR-mediated transcription (Jin et al., 2017), but also
regulates GR occupancy at the promoter or the enhancer regions
of ERa target genes, resulting in the loss of ERa from these
regions in response to E2 and Dex treatment, thus, contributing
to GR-mediated repression of ERa transcriptional activity
(Yang and Jeong, 2019).

Flii regulates transcription of target genes downstream of
other non-hormone dependent nuclear receptors, including
those which regulate cell differentiation as well as glucose and
lipid metabolism. Flii interacts with ISWI chromatin-remodeling
complex through its association with SNF2L to regulate
transcription of fibrinogen-like 2 (Fgl2) expression in
differentiating granulosa cells (Pepin et al., 2013). Flii also
acts independently of ERa-mediated gene regulation to facilitate
chromatin recruitment and RNA Polymerase II residency to
regulate transcription of SENP3-responsive homeobox genes,
DLX3, HOXA9, HOXB3, MEIS1, and MEOXI required for
human osteogenic differentiation (Nayak et al, 2017). Here,
Flii associates with both SENP3 and components of MLL1/2
methyltransferase complex including RbBP5, menin, WDR5 and
the catalytic core subunits MLL1 and MLL2 (Nayak et al., 2017).
The presence or absence of Flii does not affect the association
of RbBP5, MLL1, or MLL2 with the DLX3 gene, rather Flii
is required for the recruitment of SENP3 to the promotor
region and exon 3 of DLX3 facilitating mutual association with
chromatin (Nayak et al., 2017).

The dual action of Flii in facilitating the initiation of
transcription through chromatin remodeling and co-activator
recruitment positions Flii as a key regulator of nuclear-receptor
transcription. However, it may be that the widespread impacts
of Flii upon cellular processes may be due to the ability of
Flii to regulate nuclear transport. Flii interacts with the nuclear
envelop associating proteins Importin f and Nup88 via the
LRR domain (Liao et al., 2015). Both of these proteins are
involved in nucleocytoplasmic transport of mRNA, protein and
the 60S ribosomal complex, Importin  as a nuclear transport
receptor and Nup88 that is a component of the nuclear pore
complex (Strom and Weis, 2001; Bernad et al., 2006; Hutten and
Kehlenbach, 2006). Furthermore, over half of the 133 putative
Flii binding partners identified by immunoprecipitation and LC-
MS/MS analysis in the H1299 lung cancer cell line are associated
with nucleocytoplasmic transport of both RNA and protein,
post-translational modifications of RNA and the biosynthesis of
protein (Wang et al., 2017). Flii knockdown and overexpression
significantly affects both the nucleus/cytoplasm ratio of mRNA
and the level of ribosome-nascent chain complex-associated
mRNAs (Wang et al., 2017).

Transcriptional Regulation and

Metabolism
Flii has been shown to act as a repressor of the transcriptional
activity of the Peroxisome Proliferator-Activated Receptor y

(PPARY) and its overexpression suppresses adipogenesis (Choi
etal., 2015). Flii is expressed more highly in adult bovine adipose
tissue compared to fetal bovine adipose tissue (Zhou et al,
2014), with Flii expression increasing in differentiated adipocytes
compared with preadipocytes (Liu et al., 2016). In the absence
of ligand, the LXXLL motif within the LRR domain of Flii binds
directly to the DNA binding domain of the receptor to prevent
PPARy receptor occupancy at the promotor of target genes as
well as blocking the interaction between PPARY and retinoid X
receptor o (RXRa) (Choi et al., 2015). Flii was widely expressed
in human tissues, with strongest expression in skeletal muscle
(Campbell et al., 1997). Genetic characterisation of a number
of Chinese cattle breeds, which historically exhibit small body
size and low intramuscular fat content compared to other meat
production breeds, shows that three polymorphisms in Flii are
associated with increased body mass, height and length, as well
as chest girth. Moreover, these polymorphisms; CT (rs41910826),
TT (rs444484913), and CA (rs522737248) were associated with
increased PPARy in adult adipose as well as increased Flii in fetal
muscle (Liu et al., 2016).

Recently, it has been shown that Drosophila with mutations
in Flii are resistant to starvation, with increased triglyceride
levels in body fat and intestine due to elevated desaturase 1
(desatl), whose preferred substrate is stearoyl-CoA (Park et al.,
2018b). Conversely, overexpression of Flii reduced both the
amount of triglycerides and the expression of desaltl, which
was replicated in mammalian preadipocytes (Park et al., 2018b).
Flii is also a transcriptional coactivator of Uncoupling protein-
1 (UCPI1), a key regulator of brown fat adipogenesis, and
acts to modulate systemic energy metabolism (Shamsi et al.,
2020). A number of other enzymes related to the metabolic
pathways of glycolysis, lipogenesis, lypolysis and the pentose
phosphate pathway are also increased in the Drosophila Flii
mutants (Park et al., 2018a). Mutations in the Flii gene have
been associated with increased insulin resistance, with a higher
expression of most glycolytic-enzyme genes (Park et al., 2018a).
It appears that Flii acts as a component of the glucose-
responsive transcription factor carbohydrate responsive element
binding protein (ChREBP) transcription complex, colocalising
to interact with ChREBP and down regulate ChREBP-mediated
transcription in colorectal cancer and hepatocellular carcinoma
cells (Wu et al, 2013). These studies suggest that Flii may
be an important regulator of metabolism and may highlight
Flii as a therapeutic target for the management of obesity and
metabolic diseases. Interestingly, Mediterranean fruit fly larvae
that are fed on a fatty acid deficient diet exhibit markedly
increased Flii expression and a significantly reduced flight ability
(Cho et al., 2013). This raises the question as to whether dietary
changes may impact upon Flii expression in mammals and
if changing dietary fatty acids may reduce Flii expression to
improve health outcomes.

Flii and Its Binding Proteins LRRFIP1/2

Leucine rich repeat Flightless-interacting protein (LRRFIP)1/2
are key binding partners of Flii known to act both synergistically
and competitively to regulate a wide range of signaling pathways.
The LRR of Flii interacts with the double stranded RNA binding
protein TAR RNA interacting protein (TRIP) (Wilson et al,
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1998) which is also known as the short mouse homolog FLI
LRR associated protein (FLAP-1), Leucine rich repeat in the
Flightlessl interaction protein 1 (LRRFIP1) and GC-binding
factor 2 (GCF2), as well as the closely related protein, Leucine
rich repeat in the Flightless1 interaction protein (LRRFIP2) (Liu
and Yin, 1998; Fong and de Couet, 1999). Herein, these will be
referred to as LRRFIP1/2 for consistency.

