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Abstract: Metastasis in high-grade serous ovarian cancer (HGSOC) occurs through an unconventional route that
involves exfoliation of cancer cells from primary tumors and peritoneal dissemination via multicellular clusters or
spheroids. Previously, we demonstrated autophagy induction in HGSOC spheroids grown in vitro and in spheroids
collected from ovarian cancer patient ascites; thus, we speculate that autophagy may contribute to spheroid cell
survival and overall disease progression. Hence, in this study we sought to evaluate whether ULK1 (unc-51-like
kinase-1), a serine-threonine kinase critical for stress-induced autophagy, is important for autophagy regulation
in HGSOC spheroids. We demonstrate that HGSOC spheroids have increased ULK1 protein expression that paral-
lels autophagy activation. ULK1 knockdown increased p62 accumulation and decreased LC3-ll/I ratio in HGSOC
spheroids. In addition, knocking down ATG13, a protein that regulates ULK1 activity via complex formation, pheno-
copied our ULK1 knockdown results. HGSOC spheroids were blocked in autophagic flux due to ULK1 and ATG13
knockdown as determined by an mCherry-eGFP-LC3B fluorescence reporter. These observations were recapitulated
when HGSOC spheroids were treated with an ULK1 kinase inhibitor, MRT68921. Autophagy regulation in normal
human fallopian tube epithelial FT190 cells, however, may bypass ULK1, since MRT68921 reduced viability in
HGSOC spheroids but not in FT190 cells. Interestingly, ULK1 mRNA expression is negatively correlated with patient
survival among stage Ill and stage IV serous ovarian cancer patients. As we observed using established HGSOC cell
lines, cultured spheroids using our new, patient-derived HGSOC cells were also sensitive to ULK1 inhibition and
demonstrated reduced cell viability to MRT68921 treatment. These results demonstrate the importance of ULK1 for
autophagy induction in HGSOC spheroids and therefore justifies further evaluation of MRT68921, and other novel
ULK1 inhibitors, as potential therapeutics against metastatic HGSOC.
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Introduction

Most women with high-grade serous ovarian
cancer (HGSOC) are first diagnosed with late-
stage disease, thus contributing to poor prog-
nosis and increased lethality. While patients
initially respond to treatment that includes both
cytoreductive surgery and chemotherapy, most
patients relapse with chemoresistant disease.
Hence, understanding the mechanisms that
promote metastasis and disease recurrence is
critical for improving treatment outcomes
among HGSOC patients. One of the hallmarks
of HGSOC metastasis lies in the process of can-
cer cells exfoliating from primary tumors and

forming multicellular clusters called spheroids.
By forming spheroids, detached cancer cells
have an enhanced capacity to survive anoikis,
nutrient deprivation, and chemotherapy, and
induce cellular quiescence thereby maintaining
a state of tumor dormancy. Moreover, spher-
oids may promote metastasis through increased
ability to adhere and invade serosal surfaces of
the peritoneal cavity [1-3].

Macroautophagy (herein referred to as autoph-
agy) is a crucial intracellular degradation sys-
tem that is utilized by cells to survive unfavor-
able growth conditions [4]. However, cancer
cells can exploit autophagy to survive hypoxic
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and nutrient-deprived conditions to potentiate
overall disease progression [5]. Previously, we
demonstrated that HGSOC spheroids actively
induce autophagy [6], which we speculate con-
tributes to the survival of cancer cells within
spheroids thereby facilitating disease progres-
sion. Thus, deciphering the mechanisms of
autophagy regulation and determining novel
strategies to block autophagy in HGSOC spher-
oids may prevent metastasis, cancer recur-
rence and chemoresistance.

The serine-threonine kinase uncoordinated
51-like kinase 1 (ULK1) is a component of the
autophagy initiation complex in mammalian
cells that initiates autophagy following stress.
Although ULK1 is known to initiate autophagy
in mammalian cells following stress, the mech-
anism of autophagy regulation and involvement
of ULK1 can be highly contextual and variable
[7, 10-18]. Under stressed conditions, ULK1
activation relies on phosphorylation by AMPK
that blocks MTORC1 mediated ULKZ1 inhibition
[7]. We have seen previously that HGSOC spher-
oids exhibit activation of AMPK [8] along with
downregulation of the AKT-mTORC1 pathway
[9]. These observations indicate a possible role
for ULK1 activation during autophagy induction
in HGSOC spheroids. Therefore, we sought to
elucidate whether ULK1 is required for autoph-
agy induction in HGSOC spheroids, and wheth-
er this kinase can be targeted using pharmaco-
logical inhibitors as a potential novel therapy
against metastatic HGSOC.

