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Abstract The Hippo pathway is emerging as a critical
nexus that balances self-renewal of progenitors against
differentiation; however, upstream elements in vertebrate
Hippo signalling are poorly understood. High expression of
Fatl cadherin within the developing neuroepithelium and
the manifestation of severe neurological phenotypes in
Fatl-knockout mice suggest roles in neurogenesis. Using
the SH-SYS5Y model of neuronal differentiation and
employing gene silencing techniques, we show that FAT1
acts to control neurite outgrowth, also driving cells towards
terminal differentiation via inhibitory effects on prolifera-
tion. FAT1 actions were shown to be mediated through
Hippo signalling where it activated core Hippo kinase
components and antagonised functions of the Hippo
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effector TAZ. Suppression of FAT1 promoted the nucleo-
cytoplasmic shuttling of TAZ leading to enhanced
transcription of the Hippo target gene CTGF together with
accompanying increases in nuclear levels of Smad3.
Silencing of TAZ reversed the effects of FAT1 depletion
thus connecting inactivation of TAZ-TGFbeta signalling
with Hippo signalling mediated through FATI1. These
findings establish FAT1 as a new upstream Hippo element
regulating early stages of differentiation in neuronal cells.
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Abbreviations
CTGF Connective tissue growth factor
NC Negative control

NSC Neuronal stem cell
NTS Non-targeting sequence
gPCR  Quantitative real time PCR

RA Retinoic acid

TEAD Transcriptional enhancer activator (TEA) domain
TPA 12-O-tetradecanoyl-phorbol-13-acetate
Introduction

The vertebrate Fat cadherins [1] comprise a family of four
structurally similar genes homologous to the Drosophila
tumour suppressor Fat cadherin [2] and the related Fat2
(Ft2) gene [3]. Knockout of the Fatl gene in mice caused
lethal defects in kidney development with a proportion of
Fatl ™~ newborns displaying deformed eyes and
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craniofacial malformations, while others were cannibalised
at birth due to appearance of exencephaly [4]. The latter
phenotype was independently confirmed by Saburi and
colleagues who reported that the manifestation of exen-
cephaly in Fatl knockout mice appeared strain dependent
[5]. In mouse developing brain, Fatl expression was
prominent in the proliferating ventricular zones and down-
regulated as cells ceased dividing [6]. In the rat no
expression of Fatl was found in adult tissues except in the
CNS, where the remnant of the germinal zones, as well as
the dentate gyrus, continued to express Fatl [7]. Collec-
tively these findings promote a role for Fatl during brain
formation and moreover, its continued expression at sites
of neurogenesis in the adult brain also suggests that it may
be required for tissue homeostasis.

Neurogenesis collectively describes the complex events
required for the development and maintenance of the brain.
This involves a multiplicity of processes where cells
undergo proliferation, migration, fate determination, dif-
ferentiation, maturation, and functional integration into
existing networks [8]. At the apex of these processes lie
neural stem cells (NSCs), pluripotent cells that can be
triggered to differentiate into neurons, astrocytes, and
oligodendrocytes to maintain brain function. A pool of
these cells exists in the brain throughout life of the
organism and is maintained through a programme of self-
renewal. The balance between self-renewal and differen-
tiation is considered a critical factor controlling brain
homeostasis [9]. It is widely thought that harnessing the
potential of NSCs can be utilised to address neural damage
and degeneration [10, 11]. Towards this, some progress has
been made to understand the signalling processes that
regulate NSC homeostasis, but much remains to be deter-
mined [12].

A number of classical signalling pathways have been
linked to neuronal differentiation including Wnt/B-catenin
pathway [13], Notch-Hesl pathway [14], and Sonic
hedgehog [15]. More recently the Salvador—Warts—Hippo
(SWH) or Hippo pathway (a fundamental pathway con-
served from Drosophila to mammals) has also been
associated with the control of neurogenesis [16, 17]. The
pathway is involved in the cell density-dependent control
of cell growth and is conceptually related to the control of
organ size [18-20]. The pathway comprises three main
components; upstream regulators, a core kinase cassette
and downstream transcriptional activators. Under condi-
tions of low cell density, YAP (Yes-associated protein) and
TAZ (transcriptional coactivator with PDZ-binding motif)
control a transcriptional programme of genes primarily
involving targets of TEAD and SMAD transcriptional
factors [21-23]. Reaching high density triggers cells to
activate the core kinase cassette which in mammals
involves Salvador, LATS1/2 and MST1/2, homologous to
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Drosophila kinases Salvador, Warts and Hippo, respec-
tively. Such activation prevents the nucleocytoplasmic
shuttling of YAP and TAZ and inhibits their transcriptional
activities [18, 19]. In Drosophila, upstream regulation of
the Hippo pathway involves several components, for
example, Merlin and Expanded [24], but the only event
occurring at the cell surface presently known to activate
Hippo signalling involves the binding between Fat cad-
herin and its ligand Dachsous (Ds) (reviewed in [18]). This
interaction has been shown to be important in the devel-
oping optic lobe where Fat promotes neural differentiation,
acting through Hippo signalling [25]. However, potential
links between the Fat cadherins and Hippo signalling in
mammals are presently limited [26, 27].

Emerging evidence from a variety of sources indicates
that the Hippo pathway acts to control the balance between
self-renewal of progenitors and cell differentiation [28, 29].
For example, YAP expression decreases during differenti-
ation in the mouse retina and acts to inhibit progenitor
proliferation [17]. In the chick model of neural tube
development, ectopic expression of YAP and TEAD or
inhibition of upstream Hippo kinases all increased the
numbers of neural progenitors [16]. Forced over-expression
of TAZ in mouse neurosphere cultures also caused repro-
gramming of NSCs, by interrupting differentiation into glia
and neurons to promote mesenchymal differentiation [30].
Most of these studies have focused on the roles of the core
kinases and downstream transcriptional programme but
less attention has been paid to the upstream elements.
Based on the proposed role of Fatl during brain develop-
ment and homeostasis, we hypothesised that the human
FATI1 may play a role in differentiation of neurons, pos-
sibly via the Hippo signalling pathway. Towards this
notion, we used in vitro differentiation of human SH-SY5Y
neuroblastoma cells, a widely accepted model of neuronal
differentiation [31]. Our study found that induction of
FAT1 expression was required for the induction of both
morphological and biochemical changes occurring during
neuronal differentiation. Moreover, we provide evidence
that FAT1 engages the Hippo signalling pathway and
regulates the differentiation process.

Materials and methods
Cell culture

Human SH-SYS5Y neuroblastoma cells (ATCC) were rou-
tinely cultured in DMEM containing 4.5 g/L glucose and L-
glutamine (Lonza) supplemented with 10 % foetal bovine
serum (v/v) (Sigma-Aldrich) and 25 mM HEPES buffer
(Lonza). Cells were maintained at 37 °C in a humidified
atmosphere of 95 % air/5 % CO2. Cultures were
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subcultivated by trypsinization (0.25 % trypsin/EDTA)
(Lonza). Based on the protocols developed by Ota et al.
[32], cells were subjected to differentiation using 80 nM
12-O-tetradecanoyl-phorbol-13-acetate (0.1 mM stock in
DMSO; Sigma-Aldrich). TPA-containing media was added
on day O and then replaced with fresh TPA-containing
media after 3 days thereby exposing the cells to the dif-
ferentiation agent for a total of 6 days. Control
(undifferentiated) cells omitting TPA were prepared under
identical conditions. Alternatively TPA was substituted
with 10 uM retinoic acid (Sigma-Aldrich) using the same
treatment protocol where indicated. Cell number and via-
bility were determined using an automatic cell counter
(Digital Bio, ADAM-MC).