Leucine rich repeat in the Flightless1 interaction protein 1 is
a cytosolic nucleic-acid sensor, which mediates type I interferon
(IFN) production, and acts a transcriptional repressor of EGFR,
PDGEF, TNFa and the glutamine transporter EAAT2 (Ohtsuka
et al,, 2011; Jin et al,, 2013). While LRRFIP1 normally induces
type I IFN expression in virally infected 3T3 cells, overexpression
of LRRFIP1 can induce IFN expression regardless of infection
status (Bagashev et al., 2010). LRRFIP1 rapidly colocalises with
viruses and interacts transiently with viral sensing Toll-like
receptor 3 (TLR3) following viral infection (Bagashev etal., 2010).
As well as inducing IFN production in fibroblasts, LRRFIP1 also
induces IFN expression in macrophages and hepatocytes (Yang
et al.,, 2010; Liu et al., 2015). While viral infection with Hepatitis
C (HCV) in the cells does not alter expression of LRRFIPI
itself, the induction of IFN by LRRFIPI is also exacerbated by
HCYV infection, and the upregulation of IFN acts to inhibit the
replication of the virus (Liu et al., 2015). Silencing LRRFIP1 can
also affect inflammasome activation and IL- 1P secretion (Jin et al.,
2013). LRRFIP2 acts as a positive regulator of TLR4 signaling
by competitively disrupting the interaction between MyD88
and Flii at a very early stage of TLR agonist stimulation (Jin
et al., 2013), and interacts with downstream protein caspase-11
(Li et al., 2008).

LRRFIP1 is also required for non-canonical Wnt3A
stimulated, PCP pathway activation of small GTPases, Rho,
Rac and Cdc42 to direct cell migration, wherein LRRFIP1
localized within perinuclear regions binds the PDZ domain
of Dvl3, that is active specifically in PCP pathway signaling
(Ohtsuka et al., 2011). LRRFIP1 enhances vascular smooth
muscle cells (VSMCs) proliferation and ERK phosphorylation,
which, together with remodeling are important pathological
events in atherosclerosis and restenosis. Reducing LRRFIP1
prevents neointimal hyperplasia in mouse carotid artery injury
(Choe et al., 2013) and has also been identified as critical to
platelet function, positively regulating thrombus formation and
in human platelets interacts with Flii and the platelet cytoskeletal
protein Drebrin 1(Goodall et al., 2010).

Moreover, both LRRFIP1 and LRRFIP2 act as important
activators of the canonical P-catenin/TCF/LEF signaling
pathway, binding to Wnt signal mediator Dishevelled (Dvl) as
well as P-catenin, glucocorticoid receptor interacting protein
1 (GRIP1), and p300 (Lee et al, 2004; Liu et al., 2005; Yang
et al., 2010; Ohtsuka et al., 2011), which leads to transcription
of c-myc and cyclinD1, which stimulates proliferation and cell
cycle progression as well as apoptosis (Lee and Stallcup, 2006;
Liao et al., 2007). Flii disrupts the ability of LRRFIP1 and p300 to
synergistically activate transcription by p-catenin and TCF/LEF
and thus acts as a negative regulator of the canonical Wnt
signaling pathway (Lee and Stallcup, 2006). The Wnt signaling
pathway itself modulates the nuclear receptor pathways as

B-catenin enhances AR-dependent transcription through direct
interaction of f-catenin, Flapl, p300 and AR (Truica et al., 20005
Lee and Stallcup, 2006). Flii may act as the determining factor in
maintaining the balance between NR and B-catenin/LEF1/TCF
mediated transcription, dependent upon nuclear levels of Flii
(Lee and Stallcup, 2006). The interaction of Flii with LRRFIP1/2
is of particular importance in the regulation of cell survival,
particularly with regards to regulation of proliferative or
apoptotic pathways.

Flii and Cell Survival - Proliferation vs
Apoptosis

Numerous studies have shown that Flii is involved in the
regulation of proliferative and apoptotic pathways. Flii is
generally described as a negative regulator of proliferation with
siRNA knockdown of Flii in both fibroblasts and keratinocytes
resulting in increased proliferation and cells isolated from
Flii overexpressing mice displaying reduced proliferative ability
(Cowin et al.,, 2007). Flii also negatively regulates the canonical
Wnt signaling pathway through disrupting the binding of
LRRFIP1/2 with B-Catenin (B-Cat) (Lee and Stallcup, 2006).
The canonical Wnt-signaling pathway regulates the expression
of proliferative genes by tightly controlling the phosphorylation
and degradation of cytosolic f-Cat by the Axin complex, and
the ability of B-Cat to act as a transcriptional co-activator
within the nucleus (MacDonald et al., 2009). Cytosolic Flii acts
upon B-Cat dependent cyclin D1 transcription and cell cycle
progression in mouse fibroblasts, where it preferentially binds
active Ca?>*/calmodulin (CaM)-dependent protein kinase type
II (CaMK-II) but is not phosphorylated by CaMK-II (Seward
et al, 2008). Flii inhibition of cyclinD1 transcription occurs
without B-Cat degradation. Instead it appears that when CaMK-
IT becomes inactive due to contact inhibition and a reduction
in Ca?* transients, Flii gradually relocates to the nucleus where
it interferes with LRRFIP1 and LRRFIP2 to prevent B-Cat-
dependent transcription of cyclin D1 and reduces proliferation
(Seward et al., 2008). LRRFIP1 and LRRFIP2 also binds CaMK-II
within the cytosol, which may further indicate that the regulation
of proliferation is dictated by subtle changes in the ratio of Flii,
B-Cat, LRRFIP1/2 and Tcf/Lef factors (Seward et al., 2008).