Herein, we show that HGSOC spheroids have
elevated ULK1 expression that parallels acti-
vated autophagy as compared with adherent
monolayer cells. ULK1 loss increased p62
accumulation, decreased LC3-lI/I ratio, and
reduced autophagic flux in HGSOC spheroids.
Furthermore, we provide the first evidence of
successfully targeting ULK1 using the pharma-
cological inhibitor MRT68921 in HGSOC spher-
oids. ULK1 inhibition through MRT68921 treat-
ment blocked autophagy induction and de-
creased cell viability in HGSOC spheroids.
Additionally, since high ULK1 mRNA expression
has a negative correlation with survival out-
comes among advanced-stage serous ovarian
cancer patients, we propose that targeting
ULK1 may improve treatment outcomes and
arrest disease progression among HGSOC
patients.
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Materials and methods
Cell culture

OVCAR3, OVCAR4 (gifts from J. Koropatnick,
Western University) and OVCARS8 cells (ATCC)
were cultured in RPMI-1640 (Wisent) supple-
mented with 10% fetal bovine serum (FBS).
COV318, COV362 (gifts from Z. Khan, Western
University), CaOV3 (ATCC) and FT190 cells (gift
from R. Drapkin, University of Pennsylvania)
were grown in DMEM/F12 supplemented with
10% FBS. Patient-derived ovarian cancer cell
lines (i0OvCal47, iOvCa256, and iOvCa360)
were generated from primary cultures of asci-
tes-derived cells collected at the time of sur-
gery or paracentesis to establish immortalized
lines. Patient consent for all clinical specimens
was obtained according to our institutional
human studies research ethics board approved
protocol. These three cell lines represent high-
grade serous cancer based upon pathology
reports of the primary tumors, and they have
been verified for mutant TP53 status and copy
number alterations by OncoPanel and lllumina
SNP arrays (SickKids Hospital, Toronto, ON,
Canada), respectively. iOvCa cell lines were
grown in DMEM/F12 supplemented with 10%
FBS. All cell lines used in this study have been
verified by STR analysis (SickKids Hospital,
Toronto, ON, Canada) and confirmed negative
for mycoplasma (ATCC, 30-1012K). For mono-
layer cultures, cells were seeded at a density of
1.0 x 10° cells/well of a tissue culture-treated
6-well plate. For spheroid cultures, cells were
seeded at a density of 3.0 x 10° cells/well of a
6-well Ultra-Low Attachment (ULA) plate, or 1.0
x 10° cells/well of a 24-well ULA plate.

SiRNA transfection

Cells were seeded at a density of 1.0 x 10°
cells/well on tissue culture-treated 6-well
plates and the following day transfection was
performed using DharmaFECT1 according to
the manufacturer’s protocol (Dharmacon,
Waltham, MA). Briefly, 1 pl of DharmaFECT1
was combined with 10 nM siRNA in 1 ml serum-
free media for transfection. After 24 hours,
media was replaced with complete growth
media and cells were incubated for 48 hours.
For obtaining knockdown spheroids, the siRNA-
transfected cells were harvested and reseeded
at a density of 1.0 x 10° cells/well of a 24-well
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ULA plate; protein lysates were harvested after
72 hours in spheroid culture.

Western blot

Protein lysates (20 ug) were resolved on either
a 10% or 12% polyacrylamide/SDS gel then
transferred to Immobilon-P membranes (Milli-
pore). The membranes were blocked using 5%
bovine serum albumin (BSA)/Tris-buffered sa-
line-Tween 20 (TBST) and incubated overnight
with antibodies against ULK1 (Cell Signaling;
8054S), p62 (Cell Signaling; 5114S), ATG13
(Cell Signaling; 13468S), LC3B (Cell Signaling;
3868S), p-ATG4b (gift from R. Ketteler, Uni-
versity College London), ATG4b (Cell Signaling
5299S) or tubulin (Sigma; 8328). Membranes
were subsequently incubated with horseradi-
sh peroxidase-conjugated secondary antibody
(anti-rabbit: NA934V; anti-mouse: NA931V; GE
Healthcare). Luminata Forte ECL reagent (Milli-
pore) and resultant chemiluminescence was
detected using the Biorad Chemidoc detection
system. Image) software was used to quantify
protein band intensities.

Reporter cell line generation

OVCARS cells were transfected with a reporter
construct that expressed mCherry-eGFP-LC3B
(pBABE-puro  mCherry-eGFP-LC3B, Addgene
#22418; gift from Dr. Jayanta Debnath, UCSF,
CA). After puromycin selection for positive
transfection, eGFP-positive OVCARS cells were
visualized by microscopy and eGFP-positive
colonies were picked and expanded. For
COV318 reporter line generation, cells were
transfected with the mCherry-eGFP-LC3B
reporter, subjected to puromycin selection and
surviving cell populations were harvested and
expanded.

