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Tumor suppressor candidate 3 (TUSC3) prevents the epithelial-
to-mesenchymal transition and inhibits tumor growth by
modulating the endoplasmic reticulum stress response in
ovarian cancer cells
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Ovarian cancer is one of the most common malignancies in women and contributes greatly to cancer-related deaths. Tumor
suppressor candidate 3 (TUSC3) is a putative tumor suppressor gene located at chromosomal region 8p22, which is often lost
in epithelial cancers. Epigenetic silencing of TUSC3 has been associated with poor prognosis, and hypermethylation of its pro-
moter provides an independent biomarker of overall and disease-free survival in ovarian cancer patients. TUSC3 is localized to
the endoplasmic reticulum in an oligosaccharyl tranferase complex responsible for the N-glycosylation of proteins. However,
the precise molecular role of TUSC3 in ovarian cancer remains unclear. In this study, we establish TUSC3 as a novel ovarian
cancer tumor suppressor using a xenograft mouse model and demonstrate that loss of TUSC3 alters the molecular response
to endoplasmic reticulum stress and induces hallmarks of the epithelial-to-mesenchymal transition in ovarian cancer cells. In
summary, we have confirmed the tumor-suppressive function of TUSC3 and identified the possible mechanism driving TUSC3-
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deficient ovarian cancer cells toward a malignant phenotype.

Ovarian cancer (OC) is one of the most common malignan-
cies and the fifth leading cause of cancer-related death in
women.' Despite the recent progress in OC diagnosis and
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therapy, its overall prognosis remains unfavorable. The het-
erogeneity of its clinical display reflects the diverse molecu-
lar mechanisms contributing to malignant transformation
and dissemination of the primary cancer. The tumor sup-
pressor candidate 3 (TUSC3 or N33) gene has been located
to chromosomal region 8p22, which is often lost in com-
mon epithelial cancers, such as breast, prostate, oral squa-
mous or ovarian cancer.”® According to the Oncomine
database, expression of TUSC3 gene is significantly downre-
gulated in OC cases, suggesting the potential clinical rele-
vance of TUSC3 in OC pathogenesis (www.oncomine.org,
Supporting Information Fig. 1). Moreover, epigenetic silenc-
ing of TUSC3 has been associated with poor prognosis of
OC, and hypermethylation of its promoter provides an
independent biomarker of overall and disease-free survival
in OC patients.” Until recently, the molecular function of
TUSC3 was inferred from its sequence homology to the
yeast protein Ost3p, which forms a subunit of the oligosac-
charyltransferase (OST) complex that is responsible for
post- and co-translational N-glycosylation of proteins in the
endoplasmic reticulum (ER).®

We demonstrated recently that in embryonic kidney
(HEK293) and ovarian cancer cells, TUSC3 localizes to the
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While epigenetic silencing of the tumor suppressor candidate 3 (TUSC3) gene is associated with poor outcome in ovarian
cancer, the molecular role of TUSC3 in ovarian malignancies is unknown. In this study, loss of TUSC3 expression in ovarian
cancer cells was associated with alterations in endoplasmic reticulum (ER) ultrastructure, as well as with alterations in ER
stress signaling. TUSC3 silencing was further associated with the loss of epithelial phenotype and epithelial-to-mesenchymal
transition. In mice, loss of TUSC3 promoted massive tumor growth of ovarian cancer cells. The results establish TUSC3 as a

novel tumor suppressor in ovarian cancer.

rough ER and binds to the core OST proteins STT3A/B.”"°
Moreover, downregulation of TUSC3 protein is associated
with changes in the expression of markers of the ER stress
response in DU-145 and PC3 prostate cancer cell lines, while
its overexpression in HEK293 cells attenuates N-glycosyla-
tion.” In ovarian cancer, hypermethylation of the TUSC3 pro-
moter is clearly correlated with clinical outcome,” and small
hairpin RNA (shRNA)-mediated silencing of TUSC3 in ovar-
ian cancer cells promotes proliferation and migration under
serum free conditions in vitro.'” Despite its potential clinical
significance, the detailed molecular mechanism linking
TUSC3 to cancer remains unclear.

In this work we establish TUSC3 as a novel ER-associated
tumor suppressor involved in ovarian cancer pathobiology.
On both the morphological and molecular levels, we docu-
ment that TUSC3 is involved in rough ER homeostasis and
that its loss induces markers of the epithelial-to-mesenchymal
transition (EMT) and enhances tumor growth in vivo.

Material and Methods

Cell culture conditions and treatments

Ovarian cancer cell line SKOV-3 was obtained from the
American Type Culture Collection (ATTC), and ovarian can-
cer cell lines H134 and TR170 were a kind gift from Prof.
Thomas Grunt, Medical University of Vienna, Vienna, Aus-
tria. Prior to use, all cell lines were authenticated via short
tandem repeat (STR) profiling carried out by a commercial
service (Generi Biotech, Czech Republic), which confirmed
the identity (SKOV-3) or purity (TR170, H134) of the cell
populations and established reference STR profiles for the
TR170 and H134 cell lines (Supporting Information Table 1).
Mycoplasma contamination was investigated on a routine
basis using PCR.'"'> TR170 and H134 cells were cultured in
high glucose (4.5 g 17") Dulbecco’s Modified Eagle Medium
(DMEM), SKOV-3 cells in McCoy’s 5A Modified Medium
enriched with 10% fetal calf serum (FCS) (Invitrogen, Life
Technologies, Czech Republic), 50 U ml~" penicillin G, and
50 ug ml~' streptomycin sulfate (PAA, GE Healthcare, Aus-
tria) at 37 °C in a humidified atmosphere with 5% CO,. In
cell lines SKOV-3 and TR170, expression of TUSC3 was
silenced as described previously™'® using lentiviral-mediated
delivery of a pLKO.1 puro vector containing TUSC3 shRNA
(Open Biosystems, Thermo Fisher Scientific, Czech Republic).
Scrambled shRNA sequence was used as a control (Open
Biosystems, Thermo Fisher Scientific, Czech Republic). Cell