In contrast to the negative effect on proliferation described
above, a positive proliferative response to Flii is observed within
the germinal matrix of the claws of mice that constitutively
overexpress the protein and claw regrowth is subsequently
enhanced in these mice (Strudwick et al., 2017). The germinal
matrix is the organ that supplies the pool of keratinocytes
that undergo proliferation and differentiation to form the nail
or claw of the digit tip (De Berker et al., 2000; Strudwick
et al, 2017). In this case, B-Cat expression is maintained,
with continued expression of cyclin D1 within the germinal
matrix of the regenerating claws in these Flii overexpressing
mice after proximal amputation (Strudwick et al, 2017).
Likewise, proliferation is enhanced in tenocytes isolated from
Flii overexpressing mice (Jackson et al., 2020a) and siRNA
knockdown reduces proliferation of these cells. It was also
observed that increasing the level of Flii in an injured tendon
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resulted in reduced tendon adhesion formation and better
healing outcomes (Jackson et al., 2020b). A similar positive role
for Flii is seen in the MCF-7 breast cancer cell line (which
contain the estrogen-inducible TFF1/pS2 gene), where silencing
Flii results in significantly inhibited proliferation (Jeong, 2014).
This may be due to the Flii co-activator function of the ER being
reduced. Indeed, CISK phosphorylated Flii is required for E2-
dependent cell growth (Xu et al., 2009). Moreover, CISK and Flii
are seen to promote cell survival in 32D cells, protecting them
from IL-3 withdrawal-induced apoptosis (Xu et al., 2009). Here,
the CISK-phosphorylated Flii, enhances ER activity (Xu et al.,
2009), which is also likely to be at play in other cell types in which
the ER is active, such as MCF-7 cells, where estrogen is known to
protect MCF-7 cells from apoptosis (Wang and Phang, 1995). Flii
further inhibits apoptosis, through its interaction with caspase-
1. Flii binds caspase-1 via both the LRR and GLD to inhibit its
activity and limit caspase-1 induced cell death (Li et al., 2008).
However, Flii does not inhibit caspase-11-induced cell death in
HeLa cells (Li et al., 2008). In fact, the interaction of Flii with
caspases may play a more important role in the regulation of
inflammation, than in simply promoting cell survival.

Flii and the Immune Response

Flii plays an important role in the regulation of innate
immunity which appears to be conserved from invertebrates
through to humans, interacting with two of the most important
inflammatory pathways, the NLRP3 inflammasome (Figure 5)
and the MyD88-TLR4 signaling pathway (Wang et al., 2006;
Zhang et al.,, 2015). Upon priming with bacterial LPS and ATP
stimulation, the NLRP3 inflammasome activates pro-caspase
1, stimulating pyroptosis of macrophages to enhance bacterial
clearance (Miao et al, 2011). Cleavage of IL-1f also occurs
for secretion and further pro-inflammatory activity (Mangan
et al, 2018). Activation by ATP or nigericin also induces
translocation of NLRP3 inflammasome components, NLRP3 and
ASC, whereupon they interact with F-actin microfilaments that
dampens activity of the inflammasome (Burger et al., 2016). In
resting macrophages, Flii and LRRFIP2 are co-localized with
F-actin and it is the recruitment of the NLRP3 inflammasome
upon stimulation that allows for the inhibitory action of Flii
to occur (Burger et al.,, 2016). Silencing either Flii or LRRFIP2
abrogates the colocalization of NLRP3 with F-actin (Burger
et al., 2016) indicating that they are critical for stabilizing this
interaction. Knockdown of Flii enhances NLRP3 inflammasome
activation (Jin et al., 2013) and overexpression in vitro reduces
IL-1f maturation and secretion suggesting that Flii can act as
a negative regulator of the NLRP3 inflammasome (Li et al.,
2008; Jin et al., 2013). Furthermore, the close interaction of
Flii with the NLRP3 inflammasome enables the dampening of
its activity. The binding of Flii to pro-caspase-1 to prevent
the formation of the NLRP3 inflammasome is enhanced by
the interaction of Flii and LRRFIP2 with B cell adaptor for
phosphoinositide 3-kinase (PI3K) (BCAP) (Carpentier et al.,
2019). The inhibitory effect of Flii is further enhanced by
LRRFIP2 binding both NLRP3 by its N terminal and Flii by its
coiled motif to enhance the interaction of Flii and Caspase-1 (Jin
etal,, 2013). Silencing LRRFIP2 in macrophages results in greater

NLRP3 inflammasome activation, increased cleaved Caspase-1
and increased IL-1f secretion following LPS priming and ATP
stimulation (Jin et al., 2013).

Flii binds Caspase-1 acting both as a pseudo substrate of
Caspase-1 and a potent inhibitor of IL-1f maturation and
secretion (Li et al., 2008). Caspase-1 cleaves Flii into three
C-terminal fragments, one around 90 kD and one around 60
kD as well as the 100-kD fragment (Li et al., 2008). Although
only one potential cleavage site Asp526 and one recognition site
SBYEADC®? localized within the GLD was for found caspase-1
and no site for any other caspases, Caspase-11 also cleaves Flii
into a C-terminal cleavage fragment around 100 kD (Li et al,,
2008). The cleavage of Flii is not required for it to act as an
inhibitor (Li et al., 2008) and the function of the cleaved forms
of Flii have yet to be elucidated. Zhang et al. have found that,
in canonical NLRP inflammasome activation, calpain activity is
essential for releasing caspase-1 from Flii and the cytoskeleton,
allowing its function in IL-1f maturation (Zhang et al., 2015). Flii
may not only prevent the inflammatory action of Caspase-1, but
direct it towards its actin remodeling role, as the co-expression of
Flii with caspase-1 in COS cells enriches Caspase-1 localisation
at the leading edge of motile cells (Li et al., 2008). Similarly, Flii
recruits Caspase-11 to the Triton X-100 insoluble actin bundle
fraction to reduce inflammasome activation (Li et al., 2008). The
interaction between caspase-11, LRRFIP2 and Flii is also likely
to regulate the immune response through influencing the ability
of caspase-11 to facilitate immune cell migration and promote
bacterial clearance via phagosome fusion with lysosomes (Li et al.,
2007; Akhter et al., 2012). Moreover, Flii interaction with the
MyD88-TLR4 signaling pathway acts to regulate the early burst
of inflammation in response to injury and pathogen recognition
(Wang et al., 2005; Mogensen, 2009).

TLRs signal through MyD88 or TRIF and activate NFkB, MAP
kinases, and IRF molecules (Bagashev et al., 2010). In vitro, Flii
binds MyD88 and interferes with the formation of TLR4-MyD88
signaling complex to inhibit LPS induced NFkB activation in
macrophages (Wang et al., 2005). LRRFIP1 also interacts with
Flii and MyD88 and both LRRFIP1 and 2 positively regulate
TLR signalling (Dai et al., 2009). In this setting Flii disrupts the
binding of LRRFIP1/2 with MyD88 to negatively regulate TLR4
signaling (Dai et al., 2009). Decreasing Flii expression results in
increased TNFa and IL-8 in response to IL-1 and LPS treatment,
whilst its overexpression significantly inhibits LPS or lipid
A-induced NF-kB activation and blocks IL-1- and LPS-induced
IL-8 promoter activity (Wang et al., 2006). Flii overexpression
does not affect TNF-a-induced IL-8 promoter activity that is
MyD88-independent (Wang et al., 2006), indicating a specific
role for Flii in the MyD88/TLR4 pathway.