MRT68921 treatment

MRT68921 (Selleckchem; 2.5 mM in DMSO)
was aliquoted and stored at -20°C. Spheroid
cells were treated with MRT68921 at the time
of seeding on ULA plates using concentrations
indicated in the text, and treatment continued
for 72 hours.

Spheroid viability assessment

Cells were seeded at a density of 1.0 x 10°
cells/well of a 24-well ULA plate with 1 ml com-
plete media. Spheroids were imaged by phase
contrast and fluorescence microscopy using a
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Leica DMI4000B inverted microscope and
Leica Application Suite V4 software, then har-
vested by low-speed centrifugation. After aspi-
ration of media supernatant, spheroids were
resuspended in 0.25% Trypsin/EDTA (Wisent)
and incubated at 37°C until no cellular clusters
were visible. Following neutralization of trypsin
with complete growth media, 0.4% Trypan Blue
Stain (Gibco) was added, and live/dead cells
were quantified using a TC10 Automated Cell
Counter (Biorad).

Statistical analysis

Statistical analysis was performed using Gra-
phPad Prism 6 software (GraphPad Software,
La Jolla, CA). A p-value less than 0.05 was con-
sidered significant for all statistical analyses.

Results

ULK1 protein increases in HGSOC spheroids
and correlates with autophagy activation

Following exfoliation from the primary tumor,
HGSOC cells rely on spheroid formation for sur-
viving anoikis and effective peritoneal dissemi-
nation [1-3]. We previously reported that spher-
oids harvested from patient-derived ascites
possess induced autophagy [6], which we spec-
ulate contributes to anoikis survival and ovari-
an cancer metastasis. Although several previ-
ous studies have demonstrated ULK1-mediated
autophagy initiation under unfavorable growth
conditions [7, 10-14], there are additional re-
ports which argue otherwise [15-18]. Thus, to
ascertain whether ULK1 is necessary for
autophagy regulation in HGSOC spheroids, we
sought to elucidate its protein expression under
both monolayer and spheroid culture condi-
tions. For this analysis, we seeded six different
established HGSOC cell lines using Ultra-Low
Attachment (ULA) plates for spheroid culture,
and standard tissue culture-treated plates for
adherent monolayer culture. We also used a
non-cancerous, immortalized human fallopian
tube secretory epithelial cell line, FT190, for
comparison. HGSOC spheroids exhibited a
3-fold increase in ULK1 protein expression, a
result that is consistent with a recent study
demonstrating increased ULK1 gene expres-
sion in ovarian cancer cells when cultured in
suspension [19]. In concert with increased
ULK1, we observed a significant 6-fold increase
in LC3-Il/1 ratio in HGSOC spheroids (Figure 1A
and 1C), indicating autophagy induction that
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Figure 1. ULK1 protein increases in HGSOC spheroids and correlates with autophagy activation. A. HGSOC cell
lines (OVCAR3, OVCAR4, OVCARS8, COV318, COV362 and CaOV3) were seeded for monolayer (Mono) or spheroid
(Sph) culture. Protein lysates were harvested 72 h after seeding for western blot analysis to detect ULK1 and LC3B;
tubulin served as a loading control. B. Normal human FT190 cells were seeded for monolayer (Mono) or spheroid
(Sph) culture and western blot was performed to detect ULK1 and LC3B, with tubulin serving as a loading con-
trol. C. Densitometric analysis of ULK1 and LC3-1l/1 ratio among HGSOC spheroids (n=6) relative to expression in
monolayer culture set to 1. Data displayed as mean * SEM; Student’s t-test, **P<0.01. D. Densitometric analysis
of ULK1 and LC3-Il/I ratio in FT190 spheroids (n=3) relative monolayer. Data displayed as mean + SEM; Student’s
t-test *P<0.05.

follows with our previous results [6]. FT190 and autophagy induction, we sought to estab-
spheroids exhibited a 6-fold increase in LC3-1I/I lish whether ULK1 is necessary for autophagy
ratio as compared with monolayer cells; how- to occur in HGSOC spheroids. Among all trans-
ever, ULK1 protein levels were unaltered (Figure fected HGSOC cell lines, ULK1 knockdown was
1B and 1D). maintained in day-3 spheroids. Interestingly,

ULK1 knockdown increased p62 accumulation

ULK1 knockdown decreases autophagic flux in
phag X yet decreased LC3-1l/I ratio (Figure 2A and 2C).

