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ABSTRACT: The development of precision drugs for the selective treatment of ovarian cancer will require targeting proliferative
factors selectively expressed in ovarian tumors or targeting unique physiological microenvironments specific for ovarian tumors.
Here, we report that oxysterol-binding protein (OSBP)-related protein 4 (ORP4) is a potential druggable precision target in ovarian
cancer cells. ORP4 has limited expression in normal tissues and was recently recognized to be a cancer-specific driver of cellular
proliferation, including in patient-isolated leukemias. We demonstrate that ORP4 is strongly expressed in a panel of ovarian cancer
cell lines. The antiproliferative natural product compound OSW-1 targets ORP4 and OSBP. Our results demonstrate that the OSW-
1 compound has high antiproliferative potency in both monolayer and three-dimensional ovarian cancer spheroid models, especially
compared to the standard-of-care agents cisplatin and paclitaxel. OSW-1 compound treatment induces a loss of ORP4 expression
after 48 h, which is coincident with the cytotoxic effects of OSW-1. The absence of extracellular lipids markedly potentiated the
cytotoxicity of OSW-1, which was reversed by addition of extracellular free cholesterol. OSBP, but not ORP4, is reported to
transport cholesterol and other lipids between organelles. Our results indicate that the targeting of ORP4 is responsible for the
antiproliferative activity of the OSW-1 compound, but that in the absence of exogenously supplied cholesterol, which might be
similar to the in vivo ovarian cancer microenvironment, possible OSW-1 targeting of OSBP further potentiates the anticancer activity
of the compound. Overall, ORP4 and potentially OSBP are revealed as potential druggable targets for the development of novel
treatments for ovarian cancer.
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Ovarian cancer is the deadliest gynecological malignancy,
causing over 14 000 deaths per year in the United

States.1 With a 50% five-year survival rate, the high morbidity
and mortality of ovarian cancer is due to diagnosis commonly
occurring after the metastatic spread of the cancer (stage III or
IV), at which point the treatment options have limited
efficacy.2 The major, and most serious, type of epithelial
ovarian cancer (EOC) is high-grade serous carcinoma
(HGSC).3 Standard of care (SOC) treatment of metastatic
HGSC is a combination chemotherapy of a platinum-based
drug (e.g., cisplatin or carboplatin) and an antimitotic agent
(e.g., paclitaxel).4 HGSC malignancies are complicated due to

an atypical route of metastasis and the complex heterogeneity
of the tumors.3 Unlike most epithelial cancers, HGSC
disseminates mainly through a transcoelomic route rather
than a hematogenous or lymphatic route.3 The transcoelomic
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HGSC metastasis results in the dissemination of the cancer
cells to vital organs throughout the peritoneal cavity, especially
affecting the gastrointestinal and genitourinary systems.3 The
pathophysiology of HGSC causes ascites formation, which is
correlated to increasing patient morbidity rates.3,5 HGSC cells
aggregate to form three-dimensional (3D) tumor spheroids in
the ascites to avoid anoikis (i.e., programmed cell death caused
by lack of cellular attachment) leading to the transcoelomic
metastasis.3,5 The multicellular structure of cancer spheroids in
ascites depresses the efficacy of the SOC chemotherapy and
promotes HGSC drug resistance.3,5,6 In general, the ovarian
cancer spheroids present in ascites are hypoxic and existing in a
microenvironment with an atypical nutrient supply, including
the supply of extracellular lipids.7 Recent studies have
indicated that the biosynthesis of cholesterol and other lipids
are important in HGSC tumorigenesis and clinical response to
chemotherapy.8−11 Further, use of cholesterol-lowering statin
drugs has been implicated on a population level in reducing

ovarian cancer risk and in improving clinical outcomes in
ovarian cancer patients.12−16

The clinical relevance of HGSC spheroids, especially in
cancer therapeutic development studies, has led to the
advancement of three-dimensional (3D) cell culturing
methods in ovarian cancer.17−21 In vitro ovarian cancer cell
lines that form 3D spheroids model the in vivo HGSC
spheroids, including mimicking transcriptome alterations and
other HGSC spheroid characteristics.19,20 In vitro 3D cell
culture models are useful proxies of clinical cancer disease in
ways that two-dimensional (2D) monolayer are not.17,18,20

Due to this advantage, 3D cell culture models are used to
identify and evaluate new anticancer agents in vitro.18,22,23