Int. ). Cancer: 137, 1330-1340 (2015) © 2015 UICC

line H134 with rescued expression of TUSC3 was derived
previously using the cytomegalovirus (CMV)-driven TUSC3
c¢DNA cloned into the pLP-IRESneo plasmid (pLP-IRES-
TUSC3). An empty pLP-IRESneo vector (pLP-IRES) was
used as a control.” To specifically induce ER stress via dis-
ruption of N-glycosylation, tunicamycin solution in dimethyl
sulfoxide (DMSO; Sigma Aldrich, Czech Republic) was used
at concentrations 0.2, 0.5 or 1 pg ml™" for 12, 24 or 48 hr.

MTT assay and annexin V/propidium iodide fluorescence-
activated cell sorting (FACS) analysis

First, 1 X 10* cells were seeded in triplicate on 96-well plates
(Corning, USA) and cultured for the indicated time in complete
medium containing either DMSO or tunicamycin at concentra-
tions 0.2, 0.5 or 1 pg ml~". Then, thiazolyl blue tetrazolium bro-
mide (Sigma-Aldrich, Czech Republic) solution in water (5
mg ml™") was added at one-tenth of culture volume and incu-
bated for 4 hr. Absorbance was measured at 570 nm. The plots
derived represent mean normalized, background subtracted
absorbance = the standard deviation (SD) from three independ-
ent experiments. To analyze cell death, cell suspensions were
washed with 1X phosphate buffered saline (PBS), stained with
annexin V-fluorescein isothiocyanate (FITC) conjugate (Apronex,
Czech Republic) and propidium iodide (Sigma-Aldrich, Czech
Republic), and incubated for 15 min in the dark at room tem-
perature. Then, cells were washed using HEPES buffered solution
(10 mM HEPES, 140 mM NaCl, and 10 mM CaCl, pH 74)
and the fluorescence was quantified using an Attune® Acoustic
Focusing Cytometer (Life Technologies, Czech Republic).

Real-time, impedance-based cell analysis (RTCA,
xCELLigence)

To assess adhesion and proliferation of ovarian cancer cells,
the commercially available, impedance-based, label-free xCEL-
Ligence RTCA SP system (Acea Biosciences, USA) was
employed as described previously.'">'* Briefly, an Acea
E-plate 96 was coated with fibronectin dissolved in 1X PBS to
a final concentration of 5 ug cm™ > and incubated for 1 hr at
room temperature. Coated wells were washed with deionized
water and filled with 100 pl complete medium containing
either tunicamycin (0.2 ug ml™") or DMSO, according to the
experimental design. Prior to analysis, standard background
measurements were performed. Then, tunicamycin (0.2
ng ml™") or DMSO pretreated cells were trypsinized, quanti-
fied using a Casy® Cell Counter (Roche Applied Science,
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Czech Republic), seeded in 100 pl their respective medium at a
final concentration of 5 X 10* cells per well, and monitored
every minute for the first 6 hr post-seeding, then every 5 min
for 18 hr, and finally every 15 min, for a total of 120 hr. To
monitor cell migration, 3 X 10* serum-starved cells were resus-
pended in serum-free medium and seeded in an uncoated Acea
cell invasion and migration (CIM)-plate 16 with the appropri-
ate cell culture media containing 10% serum as an attractant.
The cell index was recorded every 15 min for 56 hr. Resulting
plots represent the mean cell index = SD.

Spheroid culture and analysis

Formation of 3D spheroids was induced by culturing cells
under low-adhesion conditions in low melting point agarose-
coated (Sigma-Aldrich, Czech Republic) 96-well plates
(Greiner Bio-ONE, Germany). Briefly, 5 X 10* cells were
seeded in a hexaplicate layout, centrifuged at 2,000 rpm for 1
min, and cultured in presence of tunicamycin at concentra-
tions 0.2, 0.5 or 1 ug ml~' or DMSO. To monitor spheroid
formation, we performed time-lapse microscopy, imaging the
plate immediately after centrifugation; one image was taken
every 30 min for 24 hr. We acquired bright field images
using a 10X objective with an automated microscope
equipped with an environmental chamber (Image Xpress
MicroXL, Molecular Devices, USA). For the end-point assay,
spheroids were stained with Hoechst stain and propidium
iodide (5 pg ml™'; Sigma-Aldrich, Czech Republic) and
imaged with the same microscope. Images were analyzed
using Cell Profiler 2.0 software (Broad Institute, USA) to
determine spheroid size (in pixels) and shape (as a form fac-
tor from 0-1, with 1 representing an ideal sphere).

Transmission electron microscopy (TEM)

Ovarian cancer cell lines with altered expression of TUSC3
were treated for 24 hr with either 0.2 pg ml™' tunicamycin
or DMSO, harvested using trypsin-EDTA, washed in 1X
PBS, fixed in 3% glutaraldehyde with 0.2% tannin in 0.1 M
cacodylate buffer for 1 hr, and postfixed in 1% OsO, in the
same buffer for 50 min. After post-fixation, cells were washed
three times in cacodylate buffer and embedded in small
blocks of 1% agar 1 mm® in size. Agar blocks were dehy-
drated in increasing concentrations of ethanol (50%, 70%,
96% and 100%), treated 2 X 10 min with 100% acetone, and
embedded in Durcupan resin. Ultrathin sections were pre-
pared on an LKB 8802A ultramicrotome, stained with OsO,,
and examined with an FEI Morgagni 286(D) TEM. One hun-
dred cells from each experimental group in two independent
experiments were examined. Images were analyzed using
ImageJ software.'” Cytological analysis of TEM images was
validated by two independent reviewers.