HGSOC spheroids ) . .
ULKZ1 may be involved in other autophagy-inde-

Since HGSOC spheroids possessed a coordi- pendent cellular functions, such as ER-to-GA

nate increase in both ULK1 protein expression vesicular transport and cytokine secretion [20-
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Figure 2. ULK1 knockdown increases p62 accumulation and decreases LC3-ll/1 ratio in HGSOC spheroids. A. HG-
SOC cell lines (OVCAR3, OVCARS8, COV318, CaOV3) were transfected with control siRNA (siCon) or ULK1 siRNA
(siULK1) followed by spheroid culture. Western blot analysis was performed to detect ULK1, p62, and LC3B with
tubulin serving as a loading control. B. FT190 cells were transfected with control siRNA (siCon) or ULK1 siRNA
(siULK1) followed by spheroid culture, and subsequent western blot analysis for the indicated proteins. C. Densi-
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tometric analysis of ULK1, p62 and LC3-lI/I ratio in siULK1-transfected HGSOC spheroids (n=4) relative to siCon
spheroids set to 1. Data displayed as mean + SEM; Student’s t-test, *P<0.05, ****P<(0.0001. D. Densitometric
analysis of ULK1, p62 and LC3-ll/I ratio in siULK1-transfected FT190 spheroids (n=3) relative to siCon spheroids.
Data displayed as mean + SEM; Student’s t-test, *P<0.05, ****P<0.0001. E. HGSOC cell lines (OVCAR3, OVCARS,
COV318, Ca0V3) were transfected with control siRNA (siCon) or ATG13 siRNA (siATG13) followed by spheroid cul-
ture. Western blot analysis was performed to detect ATG13, ULK1, p62, and LC3B with tubulin serving as a loading
control. F. FT190 cells were transfected with control siRNA (siCon) or ATG13 siRNA (siATG13) followed by spheroid
culture, and subsequent western blot analysis for the indicated proteins. G. Densitometric analysis of ATG13, ULK1,
p62 and LC3-ll/I ratio in siATG13-transfected HGSOC spheroids (n=4) relative to siCon spheroids set to 1. Data
displayed as mean * SEM; Student’s t-test, **P<0.01, ***P<0.001, ****P<(0.0001. H. Densitometric analysis of
ATG13, ULK1, p62 and LC3-Il/I ratio in siATG13-transfected FT190 spheroids (n=3) relative to siCon spheroids. Data

displayed as mean + SEM; Student’s t-test, **P<0.01, ***P<0.001, ****P<0.0001.

22]. To further substantiate that our observed
changes in p62 and LC3 levels due to ULK1
knockdown were impacting its role in autopha-
gy, we performed analogous knockdowns tar-
geting ATG13.

ATG13 is an autophagy-related protein within
the autophagy initiation complex along with
ULK1, and it plays a pivotal role in regulating
ULK1 kinase activity through complex forma-
tion [23, 24]. Indeed, ATG13 knockdown result-
ed in a coordinate and significant decrease in
ULK1 protein in HGSOC spheroids. Hence, we
hypothesized that ATG13 knockdown should
recapitulate the effects of ULK1 loss on p62
and LC3 levels. Indeed, efficient ATG13 abla-
tion in HGSOC spheroids increased p62 accu-
mulation along with a decrease, albeit non-sig-
nificant, in the LC3-ll/1 ratio (Figure 2E and 2G).
These data suggest that the result of ULK1
knockdown on p62 and LC3 levels are most
likely through its regulation of autophagy
initiation.

In comparison with HGSOC, however, ULK1 and
ATG13 knockdown had different effects in
FT190 spheroids. ULK1 knockdown increased
p62 accumulation, but did not decrease LC3-
Il/1 ratio (Figure 2B and 2D). In contrast, ATG13
knockdown increased p62 accumulation and
decreased LC3-ll/] ratio in FT190 spheroids
even though ULK1 was still reduced (Figure 2F
and 2H), thus suggesting that the mechanisms
of autophagy induction in normal FT190 spher-
oids may bypass ULK1 requirement yet still
involve ATG13 function.

Several autophagy independent factors can
increase p62 expression [25, 26], and increa-
sed LC3-Il accumulation on its own may indi-
cate either induction or attenuation of autopha-
gy. Therefore, relying on p62 and LC3 levels to
assess the status of autophagy can be mis-
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leading. Thus, we sought to address autophagy
through a more direct assessment and quanti-
fication of autophagic flux.

