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Abstract: Recent studies have identified FAT tumour suppressor homologue 4 (FAT4), an essential component of
adherents junctions, involved in several cancers. However, its role in endometrial cancer (EC) remains unclear. In
this study, we first analyzed the association between FAT4 expression and tumour stage, tumour type, and patient
prognosis in 552 tumour samples and 35 non-tumour samples from The Cancer Genome Atlas (TCGA) database.
The association of decreased FAT4 expression with advanced signature (lymph node metastasis, lymphovascular
invasion and muscular infiltration) in EC patients was also confirmed by our own dataset. Stable FAT4 Knockdown
promoted EC cell lines proliferation and invasion. FAT4 overexpression inhibited the parental cell phenotype. FAT4
silencing resulted in decreased phosphorylation of the LATS1/2 and YAP while increased YAP nuclear translocation
which was associated with the promotion of proliferation and invasion. PCR array analysis of the negative control
and shFAT4 HEC-1B cell lines revealed that the deubiquitinating enzyme USP51 was a FAT4 interacting target gene.
Ablating USP51 by shRNA decreased cellular FAT4 protein level while overexpression of USP51 increased FAT4 pro-
tein level. Coimmunoprecipitation confirmed the direct binding of FAT4 and USP51 which was essential for FAT4’s
function in EC. The growth inhibitory effect of FAT4 was also attenuated by USP51 down-regulation. In conclusion,
suppression of FAT4 by inactivation of deubiquitinating enzyme USP51 promoted proliferation and invasion of EC
cells via inhibiting Hippo pathway.
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Introduction

Endometrial cancer (EC) is one of the most
common gynaecologic malignancies in China,
with 63,400 newly diagnosed cases and
21,800 estimated deaths [1]. Although the
mortality rate among EC patients has remained
steady, the incidence rate of EC is increasing,
and a shift towards a younger affected popula-
tion has occurred in recent decades [2]. Since
1983, EC has been classified into two major
pathogenic types, defined by Doctor Bokhman
[3], that differ in clinical behaviour and histo-
logical appearance. Type | tumours, which in-
clude endometrioid carcinoma, account for
almost 80% of EC cases, are generally oestro-
gen receptor (ER) and progesterone receptor
(PR) positive and have a relatively excellent
prognosis. Conversely, type Il tumours are often
poorly differentiated and are represented pri-

marily by clear cell carcinoma and serous carci-
noma, which are ER- and PR-negative and are
associated with a poor prognosis [4]. As treat-
ment of metastatic and recurrent EC remains
challenging, novel markers of progression and
treatment response are needed for better clini-
cal management of EC patients.

The vertebrate FAT cadherin family consists of
four members, FAT1, FAT2, FAT3 and FAT4, all of
which are closely related in structure to Dro-
sophila ft and ft2 and encode large proteins
with extracellular cadherin repeats, EGF-like
domains, laminin G-like domains and one intra-
cellular domain [5, 6]. Sequence analysis has
revealed that the orthologue of vertebrate FAT4
is structurally similar to Drosophila ft in flies
and that the FAT family is well conserved in
function and structure in humans [7]. FAT4 is a
single-stranded transmembrane receptor that
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acts as a tumour suppressor and regulates cell
proliferation, motility and differentiation. As FAT
genes encode very large proteins, this family
has been termed “sleeping giants”. New tech-
nologies in recent years have allowed for great-
er insight into the FAT family. As an orthologue
of Drosophila ft, the FAT4 gene is involved in the
maintenance of planar cell polarity (PCP) and
the Hippo signalling pathway, which have been
reported to have roles in tumourigenesis and
cancer metastasis [8, 9]. In various types of
cancer, such as breast cancer, gastric cancer
and melanoma, FAT4 mRNA expression is
downregulated by promoter hypermethylation,
point mutations and copy number aberrations.
Through whole-exome sequencing (WES) tech-
nology, nonsynonymous mutations and mis-
sense mutations in the human FAT4 gene have
been detected in several cancers such as mela-
noma (40%) [10], pancreatic cancer (8%) [11],
head and neck squamous cell carcinoma (6%)
[12], and gastric cancer (5%) [13].

The hippo signaling pathway plays an essential
role in controlling organ size and suppressing
tumorigenesis. The core comments of the Hi-
ppo pathway are a series of kinase cascades
driven by MST1/2 kinases and their down-
stream kinases LATS1/2. MST1/2 activate
LATS1/2 through direct phosphorylation of one
adaptor protein of MST1/2 named SAV1 and
also through direct phosphorylation one adap-
tor protein of LATS1/2 named MOB1 [14]. YAP
transcription coactivator, a candidate human
oncogene, is inhibited by the Hippo pathway
kinase cascades LATS1/2 via its phosphoryla-
tion, which results in YAP/14-3-3 (the scaffold
protein) binding and cytoplasmic retention.
Cytoplasmic YAP can be also degraded by the
E3 ligase SCFB-TRCP [15]. Inactivation of the
Hippo pathway results in the YAP nuclear trans-
location and interaction with a series of tran-
scription factors such as TEAD1-4 proteins and
Smad family proteins which leading to the pro-
proliferation and pro-metastasis [16]. In
Drosophila, multiple positive regulators of the
Hippo pathway have been confirmed including
WWC1, Kibra, Merlin and FRMD6 [17-20]. In
addition to the above regulators, numerous
studies have indicated that ft acts as an
upstream regulator involved in cell growth via
the Hippo pathway in Drosophila [21-23]. In
mammals, suppression of FAT4 led to the YAP
nuclear accumulation indicating that FAT4 is
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associated with the Hippo pathway [24]. Co-
llectively, these reports reveal the importance
of the FAT4, in particular its cytoplasmic tail,
as a central hub for regulating downstream
partners.