RNA isolation, cDNA synthesis and quantitative reverse
transcription PCR (qRT-PCR)

Total RNA from cancer cell lines was extracted using an
RNeasy Mini Kit (Qiagen) and quantified using a NanoDrop

Tumor suppressor candidate 3 (TUSC3)

(Thermo Scientific, USA). cDNA was synthesized from 1 g
DNase I-treated total RNA using a First Strand Reverse Tran-
scription Kit (Roche). Relative expression was quantified using
exon-spanning TagMan probes specific for TUSC3 (N33,
Hs00185147_m1), binding immunoglobulin protein (BiP;
GRP78, HSPA5, Hs00607129_gH), DNA-damage-inducible
transcript 3 (CHOP; DDIT3, Hs00358796_gl), growth differ-
entiation factor 15 (GDF-15; Hs00171132_m1), transforming
growth factor B1 (TGF-f1; Hs99999918_ml) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH; Hs99999905_m1)
(Applied Biosystems, Life Technologies, Czech Republic), as
described elsewhere,'® and expressed as relative ratio units.
All PCR reactions were performed in triplicate from three
independent experiments, and reverse transcriptase-negative
and template-negative controls were included.

SDS-PAGE and western blotting

Trypsinized cells were washed two times with ice-cold 1X
PBS and resuspended in NP-40 lysis buffer containing 50 mM
Tris-Cl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% NP-40,
50 mM NaF supplemented with phosphatase inhibitor cocktail
(PhosStop, Roche Applied Science, Czech Republic) and pro-
tease inhibitor cocktail (Complete, Roche Applied Science,
Czech Republic). Next, 15 pg protein extract, quantified using
the Bradford-based BioRad protein Assay Kit (BioRad), was
mixed with 2X Laemmli sample buffer (100 mM Tris pH 6.8,
4% SDS, 200 mM DTT, 20% glycerol, and 0.1% Bromophenol
Blue),"” boiled for 3 min, and resolved using 10% sodium
dodecylsulfate-polyacrylamide  gel electrophoresis  (SDS-
PAGE). Resolved proteins were then electroblotted to a 0.45
pm polyvinylidene difluoride (PVDF) membrane (Millipore,
Czech Republic) and incubated with the indicated primary
antibodies diluted 1:500-1:1,000 at 4 °C overnight (ZO-1 cat.
no: #8193; Slug #9585; TCF8/ZEB1 #3396; E-Cadherin #3195;
BiP #3177; Calnexin #2679; Erolo# 3264; Irelo #3294;
CHOP #2895; PERK #5683, all from Cell Signaling, USA;
TUSC3 (Ab65213), Vimentin (Ab92547) and Actin (Ab1801)
from Abcam, UK). Blots were developed using horseradish
peroxidase (HRP)-conjugated secondary antibodies, including
anti-rabbit HRP #7074 (Cell Signaling, USA) or anti-mouse
HRP Ab50043 (Abcam, UK), both diluted 1:5,000, and Immo-
bilon Western HRP Substrate (Millipore, Czech Republic),
according to the manufacturer’s protocols. Quantitative densi-
tometry was performed using ImageJ software.'” Values above
the band represent the integrated density for the particular
band normalized to the control of equal loading.

Mouse xenograft experiments

A colony of NOD scid gamma mice (NSG, NOD.Cg-Prkdcscid
I2rgtm1Wijl/Sz]) was obtained from the Jackson laboratory,
maintained under specific-pathogen-free conditions with 12/12
light cycles, and fed ad Ilibitum. For xenograft experiments,
thirty 8- to 10-week-old mice were subcutaneously injected with
5 X 10° control and TUSC3-altered cells in sterile 1X PBS in
the left and right ventral flanks, respectively. Animals were

Int. J. Cancer: 137, 1330-1340 (2015) © 2015 UICC



Kratochvilova et al.

1333

a 10 5000
2 B ‘
° S os 2 S 4000
'r% g % z z 2 ]
g8 o6 g 5 zo00 s 082 55 g2 g 28
535 55 Eg 3% Ex 2& < I35
© = v @ s =@ i = il =
= c o K] 3 a =
g - 0.4 q>|| = 2000 r
25 s e
7 @ - -
U g o2 T g 1000 “
e £ e £ ) Actin (~42kDa)
5 3
0.0 o= — 1 i1 J 1 i
B e B pim a4 0. TR170  SKOV-3 H134
5z 8=z 53 K2 £ =3
Ex 8= E&E 5% d a3
£E5 P% 5% F5 2 EF
A A
L 1L I {
TR170 SKOv-3 H134
b 05 C13hrs @ 24hrs m 48hrs os O 3hrs B 24hrs @ 48hrs G5 1 3hrs @ 24hrs @ 48hrs
. - ;
|
.
0.4 i 0.4
i
5 o3 I ; g 03 g
[a] (=] (a]
o il (o] o
0.2 0.2
0.1 I 0.1
il
Tunicamycin 00 0 02 05 1 0 02 0.0 1
[ug mi?] 1 J 1 | L 1 | |
Scrambled TUSC3-shRNA Scrambled TUSC3-shRNA PLP-IRES pLP-IRES-TUSC3
SKOV-3 TR170 H134