To investigate the status of autophagic flux in
HGSOC spheroids, we stably-transfected OVC-
ARS8 and COV318 cell lines with a reporter plas-
mid that contained both mCherry and eGFP
fused in tandem to LC3 [27]. ULK1 knockdowns
were performed in the OVCAR8 and COV318
reporter cell lines and then seeded to form
spheroids. Control siRNA-transfected OVCARS8
reporter spheroids exhibited an abundance of
mCherry and low eGFP accumulation, indicat-
ing induced autophagic flux (Figure 3A and 3B).
ULK1 knockdown significantly increased both
mCherry and eGFP levels in OVCARS8 spheroids
(Figure 3B) that shifted the overall fluorescen-
ce from being predominantly red to yellow in
merged images (Figure 3A). Although ULK1
knockdown increased accumulation of both
mCherry and eGFP, the mCherry/eGFP ratio
was significantly decreased due to ULK1 deple-
tion indicating an early block in autophagic flux
(Figure 3C). A similar result was observed for
ATG13 knockdown in OVCAR8 mCherry-eGFP-
LC3 reporter cell spheroids (Figure 3A-C). When
repeated in the COV318 reporter cells, both
ULK1 and ATG13 knockdown increased mCher-
ry and eGFP levels and decreased the mCherry/
eGFP ratio (Figure 3D-F). Taken together, these
data confirm that ULK1 and its complex partner
ATG13 are necessary for autophagy induction
in HGSOC spheroids.

ULK1 kinase activity is necessary for autopha-
8y regulation in HGSOC spheroids

As a kinase, ULK1 acts to phosphorylate sev-
eral downstream regulators of autophagy [14].
Since we observed that ULK1 knockdown
blocks autophagy induction in HGSOC spher-
oids (Figures 2 and 3), we sought to evaluate

Am J Cancer Res 2020;10(5):1384-1399
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Figure 3. ULK1 and ATG13 knockdown blocks autophagic flux in HGSOC spheroids. A. OVCAR8 mCherry-eGFP-LC3B
cells were transfected with control (siCon), ULK1 (siULK1) or ATG13 (siATG13) siRNA, followed by spheroid cul-
ture. Phase contrast and fluorescent images of spheroids were captured at 72 h using a Leica DMI 400B inverted
microscope. Scale bars represent 250 um. B. Fluorescence intensity of eGFP (green) and mCherry (red) in siCon
(n=22), siULK1 (n=24) and siATG13 (n=19)-transfected OVCAR8 mCherry-eGFP-LC3B spheroids were quantified
using Imagel. Two-way ANOVA, **P<0.01, ***P<0.001, ****P<0.0001. C. Ratios of mCherry/eGFP in siCon-,
siULK1- and siATG13-transfected OVCAR8-mCherry-eGFP-LC3B spheroids are displayed as mean + SEM; one-way
ANOVA, ****P<0.0001. D. COV318-mCherry-eGFP-LC3B cells were transfected with control (siCon), ULK1 (siULK1)

1390 Am J Cancer Res 2020;10(5):1384-1399



ULK1 inhibition in ovarian cancer spheroids

or ATG13 (siATG13) siRNA, followed by spheroid culture. Phase contrast and fluorescent images of spheroids were
captured at 72 h; scale bars represent 250 um. E. Fluorescence intensity of eGFP (green) and mCherry (red) in siCon
(n=30), siULK1 (n=30) and siATG13 (n=31) transfected COV318 mCherry-eGFP-LC3B spheroids were quantified us-
ing ImageJ. Two-way ANOVA, ****P<(0.0001. F. Ratios of mCherry/eGFP in siCon-, siULK1- and siATG13-transfected
COV318 mCherry-eGFP-LC3B spheroids are displayed as mean + SEM; one-way ANOVA, ****P<0.0001.

whether its kinase activity is essential for
autophagy regulation. To this end, we treated
spheroids generated using six different HGSOC
cell lines with MRT68921, a recently-described
small molecule inhibitor of ULK [28]. We evalu-
ated levels of ATG4b phosphorylation at ser-
ine-316 (p-ATG4b) as an indicator of ULK1
kinase activity [29]; MRT68921 treatment con-
sistently decreased p-ATG4b indicating effec-
tive inhibition of ULK1 kinase activity (Figure
4A). To assess the effects of ULK1 inhibition on
autophagy in the HGSOC spheroids, we evalu-
ated p62 expression and LC3-Il/I ratio. ULK1
inhibition through MRT68921 treatment in-
creased p62 accumulation and decreased
LC3-1l/I ratio among HGSOC spheroids (Figure
4A and 4C), which is consistent with our ULK1
and ATG13 knockdown data. Interestingly,
MRT68921 treatment affected neither p-
ATG4b/ATG4b ratio (Figure 4B) nor autophagy
marker levels (Figure 4B and 4D) in normal
FT190 spheroids. These data indicate that
MRT68921 can efficiently inhibit ULK1 kinase
activity in HGSOC spheroids to block autopha-
gy, yet ULK1 may be dispensable for autophagy
induction in normal FT190 spheroids.