Microarray analysis

The GDS2125 dataset deposited by Peddada and col-
leagues was sourced from NCBI's gene expression
omnibus (GEO) database (http://www.ncbi.nlm.nlm.nih.
gov/geo/). The dataset contains expression microarray
experiments of untreated SH-SYSY cells and cells treated
for 48 h with 16 nM TPA [33]. For each gene of interest,
the RMA algorithm was used to transform logarithmic
signal intensities (SI) to linear values as previously
described [34]. The SI values of three biological replicates
were averaged to compare relative mRNA expression.
Similar analyses were conducted on gene expression
datasets derived from sequential analyses of murine
embryonic brain development (GSE8091; Hartl et al. [35]),
neuronal differentiation of human induced pluripotent stem
cells (iPSCs) (GSE25542; Pasca et al. [36]) and neuronal
differentiation of human embryonic stem cells (hESCs)
(GSE40593; Lafaille et al. [37]).

Quantitative real time PCR

Total RNA was extracted (Illustra RNAspin Mini RNA
Isolation Kit; GE Healthcare) and concentrations deter-
mined using a NanoPhotometer'™ Pearl spectrophotometer
(Implen). Total RNA (500 ng) was used to prepare cDNA
(Transcriptor First Strand cDNA Synthesis Kit; Roche) and
reactions performed using SYBR chemistry (iQ™ SYBR®
Green Supermix; BioRad) with data collected using an
Applied Biosystems 7500 system. Each reaction was per-
formed in triplicate and data analysis performed using the
AACt method with the SDS system software (7500 system v
1.4.0). Target primer sequences are listed in Table S1 with
all results normalised against the average of three house-
keeping genes (RPS18, GusB and HMBS).

Western blotting

Lysates were prepared from cell monolayers using NDE
lysis buffer supplemented with protease and phosphatase
inhibitors (Roche Applied Science) as previously described
[38]. Protein concentrations were estimated (BCA protein;
Thermo Scientific) and equal protein amounts (25-35 pg)
resolved by electrophoresis using 3-8 % Tris acetate gels
for FAT1 or 4-12 % Bis—Tris gels for other proteins
(Novex®, Invitrogen). Transfer to nitrocellulose mem-
branes (iBlot®, Invitrogen) and Western blotting was
conducted against FAT1 as previously described [38].
Antibodies against GAPDH, cell cycle components and
elements of the Hippo pathway were purchased from Cell
Signalling Technologies (GAPDH (2118), Cell Cycle
Regulation Kit (9932), Hippo Signalling Antibody Kit
(8579), respectively). Where indicated, bands were quan-
titated using the MultiGuage v3.0 software package
(Fujifilm Life Science Systems) and band densities nor-
malised against appropriate loading controls.

Knockdown of gene expression using shRNA-miR

MicroRNA-based short hairpin (shRNA-miR) constructs
directed against FATI1 together with an empty control
vector were purchased from Thermo Scientific (Open
Biosystems GIPZ Lentiviral shRNA library; Table S2).
Constructs were used to prepare lentiviral particles in
293FT according to the suppliers’ protocol before ‘spin-
fection’ [39] of SH-SYSY cells in the presence of 8 pg/ml
hexadimethrine bromide (Sigma). After transduction, cells
were selected with 4 pg/ml puromycin (Astral Scientific)
before sorting against co-expressed turboGFP (tGFP) using
a FACSAria™ 1I (BD Biosciences). Populations of cells
expressing >90 % tGFP+ were derived through repeated
sorting (Fig. S1).

Analysis of neurite outgrowth

Phase contrast digital micrographs of cell monolayers were
collected (AxioCamHR camera system; Zeiss) and analysed
using Axiovision v4.7 software. The number of primary
neurites per cell was determined according to standard
criteria [40, 41] where a neurite is defined as a cellular
projection as long or wide as the cell soma. Five fields per
experiment were used from three different experiments.
Differences in the frequency of neurites between cell pop-
ulations was analysed using Fisher’s exact test. Data for the
length of neurites was not normally distributed and the
Mann—Whitney U non-parametric test was employed.
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Cell proliferation assay

Proliferation over time was determined using a fluores-
cence-based assay involving measurements of tGFP in
virally transduced SH-SYSY cells. Cells were seeded into
96 well plates (3595, Corning Incorporated) on day 0 using
six wells for each cell density. Fluorescent images of the
entire plate were captured on sequential days using a
Typhoon Trio multimode fluorescence scanner (GE
Healthcare) using constant settings for all readings (emis-
sion filter 520BP 40CY2, ECL+, blue FAM laser, high
sensitivity, PMT 300, 50 micron pixel size and focal plane
+3 mm). The fluorescence output of each well was quan-
tified using MultiGuage v3.0 software package (Fujifilm
Life Science Systems), range scope at 0-2500. Raw data
were exported to Microsoft Excel and the data normalised
to the levels of fluorescence determined on day 1.

Sub-cellular fractionation

Nuclear and cytoplasmic cell fractions were prepared using
the detergent lysis method as previously described [42].
Western blotting was then performed on each amounts of
protein against TAZ, Smad2/3, Smad4 and p-Smadl/5/8
[YAP/TAZ Antibody (8418), Smad2/3 Antibody (5678),
Smad4 antibody (9515) and Smad 1/5/8 Antibody Sampler
Kit (12656), respectively; Cell Signalling Technologies].
Antibodies against Lamin A/C [a constituent of the nuclear
lamina (sc-6215); Santa Cruz] and GAPDH [cytoplasmic
marker protein (sc-25778); Santa Cruz] were used to val-
idate the efficiency of each fractionation.

Small interfering RNA (siRNA) knockdown

Cells were seeded in 6-well plates at 400,000 cells/well. On
the day of transfection, media were replaced by Opti-
MEM® reduced serum media before the addition of 50 nM
siRNA complexes prepared using Lipofectamine RNAi-
MAX  (#13778; Invitrogen) according to the
manufacturer’s instructions. Duplexes used are listed in
Table S3. After 18 h the cells were trypsinized and re-
cultured at 150,000 cells/well prior to further experiments.