In this study, we aimed to investigate the tu-
mour-suppressive function of FAT4 in EC and
whether it is involved in the Hippo pathway.
Furthermore, we report a novel interaction be-
tween the FAT4 cytoplasmic tail and USP51, a
deubiquitinating enzyme, that modulates the
cellular levels of FATA4.

Materials and methods
Clinical specimens

The present study was approved by the ethics
committee of the Obstetrics and Gynecology
Hospital of Fudan University. The 116 EC tis-
sues [3 clear cell carcinoma, 5 serious carci-
noma and 108 endometrioid endometrial carci-
noma (46 G1, 48 G2 and 14 G3)] and 86 para-
carcinoma tissues and 34 normal endometrium
samples examined Immunohistochemically un-
derwent surgical resection at Fudan University
Obstetrics and Gynecology Hospital between
2013 and 2017. Among those tissues, we
extracted RNA of 33 normal endometrium and
65 EC tissues for the next gRT-PCR validation.
Normal epithelial endometrial cells extracted
from 10 samples during hysteroscopy. The
pathology of all 10 samples was proliferative
endometrium.

Establishment of FAT4 stable knockdown and
overexpressing cell lines and USP51 transient
transfection

The FAT4 stable knockdown cell lines (HEC-1A
and HEC-1B) were established by lentiviral-
based stable shRNA (CCGGGCGCATTGTTAGA-
TAGGGAAACctcgagTTTCCCTATCTAACAATGCGC-
TTTTTG). Non-target control shRNA served as a
negative control (NC). The final stable cell line
named HEC-1A-NC, HEC-1A-shFAT4, HEC-1B-
NC and HEC-1B-shFAT4. The plasmids Lenti-
dCas9-VP64-Puro and U6-sgRNAs-SV40-MS2-
P65-HSF1-T2A-Neo were used to simultane-
ously express wild-type dCas9 and single guide
RNA (sgRNA). Three guide RNA sequences,
GAGGTTCTTTGAAATAGCAG (sgRNA1), GCTACT-
TGCTTTTGCCGGAC (sgRNA2), and TCTAGGTA-
GCCAGTTGAACG (sgRNA3) were used to target
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Table 1. Clinicopathological characteristics of Test trial patients

according to FAT4 expression

EC cell lines

KLE, AN3-CA, Ishikawa, HEC-

Characteristics NIZatlenctyj High f:\j\-f expressm;_valuea 1B, ECC-1, and HEC-293T were
- - Kindly provided by JieZhu pro-
All patients 116 100 33 83 fessor, Obstetrics and Gyneco-
Age (vears) 0.834 0.361 logy hospital of Fudan Univer-
<60 64 552 16 48 sity. HEC-1A and RL95-2 cells
>60 52 448 17 35 were provided by Chinese Aca-
Tumor size (cm) 0.478 0.489 demy of Science (www.cell-
<4 68 58.6 21 47 bank.org.cn.). The certificate of
>4 48 414 12 36 STR analysis was included for
Lymphovascular invasion 7.068 0.008 all _Ce”_ Iine's. All" cells were
Positive 21 181 1 20 g?a'”ta'”edl n RF:(M(;—leth {g‘j/'
. ium supplemented wi b
Negative ) 95 819 32 63 foetal bovine serum (FBS, Gi-
Lymph node. metastasis 6.226 0.013 bco Inc., NY, USA), 100 pg/ml
Metastasis 29 25 3 26 penicillin/streptomycin and 2
No metastasis 87 75 30 57 mM L-glutamine in a humidi-
Histology Diagnosis 1.117 0.290 fied incubator at 37°C and 5%
Endometrioid type 91 784 28 63 CO,. All tested negative for
Serious type or others 25 216 5 20 mycoplasma contamination.
FIGO stage 2.527 0.112 )
il 95 819 30 65 Western blotting
/v 21 181 3 18 EC cell proteins were collected
Muscular infiltration 6.766  0.009 and extracted with RIPA lysis
<1/2 86 741 30 56 buffer containing PMSF (#899-
>1/2 30 25.9 3 27 00, Thermo Fisher Scientific
YAP nuclear location 12.158 0.000 Inc., MA, USA). For subcellular
Positive 68 586 11 57 fractionation, protein was ex-
Negative 48 414 22 26 tracted using the Nuclear and

aP-value <0.05 marked in bold font shows statistical significant.

the FAT4 promoter region to promote the ex-
pression FAT4 expression. Stable cell lines
RL95-2+dCas9+sgRNA1, RL95-2+dCas9+sgR-
NA2 and RL95-2+dCas9+sgRNA3 were estab-
lished. RL95-2+dCas9+NC served as a control.
The shUSP51 plasmid (ShUSP51 sequence:
AAAGACATAGAACAGATTGCCAA) was cloned in-
to RNAIi pLenti hU6-MCS-CMV-zsGreen1-PGK-
Puro vector.