Figure 1. Expression of TUSC3 in ovarian cancer cell lines. (a) Cells were cultured under optimal conditions and harvested, then, the total
RNA was extracted, reverse transcribed, and analyzed via qRT-PCR. Plots represent mean relative GAPDH-normalized expression + SD, deter-
mined from three independent experiments. In parallel, TUSC3 protein was documented by SDS-PAGE and immunoblotting. (b) Metabolic
activity of tunicamycin-treated cells as determined by the MTT conversion assay. First, 1 X 10“ cells were seeded in triplicate on 96-well
plates and cultured for the indicated time in complete medium containing either DMSO or tunicamycin at concentrations 0.2, 0.5 or 1

pg ml~". Then, thiazolyl-blue-tetrazolium bromide was added and incubated for 4 hrs. Absorbance was measured at 570 nm. Plots repre-
sent mean normalized (i.e., background subtracted) absorbance = SD from three independent experiments. Asterisks indicate statistical sig-

nificance at p < 0.05 as determined by Student’s ¢ test.

checked daily and tumor size was measured three times a week
along perpendicular axes using an external caliper. Tumor vol-
ume was calculated using the equation volume = l/(length X
width?). To minimize suffering, animals were sacrificed when
tumor size exceeded 1 cm® or after 8 weeks, whichever occurred
first. Prior to sacrifice, animals were anesthetized with isoflurane
and tumor mass was visualized and independently measured
using a high-frequency ultrasound Vevo 2100 System (Fujifilm
Visual Sonic, Canada) at 30 MHz. Isolated tumors were snap-
frozen or fixed in formalin for subsequent analyses. For analysis
of tumor growth in the peritoneal cavity, 3 X 10° control and
TUSC3-altered cells in sterile DMEM were injected intraperito-
neally into eighteen 8- to 10-week-old mice. Tumors were
measured in regular intervals using a high-frequency ultrasound
Vevo 2100 System in isoflurane anesthesia. Animals were sacri-
ficed 4 weeks after tumor induction, dissected and analyzed
semiquantitatively (number of “+” corresponds with tumor size
or extent of metastasizing, n/a — animal excluded from the set).

Animal experiments were approved by the Ministry of Edu-
cation, Youth, and Sport of the Czech Republic under project
number MSMT-15876/2013-310; supervised by the local ethi-
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cal committee of the Faculty of Medicine, Masaryk University;
and performed by certified individuals (KK, FD, PV).

Immunohistochemistry

First, 5-um-thick tissue sections were deparaffinized by heat-
ing at 60 °C; subsequently, they were rehydrated in xylene
and decreasing concentrations of ethanol. Antigen retrieval
was performed with Target Retrieval Solution, pH 9 (Dako,
Germany) for 40 min at 98 °C, followed by treatment with
0.3% H,0, in 1X PBS (pH 7.4) to quench endogenous per-
oxidase activity. After blocking with 1% bovine serum albu-
min (BSA) for 10 min, sections were incubated in primary
antibody (rabbit polyclonal to TUSC3, dilution 1:100,
ab65213, Abcam, UK) for 1 hr at room temperature. Primary
antibody dilutions were made in Antibody Diluent (Dako,
Germany). The sections were washed three times in 1X PBS
and  incubated in  biotinylated  detection  agent
(LSAB + System HRP, Dako, Germany) for 30 min at room
temperature, followed by 45-min incubation in StreptAB-
Complex/HRP (K0377 Dako, Denmark). Sections were
washed three times with 1X PBS and incubated in
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Figure 2. (a) Adhesion of ovarian cancer cells as a function of cell index
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over time as determined by the xCELLigence RTCA SP system. Cells

were seeded on a fibronectin-coated Acea E-plate®96 and monitored every 1 min. for the first 6 hr post-seeding, then every 5 min for 18
hr, and finally every 15 min for a total of 120 hr. Plots represent the mean cell index = SD over the first 12 hr. (b) Plots of mean cell

index = SD at 3, 6 and 12 hr. Asterisks indicate statistical significance at p <0.05 as determined by Student’s t test. (c) Migration of ovar-
ian cancer cells as a function of cell index over time as determined by the xCELLigence RTCA SP system. The upper chamber of an uncoated

Acea CIM-plate®16 was seeded with serum-starved cells containing 10%
for 56 hr. Plots represent mean cell index = SD over the first 12 hr. (d) P

serum as an attractant. The cell index was recorded every 15 min
lots demonstrating mean cell index = SD at 3, 6 and 12 hr. Aster-

isks indicate statistical significance at p < 0.05 as determined by Student’s t test. (¢) Mean time = SD required for assembly of 3D sphe-
roids from ovarian cancer cells expressing or not expressing TUSC3 in low-adhesion conditions. Asterisks indicate statistical significance at
p <0.05 (*) or p<0.005 (**) as determined by Student’s t test. (f) Structure of 3D spheroids revealed by Hoechst staining and fluorescent

microscopy.

Streptavidin-HRP (LSAB + System HRP, Dako, Germany)
until a brown color developed. Sections were then counter-
stained with Gill's hematoxylin, dehydrated, and mounted
using Pertex medium.

Immunofluorescent microscopy

Nearly 5 X 10° of cells were seeded into 24-well plate either
in presence of tunicamycin (0.2 pg ml~")or DMSO and cul-
tured for 24 hr. Then, cells were washed in 1X PBS, fixed in
4% formaldehyde for 15 min, washed three times in 1X PBS,
permeabilized in 0.1% Triton-X100 in PBS for 10 min/RT,

blocked in 3% BSA in PBS for 1 hr. Then, cells were incubated
with anti-vimentin primary antibody (Abcam, UK, Ab92547;
1:2000 in 3% BSA/PBS) for 2 hr at room temperature. The
cells were then washed three times in 1X PBS and incubated
for 1 hr with secondary antibody conjugated with AlexaFluor
455 (Life Technologies, Czech Republic, A21429, 1:2000 in 3%
BSA/PBS) followed by additional wash in 1X PBS. Hoechst
stain was added to the final concentration 5 pg ml~'. Images
were acquired using an automated microscope equipped with
an environmental chamber and 10X objective with (Image
Xpress MicroXL, Molecular Devices, USA).