Results

FAT1 expression is increased during neuronal
differentiation

We first assessed the expression of all four members of the
FAT cadherin subfamily in SH-SY5Y cells prior to and
after differentiation induced with 12-O-tetradecanoyl-
phorbol-13-acetate (TPA). Analysis of publically available
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Fig. 1 FATI expression is strongly induced by differentiation of SH-
SYSY cells. a Expression microarray analysis of the relative mRNA
levels of FAT family cadherins comparing untreated cells with those
treated with TPA for 2 days. The mRNA levels of each FAT cadherin
are expressed as the mean signal intensity (SI) &= SD of three
biological replicates (****p < 0.0001, ¢ test). b Analysis of the
relative mRNA levels of FAT family cadherins in SH-SYSY cells left
untreated for 6 days or treated with 80 nM TPA for 6 days using
gPCR. The mRNA levels of each FAT cadherin are expressed as the
mean AACt value & SD from 3 replicates (see “Materials and
methods”). Similar results were obtained in two experiments
(*p < 0.05; ****p < 0.0001, ¢ test). ¢ Western blot analysis of
FATI protein levels in cell lysates of SH-SYSY cells untreated for
6 days or treated with 80 nM TPA for 3 and 6 days, respectively.
Blots were probed with using affinity purified polyclonal antibodies
raised against the cytoplasmic tail of FAT1 with similar results
obtained in five experiments

expression microarrays (GDS2125) showed that the rela-
tive levels of FATI1, FAT2, FAT3 and FAT4 mRNA
appeared low in undifferentiated SH-SYSY cells. However,
after 2 days of treatment with TPA, FAT1 mRNA was
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observed to be markedly increased whereas the expression
of the other FAT cadherins remained unchanged (Fig. 1a).
The mRNA expression profiles of FAT cadherins were
confirmed using qPCR in cells treated with TPA over
6 days (Fig. 1b), a protocol resulting in phenotypic dif-
ferentiation (see “Materials and methods”). These results
suggested that amongst all FAT cadherins, FAT1 was
selectively induced during the differentiation of SH-SY5Y
cells.

To determine if the levels of FAT1 mRNA corresponded
to similar levels of protein, we undertook Western blotting
of cell lysates using antibodies directed against the cyto-
plasmic tail of FAT1. Examination of untreated SH-SY5Y
cells revealed a weak band ~ 550 kDa consistent with the
expected size of FAT1 [38]. Relative to the levels of
GAPDH used as a loading control protein, FAT1 expres-
sion increased after 3 and 6 days of TPA-treatment
(Fig. 1c) mirroring the changes observed in FAT1 mRNA
levels. Employing retinoic acid (RA) to differentiate SH-
SYS5Y cells also induced marked expression of FATI

A
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NTS

GAPDH

% cells with neurites

Fig. 2 Suppression of FAT1 induction during differentiation of SH-
SYSY cells decreases neurite outgrowth. a Western blotting analyses
against cell lysates prepared from untreated cells or those treated with
80 nM TPA for 3 and 6 days, respectively. Comparison of cells
transduced with control shRNA-miR (non-targeting sequence; NTS)
or FAT1-targeting shRNA-miR demonstrates effective silencing of
FAT1 protein expression. GAPDH was used as a loading control.
b Representative phase contrast photomicrographs demonstrating
phenotypic differences between neuritogenesis in control and FAT1-
shRNA knockdown cells observed after 6 days of treatment with
TPA. Bar represents 50 pm. ¢ Quantitative comparison of the
frequency and length of neurites in 6 day differentiated SH-SYSY
cell populations bearing NTS and FAT1-shRNA (n = 562 and 683
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(Fig. S2). Additionally, the selective induction of FATI1
was also noted in RA-treated NTera2-clone D2 cells, an
independent model of neuronal differentiation (data not
shown). Collectively, this suggested that upregulation of
FAT1 was not associated with specific agonists but rather
the neuronal differentiation process itself.

FAT1 is required for neurite outgrowth

The selective induction of FAT1 cadherin during TPA
treatment of SH-SYS5Y cells suggested that it might drive
aspects of differentiation. To investigate the possible roles
of FATI1, we transduced SH-SYS5Y cells with lentiviral
particles containing microRNA-adapted short hairpin
RNAs (shRNA-miRs) as described in the “Materials and
methods”. Two populations containing independent
sequences targeting FAT1 were prepared along with
comparable control cells containing a non-targeting
shRNA sequence [43]. After sequential selection with
puromycin and multiple rounds of cell sorting against co-
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cells analysed, respectively). Neurites were defined as cellular
projections as long or wide as the soma with absolute neurite lengths
normalised against cell body measurements for each cell. Neurites
were divided into six length categories ranging from 1 to 1.25 through
to >5 cell body lengths as shown. d The percentage of cells from C
recorded as having one or more neurites in either NTS or FATI-
shRNA populations (¥***p < 0.0001, 2-sided Fisher’s exact test).
e Box-Whisker plot showing neurite lengths for NTS and FATI-
shRNA populations. The box limits indicate the 25th and 75th
percentiles with the internal line showing median values. Whiskers
extend 1.5 times the interquartile range from the 25th and 75th
percentiles (**p < 0.01, Mann—Whitney U test). Plots were prepared
using the BoxPlotR software package
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transduced tGFP, all populations used contained ~95 %
tGFP positive cells (Fig. S1A). Evaluation of FATI1
expression by Western blotting in these cells demonstrated
that induction of FAT1 during differentiation with TPA
was effectively suppressed by FATI-targeting shRNA-
miRs (Fig. 2a and see Fig. 3).

SH-SYSY cell populations were then evaluated for the
production of neurites that represents the key feature of
neuronal differentiation [44]. The cell phenotype examined
after 6 days of TPA treatment showed that a large pro-
portion of the NTS-control cells displayed multiple
neurites whereas these processes appeared less abundant in
the FAT1 shRNA cell populations (Fig. 2b). To provide an
objective measurement of neurite outgrowth, over 500 cells
were measured in each cell population to determine both
the length and number of cell projections. Referencing the
length of the neurites against the cell body, both the
number and length of neurites appeared to be substantially
decreased in FATI shRNA cells (Fig. 2c). Statistical
analyses confirmed the number of cells with neurites has
decreased from 45 % in NTS shRNA controls compared to
8.7 % in FATI1 shRNA cells (p < 0.0001, Fig. 2d). Simi-
larly neurite lengths in FAT1 knockdown cultures were
confirmed to be significantly shorter than controls
(p < 0.01, Fig. 2e). These data, therefore, indicate that
expression of FAT1 is required for efficient neuritogenesis
during differentiation of SH-SYS5Y cells.

Suppression of FAT1 during differentiation affects
SH-SYSY cell density-dependent proliferation

In parallel with the decreased neurite outgrowth that
accompanied suppression of FAT1 expression, it was also
observed that there were relatively increased cell numbers
in FAT1-shRNA cells compared to NTS-control SH-SY5Y
cells after 6 days (Fig. 2b). To evaluate this further, pro-
liferation rates and the levels of cell cycle proteins were
compared throughout differentiation of the cells.
NTS-control and FATI-shRNA cells were initially
seeded at both low and high densities (3750 and 15,000
cells/well, respectively) and cell number changes measured
using the relative levels of co-transduced tGFP. Changes
were in cell growth were apparent comparing NTS- and
FATI1-shRNA after treatment with TPA to induce differ-
entiation. In cells seeded at low density, a small but
significant difference occurred after 4 days of culture
where the relative number of FAT1-shRNA knockdown
cells was increased compared to NTS controls (Fig. 3a).
The differences were more profound in cells initially see-
ded at high density where relatively increased numbers of
FAT1-shRNA knockdown cells were apparent after 3 days
of culture with NTS control cell number reaching a plateau
(Fig. 3b). Thus, these assays confirm the increased
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Fig. 3 Suppression of FATI1 expression following TPA-treatment
affects cell density-dependent proliferation and survival. Cell growth
rates were compared for NTS or FAT1-shRNA SH-SY5Y cells
treated with 80 nM TPA. Cells were seeded at (a) low and (b) high
densities (3750 and 15,000 cells/well, respectively) and total cell
number estimated as fluorescence units determined through detection
of co-transduced tGFP. Measurements conducted over consecutive
days were normalised to day 1 with values representing relative
fluorescence units (RFU) £ SD of six biological replicates. Similar
results were obtained in three experiments (*p < 0.05; ***p < 0.001;
*#E%kp < 0.0001, 1 test). ¢ Comparative Western blotting analyses of
FATI and cell cycle regulatory proteins (cyclin D1 and CDK?2). Blots
were performed on SH-SYS5Y cell lysates prepared from NTS and two
independent populations of FAT1-shRNA cells (refer Figure S2 and
Table S2). GAPDH was used as a loading control

numbers of FAT1-shRNA knockdown cells visualised in
culture (Fig. 2b).