Subcutaneous tumour implantation model

In total, 1 x 10° (0.2 ml) HEC-1B-NC and HEC-
1B-shFAT4 cells, RL95-2+dCas9+NC and RL95-
2+dCas9+sgRNA2 cells were injected subcuta-
neously into 4-week-old immunodeficient BA-
LB/c-nu mice (Shanghai, JSJ Company). Tumour
formation was measured every 3 days, and
tumour volume was calculated as 1/2 x length
x width? for 4 weeks.
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Cytoplasmic Protein Extraction
Kit (Beyotime, PO027). Halt™
Phosphatase inhibitor cocktail
was added to preserve protein phosphoryla-
tion. Proteins were separated on 4% or 10%
SDS-PAGE gels (Beyotime, China) and trans-
ferred to PVDF membranes (0.22 pm). Primary
antibodies against the following proteins were
used: FAT4 (1:1000, ab130076, Abcam), YAP
(1:12000, #12395, CST), phospho-YAP (1:1000,
#13008, CST), LATS1 (1:1000, #3477, CST),
phospho-LATS1 (1:1000, #8654, CST), LAT-
S2 (1:1000, #5888, CST), phospho-LATS2
(1:12000,ab111344, Abcam), cyclin D1 (1:1000,
ab131475, Abcam), CDK2 (1:1000, ab32147,
Abcam), cyclin A1+A2 (1:1000, ab185619,
Abcam), CDK3 (1:1000, ab191503, Abcam),
CDK4 (1:1000, ab108357, Abcam), E-cadherin
(1:1000, #3195, CST), N-cadherin (1:1000,
#13116, CST), Smad2 (1:1000, #5339, CST),
phospho-Smad2 (1:1000, #9510, CST), Sma-
d3 (1:1000, #9523, CST), phospho-Smad3
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Table 2. The primer sequences in the article

Primer Sequence (5’ to 3’)

FAT4-F CAA ATG CTG TGA TTG CGT AT
FAT4-R AAC AGT GGC AAA GCT ACA CCT
GAPDH-F GGG AAG GTG AAG GTC GGA GT
GAPDH-R GGG GTC ATT GAT GGC AAC A
YAP-F CAATAG CTC AGATCC TTT CCT
YAP-R TAG TAT CAC CTG TAT CCATCT C
LATS1-F ACG AGG GAA AAC AAT AAG GG
LATS1-R GAC AGC AAA AAT CCC CTG AG
LATS2-F AAG AGC TAC TCG CCA TAC GCC TTT
LATS2-R AGC TTT GGC CAT TTC TTG CTC CAG
Mst1-F GAA CAC AGA CCT GTG GAT TG
Mst1-R CGC CTT GAT ATC TCG GTG TA
Mst2-F TCT CCT CAA TAC AGA AGG AC
Mst2-R AGA AGT AAT GCC AAG GGA CC
TAZ-F GGT GCT ACA GTG TCC CCA CAA
TAZ-R TTT CTC CTG TAT CCA TCT CAT CCA

(1:1000, #9520, CST), GAPDH (1:3000, Cat:
10494-1-AP, Proteintech), histone H3 (1:1000,
ab1791, Abcam), HA-tag (1:1000, #3724, CST),
and 3 x Flag-tag (1:1000, #8146, CST). Western
blotting bands were visualized using an ECL kit
(Merck Millipore Corp, MA, USA).

Reverse transcription-quantitative polymerase
chain reaction (QRT-PCR)

Total RNA was extracted from EC cells and
patient tissue cultures using TRIzol (Thermo
Fisher Scientific Inc., MA, USA) according to the
manufacturer’s protocol. The PrimeScript™ Re-
agent Kit and SYBR Premix Ex Tag™ Il (Takara
Bio Inc., Shiga, Japan) were used to reverse
transcribe mRNA to cDNA and to perform real-
time PCR. The associated primers are shown in
the Table 2.

Immunohistochemistry (IHC)

In total, 116 EC tissues, 86 paired adjacent
noncancerous tissues and 34 normal tissues
were formalin-fixed and paraffin-embedded.
Antigen retrieval was performed at 99°C for 30
min. The sections were incubated with primary
antibodies against FAT4 (1:100, HPA052819,
Sigma-Aldrich), YAP (1:400, #12395, CST),
Ki67 (1:200, Wuhan Servicebio Technology Co.,
Ltd), LATS1/2 (1:200, ab70565, Abcam), and
USP51 (1:100, ab121147, Abcam). Expression
was scored based on intensity (O, no staining;
1+, weak positive staining; 2+, moderate posi-
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tive staining; and 3+, intense positive staining)
and percentage of stained cells (O, no cells
stained; 1+, <10% positive cells; 2+, 10%-50%
positive cells; and 3+, >50% positive cells). The
final scores for IHC images were recorded
based on a 4-point scale: 1 or 2, low staining;
and 3 or 4, high staining. All pathological sec-
tions were reviewed by 2 pathologists.