Int. J. Cancer: 137, 1330-1340 (2015) © 2015 UICC
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Results

Modeling TUSC3 loss in vitro

We investigated the role of TUSC3 in ovarian cancer devel-
opment using a panel of three established and previously
characterized serous ovarian adenocarcinoma cell lines H134,
SKOV-3 and TR170, selected to reflect the substantial intrin-
sic heterogeneity of high-grade serous ovarian cancer. These
lines are tumorigenic in nude mice and differ in several
aspects, including p53 status, karyotype, and resistance to
chemotherapeutic agents.'®** In SKOV-3 and TR170, TUSC3
expression was dampened to roughly 30% that of the
scrambled-shRNA control. The H134 cell line has virtually
no basal TUSC3 expression due to the hypermethylation of
the entire 8p22 region,” mimicking in vitro to some extent
the epigenetic loss of TUSC3 in vivo without the use of
shRNA. To rescue TUSC3 expression, H134 cells were stably
transfected with TUSC3 ¢cDNA (Fig. 1a).

TUSC3-silenced cells are resistant to tunicamycin

TUSC3 is an ER integral protein involved in N-glycosylation
by the OST complex. This fact prompted us to investigate
whether the potential tumor-suppressive role of TUSC3 is
linked to its function in the ER. We exposed control and
TUSC3-silenced cells to the N-glycosylation inhibitor tunica-
mycin and induced ER stress conditions in vitro. Cells were
treated with three different concentrations of tunicamycin
(0.2, 0.5 and 1 pg ml~ ") for 3, 24 or 48 hr, and overall meta-
bolic activity was determined using the colorimetric MTT
assay. In control cells, we observed both a dose- and time-
dependent decrease in total cellular reductase activity. Inter-
estingly, TUSC3-silenced SKOV-3 and TR170 cells did not
respond to non-toxic doses tunicamycin with a drop in meta-
bolic activity when compared to control cells (Fig. 1b). Dif-
ferences diminished when the cells were exposed to high
concentrations of tunicamycin or were treated for prolonged
time, probably due to the cytotoxic effects of tunicamycin.
Therefore, the determined minimal effective concentration of
tunicamycin was used in following experiments. To deter-
mine if the difference in MTT conversion rate was caused by
cell death, we treated cells with the minimal effective concen-
tration of tunicamycin (0.2 pug ml~"') for 24 hr, stained them
with annexin V/PI, and performed the FACS analysis. How-
ever, we did not identify any significant changes in apoptotic
or necrotic cell death rate (Supporting Information Fig. 2),
confirming that effects induced by 0.2 pg ml~' tunicamycin
are not associated with cytotoxicity.

Silencing TUSC3 enhances cell adhesion and migration

Next, we quantified the effects of TUSC3 loss on cell prolifera-
tion, adhesion, and migration. To measure cellular processes in
real-time, we employed the impedance-based, label-free xCEL-
Ligence (RTCA) system. First, we monitored simple adhesion
to a fibronectin-coated E-plate of either tunicamycin (0.2
pg ml~') or DMSO-pretreated cells in medium containing
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either tunicamycin (0.2 pg ml™") or DMSO, recording the cell
index for 12 hr. Tunicamycin clearly interfered with the adhe-
sion capability of control cells, substantially reducing the cell
index. By contrast, TUSC3-silenced cells showed an increase in
cell index over the same interval when compared to control
cells. Therefore, even in the presence of tunicamycin, cells lack-
ing TUSC3 were capable of adhering efficiently (Figs. 2ab).
During further cultivation (up to 120 hr), tunicamycin-treated
samples reduced the cell index irrespective of TUSC3 expres-
sion, and we also did not identify any significant growth
advantage of TUSC3-silenced cells over controls (Supporting
Information Fig. 3a). To analyze the migration rate, we seeded
the upper chamber of an uncoated 16-well CIM plate with pre-
treated cells in serum-free medium and recorded the cell index
of penetrating cells for 12 hr. SKOV-3 and H134 cells with
attenuated TUSC3 expression, but not TR170 cells, migrated at
a significantly higher rate than TUSC3-expressing variants
(Figs. 2cd). Tunicamycin clearly interfered with the migration
capacity of all cells; however, TUSC3-silenced cells migrated
more efficiently than the respective controls. During prolonged
culture (up to 56 hr), differences between controls and TUSC3-
manipulated cells diminished (Supporting Information Fig. 3b).

TUSC3 loss augments formation of 3D spheroids

Ovarian cancer cells typically delaminate from the primary
tumor site and spread throughout the peritoneal cavity in the
form of multicellular aggregates, adhering to the mesothelium
and extracellular matrix (ECM).** To gain further insight
into the role of TUSC3 in the dissemination of ovarian can-
cer, we generated three-dimensional (3D) spheroids from
control and TUSC3-manipulated ovarian cancer cells. All
three ovarian cell lines were capable of spheroid formation
within 24 hr under low-adhesion conditions. Using time-
lapse microscopy, we monitored the first 24 hr of culture in
30-min intervals. TUSC3-expressing cells assembled into
compact clusters within 8-10 hr. Interestingly, TUSC3-
silenced cells assembled into 3D aggregates in a significantly
shorter time than controls (Fig. 2e); however, no significant
difference in spheroid size was observed (Supporting Infor-
mation Fig. 4a). Next, we were curious if induction of ER
stress would affect formation of 3D spheroids. Ovarian can-
cer cells were treated with three different concentrations of
tunicamycin (0.2, 0.5 and 1.0 pg ml~") and monitored using
time-lapse microscopy. Surprisingly, tunicamycin treatment
resulted in massive disintegration of spheroids derived from
cells that physiologically or ectopically expressed TUSC3 pro-
tein; this was not observed in spheroids generated from cells
lacking TUSC3 (Fig. 1f). Data obtained from visual analysis
were confirmed by automated image analysis that determined
spheroid shape (Supporting Information Fig. 4b). To deter-
mine whether TUSC3-expressing spheroids were more sensi-
tive to cell death, we counterstained cell nuclei with
propidium iodide. All spheroids displayed a percentage of
propidium iodide-positive nuclei that increased with tunica-
mycin treatment, but we did not observe any significant
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Figure 3. (a) Representative TEM images of the endoplasmic reticulum