Recently, we demonstrated that ovarian cancer 3D spheroids,
regardless of size and shape, show similar drug resistance
compared to the corresponding 2D monolayer cell lines.21

Therefore, in this study, we investigated the effects of the novel
anticancer compound OSW-1 in ovarian cancer cells cultured

Figure 1. ORP4, a cellular target of the antiproliferative compound OSW-1, is selectively expressed in ovarian cancer cells. (A) The OSW-1
compound. (B) ORP4 RNA expression in human tissues from the FANTOM5 database.42 (C) ORP4 expression in patient-isolated human cancer
tissue; data were collected from the Human Protein Atlas. Patient samples ≥9. (D) Representative Western blot of OSBP and ORP4 expression in
four ovarian cell lines: OVCAR-8, SKOV-3, OVCAR-3, and OVSAHO. (E) Western blot quantification of OSBP and ORP4 in ovarian cancer cell
lines relative to SKOV-3. Average of three independent experiments..*p-value ≤0.05.
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in both 2D monolayer culture and the more clinically relevant
3D spheroids.
The natural product compound OSW-1 (Figure 1A),

isolated from the bulbs of the Ornithogalum saudersiae plant,
is an exceptionally potent cytotoxic agent against a wide range
of in vitro cancer cell lines (NCI 60 Avg. IC50 = 0.78 nM).24,25

OSW-1 induces its cellular effects through binding to
oxysterol-binding protein (OSBP) and OSBP-related protein
4 (ORP4).26−30 OSBP and ORP4 are cytoplasmic, non-
enzymatic proteins belonging to a 12-member family of lipid
transport and regulatory proteins.31 OSBP and ORP4 bind
oxysterols, including 25-hydroxycholesterol (25-OHC), with
high affinity,31 but OSBP and ORP4 are not involved in
cholesterol biosynthesis.31 OSBP is reported to be required for
lipid transport between the endoplasmic reticulum (ER) and
the Golgi.32,33 OSBP transports cholesterol from the ER to the
lysosome,29 and OSBP is required for the replication of several
classes of pathogenic ssRNA viruses.27,28,34 However, OSBP

does not have any known role in cellular viability, cellular
proliferation, or cancer biology.27,28,31 In contrast, ORP4 is an
identified precision cancer target in certain leukemias and a
driver of cancer cell proliferation.30,35,36 Unlike the ubiquitous
expression of OSBP, ORP4 is reported to have limited selective
expression in normal tissue with only parts of the brain, retina,
and testes showing significant ORP4 expression.37 ORP4−/−

mice develop normally, aside from male sterility, signifying the
limited role of ORP4 in nontransformed tissue.38 ORP4 is
selectively expressed in patient-isolated T-cell acute lympho-
blastic leukemia cells and drives the leukemia proliferation,
including in leukemia stem cells.30,35 ORP4 is also reported to
promote mitochondrial respiration in immortalized immune
cells by regulating calcium release from the endoplasmic
reticulum through mediating a G-protein activation of
PLC3β.30,35 Knockdown of ORP4 in cancer cell lines results
in increased apoptosis, autophagy, and mitochondrial dysfunc-
tion,30,35,36,39,40 which phenocopies OSW-1 treatment.41

Figure 2. OSW-1 is a cytotoxic agent to monolayer ovarian cancer cells following 72-h treatment. (A−D) Representative cell viability curves of
paclitaxel, cisplatin, and OSW-1 in four ovarian cell lines after 72 h treatment. (E) Table of compound cytotoxicity values against ovarian cancer cell
lines cultured as monolayer or spheroids. All values are averaged from three independent experiments. N/Q = not quantifiable, indicating the
growth inhibition did not reach 50% at the maximum concentration tested.
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Previously, an OSW-1-derived compound, reported to
selectively bind ORP4 over OSBP, showed anticancer efficacy
and limited toxicity when administered daily for several weeks
in a mouse leukemia model.30

Our recent work has demonstrated that a short-term,
transient, and low dose (i.e., 1 nM for 6 h) treatment of OSW-
1 induces a selective reduction of OSBP levels in multiple
cancer cell lines.27,28 This degradation persists for several days
following removal of the compound with no signs of cellular
toxicity or growth arrest.27 These results suggests loss of OSBP
function in cells does not induce cytotoxicity under normal cell
culture conditions. Conversely, ORP4 expression is unchanged
under these transient OSW-1 treatment conditions, but long-
term OSW-1 treatment does induce a reduction of ORP4
levels (Figure 5).27 These results suggest that the primary
cause of cytotoxicity upon OSW-1 treatment is through
affecting ORP4, not OSBP.27