Colony formation assay

HEC-1A-NC, HEC-1A-shFAT4, HEC-1B-NC, HEC-
1B-shFAT4, RL95-2+dCas9+NC, and RL95-2+
dCas9+sgRNA1/2/3 cells were seeded in six-
well plates at 600 cells/well respectively and
then incubated for 10 days. The detailed steps
were acquired in our previous study [25].

Immunofluorescence (IF)

EC cells were incubated overnight with an anti-
FAT4 antibody (1:100, #ab130076, Abcam) in
PBS at 4°C and then with an Alexa Fluor
488-conjugated donkey anti-goat secondary
antibody (1:500, Abcam). Nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI) (Be-
yotime, China). Images were captured by confo-
cal microscopy (Leica, Germany).

Flow cytometry (FCM)

To analyse the cell cycle, EC cells were fixed in
4% paraformaldehyde and permeabilized with
75% ethanol. After the cells were centrifuged at
150 x g for 10 min at room temperature (RT),
the precipitate was resuspended in 1 ml 0.9%
physiological saline and centrifuged at 150 x g
for 10 min at RT. Cell cycle progression was
examined after propidium iodide (PI) staining in
the dark for 30 min. Cells transfected with
shFAT4 or shCtrl were seeded in six-well culture
plates and cultured to 90% confluence.

Plasmid construction, transfection and immu-
noprecipitation

HA-tagged truncated FAT4 (NM_054582) and
Flag-USP51 (NM_201286) were subcloned into
the pcDNA3.1 vector by LncBio Co., Shanghai,
China. HEK293T cells were cultured in RPMI-
1640 medium (Invitrogen) containing 10% FBS.
Cells were transfected with pcDNA3.1-HA-FAT4
(small-scale tandem epitope) and pcDNA3.1-
Flag-USP51 for FAT4 and USP51 binding analy-
sis. After 72-96 h of incubation, the transfected
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HEK293T cells were washed three times with
Modified Dulbecco’s PBS, and IP Lysis/Wash
Buffer was added, as recommended in the
ColP kit instructions (Thermo Scientific). The
following primers were used: USP51 plasmid
sequencing primers, F: CTTGGTACCGAGCTC-
GGATCCGCCACCATGGCCCAGGTC and R: GAAG-
GGCCCTCTAGACTCGAGGTCCTTCTCCAGGCCC-
TGC; truncated-FAT4 sequencing primers, F:
CTTGGTACCGAGCTCGGATCCGCCACCATGAA-
CCAGTGCAGGGGGAA and R: GAAGGGCCCT-
CTAGACTCGAGCACATACTGTTCTGCTTCCCCA.

Screening for selected ubiquitin and deubiqui-
tin enzymes using a PCR array experiment

An RT2 Profiler Custom PCR array was used to
examine the mRNA levels of 70 genes FAT4
associated with ubiquitin and deubiquitin
enzymes and five housekeeping genes in 384
well plates according to the manufacturer’s
protocol (Bio TNT, Shanghai, China). Real-time
PCR was performed using the RT2 SYBR Green
gqPCR Master Mix (SABiosciences) on an ABI
7500 Fast 96-well realtime PCR machine (Ap-
plied Biosystems, Foster City, CA, USA). Results
were analyzed using the PCR Array Data
Analysis Web Portal (SABiosciences). Relative
MRNA levels of target genes were calculated
by the 2-AACt method.

Statistical analysis

Statistical analysis was performed using IBM
SPSS 22.0 software (SPSS Inc., Chicago, IL,
USA). The data are all presented as mean +
standard deviation (Sd). Student’s t-test and
one-way analysis of variance were applied to
assess the differences. X2 test or Fisher exact
test was used to evaluate the enumeration
data. Kaplan-Meier method was used to draw
the cumulative survival curves. Log rank test
was used to perform the difference of the sur-
vival between two groups (FAT4-low expression
and FAT4-high expression). P<0.05 was consid-
ered statistically significant.

Results
Frequent downregulation of FAT4 in human EC

We downloaded and normalized the TCGA EC
RNA-Seq data (35 non-tumor and 552 EC tumor
samples) (https://cancergenome.nih.gov/). Su-
bsequent analysis of the TCGA database con-
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firmed that FAT4 expression was decreased in
35 non-tumour tissues and 552 tumour tis-
sues. FAT4 mRNA expression correlated with
the probability of progression to high stage (lll/
IV) disease and with a highly invasive tumour
type (serous type vs. endometrioid type)
(*P<0.05, **P<0.01, Figure 1A). We also ana-
lyzed TCGA mutation data and RNA-Sequence
data in endometrial cancer and found that the
FAT4A mRNA expression was relative lower in
FAT4 mutated group compared with FAT4 non-
mutated group (P = 0.022, Figure 1A). We us-
ed gRT-PCR to validate this initial expression
observation using the Fudan University cohort
consisting of 33 normal endometrial tissues
and 65 EC tissues; we also extracted original
normal epithelial endometrial cells from 10
samples during hysteroscopy and compared
these samples with 7 EC cell lines by gRT-PCR.
As expected, FAT4 was significantly downregu-
lated in EC (P<0.001, Figure 1B). These find-
ings suggest that downregulation of FAT4
expression is a general phenomenon in human
EC. More strikingly, FAT4 expression was also
significantly downregulated in multiple cancer
types according to the TCGA database, which
indicates that FAT4 deregulation is a common
alteration in human cancer (P<0.01, Figure 1C).
Immunofluorescence and Western blotting
were also employed to evaluate FAT4 expres-
sion in 7 EC cell lines and revealed that FAT4
had relatively high expression in HEC-1A and
HEC-1B cells and low expression in RL95-2
cells (Figure 1D and 1E).