Cells stimulated with LPS in the presence of culture media
enriched with Flii also show reduced production and secretion
of TNFa (Lei et al., 2012) suggesting that secreted Flii plays a
role in this pathway. Flii is found within the plasma of healthy
volunteers (Lei et al., 2012) and its secretion is increased in
response to wounding (Cowin et al., 2007; Ruzehaji et al., 2012).
Extracellular Flii is found in wound fluids collected from blisters,
acute and chronic wounds (Cowin et al., 2012; Ruzehaji et al,,
2012). Flii is constitutively secreted through a non-classical late
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FIGURE 5 | Flii and NLRP3 Inflammasome Regulation. Flii works synergistically with LRRFIP2 to inhibit the NLRP3 Inflammasome through its interaction with
pro-Caspase-1, sequestering it to filamentous actin (F-actin). Moreover, Binding to LRRFIP2 in the presence of BCAP, Flii strengthens the inhibitory effect of LRRFIP2
upon the inflammasome, sequestering NLRP3 and ASC also to F-actin rich sites. In order for the activation of the inflammasome to occur, Ca2+ released following
NLRPS stimuli activates Calpain to digest Flii and release Pro-Caspase-1. Actin severing into G-actin also disrupts in association of Flii and LRRFIP2 with NLRP3 and
ASC, allowing the formation of the NLRP3 inflammasome and the activation of Caspase-1 which cleaves Pro-IL-18 into its active form for secretion.

endosome/lysosome-mediated pathway by both fibroblasts and
macrophages, and its secretion is upregulated both in response to
scratch-wounding in fibroblasts or following lipopolysaccharide
(LPS) activation of macrophages (Cowin et al., 2007; Cowin
et al., 2012; Lei et al., 2012). Secreted Flii can bind LPS with
its N-terminal LRR (Lei et al., 2012), which has high sequence
homology to TLR4, known to play a key role in detecting bacteria
(Bell et al., 2003).It appears that secreted Flii may sequester LPS,
preventing the activation of macrophages to reduce cytokine
production (Lei et al., 2012).

Inside the cell, Flii is located in the MyD88/TLR4 complex
through its interaction with nucleoredoxin (NRX) (Hayashi
et al, 2010). NRX, like Flii is a negative regulator of the
Wnt signaling pathway through Dishevelled (Dvl), where it
interacts with the basic-PDZ domain of Dvl (which functions

in non-canonical PCP pathway (Ohtsuka et al, 2011)) in a
redox-dependent manner and mediates the redox-dependent
activation of the Wnt/B-catenin pathway (Funato et al., 2006).
NRX and its subfamily members (RACVF and C9orf121, but not
TRX) may have a common role through their interaction with
Flii in TLR4/MyD88 signaling pathway (Hayashi et al., 2010).
The ability of NRX and Flii to form a ternary complex with
actin is disrupted by ethanol contributing to the progression of
alcoholic liver disease in mice, which is also characterized by
altered MyD88/TLR4 expression (Alarcon-Sanchez et al., 2020).
Both RACVF and NRX link Flii to MyD88, and synergistically
prevent LPS-induced MyD88/TLR4 NFkB activation (Hayashi
et al., 2010). However, as Dvl binds specifically to NRX, but not
other redox-regulating family members, it seems that NRX alone
plays a dual role with Flii in both the Wnt signaling pathway and
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the TLR4/MyD88 pathway (Hayashi et al., 2010). Flii expression
is increased following macrophage stimulation with LPS for
12 hours (Jin et al., 2013). Moreover, as overexpression of Flii does
not change MyD88 expression, nor is Flii expression induced
upon shorter LPS stimulation it is not yet known how Flii
serves as an inhibitor of TLR signaling in shorter term responses
(Wang et al,, 2006). It appears that release of Flii from one
signaling pathway, to allow for its action in alternate processes
may be triggered upon stimulation and further investigation
of the kinetics and conditions required for specific Flii actions
would clarify this issue.

Flii Regulation of the
TGFp/Smad-Dependent Signaling

Pathway

TGF-B1 (along with TGF-f2) regulates collagen production and
plays a major role in fibrosis and scar formation following tissue
injury, while TGF-B3 is anti-fibrotic and stimulates epidermal
and dermal cell migration (Biernacka et al., 2011; Huang et al,,
2014). Signaling via Smad3 or Akt, TGF-1 stimulates collagen
I transcription and the activation of fibroblasts into contractile,
pro-fibrotic myofibroblasts (Biernacka et al., 2011). Flii co-
precipitates with TGF-B1, TGF-B2, TGF-83 and Akt isolated
from the nucleus of scratch wounded fibroblasts, as well as
it co-localizes with Smad 2/3 and 7 in both the nucleus and
cytoplasm of these same cells (Chan et al., 2014). Reducing Flii by
siRNA in human foreskin fibroblasts significantly reduces TGF-
B1 expression (Adams et al., 2008). Fibroblasts isolated from Flii
overexpressing and Flii deficient mice, reveals that while TGF-
Bl mRNA is increased in Flii overexpressing fibroblasts, and
decreased in Flii deficient cells, no change in TGF-3 mRNA is
observed (Chan et al., 2014).

Flii appears to play gender specific roles in TGF-B1 regulation
as male Flii overexpressing, but not female mice, display up-
regulated TGF-B1 and this is most pronounced in aged male
Flii overexpressing wounds (Adams et al., 2008). Nevertheless
in vitro, when Flii expression is reduced by siRNA, Smad 3
gene expression is also reduced, while the inhibitory Smad 7
(which competes with Smad 3 for receptor interaction and marks
them for degradation (Moustakas et al., 2001)) is upregulated
(Chan et al,, 2014). Thus, Flii upregulates TGF-p1 signaling
and increased Flii expression is associated with dose dependent
increases in type 1 collagen (COL1A2) expression in A549 cells
(Lim and Jeong, 2014). While changing the levels of GRIP1,
CARM1 or p300 does not result in synergistic activation of
COL1A2, it appears that Flii acts by recruiting BRG1 to promotor
region of COL1A2 increasing chromatin accessibility at the
COLI1A2 promotor carried out by SWI/SNF complex (Lim and
Jeong, 2014). Collagen I expression and secretion is also reduced
in fibroblasts treated with Flii siRNA (Cowin et al., 2007) and
siRNA knockdown of Flii inhibits estrogen-mediated collagen I
secretion by fibroblasts in vitro indicating that Flii is required
for collagen I production (Adams et al., 2008). Elevated Flii in
primary fibroblasts isolated from mice with the skin blistering
disorder Epidermolysis Bullosa Acquisita (EBA) impairs collagen
contraction, however, altering Flii levels in normal mice does not