Western blotting analyses were then undertaken to
measure the levels of FAT1 along with cell cycle regula-
tory proteins. Cell lysates were prepared from NTS-control
and FATI1-shRNA cells after 6 days of TPA treatment.
Western blotting confirmed the induction of FAT1 protein
in control cells and that it was effectively suppressed in the
two independent populations of FATI1-shRNA cells
(Fig. 3c). Blotting the same samples for cyclin DI and
CDK2 showed that both markers were relatively increased
in FAT1-shRNA cells compared to NTS-control cultures
(Fig. 3c). Given these proteins are considered to be
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markers of cell cycle activation, these data suggest sup-
pressing the induction of FATI in cells triggered to
differentiate results in cells displaying a higher prolifera-
tive state. Moreover, these effects are imparted through cell
density where in the absence of FATI, cells overcome
contact inhibition and reach higher densities without suc-
cumbing to death signals. Together with the preceding
results showing the requirement for efficient neuritogene-
sis, the results collectively point to a role for FATI in
regulating neuronal differentiation.

FAT1 acts upstream of Hippo signalling to regulate
nucleocytoplasmic shuttling of the transcriptional
cofactor TAZ

The major question arising from the data concerns how
the expression of FATI1 imparts effects on neuronal dif-
ferentiation. FAT1 is one of the four genes homologous to
Drosophila Fat cadherin, a receptor known to influence
Hippo signalling and the density-dependent control of cell
proliferation. To examine the possibility that Hippo sig-
nalling is involved in differentiation, and that FATI is
engaged in this process, we first examined the expression
of the two major vertebrate effectors of Hippo signalling,
the transcriptional cofactors YAP and TAZ. Western
blotting of SH-SYSY cell lysates showed that TAZ was
the predominant Hippo effector expressed by undifferen-
tiated cells (Fig. 4a). After subjecting the cells to TPA
treatment, TAZ expression levels were notably increased
after 3 days of differentiation protocol with high levels
sustained at 6 days. Differentiation also resulted in
increased in the levels of YAP albeit at much lower levels
than TAZ. To determine if FAT1 expression was required
for the induction of YAP and/or TAZ, their expression
was compared in NTS-control and FAT1-shRNA cells. As
shown in Fig. 4b the levels of YAP and TAZ appeared
unchanged after 6 days of TPA treatment, suggesting that
the expression levels of the Hippo effectors were not
affected by FATI.

Although the cellular levels of YAP/TAZ were not
affected by FAT1 expression, the cell density effects of
FAT1 on SH-SYSY differentiation did not altogether rule
out regulatory effects through the Hippo pathway. Indeed,
the major transcriptional activities of YAP and TAZ are
enacted through their localisation to the cell nucleus (e.g.,
see [18]). To test this sub-cellular fractionation studies
were performed to isolate fractions enriched for the nuclear
and cytoplasmic compartments in NTS-control versus
FAT1-shRNA cells. On this basis of the strong induction of
TAZ relative to YAP during differentiation, our investi-
gations focused on the expression and activity of TAZ. In
cells subjected to TPA for 3 days, there was a marked
increase in the amount of TAZ protein localising to the
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Fig. 4 Expression of the Hippo pathway effectors YAP and TAZ
during SH-SYS5Y differentiation. a SH-SYSY cells were treated with
80 nM TPA as described for Fig. 1c and cell lysate samples analysed
for YAP and TAZ expression by Western blotting using a dual
specificity polyclonal antibody recognising both YAP and TAZ. Anti-
GAPDH was used as a loading control. b Transduced SH-SYS5Y cells
(NTS-control and FAT1 shRNA) populations were subjected to
80 nM TPA treatment or cultured without TPA as indicated. Cell
lysate samples were subjected to Western blotting against YAP/TAZ.
Thereafter, the membrane was reprobed with anti-GAPDH as a
loading control

nucleus in FATI1-shRNA but not control shRNA cells
(Fig. 5a). Blotting against the nuclear matrix protein
Lamin-A/C and the cytosolic marker protein GAPDH was
used to verify the isolation procedure.

Towards validating the comparative distribution of TAZ
in differentiating NTS-control versus FAT1 shRNA cells,
we also performed immunofluorescence (IF) staining
combined with confocal microscopy. Here SH-SYSY cells
adhered to glass coverslips were stained with antibodies
against TAZ using methodology previously described [38].
In untreated controls, we observed strong nuclear staining
in ~5 % of cells but such staining was not diminished
after TAZ siRNA (data not shown). This suggested that
another protein was responsible for the strong reactivity.
As anticipated, overall staining for TAZ increased fol-
lowing differentiation in ~50 % of cells (data not shown).
However, in the context of comparing shRNA controls
with FAT1 shRNA cells, it was not possible to distinguish
between cells with genuine TAZ staining and those with
high background nuclear reactivity. Notwithstanding issues
with IF staining, other biochemical findings provided
additional evidence for the FAT1-dependent changes in the
subcellular localization of TAZ during neuronal
differentiation.
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Fig. 5 FATI acts through the core Hippo kinase cassette to inhibit
nucleocytoplasmic shuttling of TAZ with regulatory effects on the
levels and localisation of Smad3. a Subcellular fractionations
enriched for nuclear or cytoplasmic proteins were prepared from
NTS or FAT1-shRNA SH-SYSY cells after 3 days of TPA treatment.
Western blotting analyses were then performed using antibodies
directed against TAZ, Smad2/3, p-Smad1/5/8 and Smad4. Lamin A/C
and GAPDH were used as nuclear and cytoplasmic markers,
respectively. b qPCR analysis of the Hippo pathway target gene,
CTGF, was conducted on NTS or FAT1-shRNA SH-SYS5Y cells after

The translocation of TAZ to the nucleus is known to
lead to the activation of TEAD transcription factors with a
well-known transcriptional target being the CTGF gene,
also considered to be a representative target gene of Hippo
signalling [45, 46]. Corresponding analyses of CTGF gene
expression using qPCR after 3 days of TPA treatment
showed that mRNA levels were significantly higher in
FAT1-shRNA cells compared to NTS control shRNA cells
(Fig. 5b). In concert with TPA to initiate differentiation,
treatment of cells with small interfering RNA (siRNA) to
deplete the cellular levels of TAZ markedly decreased
CTGF levels in FAT1-shRNA cells. Together these find-
ings suggest that FAT1 expression can control the cellular
distribution of TAZ, preventing its translocation to the
nucleus and transcription of TAZ-dependent target genes.