Clinicopathological significance of FAT4 down-
regulation in human EC

We next examined the clinicopathological sig-
nificance of FAT4 protein expression in 116 EC
samples, 86 adjacent noncancerous samples
and 34 normal endometrial tissues by IHC
(Figure 2A). High FAT4 expression was defined
as a score of 2-3, while low FAT4 expression
was defined as a score of 0-1. The proportion of
FAT4-low EC samples was significantly higher
than that of FAT4-high noncancerous samples
(71.6% vs. 27.5%, P<0.01) (Figure 2B). Next, we
investigated the clinical implications of FAT4
downregulation in human EC by correlating
FAT4 expression changes with various clinico-
pathological features. We found that low FAT4
expression was significantly associated with
aggressive and metastatic features of EC, such
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Figure 1. The frequent down-regulation of FAT4 in human EC in the Fudan cohort and in the TCGA database. A: FAT4 mRNA expression was significantly decreased
in 552 endometrial cancer (EC) samples compared with their non-tumorous samples. FAT4 downregulated mRNA expression was associated with advanced stage
(*P<0.05, t test) and histological type (**P<0.01, t test) while no association with grade. Analysis of TCGA mutation cohort, the mRNA expression of FAT4 in FAT4-
mutated group was relative lower compared with FAT4-non-mutated group (P = 0.022, t test). B: FAT4 mRNA expression was significantly decreased in 65 EC samples
compared with 33 normal samples in the Fudan cohort (***P<0.0001, t test). FAT4A mRNA expression was also decreased in original normal epithelial endometrial
cells extracted from 10 patients during hysteroscopy compared with 7 EC cell lines (***P<0.0001, t test). C: FAT4 expression was also strikingly downregulated in
multiple tumour types available in the TCGA (*P<0.05, ***P<0.0001, t test). D, E: FAT4 protein expression in 7 EC cell lines was examined by immunofluorescence
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survival compared with patients with high expression of FAT4 (**P<0.01, Log rank test). Kaplan-Meier method was used to draw the cumulative survival curves. D:
The correlations of the scores for the four molecules, FAT4, USP51, LATS1/2 and YAP, were measured by Pearson’s coefficient. E: The core components of the Hippo
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noncancerous samples, as revealed by the TCGA RNA-Seq analysis, while TAZ showed the opposite trend (*P<0.05, ***P<0.0001, t test).
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Figure 4. FAT4 inhibited EC cell cycle progression, cell invasion and altered cell cycle-associated protein markers and invasion-associated protein markers in the
HEC-1A, HEC-1B and RL95-2 cell lines. A, B: Flow cytometry assay showed a decrease in the percentage of cells in G1 phase and a concomitant increase in that
in G2 phase, while the percentage in S phase remained stable in FAT4-silenced HEC-1A and HEC-1B cells. The data are presented as mean + SD, t-test, *P<0.05,
**P<0.01. C: Flow cytometry assay revealed that upregulating FAT4 in HEC-1B-NC cells increased the G1 phase population and that upregulating FAT4 in HEC-1B-
shFAT4 cells rescued the increase in proliferation upon FAT4 silencing. The data are presented mean + SD, t-test, *P<0.05, **P<0.01. D: Western blotting showed
that CDK1, CDK2, cyclin A1+A2, cyclin D1 and cyclin D2 expression was increased in HEC-1A-shFAT4 and HEC-1B-shFAT4 cells compared with HEC-1A-NC and HEC-
1B-NC cells. The expression of these markers was decreased in RL95-2-sgRNA cells with upregulated FAT4 expression compared with RL95-2 negative control cells,
The data are presented as the mean * SD, t test. *P<0.05, **P<0.01. E, F: Knockdown of FAT4 in both the HEC-1A and HEC-1B cell lines significantly promoted EC
cell migration and invasion, as shown by adhesion and transwell cell migration and invasion assays. The data are reported as the average cell count in five random
areas in each transwell membrane. Each sample was tested in triplicate. **P<0.01, ***P<0.001, t test. G: FAT4 modulated the expression of migration-associated
markers. HEC-1A and HEC-1B cells were infected with NC or shFAT4, and the expression of B-catenin, N-cadherin, P-Smad2 and P-Smad3 was significantly de-
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creased, E-cadherin expression increased, and Smad2 and Smad3 showed stable expression. RL95-2 cells were
infected with NC or sgRNA1-3, and the expression of B-catenin, N-cadherin, P-Smad2 and P-Smad3 was significantly
upregulated, E-cadherin was downregulated, and Smad2 and Smad3 were stably expressed. GAPDH served as a
loading control. The data are presented as the mean * SD, t test. *P<0.05, **P<0.01.

as the presence of lymph-vascular invasion and
local lymph node metastasis (Table 1).
Furthermore, We divided the 116 EC patients
into two groups as mentioned in Table 1 and
collected followed-up data. We analyzed the
survival difference between two groups and
found EC patients with low expression of FAT4
exhibited worse overall survival compared with
patients with high expression of FAT4 (Figure
2C).