in SKOV-3, TR170 and H134 cells. Scale bars: 2 um. Inset shows the

structure of whole intact cells with the distribution of the endoplasmic reticulum system visible in the cell cytoplasm. (b) Area of endoplas-
mic reticulum calculated from representative TEM images. (c) Frequency of dilation of the endoplasmic reticulum and the microvesicular
system. Every experimental group consisted of 200 otherwise intact cells. (d) Loss of TUSC3 alters the ER stress response and induces hall-
marks of the EMT in ovarian cancer cells. Cells were cultured for the indicated times in varying concentrations of tunicamycin, and expres-
sion of protein markers of the ER stress response and EMT were measured using SDS-PAGE and immunoblotting. Observed molecular
weight and calculated band intensity is indicated. (e) Loss of TUSC3 alters expression of CHOP and BiP and (F) GDF-15 and TGF-f1 in ovar-
ian cancer cell lines. Cells were treated for the indicated times, then total RNA was extracted, reverse transcribed, and analyzed via gRT-

PCR. Plots represent mean relative GAPDH-normalized expression =+ SD,

determined from three independent experiments. Asterisks indicate

statistical significance at p <0.05 as determined by Student’s t test. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

difference in cell death rate between TUSC3-silenced cells
and their controls (Supporting Information Figs. 4c and 4d).
In summary, downregulation of TUSC3 enhanced the forma-
tion of 3D spheroids and also attenuated the effect of tunica-
mycin treatment without directly effecting cell viability.

Loss of TUSC3 induces morphological alterations in the ER
and alters expression of ER stress markers

N-glycosylation of proteins in the ER is a complex process
tightly linked to the proper folding of nascent peptides and

quality control and shuttling.** Improper function of the ER
glycosylation machinery or extrinsic environmental cues
may induce alterations in ER structure and function, termed
ER stress. Response to ER stress involves a number of com-
plex signaling pathways that alter cell phenotype.”®

We asked whether TUSC3 loss is linked to alterations in ER
architecture that can be visualized using TEM. Processing cul-
tured cells for TEM requires detaching them from plastic and
embedding a cell suspension in solid resin; direct analysis of
adherent cells typically does not provide a sufficient number in
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Figure 4. (a) First, thirty 8- to 10-week-old mice were subcutaneously injected with 5 X 10 control or TUSC3-altered cells in sterile 1X PBS
in the left and right ventral flanks, respectively. Animals were checked daily, and tumor size was measured three times a week along two
perpendicular axes using an external caliper. Tumor volume was calculated using the formula volume = 1/5(length X width?). Plots represent
mean tumor volume + SEM. (b) Representative images of tumor masses visualized and independently measured using the high-frequency
ultrasound Vevo 2100 System (Fujifilm Visual Sonic) at 30 MHz. The tumor volume (um?>) of representative images is provided. () Immuno-
histochemical analysis of dissected tumors visualized in (b) documenting expression of TUSC3 in formalin-fixed, paraffin-embedded tissue
sections. (d) Expression of TUSC3 transcript in dissected tumor samples visualized in (b). Tumors were snap frozen, then total RNA was

extracted, reverse transcribed, and analyzed using gRT-PCR.

any one plane of the section. To check whether undesirable
changes in cell cytoarchitecture were induced by the enzymatic
detachment of cells, we first prepared TEM samples from both
trypsinized cells and cells adherent to culture plastic. We did
not identify any pathological changes in the nuclei, mitochon-
dria or membrane compartments of detached cells compared
to cells adherent to the culture substrate (data not shown).
Next, we treated SKOV-3, TR170 and HI134 cells with 0.2
pg ml~" tunicamycin for 24 hr and analyzed cell ultrastructure.
In scrambled-control/DMSO-treated SKOV-3 and TR170 cells,
the rough ER formed thin, regularly arranged cisternae with
attached ribosomes. Treatment with tunicamycin induced vast
dilation of the rough ER and detachment of ribosomes, though
other organelles, e.g, mitochondria, were unaffected. Interest-
ingly, in TUSC3-silenced SKOV-3 and H134 cells, similar ER
abnormalities were observed even without tunicamycin treat-
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ment (Fig. 3a), suggesting loss of TUSC3 can destabilize the
rough ER system and induce inflation of the cisternae system.
Importantly, overexpression of TUSC3 in H134 cells restored
ER morphology and partially prevented the disruptive effects of
tunicamycin (Figs. 3bc).

Next we investigated whether altered ER ultrastructure was
associated with activation of the ER stress response. We
treated monolayers of SKOV-3, TR170 and H134 cells with
0.2 and 0.5 pg ml~' tunicamycin for 12 and 24 hr, and then
determined expression of ER stress markers via immunoblot-
ting. Under optimal conditions, all cell lines expressed virtually
no levels of the major effectors of the adaptive or apoptotic
pathways, BiP and CHOP. Upon tunicamycin treatment, how-
ever, expression of BiP and CHOP was upregulated in all con-
trol cells. Surprisingly, TUSC3-silenced SKOV-3 and TR170
cells failed to respond with CHOP and BiP upregulation to
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the same extent as control cells (Figs. 3df). In H134 cells,
induction of BiP and CHOP expression followed tunicamycin
treatment irrespective of TUSC3 expression. Three upstream
sensors of ER homeostasis, Irela, Erola and PERK, but not
calnexin, were upregulated in response to tunicamycin treat-
ment. In TUSC3-silenced TR170 and SKOV-3 cells, the levels
of Irela and Erola were markedly reduced, while PERK levels
were increased (Fig. 3d). Taken together, the data indicate that
loss of TUSC3 alters ER stress response signaling, affecting BiP
and CHOP-mediated pathways.