One key function of the core kinase cassette of the
Hippo signalling pathway involves control of the cellular
levels and localisation of YAP and TAZ. To determine if
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3 days of TPA treatment. Prior to the assay, cells were pre-treated
with either negative control (NC) or TAZ-targeted siRNA duplexes.
¢ Western blotting analyses were performed against SH-SYS5Y cell
lysates using antibodies directed against the Hippo kinase cassette
components (Mstl, Savl and p-MOBI1) together with GAPDH as a
loading control. d Western blotting analyses were performed against
cell lysates prepared from NTS or FAT1-shRNA SH-SYSY cells after
3 days of TPA treatment. Samples were blotted against Smad2/3
together with GAPDH as a loading control

Hippo pathway activation occurs during neuronal differ-
entiation and whether FAT1 expression influences this
process, Western blotting was performed against key
kinase components and associated adapter proteins
(Fig. 5c¢). In control cells, the levels of Mstl kinase and the
adaptor molecules Salvador and phosphorylated MOB-1
(p-MOBI1) were all relatively increased after 6 days of
differentiation compared with untreated cells. Comparative
analyses showed that these increases were attenuated in
FAT1 shRNA knockdown cells, especially the increased
expression of p-MOBI1 (Fig. 5c). Salvador levels were
relatively higher in untreated FAT1 shRNA knockdown
cells compared to controls but its level did not further
increase following TPA treatment. Taken together, these
results indicate that FAT1 expression serves to activate the
core kinase cassette of the Hippo pathway that further
influences the nucleocytoplasmic shuttling of TAZ and
activation of downstream target genes.
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FAT1 acts as a driver of differentiation largely
through antagonising TAZ function

We next sought to better understand how FATI acts as a
driver of the differentiation, particularly how antagonising
the nuclear activities of TAZ may be important to control
differentiation. Previously, a role has also been established
for TAZ in the regulation of TGFf signalling through its
direct binding to Smad transcriptional cofactors [23]. TAZ
was shown to stabilise heteromeric transcriptional com-
plexes of the receptor-regulated (R)-Smads, Smad2 and
Smad3, which in turn facilitated their nuclear translocation
and activity [23]. In the context of human embryonic stem
cells (hESCs), it was demonstrated that TAZ expression
was required for maintain self-renewal and depletion of
TAZ inhibited TGF signalling resulting in differentiation
towards the neuroectoderm lineage [23]. Indeed, as
described in the Introduction, the investigation of YAP and
TAZ in a variety of systems have shown these act to inhibit
stem cell differentiation and to guide distinct fate decisions
(reviewed in [28, 29]). Based on this knowledge, the pos-
sible connection between FAT1, TAZ and Smads were
investigated in SH-SYSY cells.

To examine if the increased levels of nuclear TAZ in
SH-SY5Y FAT-shRNA cells were associated with altered
levels of Smads, we returned to analyse the nuclear and
cytoplasmic fractions isolated from differentiated SH-
SYS5Y cells. From this analysis, it was evident that the
amount of Smad3 was increased in FATI1-depleted cells
compared to levels detected in control cells (Fig. 5a).
There was a relatively small increase in cytoplasmic
Smad3 but a more prominent increase occurred in the
nuclear fraction from the FAT1 knockdown cells. In con-
trast, the levels of Smad2 appeared relatively unchanged in
both nuclear and cytoplasmic fractions. Examination of
total cellular lysates revealed increased levels of Smad3 in
FATI1-shRNA cells after TPA-treatment (Fig. 5d) consis-
tent with the results obtained in fractions. The
nuclear/cytoplasmic samples were also blotted with anti-
bodies against p-Smadl/5/8 (associated with BMP
signalling) and the cooperating (co)-Smad, Smad4, com-
mon to both TGFB and BMP branches [47] (Fig. 5a).
Blotting signals for p-Smad1/5/8 were unchanged in FAT1-
shRNA cells with reactivity largely restricted to nuclear
fractions. Similarly, the bulk of reactivity for Smad4 was
found in the cell nucleus with a modest increase in FAT1-
shRNA cells. Since Smad3 along with Smad2 are known to
form transcriptionally active complexes with Smad4 [48],
the increased nuclear levels of these proteins likely indi-
cates higher transcriptional activity of TGFp pathway
targets.

Given that TAZ along with FATI is induced during
differentiation, the question then arose as to whether there

was any interdependency in their regulation. To gain
further insights, we employed siRNA to deplete TAZ
levels alone and in combination with FAT1 suppression
using shRNA. Control NTS and FAT1 shRNA-transduced
cells were pre-treated with control (NC) or TAZ siRNA
and thereafter subjected to TPA-induced differentiation
for 3 days. Western blotting of cellular lysates revealed
that suppressing FAT1 alone had no effect on the levels
of TAZ induced in TPA-treated cells (Fig. 6a) consistent
with the results of Fig. 4b. We then turned to examine the
relative effects of FAT and TAZ on cellular levels of
Smad2/3. Consistent with prior experiments (Fig. 5d),
FATI1-shRNA cells displayed greater expression of
Smad3 than NTS-controls (Fig. 6a). When TAZ protein
levels were reduced by 60-70 % using siRNA, there was
profound reduction in the total levels of Smad3 and to a
lesser extent Smad2 in both the shRNA-control and
FATI1-shRNA cells (Fig. 6a). The relative reduction in
Smad3 after TAZ siRNA in either the shRNA-control or
FAT1-shRNA cells appeared proportional to the levels
observed in corresponding siRNA controls. In compar-
ison, Smad2 levels were less dependent on the presence
of TAZ. Thus, there is a strong dependency between the
expression of TAZ and Smad3 levels during the differ-
entiation of SH-SYSY cells. Conversely FAT1 negatively
regulates the levels of Smad3.

Analyses were also undertaken to determine whether
the alterations occurring in cell cycle regulator expression
after FAT1-suppression were also dependent on TAZ.
Consistent with the prior experiments (Fig. 3¢ and data
not shown), there were increased levels of cyclin DI,
CDK2 and CDK4 apparent in FAT1 shRNA knockdown
cells after TPA treatment (Fig. 6¢). Depletion of TAZ in
control shRNA cells resulted in some inhibition of the
levels of all three cell cycle regulatory proteins. In con-
trast silencing of TAZ in FATI shRNA cells entirely
obviated the increased levels of these markers. Therefore,
high levels of TAZ appear necessary for the increased
levels of cyclins and CDKs observed after suppression of
FATI1. These findings again support the notion that the
effects of FAT1 are manifested through TAZ, and notably
as shown through the preceding experiments, the likely
importance of FATI inhibiting the nuclear translocation
of TAZ.