FAT4 silencing promoted EC cell proliferation
and invasion in vitro

We performed Cell Counting Kit-8 (CCK-8)
assays, Real-time Cell Analysis (RTCA), and col-
ony formation to test the proliferative effects of
FAT4 on EC cells growth. The results showed
that FAT4 knockdown significantly prohibited
the proliferation in both HEC-1A-shFAT4 and
HEC-1B-shFAT4 cells, while FAT4 overexpres-
sion in RL95-2+dCas9+sgRNA cells significant-
ly inhibited proliferation. Moreover, rescued
FAT4 expression in HEC-1B-shFAT4 cells inhib-
ited its proliferation ability (Figure 3D-G). In
addition, cell cycle analysis showed that FAT4
knockdown in ECs decreased the proportion of
cells in GO/G1 phase and increased the propor-
tion of cells in S and G2/M phases (Figure 4A
and 4B). Then, we transfected FAT4 sgRNA2
into HEC-1B-shFAT4 cells, which rescued prolif-
eration (Figure 4C). Western blotting was used
to examine proliferation-associated markers,
including CDK1, CDK2, cyclin A1+A2, cyclin D1
and cyclin D2. These proteins were upregulated
in HEC-1A-shFAT4 and HEC-1B-shFAT4 cells but
downregulated in RL95-2+sgRNA cells (Figure
4D). Collectively, these results suggest that
FAT4 critically regulates EC proliferation.

To examine the effect of FAT4 on EC cell inva-
sion, Transwell cell migration and invasion as-
says were performed, and the results revealed
that FAT4 silencing promoted HEC-1A and HEC-
1B cells migration and invasion (Figure 4E and
4F). We also found that in HEC-1A-shFAT4 and
HEC-1B-shFAT4 cells B-catenin and N-cadherin
were up-regulated while E-cadherin, P-smad2,
and P-smad3 were down-regulated compared
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with HEC-1A-NC and HEC-1B-NC cells, respec-
tively. RL95-2+sgRNA cells obtained the oppo-
site results (Figure 4G), which corresponded
with our observations in the clinicopathological
analysis of EC patients and highlighted the
essential regulation of EC cell motility and inva-
sion by FATA.

FAT4 suppressed EC tumourigenicity in vivo

To support the in vitro findings, we evaluated
the tumour-promoting role of FAT4 in EC using a
nude mouse models. Mice were injected subcu-
taneously with 1 x 10° (0.2 ml) viable HEC-1B-
NC and HEC-1B-shFAT4 cells. Compared with
the mice injected with HEC-1B-NC cells, those
injected with HEC-1B-shFAT4 cells displayed
higher rates of tumour growth. In addition, the
tumours derived from the shFAT4 group were
significantly larger than those derived from the
NC group, whereas body weight showed the
opposite trend (Figure 5A). Moreover, injection
of RL95-2+dCas9+sgRNA2 cells yielded the
opposite results (Figure 5C). IHC was applied to
examine FAT4 expression in tumours derived
from nude mice, and we confirmed that FAT4
expression was lower in HEC-1B-shFAT4 cells
and was correlated negatively with Ki67 expres-
sion (Figure 5B and 5D). Taken together, the
above data indicate that FAT4 functions as a
tumour suppressor gene and is essential for EC
cell growth.

FAT4 repression induced dysregulation of the
Hippo pathway and increased the nuclear
translocation of YAP

Sequence analysis revealed that the ortho-
logue of vertebrate FAT4 is structurally most
similar to ft in Drosophila, which is involved in
the maintenance of the PCP and Hippo signal-
ling pathways. However, as the underlying dys-
regulated pathways involved in EC remain
unclear, we investigated the Hippo signalling
pathway and related signalling components.
The effect of FAT4 on the Hippo pathway was
evaluated by measuring changes in mRNA and
protein expression of critical elements of the
Hippo pathway (LATS1, LATS2, MST1, MST2,
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regulated genes (USP45, USP46, USP51, TRAF2, RNF19A, IRAK1 and RNF181) by FAT4 in HEC-1A and HEC-1B infected with either NC or shFAT4. The data are
presented as the mean + SD, t test. *P<0.05, **P<0.01.
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YAP and TAZ). qRT-PCR analysis showed that
FAT4 knockdown significantly downregulated
LATS1/2 and YAP expression, while FAT4 over-
expression upregulated LATS1/2, YAP and TAZ
expression; in contrast, MST1 and MST2
expression remained stable (Figure 6A). Similar
results were obtained at the protein level as
based on Western blotting (Figure 6B). Th-
erefore the Hippo pathway in EC cells in vitro is
inhibited by FAT4 downregulation and promoted
by FAT4 upregulation. Furthermore, we also
found that FAT4 silencing induced the nuclear
accumulation of the YAP protein which is asso-
ciated with the promotion of proliferation and
metastasis (Figure 6C).