To assess ULK1 kinase activity inhibition on
autophagic flux, we treated OVCAR8 and COV-
318 mCherry-eGFP-LC3 reporter cell line sph-
eroids with or without 5 yM MRT68921 (Fi-
gure 5). MRT68921 treatment increased eGFP
accumulation in the OVCARS8 reporter spher-
oids (Figure 5A and 5B), which significantly de-
creased mCherry/eGFP ratio (Figure 5C). Simi-
lar effects on eGFP levels and mCherry/eGFP
ratio were observed when COV318 reporter
spheroids were treated with 5 yM MRT68921
(Figure 5D-F). Taken together, MRT68921
effectively decreases ULK1 kinase activity to
block autophagy induction in HGSOC sphe-
roids.

ULK1 inhibition through MRT68921 treatment
decreases cell viability in HGSOC spheroids

Since we speculate that autophagy contributes

to cell survival in HGSOC spheroids, we hypoth-
esized that blocking autophagy through ULK1
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inhibition would decrease HGSOC spheroid
cell viability. MRT68921 treatment occurred for
72 hours during spheroid culture prior to cell
viability quantification. All HGSOC spheroids,
irrespective of their different spheroid-forming
abilities, exhibited a significant reduction in
viable cell number due to MRT68921 treat-
ment (Figure 6). Moreover, the majority of
HGSOC cells failed to form intact spheroid cl-
usters as compared with untreated controls.
Interestingly, MRT68921 treatment did not
affect cell viability or spheroid formation in
FT190 spheroids. These data suggest that
blocking autophagy induction through ULK1
inhibition decreases cluster formation and cell
viability specifically in HGSOC spheroids.

ULK1 mRNA expression is negatively corre-
lated with patient survival and patient-derived
HGSOC spheroids are susceptible to ULK1
inhibition

To evaluate clinical and translational relevance
of our study, we sought to decipher whether
ULK1 expression among advanced stage (lll
and 1V) serous ovarian cancer patients is cor-
related with survival outcomes. Using an online
software tool [30], we performed a meta-analy-
sis of datasets obtained from The Cancer
Genome Atlas and Gene Expression Omnibus
databases to correlate survival outcomes with
ULK1 expression in stage llI-IV serous ovarian
cancer patients. ULK1 mRNA expression was
associated with decreased overall survival (log
rank test, P=0.012) and progression-free sur-
vival (log rank test, P=0.00019) (Figure 7A).
Our results support one recent study which had
a smaller dataset and did not focus on
advanced-stage HGSOC [19]. To further interro-
gate translational relevance of therapeutically
targeting ULK1, new HGSOC cell lines estab-
lished from patient-derived ascites were seed-
ed to ULA plates and treated with or without 5
MM MRT68921 for cell viability analysis. As
observed with established cell lines, MRT68921
treatment significantly decreased cell viability
relative to untreated spheroids across all three
patient-derived cell lines, as well as attenuated
cell clustering ability (Figure 7B). Since high
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Figure 4. MRT68921 inhibited ULK1 kinase activity, increased p62 levels and decreased LC3-lI/I ratio in HGSOC
spheroids. A. HGSOC cell lines (OVCAR3, OVCAR4, OVCARS8, COV318, COV362 and CaOV3) were cultured as spher-
oids and treated with O, 1, 2.5 and 5 yM MRT68921. Protein lysates were harvested at 72 h for subsequent west-
ern blot analysis of p-ATG4b, ATG4b, p62, and LC3B; tubulin served as a loading control. B. FT190 spheroids were
treated with 0, 1, 2.5 and 5 uM MRT68921, protein lysates were harvested at 72 h, and western blot analysis was
performed for p-ATG4b, ATG4b, p62, and LC3B; tubulin served as a loading control. C. Densitometric analysis of
p62 and LC3-ll/1 ratio in MRT68921-treated HGSOC spheroids (n=6) relative to untreated spheroids set to 1. Data
is displayed as mean + SEM; one-way ANOVA, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. D. Densitometric
analysis of p62 and LC3-ll/1 ratio in MRT68921-treated FT190 spheroids (n=3) relative to untreated spheroids set

to 1. Data is displayed as mean + SEM.

ULK1 expression is correlated with poor prog- Discussion
nosis among advanced-stage HGSOC patients,
then inhibiting ULK1 activity may be beneficial
in arresting disease progression and thus

result in improved survival outcomes.

HGSOC is the most common type of ovarian
cancer and is characterized by a high incidence
of metastasis and disease recurrence. During
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oids was quantified using ImagelJ. F. mCherry/eGFP ratios in untreated and
MRT68921-treated COV318 mCherry-eGFP-LC3B spheroids are displayed as
mean *+ SEM; Student’s t-test, ****P<0.0001.