affect the contractile ability of fibroblasts in vitro (Kopecki et al.,
2011a). It is interesting to note that exogenous addition of TGF-
B1 is able to restore the contractile ability of fibroblasts isolated
from Flii overexpressing EBA mice (Kopecki et al., 2011a). As
expression of P-Rex1 with which Flii interacts, but not Tiam1 in
primary human fibroblasts, enhances fibroblast-collagen matrix
contraction, increases collagen content and crosslinking and
significantly increased pMLC (Marei et al., 2016), it may be that
the increased contractility and collagen deposition observed in
pathological Flii overexpressing fibroblasts may be via selective
pathway activation under differing conditions, in this case
which may be through its enhancement of P-Rexl activation
of Racl. Clearly, Flii can play both positive and negative
roles in cell recruitment and migration, immune response
stimulation and resolution, proliferation and apoptosis, extra
cellular matrix deposition and remodeling, all of which point
to the critical importance of Flii as a key regulator of many
physiological processes.

Flii as a Negative Regulator of Wound

Healing

Fetal wounds heal without scar formation via the purse-string
closure of actin-myosin cables,(Martin, 1997; Cowin et al., 2003).
However, a switch to a more adult-type, scar-forming healing
response reliant upon lammellipodial crawling of epidermal cells
upon a provisional wound matrix occurs around the start of the
third trimester (embryonic day 18 in rats) (Martin, 1997). The
expression of Flii in the developing skin increases dramatically
around the time of this switch while it is noticeably absent in
keratinocytes surrounding the wound of early gestation wounds
(Lin et al., 2011). Moreover, while Flii does not co-localize with
actin-myosin cables formed around E17 wounds, it is found
highly expressed within keratinocytes at the leading edge of E19
wounded explants (Lin et al., 2011). This suggests that Flii plays
an important role in the cytoskeletal mechanics required for
cell migration during wound healing. Flii expression is relatively
low in unwounded adult skin but rapidly increases in response
to wounding (Ruzehaji et al., 2014). Despite being induced by
wound healing, Flii play a generally negative role such that
reducing Flii by heterozygous knockout improves healing rates
with lower collagen I deposition and overexpression of Flii
leads to impaired healing with evidence of scar formation and
increased collagen I deposition (Cowin et al., 2007). Moreover,
the negative impact of Flii upon wound healing may also be
due to its inhibition of epidermal stem cell activation (Yang
et al,, 2020). These cells, that reside within hair follicles adjacent
to the wound edge, require activation in order to produce
proliferative progeny which contribute to re-epithelisation of the
wound (Plikus et al., 2012). However, high levels of Flii appear
to interrupt the Wnt-signaling pathway responsible and thus
delayed wound closure (Yang et al., 2020).

The levels of Flii are further increased in wounds with
impaired healing, such as venous leg ulcers and diabetic foot
wounds (Ruzehaji et al., 2013, 2014). Indeed, investigations in
mice with altered Flii expression has shown that impaired healing
associated with aging and diabetes is exacerbated by increased
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FIGURE 6 | Flii impairs wound healing. (A) Incisional wound area at day 7 is increased in Flii overexpressing transgenic mice (Flii Tg) compared to wildtype (WT) in
both young and aged mice. (B) Healing is also delayed in full thickness excisional wounds of both non-diabetic and diabetic mice with increased Flii with larger
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Flii expression (Figure 6; Adams et al., 2008; Ruzehaji et al,,
2013). Flii appears to impair angiogenesis in diabetic wounds
with endothelial cells isolated from Flii overexpressing mice
showing disrupted tight junction formation and reduced micro
vessel sprouting (Ruzehaji et al., 2014). Diabetic patients, which
display elevated Flii expression, also have a reduced number
of pericytes, which work in tandem with endothelial cells to
form stable, functional blood vessels (Thomas et al., 2020).
Heterozygous knockout of Flii results in an upregulation of
pro-angiogenic VEGF expression, and increased numbers of
both endothelial cells and pericytes in diabetic mouse wounds
(Ruzehaji et al., 2014; Thomas et al., 2020). In vitro, treatment
with FnAb stimulates HUVEC cells to form capillary tubes and
FnAb-containing matrigel plugs inserted under the skin of mice
were found to have a fourfold increase in the length of functional
vessels that contained erythrocytes (Ruzehaji et al., 2014).

Flii is also increased in human burns and hypertrophic scars,
with a similar increase seen in a mouse model of bleomycin-
induced hypertrophic scaring (Cameron et al., 2016). The level of
fibrosis caused by subcutaneous delivery of bleomycin in the skin
reduces in Flii heterozygous knockout mice and have less TGF-p1
expression, but Flii overexpressing mice show increased scarring,

higher numbers of myofibroblasts and an elevated collagen I/I1I
ratio indicative of increased fibrosis (Cameron et al., 2016).
TGFP1 and P2 are both increased in the healing wounds of
Flii overexpressing mice, whilst in Flii heterozygous knockout
mice which heal faster, increased anti-scarring TGF-f3 isoform is
observed (Chan et al., 2014). In blistered skin of EBA induced Flii
heterozygous knockout mice, a reduced expression of contractile
myofibroblast marker a-SMA is observed (Kopecki et al., 2011a).
Reduced TGF-fl1 and Smad2/3 expression is also observed
within the blistered skin of the Flii heterozygous knockout mice
(Kopecki et al., 2011a). Counterintuitively though, wounds of Flii
heterozygous knockout mice appear more contracted and have
significantly increased numbers of myofibroblasts compared to
wild-type mice (Cowin et al., 2007). Whilst fibroblast-specific Flii
overexpression impairs wound repair, with larger more gaping
wounds at day 7 and reduced collagen I within the wounds,
these same wounds have increased number of myofibroblasts
(Turner et al.,, 2015).