Silencing of TUSC3 decreases expression of E-cadherin

and Z0-1

Alterations in cell phenotype induced by loss of TUSC3
prompted us to investigate expression of markers associated with
the EMT. We treated cells with 0.2 or 0.5 pg ml~" tunicamycin
for 12 or 24 hr, as described above, and determined induction of
markers associated with epithelial and mesenchymal cell types.
Downregulation of TUSC3, either alone or in combination with
tunicamycin, led to a significant decrease in levels of E-Cadherin
and tight junction protein 1 (ZO-1). A decrease in cell junction
molecules was accompanied by upregulation of the mesenchymal
transcription factors Slug and TCF8/ZEBI. Interestingly, the
effect of TUSC3 on the expression of ZO-1 and Slug was
enhanced by tunicamycin, suggesting a combined effect of down-
regulated TUSC3 and ER stress induction (Fig. 3d).

Next, we determined by immunoblotting and immunofluo-
rescence microscopy the expression of the intermediate fila-
ment protein vimentin, associated with the mesenchymal
phenotype. However, we did not observe any significant change
in vimentin expression or distribution in cytoplasm under
these conditions (Supporting Information Fig. 5). In conclu-
sion, our data documents that TUSC3 silencing is associated
with loss of epithelial characteristics of ovarian cancer cells.

Cells lacking TUSC3 enhance expression of GDF15 and
TGFp1

The ER stress response is associated with altered expression of
various secreted molecules, including cytokines and immuno-
modulators.”® We examined expression of the cytokines
TGFf1 and GDF15 using qRT-PCR. All tunicamycin-treated
cells exhibited enhanced expression of GDF15, suggesting acti-
vation of a general cellular stress state. Interestingly, we found
significantly elevated levels of GDF15 in TUSC3-silenced cells
irrespective of tunicamycin treatment. Moreover, the loss of
TUSC3 enhanced expression of TGFfI upon induction of ER
stress in TUSC3-silenced TR170 cells (Fig. 1f). Thus, we docu-
mented that loss of TUSC3 induces complex cellular altera-
tions contributing to the malignant phenotype in vitro.

Loss of TUSC3 promotes tumor growth in
immunocompromised mice

To confirm whether our in vitro data were also relevant in
vivo, we performed a xenograft growth assay. Ovarian cancer
cell lines with altered TUSC3 expression and their controls

Tumor suppressor candidate 3 (TUSC3)

were subcutaneously injected into the contralateral flanks of
immunocompromised NSG mice, followed by regular evalua-
tion of the growth of xenografted tumor tissue. The latency
period differed between the H134, SKOV-3 and TR170 cell
lines, but tumors from cells with attenuated TUSC3 expres-
sion developed earlier and formed significantly larger masses
(Fig. 4a). Calculation of tumor mass based on external caliper
measurements was ex post confirmed by ultrasound measure-
ment and in vivo 3D visualization of representative animals
(Fig. 4b). After sacrifice, expression of TUSC3 was quantified
in formalin-fixed and snap frozen mouse tumors via immu-
nohistochemistry and qRT-PCR, respectively (Figs. 4cd).
Ovarian cancer, however, disseminates preferentially into
peritoneal cavity. To assess the tumor growth in clinically rel-
evant locations, we injected ovarian cancer cell lines with
altered TUSC3 expression and their respective controls intra-
peritoneally and monitored the tumor growth by ultrasound
measurements for 4 weeks. Tumor mass and dissemination
were then assessed by dissection semiquantitatively. All ani-
mals developed tumors rapidly with frequent ascites. In con-
cordance with subcutaneous xenografts, all three cell lines
with silenced TUSC3 induced earlier formation of tumors
and larger tumor mass. Interestingly, in case of SKOV-3 and
H134 cells with silenced TUSC3, the tumor growth was fol-
lowed by massive invasion to peritoneal cavity when com-
pared to control cells (Supporting Information Fig. 5). In
conclusion, we experimentally confirmed the status of
TUSC3 as a tumor suppressor in ovarian cancer in vivo.

Discussion

Great effort has been dedicated in recent decades to identify-
ing the most important genetic drivers of high-grade serous
epithelial ovarian cancer.”” A majority of the known onco-
genes and tumor suppressors are regulators of fundamental
biological events, such as the cell cycle and DNA repair
(AURKA, TP53, BRCA, cyclin E1), mitogenic outside-in sig-
naling (HER2, FGF1, PTEN, AKT, KRAS), the immune
response (IL-10), angiogenesis (VEGF) or mutual interactions
within the tumor microenvironment.”®* Systematic screen-
ing has also revealed genes linked to malignancy without any
clear contribution to the cancer phenotype.