HGSOC metastasis, cancer
cells exfoliate from the pri-
mary tumor directly into the
peritoneal space where they
form multicellular clusters or
spheroids. This enables the
detached cancer cells to sur-
vive anoikis. Furthermore, sp-
heroid formation also facili-
tates effective dissemination
and metastasis through in-
creased invasive capabilities
[1-3]. We demonstrated previ-
ously that HGSOC spheroids
established in vitro or har-
vested from patient-derived
ascites have induced autoph-
agy, a crucial result leading us
to speculate that autophagy
promotes survival of detach-
ed cancer cells [6]. Other
studies have concurrently re-
ported that autophagy is cru-
cial for maintaining quiescen-
ce, survival and tumorigenic
potential in ovarian cancer
stem-like cells and spheroid
cultures [31-33]. Therefore,
understanding the mechanis-
ms of autophagy regulation
and determining how to in-
hibit autophagy induction in
HGSOC spheroids may pre-
vent cancer cells from surviv-
ing anoikis and thereby im-
pede spheroid formation. A
common approach to investi-
gate autophagy is performed
through depleting key regula-
tors, such as ATG5 or ATG7;
however, these regulators are
not readily-actionable drug
targets. In addition, our pre-
vious work revealed that
another autophagy regulator
Beclin-1 was dispensable for
autophagy induction [6]. Th-
erefore, there may be a limit-
ed number of druggable tar-
gets within the autophagy
pathway to block its regula-
ted induction efficiently in
HGSOC.
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Figure 6. ULK1 inhibition via MRT68921 treatment decreases cell viability
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Exclusion. Data is displayed as mean + SEM (n=6) percentage of live cells
in MRT68921-treated spheroids normalized to untreated spheroids set to
100%. Student’s t-test, ***P<0.001, ****P<0.0001.

Herein, we demonstrate that ULK1 expression
increases in HGSOC spheroids, and ULK1 kn-
ockdown blocks autophagic flux induced in th-
ese structures. Similar to our results, a recent
study described increased ULK1 gene expres-
sion in ovarian cancer cells cultured in suspen-
sion for 48 hours. However, stable ULK1 knock-
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0 J
Untreated MRTG8921 3

down resulted in a modest
accumulation of p62 and had
no effect on LC3-ll/I ratio
[19]. In contrast, we obser-
ved both an increase in p62
and a decrease in LC3-Il/I
ratio in ULK1-depleted HGS-
OC spheroids. This discrepan-
cy in results may be explain-
ed by duration of suspension
culture conditions: Wheeler
and colleagues harvested sp-
heroids 48 hours post-seed-
ing [19], whereas we extend-
ed this to 72 hours, since this
maximizes autophagy induc-
tion in HGSOC spheroids (da-
ta not shown).

ULK1 is a component of the
autophagy initiation complex
(AIC) that includes ATG13, FIP-
200 and ATG101 [34]. ATG13
is crucial for stability of the
AIC elements, as Atg137* MEF
cells exhibited reduced levels
of ULK1, FIP200 and ATG101
[35]. Similarly, we observed
that knocking down ATG13 in
HGSOC spheroids decreases
ULK1 protein levels. There-
fore, the effects of ATG13
knockdown on p62 and LC3
processing should recapitu-
late ULK1 depletion. Indeed,
knocking down ATG13 and
ULK1 in HGSOC spheroids
had nearly identical effects
on p62 and LC3 levels. Alth-
ough monitoring p62 deple-
tion and LC3-ll/I ratio is a
common way to assess sta-
tus of autophagy, p62 levels
can increase due to autopha-
gy-independent reasons [25,
26]. Furthermore, while incre-
ased LC3-Il is a hallmark for
induced autophagy, it may also indicate block-
ed clearance of LC3-Il due to attenuated auto-
phagy. To address this issue, we stably-trans-
fected HGSOC cell lines with a plasmid that
contains LC3 fused to mCherry and eGFP, whi-
ch is an established approach to visualize and
quantify autophagic flux [27]. Using this sys-

MRT68921
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tem, we observed that HGSOC spheroids ex- ly red. This observation in concert with the ob-
pressing mCherry-eGFP-LC3 are predominant- served increase in LC3-1I/I ratio confirm that
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HGSOC spheroids have autophagy induction. In
contrast, HGSOC spheroids with ULK1 or ATG13
knockdown had increased eGFP accumulation
clearly indicating a block in autophagic flux due
to loss of ULK1 or ATG13.