Finally, we returned to explore the effects of TAZ
depletion on neuritogenesis. As shown in Fig. 6b, the fre-
quency and length of neurites was determined in cells after
6 days of TPA treatment. As expected, in cultures treated
with control siRNA, cell populations carrying FATI1
shRNA displayed markedly diminished numbers of cells
with neurites (Fig. 6b, c; 42 versus 9.5 %, respectively,
p < 0.0001) with also significant reductions in neurite
length (Fig. 6d, p < 0.0001). Transfection of FATI
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Fig. 6 The growth promoting effect and inhibition of neuritogenesis
observed after FAT1 depletion are regulated through TAZ. a Control
or FAT1-shRNA SH-SYSY cells pre-treated with negative control
(NC) or TAZ-targeted siRNA duplexes were treated with TPA for a
period of 3 days. Western blotting analyses of cell lysates were
performed against TAZ, Smad2/3 and the cell cycle regulatory
proteins cyclin D1, CDK2 and CDK4. GAPDH was used as a loading
control. b SH-SYS5Y cell populations bearing NTS and FAT1-shRNA
were pre-treated with control (NC) or TAZ-targeting siRNA duplexes
prior to 6d of treatment with TPA. Thereafter neurite length was
determined from >600 cells. Neurite lengths were normalised to cell
body measurements for each cell and sub-divided into six length

knockdown cells with TAZ siRNA was able to rescue the
production of neurites, albeit conditionally. TAZ depletion
was able to restore the density of neurites to levels
observed in control cells (Fig. 6b, c, 43 versus 42 %,
respectively, p = 0.7661) but the length of neurites
remained significantly shorter compared to controls
(Fig. 6d, p = 0.012). Additionally, TAZ depletion in con-
trol cells increased the numbers of cell with neurites
(Fig. 6b, ¢, 42 versus 64 %, respectively, p < 0.0001)
although neurite length was not significantly affected
(Fig. 6d, p = 1.000).

Together these results suggest that TAZ, in the context
of neuronal differentiation, is involved in positively pro-
moting cell proliferation and in suppressing the production
of neurites. On the other hand, the preceding mechanistic
data also shows that FAT1 controls the cellular distribution
of TAZ. The further functional correlates provided by these
experiments suggest that the control FAT1 exerts on the
differentiation process fundamentally occurs though
antagonising these actions of TAZ. Based on this and the
preceding results, a model depicting how FATI1 engages
the Hippo pathway to effect control of neuronal differen-
tiation is illustrated in Fig. 7.
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categories (1.000-1.25, 1.26-1.5, 1.51-2.00, 2.01-3.00, 3.01-5.00,
>5.00) and plotted as histograms. ¢ The percentage of cells recorded
as having one or more neurites in indicated populations from B
(ap <0.0001, b p < 0.0001, ¢c p < 0.0001, Chi squared test). d Box-
Whisker plot depicting neurite lengths from populations analysed in
b. The box limits indicate the 25th and 75th percentiles with the
internal line showing median values. Whiskers extend 1.5 times the
interquartile range from the 25th and 75th percentiles [a p < 0.0001,
bp <0.01,cp <0.0001, dp < 0.0001, e p < 0.01, Kruskal-Wallis
ANOVA by ranks test followed by post hoc analysis corrected for
multiple comparisons (two-tailed)]. Plots were prepared using the
BoxPlotR software package

Fatl and TAZ are induced in physiological models
of neuronal differentiation

The preceding results have established that FAT1 was
selectively induced during SH-SYS5Y neuronal differenti-
ation along with the increased expression of TAZ. To
determine if these phenomena are consistent with more
physiological examples of gene regulation, expression
changes in Fatl and TAZ were analysed in microarray
datasets obtained from a variety of neuronal differentiation
systems.

The sequential expression of the Fat family of cadherins
was first examined during the mouse brain development
from embryos at E9.5, E11.5 and EI13.5, respectively
(GSES8091; [6]). Each stage corresponds to a key phase of
neuronal development: E9.5 represents the phase prior to
neurogenesis where the brain tissue is largely comprised of
NSCs, neurogenesis begins around E11-E12 with neural
progenitor cells (NPCs) and from E13 to E17 further pro-
gresses where different types of mature neurons are formed
[6, 7]. Thus, the three time points analysed (E9.5, E11.5
and E13.5) can be considered to represent the pre-neural,
intermediate and later stages of differentiation. Analysis of
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Fig. 7 Model depicting how FATI1 engages with the Hippo pathway
to effect control of neuronal differentiation through antagonising
TGEFP signalling. FAT1 is induced in cells triggered to differentiate
where it promotes dual effects. First, FAT1 activates the core Hippo
kinase cassette that serves to suppress the nuclear shuttling of TAZ.
Second, FAT1 serves to both initiate and extend neurites (left panel).
Conversely in the absence of FAT1 (or inhibiting its induction during
differentiation using shRNA), Hippo kinases are not activated,
thereby releasing constraints on TAZ. This serves to promote higher
levels of Smad2/3 and both TAZ and Smad2/3 translocate to nucleus
where they form transcriptionally active complexes involving TEADs
and Smads. Activating gene targets of TEADs and Smad/TGFp
signalling invokes a transcriptional programme known to promote
proliferation and self-renewal (right panel)

the relative expression of each of the four Fat cadherin
members in brain tissue showed that the expression of Fatl
at E9.5 was more than tenfold higher than that measured
for Fat2, Fat3 and Fat4 (Fig. 8a, left panel). As neuronal
differentiation progressed, the levels of Fatl were further
increased at E11.5 with levels remaining high at E13.5.
Some significant increases also occurred in Fat3 and Fat4
but their relative expression remained low compared to
Fatl. TAZ mRNA was also highly expressed with two
independent probes ranking in the top ~85-90 % of genes
analysed. TAZ levels were observed to increase as differ-
entiation progressed (Fig. 8a, right panel).

We next turned to examine neuronal differentiation in
human iPSCs cells where neurospheres are used as
intermediates prior to derivation of neurons [9]. Using
global gene expression profiling data generated by Pasca
and colleagues [10], gene expression analyses were

conducted in data from iPSCs, neurospheres and neurons.
It was observed that the levels of FAT1 were high in
iPSCs and were further increased in neurospheres. In
contrast, the levels of FAT2 and FAT4 were comparably
low with no appreciable changes occurring throughout
differentiation (Fig. 8b, left panel). As indicated by the
signal intensity values, the relative expression levels of
TAZ were also was moderately high in these samples
with a significant increase from iPSCs towards neurons
(Fig. 8b, right panel).

A third dataset produced by Lafaille and colleagues
examined neuronal differentiation of human ESCs using
neural rosettes as intermediates to neurons [11]. As above,
analysis of the relative expression of the FAT cadherins
showed that FAT1 was the most abundant in hESCs with
three—four fold higher expression than either FAT2 or
FAT4 (Fig. 8c, left panel). FAT1 expression increased
between the progression of hESCs to neural rosettes but
interestingly decreased in mature neurons (refer “Discus-
sion”). In comparison FAT2 levels remained unchanged,
while FAT4 expression was reduced in both neural rosettes
and neurons. The results from two independent probes for
TAZ indicated its relative expression was ranked in top
85 % of highly expressed genes (Fig. 8c, right panel).
During differentiation towards neurons, it was observed
that the TAZ level in neural rosettes remained high before
reduction at the neuron stage. Taken together the results
derived from the three different models show good con-
cordance with the selective induction of Fatl and the
increased expression of TAZ during neuronal
differentiation.

Discussion

Conservation of Hippo signalling from Drosophila
to vertebrates?