It appears that the delayed wound closure observed in
Flii overexpressing mice may be due in part to impairments
in the process that prevents cellular migration over the
provisional wound bed and through less strong adhesion at the
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dermal-epidermal junction (Kopecki et al., 2009). In wounds
from Flii overexpressing mice decreased expression of Sr,
activated p130Cas and phosphorylated-paxillin is found (Kopecki
et al.,, 2011b), indicating a direct link between this pathway and
decreased wound closure observed in these mice. The expression
of tetraspanin CD151, a key component of hemidesmosomes
(Chometon et al., 2006) in the epidermis is also decreased in Flii
overexpressing mice on day 3 and 7 post wounding (Kopecki
et al., 2009). In addition to impacting the ability of cells to
migrate into and repopulate the wound, Flii also affects the
integrity of unwounded skin. The skin of Flii overexpressing
mice is significantly thinner than W', and has a reduced tensile
strength (Kopecki et al., 2009). In fact, the formation of the
epidermal barrier is delayed in embryos of mice that overexpress
Flii and their adult counterparts exhibit increased intercellular
space and trans epidermal water loss (Kopecki et al., 2014). Tight
junction (TJ) formation appears to be impaired in these mice,
with reduced expression of TJ proteins Claudin-1 and ZO-2
in Flii overexpressing embryos and altered localisation of these
proteins in keratinocyte isolated from adult mice with increased
Flii (Kopecki et al., 2014). Flii associates with T] proteins, and
while the exact mechanism by which Flii impairs epidermal
barrier function is unknown, in vivo actin assays suggest that
Flii inhibition of actin polymerization is of particular importance
(Kopecki et al., 2014).

Wound healing investigations into the effect of LRRFIP1, with
which Flii competes to influence the regulation of a number
of pathways crucial to wound repair, may shed some light
upon the specific Flii interactions that dictate the overall effect
of Flii in a broader in vivo context. Kopecki et al. (2018b)
report that LRRFIP1 is predominantly expressed by keratinocytes
in unwounded skin, but upon wounding its expression is
upregulated in both keratinocytes and fibroblasts. Addition
of recombinant LRRFIP1 (rLRRFIP1) to human keratinocytes
and fibroblasts in vitro, increases proliferation and metabolic
activity (Kopecki et al., 2018b), similar to the effect of reducing
Flii expression by siRNA knockdown and indicating that
competition between Flii and LRRFIP1 upon the B-catenin-
dependent proliferation may be a primary pathway affected.
In vivo, the intradermal delivery of rLRRFIP1 to the margins
of mouse incisional wounds exhibit similar effects to reduced
Flii activity, with accelerated re-epithelialisation and smaller
more contracted wounds by day 7 post-injury (Kopecki et al,
2018b). Interestingly, increased numbers of proliferating cells
were only observed in the neoepidermis and not in the dermal
wound fibroblasts (Kopecki et al., 2018b), whereas mice with
reduced Flii exhibit increased proliferation in both (Cowin et al.,
2007), suggesting that LRRFIP1 alone is not sufficient to prevent
Flii inhibition of proliferation in wound fibroblasts. Similar to
wounds with decreased Flii, rLRRFIP1 treated wounds contain
decreased TLR4 expression, and a concomitant decrease in
numbers of neutrophils and macrophages within the wound,
and altered TGFP1 and 3 expression, reminiscent of the effect
of reducing Flii in wounds (Cowin et al., 2007; Adams et al,
2009; Ruzehaji et al., 2013; Kopecki et al., 2018b). No effect of
increasing the levels of LRRFIP1 is observed upon angiogenesis
(Kopecki et al., 2018b), suggesting that the positive effect upon

angiogenesis seen by reducing Flii expression (Ruzehaji et al,
2014) is potentially independent of LRRFIP1.

As discussed earlier, Flii is a negative regulator of the immune
response and in vivo, Flii expression peaks in mouse wounds
around day 7 when resolution of the inflammatory stage of
tissue repair is required (Cowin et al,, 2007). In addition to
being expressed by fibroblasts, keratinocytes and macrophages,
Flii is also expressed by neutrophils within the blood and
co-localizes with mature neutrophils within chronic wounds
(Ruzehaji et al., 2012). Both NLRP3 KO and Caspase-1 KO
mice have reduced inflammation (IL-18, TNF-a, Neutrophils
and Macrophages) at day 5 post excisional wounding, suggesting
that reduced activity of the NLRP-3 inflammasome leads to
an attenuated inflammatory response in wounds. Interestingly,
this is also associated with delayed wound closure and reduced
reepithelialisation, less granulation tissue formation and collagen
deposition as well as impaired angiogenesis. Blocking caspase-
1 on day 0 and 2 post wounding follows a similar trend
(Weinheimer-Haus et al., 2015). Despite Flii overexpression
being associated with delayed wound closure and reduced
reepithelialisation, it is associated with increased granulation
tissue formation and collagen deposition (Cowin et al., 2007)
and indeed in vivo Flii appears to play a pro-inflammatory role.
Increased MRP-14, a marker of immature macrophages and
neutrophils is increased in the wounds of mice with fibroblast-
specific Flii overexpression (Turner et al.,, 2015). In STZ-induced
diabetic mice, overexpression of Flii leads to a concomitant
increase in TLR4 expression and NF-B expression which is likely
to further contribute to inflammation and chronicity (Ruzehaji
etal., 2013). It has been suggested that the differences seen in vivo
compared to cell based studies may not only be accounted for by
the complexities of the wound environment, but by the timings
in which responses are measured, that is in vitro measurements
are taken within just a few hours, while the wound studies
assess inflammation over a matter of days to a week (Ruzehaji
et al., 2013). In vivo investigations using mice with altered Flii
expression during the first few days of the inflammatory response
may clarify the issue and articulate if initially Flii does indeed play
an anti-inflammatory role.

Flii Adversely Affects Chronic

Inflammatory Conditions

The pro-inflammatory impacts of long term Flii overexpression
have been investigated. In a mouse model of the chronic
inflammatory  skin  disease, atopic dermatitis (AD),
overexpression of Flii is associated with increased disease
severity and tissue inflammation with higher TNFa and
reduced IFN-y expression (Kopecki et al., 2018a). While
Flii heterozygous knockout mice exhibit reduced levels of
inflammation and scaling, erythema and trans epidermal
water loss and an overall more Thl driven immune response
during ovalbumin-induced AD, Flii overexpression leads to a
TH2 skewed response and increased autoantibody reactivity
(Kopecki et al., 2018a). In psoriasis, which is characterized by
an excessive Thl driven immune response and dysfunctional
proliferation and differentiation of the epidermis, Flii expression
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TABLE 2 | Flii and Cancer Prognosis.