Suppressing USP51 attenuated the tumour
suppressor function of FAT4

The data presented above indicated that FAT4
inhibited EC cell proliferation and invasion in a
Hippo signalling pathway-dependent manner.
However, low expression of FAT4 in EC remains
unclear and a novel interacting partner of
FAT4’s cytoplasmic tail would further allow for
dissection. To identify possible interacting cel-
lular contexts of FAT4, we performed a PCR
array containing 70 common ubiquitinating and
deubiquitinating enzymes associated with FAT4
based on TCGA-RNA-Seq database to investi-
gate changes upon stable FAT4 Knockdown in
HEC-1B cells. The USP45, USP46, USP51,
TRAF2 and RNF19A genes were significantly
down-regulated and IRAK1 and RNF181 were
up-regulated (>2-fold) (Figure 6D and 6E). We
next validated these genes’ changes in mRNA
level (Figure 6F). We confirmed that USP51 was
the most significantly altered target gene. In
our EC cell models, USP51 expression was sig-
nificantly downregulated by FAT4 knockdown in
HEC-1A and HEC-1B cells and significantly
upregulated by FAT4 overexpression in RL95-2
cells (Figure 7G).

USP51 is a possible interacting target of FAT4
in EC

Considering the role of FAT4 in EC cells, we
aimed to determine whether USP51 functions
as a tumour suppressor DUB. Silencing USP51
increased the proliferation rate of both HEC-1A
and HEC-1B cells, which conflicts with a previ-
ous report [26]. According to the TCGA data-
base, USP51 expression was downregulated in
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tumour tissue compared with its expression in
noncancerous tissue, which corresponded with
our Fudan cohort data (Figure 7A and 7B). We
also analysed USP51 protein levels in EC tis-
sues and normal tissues by IHC and found that
they were downregulated in tumour samples
compared with normal samples (Figure 2A). In
HEC-1A-shFAT4 and HEC-1B-shFAT4 cells, we
rescued USP51 expression using the USP51
overexpression plasmid, while in RL95-2+sg-
RNA2 cells, we downregulated USP51 expres-
sion using shUSP51 (Figure 7D). Cell prolifera-
tion was rescued in HEC-1B and RL95-2 cells
(Figure 7E-G). In addition, a positive correlation
was observed between USP51 and FAT4 in
the TCGA cohort and in our own EC samples
(Figures 7H and 2D). Furthermore, in HEC-1B
cells we decreased USP51 expression by
shUSP51 plasmid and in RL95-2 cells we
increased USP51 expression by ovUSP51 plas-
mid and found that FAT4 expression downregu-
lated in HEC-1B-shUSP51 cells and upregulat-
ed in RL95-2-ovUSP51 cells (Figure 7J). To
investigate whether FAT4 directly interact with
USP51, we performed an in vitro binding assay.
We transfected HA-Flag-truncated FAT4 alone
or with Flag-USP51 into HEK293T cells and
found that purified HA-FAT4 bound to purified
Flag-USP51, which demonstrates a direct inter-
action between FAT4 and USP51 (Figure 7K).
These results collectively suggest that USP51
is a direct interacting partner of FAT4 and that
USP51 suppression significantly contributes to
the tumour suppressor function of FAT4 in
human EC.

Discussion

In this study, frequent downregulation of FAT4
was a common characteristic of EC compared
with normal samples that was validated in the
TCGA EC samples and in our Fudan sample
cohort. According to the TCGA database, FAT4
expression decreased as the EC stage pro-
gressed and in serous-type EC compared with
endometrioid-type EC, revealing that FAT4 do-
wnregulation might facilitate EC progression.
Clinicopathological analysis in our Fudan cohort
showed that low FAT4 expression was signifi-
cantly associated with aggressive features of
EC, such as advanced lymphovascular inva-
sion, lymph node metastasis and muscular
infiltration, showing FAT4’s suppressive impact
in EC carcinogenesis and progression.

Am J Transl Res 2019;11(5):2784-2800



FAT4-USP51 complex regulates progression of endometrial cancer

. HEC-1B RL-95-2
o — 5 15 100, & HECIBNC 1o, $ ELsEzucisoN
L —SETTETETEs USP51 g S R gy R
H HE H £ o £ H
i § e we == —= === GAPDH : i i i
- H H H S £
; i NS RIN SR
& I & & I EY v oay oay
éoé‘ & @"@ ,\\,@°
S
F 250-
=
2 200- L1l
,,,,,,,,,,,,, e A
HECABNC ==RL952NC A ) 5
HEC-1B-shFATS N lRLsS»zodCaf‘sp;sg’tN’ i _éuw
-1B<sh 3 so.
HECIRENTATS: T.RL—!S—? -shUSP51 = R
AR
7 - B RN
G (el B & T
HEC-1B RL95-2-NC o # g
+shFAT4+ovUSP51 +dCas9+sgRNA2 +dCas9+sgRNA2+shUSP51 & & m‘y‘
&
H K N
P <0.001 «k "OQ
Prarsons coeatanen 47 QV' '0 0\
S NS
FE IFFK
g ©) x> x> X
b . . .
IP: anti-HA & &= IB: anti-HA

&= |B: anti-Flag

IP: anti-Flag IB: anti-Flag

S B anti-HA
- & LHAFAT4

#=&=  Flag-USP51

Input
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association based on TCGA database (Person’s correlation = 0.467); |: Validating the protein expression of USP51
in HEC-1A and HEC-1B infected with either NC or shFAT4 and RL95-2 infected with either NC or sgRNA. GAPDH was
a loading control; J: Detection the protein expression of USP51 and FAT4 in HEC-1B cells transfected either with NC
or shUSP51; RL95-2 cells transfected either with NC or ovUSP51 plasmid. K: ColP assay was used to test the direct

connection between FAT4 and USP51 in HEK293T cell line.