While many of the Hippo pathway elements discovered in
Drosophila have clear homologues in vertebrates, some
uncertainty exists in the conservation of Fat signalling
functions between arthropods and vertebrates [1, 18, 20].
Fat4 is considered to be the orthologue of Ft and binds the
Ds orthologue, Dchs1 [49]. However, considered from the
Drosophila perspective, it was recently proposed that the
Ft-Hippo signalling axis represents an evolutionary gain in
Drosophila which is absent in Fat4 [5S0]. On the other hand,
Fatl is most closely related to Drosophila Ft2 [1, 51] and
currently available studies suggest that Ft2 does not engage
in Hippo signalling [1, 51]. However, despite there being
no readily transposable mechanism to explain the
involvement of vertebrate Fat cadherins in Hippo sig-
nalling, there are precedents to support this linkage,
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Fig. 8 Expression analyses of Fat cadherins and TAZ in alternate
models of neuronal differentiation. a Relative mRNA expression of
Fat family cadherins (left) and TAZ (right) in murine embryonic brain
tissue collected at the E9.5, E11.5 and E13.5 stages of development
(GSEB091 dataset; [35]). The data represent the mean £ SD of 4-6
biological replicates per developmental stage. Each Fat cadherin was
represented by one probe on the array while the results of two
independent probes are shown for TAZ. b Gene expression analyses
of FAT family cadherins (leff) and TAZ (right) conducted on human
iPSCs, neurospheres and neurons (GSE25542; [36]). The data

particularly the function of Fat4 in the context of neuronal
differentiation.

Mutations in FAT4 or its ligand DCHS1 were causally
linked to Van Maldergem syndrome (VMS), a recessive
condition characterised by distinctive craniofacial features,
intellectual disability together with auditory, renal, skeletal
and limb malformations [52]. Manipulating mouse
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represent the mean &£ SD of 12 biological replicates per group.
Probes for FAT3 were absent on the array. ¢ Gene expression
analyses of FAT family cadherins (left) and TAZ (right) conducted on
human ESCs, neural rosettes and mature neurons (GSE40593; [37]).
The data represent the mean &= SD of 3 biological replicates per
differentiation stage. Probes for FAT3 were absent on the array while
results for two independent probes are shown for TAZ. Statistical
analyses were conducted by ANOVA followed by Tukeys Post HOC
Test (ns not significant, a p < 0.05,bp < 0.01,cp <0.001,dp < 0.
0001)

embryos in utero recapitulated aspects of VMS where
depletion of Fat4 and/or Dchs1 resulted in accumulation of
neuronal progenitors [52]. Knockdown of the Hippo
effector Yap in the VMS model rescued the Fat4 or Dchs1
phenotypes, thus providing evidence for engagement with
Hippo signalling. Similarly the ablation of Fat4 in the
developing chicken spinal cord increased the numbers of
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neural progenitors, an effect also functionally dependent
upon Yap expression [26]. Like FAT4, FAT1 has also been
linked to neurological conditions in humans where single
nucleotide polymorphisms (SNPs) were identified across
multiple families affected by bipolar disorder [53] and
autism [54]. However, it is less clear whether Fatl fulfils
any role in Hippo signalling, the main evidence provided
by studies in zebrafish where developmental kidney defects
occurring after Fatl knockdown were mediated through
YAP [27]. More work is, therefore, required to address
how Fatl functions in different tissue-specific contexts
particularly in the brain.

New evidence linking FAT1 to neuronal
differentiation, acting through the Hippo signalling
pathway

Fatl is expressed in the developing and adult rat brain with
strongest expression in areas engaged in neurogenesis [7],
implying that Fatl plays some role in neuronal differenti-
ation. Towards gauging the role of FAT1 in the neuronal
compartment, we turned to human SH-SYSY cells, a
tractable widely used in vitro model of neuronal differen-
tiation. Here, we observed both FAT1 mRNA and protein
were massively increased during differentiation into neu-
ronal cells. Moreover, as depicted in Fig. 7, limiting the
induction of FAT1 expression counteracted the differenti-
ation programme resulting in markedly decreased
neuritogenesis and accompanying increases in cell prolif-
eration. This suggests that expression of FATI1 is a
requirement for differentiation, at least in this model sys-
tem. We, therefore, also considered whether Fatl was
induced during neuronal differentiation in alternative, more
physiological models of neurogenesis. Indeed our analysis
of different models (mouse NSCs, human iPSCs and ESCs;
Fig. 8) provided clear evidence that Fatl was selectively
induced during the process of neural differentiation,
thereby providing strong support for the concept that Fatl
induction reflects a normal physiological event. Neverthe-
less, despite the general similarity between these data, one
apparent difference between the physiological systems
versus the SH-SYS5Y model was the time point at which
Fatl expression peaked.

In SH-SYS5Y cells, the expression of FAT1 increased as
differentiation progressed; while in the physiological
models, Fatl expression peaked at the ‘intermediate’ stages
with reduction of levels in the differentiated neuron sam-
ples. Moreover, while the same pattern of expression
changes was reproduced in all three models, the reduction
of FAT1 expression in the hESC-derived neurons was
clearly more evident. One distinguishing feature of the
hESC data was the implementation of cell sorting to isolate
neurons [37]. As NSCs and NPCs are multi-potent, sorting

for CD44/EGFR served to remove cells with radial glial/
astrocytic markers resulting in a highly purified population
of mature neurons. The reduction in FAT1 expression in
mature neurons has notable implications. Firstly, this
implies that other brain cell lineages likely express sig-
nificant levels of Fatl and, therefore, its expression may
have broader importance in neural development. Indeed it
has been found that FATI is expressed by immortalised
human astrocytes and acts to inhibit growth [55] but
whether FAT1 influences differentiation of these cells is
not known. Secondly, if peak expression occurs during the
intermediate stages of neuronal differentiation, this sug-
gests that Fatl functions during early stages of
differentiation. Since SH-SYS5Y cells do not develop into
fully mature neurons, the strong induction of FAT1 can be
viewed to correlate with earlier stages of neuronal differ-
entiation. Following on from this, our findings now
provides new evidence of how FATI is involved in regu-
lating neuronal differentiation, namely through effects on
neuritogenesis and cell proliferation.

One known function of Fatl that may explain its effects
on neuritogenesis involves its role in the regulation of actin
dynamics. It has been shown that the cytoplasmic tail of
Fatl contains several EVH motifs that are functional in
binding to Ena/VASP proteins [56, 57]. These proteins in
turn directly regulate the actin cytoskeleton [1] and in the
context of neurons, initiate filopodial formation from which
neurites are subsequently formed [58]. This proposes that
FAT1 may be directly involved in the initiation and
extension of neurites, with both processes being controlled
through the regulation of actin dynamics. Although we did
not test this, it, therefore, seems likely that FAT1 may act
through Ena/VASP proteins to directly initiate neurite
outgrowth. However, it is intriguing to consider how the
process of neurite formation may be linked to the control of
proliferation. As explained further below, our results
favour the notion that FAT1 acts beyond the establishment
of neurites to initiate differentiation signals, acting through
the Hippo pathway.