Cancer Type Flii Levels Prognosis References
Negative Prognosis
Breast Cancer High Akt- Poor patient prognosis Decreased survival time, increased tumor numbers and size High He et al., 2018
phosphorylated levels of Akt activity and p-Flii Ser436 impairs autophagic clearance and accumulation of
Flii Ser436 insoluble proteins to progress breast cancer development.
Colorectal Cancer High Flii inhibits endoplasmic reticulum stress-induced apoptosis Larger tumor formation Choi et al., 2020
Lung Carcinoma Low Increased invasion Wang et al., 2017
Prostate Cancer Low Poorer patient prognosis Wang et al., 2016
Squamous Cell Carcinoma High Poor patient prognosis Increased invasiveness Larger and more aggressive SCCs Kopecki et al., 2015
Positive Prognosis
Breast Cancer Ulk- High levels of Ulk (and phospho-Ser64 Flii) is associated with improved clinical prognosis Heetal, 2018
phosphorylated Prevents Akt-phospho-Ser436 Flii and accumulation of insoluble proteins
Flii Ser64
Prostate Cancer High Patients with high AR expression but with high Flii tumor expression experienced better Wang et al., 2016

overall survival Reintroduction of Flii sensitizes prostate cancer cells to chemotherapy

is elevated throughout the epidermis, with higher expression in
the differentiating upper spinous layer than in the proliferative
basal layers of psoriatic skin (Chong et al., 2017). In psoriasiform,
imiquimod-induced mice, Flii heterozygous knockout mice
exhibit reduced skin thickening and inflammation, with
proliferation within the epidermis restricted to the basal
epidermis unlike WT and overexpressing mice in which
proliferation is observed in the spinous layer (Chong et al,
2017). The expression of TLR4, which activates NF-kB to
enhance inflammation during psoriasis, is reduced in Flii
deficient mice with concomitant reductions in NF-«kB and
pro-inflammatory cytokine expression (Chong et al., 2017).
Similarly, in the inflammatory bowel disease (IBD), Ulcerative
Colitis, Flii levels are elevated (Kopecki et al., 2019). In a mouse
model of IBD, reduced Flii expression in the Flii heterozygous
knockout mice was associated with a decrease in disease severity
and less shortening of the colon, whereas overexpression
resulted in worsening of the disease compared to WT mice
(Kopecki et al., 2019).

The dual role of Flii in regulating cellular inflammatory
responses and  stabilizing epidermal-dermal adherence
increases its effect upon the autoimmune skin blistering
disease Epidermolysis Bullosa Aquisita (EBA) (Kopecki et al,
2016). Flii expression is increased in the blistered skin of patients
suffering the genetic skin blistering disorder Epidermolysis
Bullosa (EB), in which patients exhibit extremely fragile skin
(Kopecki et al., 2011a). Similarly, patients suffering from Kindler
syndrome, which is also characterized by congenital blistering,
exhibit elevated Flii levels (Kopecki et al., 2020). While this
disorder arises from a loss of function of the Kindlin-1 integrin
binding protein (Has et al., 2015), as Flii binds to this protein
in keratinocytes and a reduction in Flii expression is associated
with increased Kindlin-1 expression, it has been suggested
that Flii may exacerbate blistering in these patients (Kopecki
et al., 2020). Using a mouse model of acquired EBA, in which
autoantibodies against collagen VII disrupt anchoring fibrils in
the skin leading to sub-epidermal blisters, it was shown that Flii
overexpression leads to more severe blistering, while blistering
is reduced in Flii heterozygous knockout mice (Kopecki et al,,

2011a). Flii overexpressing EBA mice show impaired T] protein
Claudin-1 and -4 expression with delayed barrier function
recovery following blistering (Kopecki et al., 2014).

Flii and Cancer Progression

Similar to wound healing, Flii appears to be both beneficial
and detrimental in investigations of cancer progression in
the skin (summarized in Table 2). Human Squamous Cell
Carcinomas (SCC) display elevated levels of Flii compared to
surrounding skin, particularly within invading cells at the tumor
edge (Kopecki et al., 2015). The ability of the human SCC
cell line (MET-1) to invade into a collagen/matrigel matrix
can be reduced when Flii is reduced by treatment with a
neutralising antibody (FnAb) in vitro (Kopecki et al.,, 2015).
In an in vivo model of SCC, where cancerous lesions were
induced by intradermal injection of 3-methylcholanthrene in
mice with reduced, normal and elevated Flii expression, it
was found that Flii overexpressing mice developed larger and
more aggressive SCCs, whilst heterozygous knockout mice
had significantly smaller, less invasive tumors (Kopecki et al,
2015). In particular, the tumors from mice with elevated
Flii expression showed reduced caspase 1 expression and a
concomitant reduction in the expression of apoptosis marker
annexin V, suggesting that Flii contributes to SCC progression
by decreasing apoptosis and increasing invasion by tumor cells
(Kopecki et al., 2015).

In breast cancer, Flii expression is much higher and increases
with development of the disease, with high Flii expression
associated with a poorer prognosis (He et al, 2018). In a
mouse model of mammary cancer, while heterozygous knockout
of Flii only slightly delayed the formation of tumors, it
significantly increased the median survival time, with reduced
tumor numbers and size (He et al., 2018). In breast cancer
cells, Flii interacts with the selective autophagy receptor p62
which itself is overexpressed in breast cancer and is associate
with poor patient prognosis (He et al., 2018). Upon induction
of p62 with ubiquitinated proteins, Flii is phosphorylated by
Akt at Ser436 and independent of its actin binding ability,
recruits p62-associated cargoes to the Triton X-100 insoluble
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actin bundle fraction that prevents p62 from recognizing
LC3,impeding autophagic clearance of ubiquitinated proteins
within p62 cargoes (He et al., 2018). It is this accumulation of
insoluble proteins that leads to breast cancer development in
the presence of Ser436 phosphorylated Flii (He et al., 2018).
High Flii levels are also found within colorectal tumor tissue,
where is appears that Flii protects against endoplasmic reticulum
stress induced apoptosis and results in larger tumor formation
(Choi et al., 2020).

In breast cancer patients with high levels of Ulkl, a positive
regulator of autophagy, clinical prognosis is improved (He
et al,, 2018). Like Akt, Ulkl phosphorylates Flii, this time
at Ser64, which inhibits the phosphorylation of Flii by Akt,
preventing the recruitment of p62 cargoes to actin bundles and
promotes autophagy (He et al., 2018). Indeed, monitoring Flii
phosphorylation may be a useful biomarker of breast cancer
prognosis as higher Ulkl activity and p-Flii Ser64 correlates well
with improved clinical outcomes in patients, while higher levels
of Akt activity and p-Flii Ser436 negatively correlated with a good
breast cancer prognosis (He et al., 2018).