We further investigated the molecular mecha-
nisms responsible. Previous studies have sh-
own that FAT4 may be involved in the Hippo sig-
nalling pathway and planar cell polarity (PCP) in
vitro and in vivo [27]. Ma et al. [24] found that
FAT4 silencing in gastric cancer cells induced
nuclear accumulation of YAP, promoting prolif-
eration and migration. In human triple-negative
breast cancer [28], FAT4 was found to inhibit
breast cancer cell proliferation, migration and
invasion. There are several explanations for the
suppression of FAT4. Low FAT4 expression in
gastric cancer is associated with mutations,
and promoter methylation is also involved [29,
30]. In breast cancer cells, transient activation
of the Src oncoprotein repressed FAT4A mRNA
expression through actin depolymerization [29,
30]. In our previous study, our exon sequencing
panel revealed that FAT4 was frequently mutat-
edin EC (41%, 12/29). In addition, according to
the TCGA mutation cohort, we found that the
FAT4 mRNA expression was relative lower in
FAT4 mutated group compared with FAT4 non-
mutated group in EC (Figure 1A). Thus, muta-
tion may be one factor involving suppression of
FAT4 expression. In the present study, we exam-
ined the deregulation of the Hippo signalling
pathway in HEC-1A and HEC-1B cells after FAT4
silencing and in RL95-2 cells upon FAT4 overex-
pression. The results revealed that FAT4 silenc-
ing downregulated the Hippo core components
p-LATS1/2 and p-YAP while LATS1/2 and YAP
type remained unchanged. Furthermore, cellu-
lar fraction experiments showed that FAT4
silencing could increase the nuclear accumula-
tion of YAP in the shFAT4 cells while decrease
the nuclear YAP accumulation in the FAT4-
overexpression RL95-2 cells, which might
explain why FAT4 exhibites the function of inhib-
iting cell proliferation and invasion.

Ectopic FAT4 cadherin expression is implicated
in various cancer types. The regulation of FAT4
and its downstream signalling pathways remain
incompletely understood. Previous study dem-
onstrated that SH3RF1, E3 ubiquitin-protein
ligase, as a new regulator of FAT1 (one FAT fam-
ily member) protein levels [32]. Therefore, we
speculated that the FAT4 cytoplasmic tail could
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delineate its regulation and function though
binding a serious ubiquitinating and deubiquiti-
nating enzymes. Thus we designed a PCR array
including 70 ubiquitinating and deubiquitinat-
ing enzymes which had strong correlations with
FAT4 based on the TCGA database. We found
three deubiquitinating enzymes (USP45, US-
P46, and USP51) and three ubiquitinating en-
zymes (RNF19A, IRAK1 and RNF181) were dif-
ferentially expressed between the HEC-1B-NC
and HEC-1B-shFAT4 groups. Among which,
USP51 was the most downregulated gene after
FAT4 silencing. USP51, a member of ubiquitin-
specific protease, exert different functions in
different tumour types. In human breast can-
cer, USP51 promotes the deubiquitination and
stabilization of ZEB1, an EMT-inducing tran-
scription factor that plays an essential role in
cancer cell metabolism, metastasis and chem-
otherapy resistance [33, 34]. In addition, Jing
Zou et al. [35] found that USP51 was downregu-
lated in the SKOV3/DDP and A2780/DDP drug-
resistant cell lines. In our study, the expression
of USP51 was decreased in EC tissues and
positively correlated with FAT4 expression, sug-
gesting USP51 acting as a tumour suppressor
in EC. We speculated that USP51 is an interact-
ing partner of FAT4 since USP51 re-expression
in HEC-1B-shFAT4 cells effectively rescued cell
proliferation and invasion. ColP confirmed that
FAT4 binded directly to USP51. Taken together,
our results suggest that FAT4 silencing is posi-
tively regulated by USP51, downregulating
p-LATS1/2 expression and thus inducing the
nuclear accumulation of YAP and ultimately
contributing to EC proliferation and invasion.

In summary, FAT4 inactivation accelerated EC
cell line proliferation and invasion both in vitro
and in vivo. FAT4 exerted its tumour suppressor
function partly by downregulating expression of
the deubiquitinating enzyme USP51, which in
return could promote deubiquitination and sta-
bilization of FAT4. Inactivation of FAT4 led to the
decreased p-LATS1/2 and increased nuclear
translocation of YAP, which bound various
nuclear transcription factors to promote cancer
proliferation and metastasis. Thus, targeting
FAT4 may be a novel strategy for EC treatment.
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