FAT1-knockdown cells were also able to reach higher
densities implying that FAT1 may attenuate proliferation
through contact-dependency. Recently it was reported that
FAT]1 acts to inhibit apoptosis by directly interacting with
elements of the apoptotic machinery [59], although how
this relates to the process of neuronal differentiation
remains to be established. Suppressing the induction of
FAT1 during differentiation also resulted in concordant
increases in the expression of cyclin D1, CDK?2 and CDK4,
effectors that generally promote cell cycle progression
through G1/S. It has been previously shown that length-
ening of the G1 phase in neural progenitors acts as a switch
to promote neurogenesis and such G1 lengthening can be
perturbed by overexpression of cyclinD1/CDK4 [60]. The
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increased levels of cyclinD1/CDK4 in turn serve to
increase the expansion of neural progenitors. This regula-
tory concept is supported through studies of vertebrate
development where forced over-expression of cyclin D in
the chick spinal cord promoted cycling of neural progenitor
cells and delayed differentiation [61, 62] and similarly
ectopic expression of cyclin DI/CDK4 in the developing
mouse cerebral cortex was found to inhibit differentiation
and to stimulate proliferation [60]. Our results appear
consistent with these reports where FAT1-mediated effects
on attenuate high levels of cell cycle regulators that in turn
influences cell proliferation. Relationships between Hippo
signalling and the control of G1-cyclin expression are well
established with Cyclin E a critical downstream target in
Drosophila Hippo signalling [63, 64]. Similarly in verte-
brates, the increased proliferation of neural progenitors
observed after manipulating YAP and TEAD expression in
the chick neural tube was correlated with high expression
of Cyclin D [16]. Finally, links between Fatl and cyclin D1
expression are established, at least in primary smooth
muscle cells where knockdown of endogenous Fatl
increased the expression of cyclin D1 [65]. As the effects
of FAT1 on SH-SYSY differentiation bore many of the
established hallmarks of Hippo pathway regulation,
including dependency on cell density [18-20], we sought to
confirm the link implied between FATI and Hippo
signalling.

Our analysis of the Hippo effectors YAP and TAZ
during SH-SYSY differentiation indicated that TAZ in
particular was strongly induced. We also recorded alter-
ations in some of the Hippo core kinase components during
the differentiation response, namely Salvador [20] and its
regulatory component MOB1 [66]. In the scheme of
canonical Hippo pathway [18] activation of these compo-
nents would predict that YAP and TAZ levels would be
reduced in differentiated cells. Nevertheless, TAZ levels
accumulate during differentiation and this is also reflected
in the early stages of neuronal differentiation in different
model systems (Fig. 8). While this suggests induction of
TAZ expression is a bona fide physiological feature during
early neuronal differentiation, it also suggests that this does
not reflect canonical Hippo signalling. Indeed, recent
studies have demonstrated that the regulation of YAP/TAZ
can be independent of Hippo kinases, e.g., in the context of
mechanotransduction [67, 68], leading to the identification
of ‘non-canonical’ Hippo signalling (reviewed in [69, 70]).
The function of FAT1 within the SH-SYS5Y system is
particularly notable because preventing its expression
during differentiation was necessary for the changes in
Salvador and pMOB1. Moreover while FAT1 did not affect
the cellular levels of TAZ, suppressing FAT1 expression
promoted TAZ nuclear localisation and measurable chan-
ges in the Hippo target gene, CTGF. We then investigated
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if these effects were mediated through TAZ by its depletion
using siRNA. Here it was found that the FAT-dependent
induction of CTGF was ameliorated when TAZ was
reduced. Moreover, this also acted to reverse the changes in
cell cycle markers, together establishing a novel link
between FAT1 and Hippo signalling in the control of TAZ
function. The findings of this study have important impli-
cations for both the control of neurogenesis together with
providing a general paradigm for more comprehensive
investigations of the vertebrate Hippo signalling pathway.

FATI1-mediated inhibition of crosstalk
between Hippo and TGFp signalling

Prior studies have built up a picture of the function of TAZ
in the cell nucleus where it not only interacts with TEADs
to regulate classical Hippo targets [30, 71] but it also
engages in cross-talk with elements of TGFp signalling
[22, 23]. Here TAZ binds to Smad2/3 [72] and this inter-
action was subsequently linked to the nuclear retention and
activation of Smad-mediated transcription [23]. Our Wes-
tern blotting analyses showed that following depletion of
FATI1 there was a striking spatial and temporal re-distri-
bution of TAZ to the nucleus in cells triggered to
differentiate. We endeavoured to confirm the re-distribu-
tion of TAZ to the nucleus using confocal microscopy but
because of vagaries in TAZ staining we could not utilise
this technique. Nevertheless, other data involving Smad2/3
were consistent with the notion that FAT1 influences the
cellular localisation and function of TAZ. Preventing FAT1
expression during differentiation caused up-regulation of
the total levels of Smad3 and notably the increased Smad
levels were dependent on TAZ. This finding together with
the known regulatory association between TAZ and Smads
provides clear support for the relationship between FAT1
expression and TAZ regulation.

If FAT1 serves to disable the Hippo-TGFp signalling
axis during neuronal differentiation what are the likely
physiological implications of these findings? Based on the
existing knowledge that Hippo [16, 17] and TGFp path-
ways [73] act to promote the renewal of progenitors, our
study suggests that FAT1 signalling acts to inhibit this
process and drive aspects of neuronal differentiation. Here
the known ability of FAT1 to regulate actin dynamics
through binding to Ena/Vasp provides a ready explanation
for its effects on neuritogenesis, but how FAT1 commu-
nicates with the Hippo core kinases is less clear. New
reports indicating the importance of actin in Hippo sig-
nalling may provide the answer. Contractile forces
generated through the actomyosin cytoskeleton can inhibit
the translocation of both YAP and TAZ from the cytoplasm
to the nucleus, thereby inactivating their downstream
transcriptional programme [68, 74, 75]. Thus, through the
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same physical process, FAT1 enacts both inhibition of
Hippo signalling and promotes neuritogenesis. Our data
also provided a further intriguing link between FAT1 and
TAZ.

During cell differentiation, FAT1 was required for
efficient neuritogenesis since reduced levels of FATI1
decreased both neurite initiation (number) and extension
(Iength). Depletion of TAZ increased neurite initiation but
in the context of FAT1 knockdown cells, TAZ depletion
was able to rescue the reduction in total neurites but did not
restore neurite length. The implication from these findings
is that TAZ does not affect the process of neurite extension
per se but does counteract neurite initiation in addition to
its role in proliferation and self-renewal. Most studies have
presently focused on the transcriptional activities of Hippo
effectors although significant amounts of YAP [76] and
TAZ can occur in the cell cytoplasm [77]. These data now
raise the possibility that the interplay between FATI1 and
TAZ represents a control mechanism for the initiation of
neurites and presumably a new cytoplasmic role for TAZ.
One possible intermediate linking FAT1 to Hippo in this
schema is the polarity regulator Scribble. Cordenonsi and
colleagues demonstrated that Scribble acts as a membrane
scaffold to recruit the Hippo kinases and TAZ at the cell
membrane [78]. It has also been shown in zebrafish that
Scribble binds to the cytoplasmic tail of Fatl [27]. It is not
known if FATI also binds Scribble but the conservation of
the same binding motif in the human protein suggest that it
is likely [1]. Nevertheless, more work needs to be done to
identify the critical binding partners of FATI and to
establish the mechanisms involved. On the other hand, our
study provides mechanistic insights into the downstream
consequences of FAT1 signalling and the overall process of
neurogenesis.
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