Since ULK1 functions as a serine-threonine
kinase [14], and ULK1-induced autophagy has
been observed in different cancers [36], sev-
eral ULK1 kinase inhibitors have been devel-
oped in recent years [28, 37, 38]. Herein, we
show that a pharmacological inhibitor MRT-
68921 can efficiently inhibit kinase activity of
ULK1 in HGSOC spheroids, thereby decrea-
sing autophagy induction. Importantly, HGSOC
spheroids exhibited consistent sensitivity to-
wards MRT68921 treatment with a significant
decrease in cell viability. Although reduced cell
viability in ovarian cancer spheroids due to
ULK1 knockdown has been shown recently
[19], our data provides the first evidence that
ULK1 activity can be targeted therapeutically
with a pharmacological inhibitor resulting in the
attenuation of both autophagy induction and
cell survival in HGSOC spheroids.

In our studies, we used FT190 cells as a non-
cancerous control since the distal fallopian
tube secretory epithelium is considered to be
the precursor site of HGSOC. Interestingly,
FT190 spheroids were still able to induce
autophagy despite ULK1 knockdown. In con-
trast, ATG13 knockdown increased p62 accu-
mulation and decreased LC3-ll/1 ratio suggest-
ing that autophagy induction in FT190 spher-
oids implicates ATG13 but not ULK1. One pos-
sibility is that ULK2, a functional homolog of
ULK1 [25], is required for autophagy regulation
in FT190 spheroids. However, MRT68921 was
developed as a potent inhibitor of both ULK1
and ULK2 with IC50 values of 1.1 nM and 2.2
nM, respectively [28]. We demonstrate that
MRT68921 treatment neither decreased p-
ATG4b levels nor blocked autophagy induction
in FT190 spheroids. Although studies report
that ULK1 and ULK2 have redundant roles in
autophagy regulation, this shared function is
not universal. In cerebellar granule neurons,
low potassium-induced autophagy is regulated
by ULK1, but not by ULK2 [40]. Epithelial-to-
mesenchymal transition mediated by autopha-
gy activation in A549 cells is regulated by UL-
K2 whereas ULK1 is uninvolved [41]. Finally,
another study using DT40 cells demonstrate

1396

that an AIC complex lacking both ULK1 and
ULK2 may still induce autophagy [16] and
expression of an ATG13 variant lacking ULK1/2
binding motifs can partially restore autophagy
induction in Atg13-null MEFs [42]. These ex-
amples provide potential mechanisms of AT-
G13-dependent autophagy induction in FT190
spheroids without requiring ULK1 or ULK2.

The fact that normal fallopian tube epithelial
FT190 cells do not rely on ULK1 for inducing
autophagy suggests that targeting ULK1 in
HGSOC could provide tumor-specific effects.
This idea is supported by observations where
ULK1 is not involved in basal autophagy, which
may be necessary for normal cellular physiolog-
ical functions [43]. Therefore, we postulate that
targeting ULK1-induced autophagy in metastat-
ic HGSOC may yield tumor-specific effects
and overcome the shortcomings of targeting
autophagy using chloroquine and its deriva-
tives that affect both pathological and basal
autophagy [44].

We have shown in this study that MRT68921
can be a viable therapeutic tool for inhibiting
ULK1 dependent autophagy induction in
HGSOC spheroids. Although MRT68921 was
first described to be highly specific towards
ULK1 and ULK2, it also exhibited inhibitory
activities to several other kinases such as
NUAK1, IKKe, TBK1, and AMPK [28]. Therefore,
our observation that MRT68921 caused signifi-
cant cytotoxicity towards HGSOC spheroids
may be a cumulative effect of inhibiting several
oncogenic kinases, including ULK1. Recently
two additional ULK inhibitors ULK-100 and ULK-
101 were described, with ULK-100 being more
potent [38]. It would be interesting to evaluate
whether these ULK inhibitors have identical
effects as MRT68921 on autophagy in HGSOC.

We believe that targeting ULK1 may be benefi-
cial for improving treatment in HGSOC patients
with metastatic disease. We found that high
ULK1 mRNA expression had a significant nega-
tive correlation with survival outcomes among
advanced-stage serous ovarian cancer pa-
tients. This observation agrees to a recent find-
ing that demonstrated a similar relationship
between ULK1 expression and survival [19],
although the size of patient cohort used was
smaller and did not focus on advanced-stage
disease in which spheroid formation usually
occurs.
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In conclusion, we report that HGSOC spheroids
have elevated ULK1 expression concomitant
with autophagy induction. Indeed, HGSOC sph-
eroids are sensitive to ULK1 kinase inhibition
via MRT68921 treatment and fail to maintain
viability in suspension culture, an important in
vitro model of metastatic disease. Finally, since
high expression of ULK1 is a negative predictor
of survival among advanced-stage serous ovar-
ian cancer patients, we believe therapeutic tar-
geting of ULK1 may hold promise for improving
disease treatment.
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