The role of Flii in cancer progression is, however, not a
straightforward one. An opposing effect of Flii upon invasion is
evident in human bronchial epithelial cells, where Flii expression
is reduced in lung carcinoma cells lines H1299 and A529
compared to normal cells and reducing Flii by siRNA knockdown
stimulates invasion, whereas Flii overexpression shows inhibition
of this process (Wang et al., 2017). While Flii expression is
found to be reduced within prostate cancer lesions compared
to adjacent normal tissue, patients with high levels of AR
expression but whose tumors were found to express high levels
of Flii experienced better overall survival (Wang et al., 2016).
The AR is known to promote tumor progression in prostate
cancer patients, particularly in patients which are no longer
responsive to androgen deprivation therapy and suffer aggressive
tumors, however, the detrimental effects of AR expression may
be overcome by Flii, as overexpression of Flii reduces both tumor
size and weight, and reintroduction of Flii to prostate cancer cells
can sensitize the cells to chemotherapy drugs bicalutamide and
enzalutamide (Wang et al., 2016).

One possible mechanism by which Flii impacts upon cancer
cell invasion, but also epithelial migration during wound healing,
may be through the regulation of epithelial-mesenchymal
transition (EMT) which is a process strongly linked to carcinoma
invasion (Kim et al, 2017). LRRFIP1 is a key regulator of
EMT, and its repression inhibits migration and invasion in
cancer cells, mediated by increased phosphorylation of f-
catenin targeting it for destruction to reduce its nuclear
localisation and decreasing the transcription of downstream
EMT markers (Douchi et al., 2015). Moreover, silencing LRRFIP1
leads to increased expression of B-catenin and E-cadherin
in the plasma membrane, leading to more stable adherens
junctions and reduced migration and invasion (Douchi et al.,
2015). It may be that Flii interplay with LRRFIP1 modulates
both the expression of EMT markers and invasion ability in
cancer cell, with further research required to confirm this
possibility. Furthermore, Flii may in fact regulate the expression
of numerous proteins involved in cancer regulation through

its regulation of nuclear export and subsequent translation of
mRNAs (Wang et al., 2017).

Targeting Flii to Improve Healing

Outcomes

A number of approaches for preventing the adverse effects of
Flii on wound healing have been investigated, which have shown
promise in improving healing outcomes. These primarily focus
upon reducing the impact of Flii, either through the application
of Flii neutralising antibodies (FnAb) that binds to extracellular
Flii to reduce its local activity or alternatively delivering siRNA
against Flii to reduce local levels of Flii within the wound.
FnAb injected intradermally around incisional wound margins
or at the edges of partial thickness scald burns in wild-type
mice showed a significant improvement in the appearance of
the wounds (Cowin et al., 2007; Adams et al., 2009). Levels of
pro-scarring TGF-f1 protein were reduced while anti-scarring
TGF-B3 was significantly elevated. Moreover, a-smooth muscle
actin (a-SMA), a marker of contractile myofibroblasts in the
developing scars was also reduced (Adams et al., 2009). Injecting
FnAb into developing scars formed by bleomycin induction in
mice also led to a significant reduction in the size of the scars
and a reduction in the collagen I/III ratio (Cameron et al., 2016).
Similarly, neutralizing Flii using FnAb in a large animal (porcine)
model of excisional wound healing was found to improve the
macroscopic appearance of early scars and increased the rate
of reepithelialisation (Jackson et al., 2012). Intradermal FnAb
improves diabetic healing in STZ-induced mice, increasing the
expression of VEGF within the wounds (Ruzehaji et al., 2013,
2014) and the delivery of FnAb also resulted in a significant
decrease in TLR4 expression but not NF-kB, suggesting alternate
regulation of NFkB may be at play in these diabetic mice
(Ruzehaji et al., 2013).

A number of cream formulations for the topical delivery
of FnAb have been also been developed that allow for the
prolonged and sustained release of FnAb into the epidermis and
upper papillary dermis of porcine skin (Haidari et al., 2017).
Topical application of FnAb cream to blistered skin in a mouse
model of EBA reduces inflammatory cell infiltrate and when
applied during the early stages of blister formation reduces blister
severity (Kopecki et al.,, 2013). Likewise, treatment with FnAb
cream reduces the severity of blisters when applied to established
blisters, leading to stronger, less fragile skin (Kopecki et al., 2013).
Similarly, topical application of FnAb prior to the induction
of psoriasiform dermatitis in mice and continued application
during the sensitisation of the skin, reduces skin inflammation
and dermal cellular infiltration, leading to reduced erythema and
epidermal hyperplasia (Chong et al., 2017).

In addition to neutralizing extracellular Flii with FnAb, a
number of approaches to prevent the action of intracellular
Flii in vivo have been investigated using small interfering
RNA against Flii (Flii siRNA). In an attempt to decrease
fibrotic processes associated with medical device implantation,
Martens et al used a layer-by-layer polymer surface modification
technique, alternating the deposition of poly-L-lysine and
Flii siRNA to generate Rhodamine labeled-Flii siRNA coated
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implants for subcutaneous implantation in mice (Martens
et al, 2015). After two days, cells that had adhered to
the implants surface were found to be Rhodamine positive
indicating cellular uptake of the Flii siRNA. Moreover,
functionality of the siRNA was confirmed as Flii expression
within the tissue surrounding the implants was decreased
for up to seven days, with a concomitant reduction
in TGF-fl and increase in TGF-B3 demonstrating the
potential utility of the methods to alter the fibrotic process
(Martens et al., 2015).

Porous silicon nanoparticles (pSi NPs), which do not
induce toxicity or inflammatory responses are broken down
in the extracellular environment and upon degradation release
their contents, have been used to deliver Flii into wounds
where proteolytic degradation may reduce the efficacy of the
antibody (Turner et al., 2017). In vitro, pSi NPs loaded with
FnAb (FnAb-pSi NPs) were shown to release FnAb which
retained its functionality to exert similar effects as FnAb
treatment, increasing the recovery of keratinocytes wounded
by electric cell-sensing impedance sensing and enhancing
their proliferation (Turner et al, 2015). Mouse incisional
wounds treated with a single dose of FnAb-pSi NPs at
the time of injury, also had significantly smaller wound
areas that those treated with unloaded pSi NPs (Turner
et al, 2017). As acute wound environments do not have
the same proteolytic environment as chronic wounds FnAb-
pSi NPs were also administered to excisional wounds in
diabetic mice (147). Following a single intradermal dose at
the time of injury the diabetic wounds closed two days earlier
than unloaded pSi NPs, and importantly, the FnAb-pSi NPs
performed better than “naked” FnAb intradermal injections
as the antibody was protected from proteolytic degradation
(Turner et al., 2017).
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