TUSC3 was identified as a putative tumor suppressor by
systematic cloning analysis of the 8p22 chromosomal region,
which is frequently lost in many epithelial cancers, including
ovarian.” Loss of expression by hypermethylation of TUSC3
promoter is associated with poor clinical outcomes in ovarian
cancer patients” and our previous data have demonstrated that
loss of TUSC3 contributes to the development of prostate can-
cer mouse xenografts.” The sequence of TUSC3 shows high
homology to the yeast Ost3p protein, which constitutes one of
the subunits of the OST complex that catalyzes N-
glycosylation of newly synthetized proteins in the ER,® and
our previous work has localized TUSC3 to the OST complex
in the ER of ovarian cancer cells.'"’ A detailed structural analy-
sis of interactions between TUSC3 and defined peptide
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substrates at atomic level by Mohorko et al’' that was pub-

lished recently, suggested a role of TUSC3 in selective glycosy-
lation of target proteins potentially involved in diverse TUSC3-
associated phenotypes.’>** It is well established that N-glycosy-
lation of proteins is associated with cancer development and
progression,”* but the intrinsic molecular mechanisms that
result in altered glycosylation profiles and clinically relevant
phenotypes, including the role of TUSC3, remain unclear.
Perturbations in protein folding and biochemical modifica-
tions of the ER lead to activation of an adaptive mechanism
termed the unfolded protein response (UPR). The accumula-
tion of misfolded proteins changes the activity and localization
of molecular chaperones, triggering a signaling network that
activates the adaptive or apoptotic signaling pathways. The
adaptive response mediated by PERK attenuates the expression
of general translation factors (e.g., eIF2a) and induces expres-
sion of molecular chaperones such as BiP (GRP78/HSPAS).
The proapoptotic branch is primarily activated via IRE1a/JNK
kinases in response to permanent and irreversible ER stress and
involves the UPR effector CHOP (DDIT3). The mechanism for
ER stress induction and the UPR has been described in detail
elsewhere.®** We found PERK kinase levels were constitu-
tively elevated and IREla was downregulated in TUSC3-
silenced cells, even in the absence of tunicamycin treatment,
suggesting the permanent state of ER-stress. After tunicamycin
treatment, levels of the chaperones CHOP and BiP were mas-
sively upregulated in control cells only. We suggest that cells
lacking TUSC3 alleviate the massive ER stress response via the
PERK-mediated adaptive pathway rather than by initiating pro-
grammed cell death. Downregulation of BiP and CHOP was
observed previously in TUSC3-silenced prostate cancer cell lines
with inhibited N-glycosylation.” In these scenarios, cancer cells
can probably alleviate ER-stress by alternative pathways, such
as translation inhibition or autophagy, generally contributing to
malignant phenotype.”®™*' In a tissue microenvironment, vari-
ous extrinsic signals, including the level of oxygen saturation
and the generation of reactive oxygen species (ROS), inflamma-
tory or mitogenic cues, and lipid metabolism, combine with
intrinsic signals from the proteosynthetic and cell cycle machin-
ery on the ER to modulate a cell’s response to the microenvir-
onment.*” In a tumor microenvironment, which is far from
being normal tissue in many respects, including hypoxia signal-
ing, extracellular matrix or intercellular signaling,** and chemo-
therapy exposure,***> the integrated response of ER-
destabilized cancer cells can result either in enhanced malignity
or represent a target for therapy in resistant tumors.**
Activation of the ER stress response effectors BiP and Xbp-1
was recently shown to be associated with a shift of epithelial
alveolar cancer cells toward a more invasive mesenchymal phe-
notype, including deregulation of ZO-1 and E-Cadherins.*®
Similar observations have been reported by Zhao et al. for a
model of non-cancerous pulmonary fibrosis, in which
bleomycin-induced ER stress evoked hallmarks of the EMT in
lung alveolar cells.*” In thyroid cell line PCCL3, perturbation of
ER homeostasis leads to upregulation of ER stress markers and
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substantial changes in cell phenotype, toward dedifferentiation
and the EMT.* Interestingly, activation of the PERK-elF2a sig-
naling pathway has been reported in cells undergoing the EMT,
suggesting the existence of mutual signaling and functional
feedbacks between the EMT phenotype and cellular responses
to ER stress.”’ In our model, TUSC3-silenced cells showed
decreased expression of E-Cadherin and ZO-1 and upregulation
of the EMT-associated transcription factors Slug and TCF8/
ZEB. When we overexpressed TUSC3 in H134 cells, levels of
Z0-1 and E-Cadherin increased markedly and Slug and TCF8/
ZEB protein levels were attenuated. Of particular importance,
these effects were augmented by the ER stress inductor tunica-
mycin. Our previous in vitro studies have also documented that
prostate and ovarian cancer cells lacking TUSC3 and stressed
by serum starvation are capable of effective migration in
wound-healing assays driven by the Akt signaling pathway.”'°
The EMT phenotype is also associated with the formation
of multicellular spheroids. Recently, Pease et al.>* reported
spontaneous formation of 3D aggregates budding from
monolayers of ovarian cancer cells. Interestingly, these buds
lacked cortical E-Cadherin, could effectively detach from the
monolayer, and survived even in the presence of commonly
used cytotoxic drugs. To form secondary tumors, cancer cells
must retain the capability to adhere to the ECM in the peri-
toneal cavity, usually via the integrin family of proteins.”® In
our model, TUSC3 loss enhanced formation of 3D spheroids
in low-adhesion conditions and provided resistance to tunica-
mycin treatment, while cells retained the ability to bind to
fibronectin-coated surfaces. In addition, downregulation of
TUSC3 induced expression of the mRNA of GDFI5 and
TGEp1 cytokines, suggesting possible paracrine modulation
of complex interactions within the tumor microenvironment.
In light of these findings, we conclude that the cumulative
effect of (i) TUSC3 silencing and (ii) extrinsic microenviron-
ment cues that trigger the ER stress response significantly
contributes to the phenotypic changes involved in the EMT
and tumor dissemination observed in ovarian cancer cells.
Consistent with our in vitro results, xenograft experiments
confirmed the tumor-suppressive character of TUSC3 in vivo.
Despite the intrinsic heterogeneity of cell lines used, the loss
of TUSC3 resulted in earlier tumor development and larger
tumor masses. In summary, we experimentally proved the
tumor-suppressive function of TUSC3 in ovarian cancer and
demonstrated for the first time that TUSC3 might link dis-
tinct biological mechanisms regulating the ER stress response
and the EMT in vitro, and promoting tumor growth in vivo.
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