According to the FANTOM database, ORP4 is highly
expressed in human ovarian tumor samples (see Figure 1C42);
however, according to our knowledge, there is no published
study detailing the role of ORP4 in ovarian cancer. The OSW-
1 compound is reported to be 40-fold more active against the
SKOV-3 ovarian cancer cell compared to ovarian fibroblasts,
and OSW-1 has low nanomolar cytotoxicity against the ovarian

cancer cell lines present in the NCI-60 cancer cell line
panel.25,43 Herein, we describe the expression of ORP4 and the
anticancer activity of the ORP4-targeting OSW-1 compound in
a panel of ovarian cancer cell lines, including in ovarian cancer
spheroids. We demonstrate that OSW-1 shows potent
cytotoxicity, particularly relative to SOC chemotherapy agents
cisplatin and paclitaxel, in both monolayer and spheroid
ovarian cancer models. Using a simple and low-cost ultralow
attachment technique, 3D spheroids of multiple ovarian cancer
cell lines were produced and extensively characterized. We
show that OSW-1 reduces ORP4 protein levels in both
monolayer and spheroids models and that OSW-1 cytotoxicity
occurs in the same time frame as the reduction of ORP4 levels.
Lastly, we observed that the removal of extracellular lipids from
the culture media, which could mimic the reliance of
nonvascularized tumors on lipid biosynthesis,8−11 significantly
potentiated cytotoxicity of OSW-1. This amplified OSW-1
activity could be abrogated by the addition of free cholesterol
to the culture media. Based on the reported role of OSBP in
intracellular cholesterol transport, the potentiation of the
OSW-1 compound activity under cholesterol-depleted con-
ditions could be due to its interaction with OSBP and not
ORP4. Overall, these results suggest that small molecule

Figure 3. OVCAR-8 and SKOV-3 ovarian cancer cells form three-dimensional spheroids in vitro. (A) Schematic of spheroid formation in ovarian
cell lines. (B) OVCAR-8 (10% FBS) and SKOV-3 (0% FBS) spheroid development over 7 days. White bar represents 250 μM. (C) Quantification
of average spheroid area over 7 days using ImageJ software analysis. (D) Measurement of circularity and solidity of spheroid analysis at day 7 with
ImageJ software analysis.
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compounds targeting ORP4 and potentially OSBP represent a
novel route for the potential treatment of ovarian cancer.

■ RESULTS

ORP4 is Ubiquitously Expressed in Ovarian Cancer
Cells in Vitro. Analysis of the publicly available human RNA
expression data sets from FANTOM42 shows that ORP4 has
minimal expression in healthy ovarian tissue but is highly
expressed in ovarian cancers (Figure 1B, C). We confirmed
ORP4 is highly expressed in the panel of four human HGSC
immortalized cancer cell lines: SKOV-3, OVCAR-8, OVCAR-
3, and OVSAHO. SKOV-3, OVCAR-3, and to a lesser extent
OVCAR-8 are extensively used ovarian cell line model systems
reported to be genetically dissimilar to patient-derived ovarian
cancer samples.44 Conversely, OVSAHO is reported to more
closely recapitulate the biology of patient-isolated ovarian
cancer samples.44 All four ovarian cancer cell lines evaluated
express ORP4 as measured by Western blot (Figure 1D). The
OVCAR-8 and OVSAHO cell lines showed approximately
twofold more ORP4 expression than SKOV-3 and OVCAR-3
(Figure 1D, E). In contrast, the level of relative OSBP
expression did not significantly vary between the four cell lines
(Figure 1D, E).
OSW-1 is a Potent Inhibitor of Ovarian Cancer Cell

Proliferation. The cytotoxicity of OSW-1 (Figure 1A) was
compared to chemotherapy SOC agents paclitaxel and

cisplatin in the HGSC ovarian cancer cell line panel in a
monolayer viability assay (Figure 2A−E). OSW-1 exhibited
potent, low nanomolar cytotoxicity at 72 h against monolayers
of three of the four ovarian cancer cell lines (SKOV-3,
OVCAR-3, and OVSAHO), showing a higher potency than
paclitaxel and cisplatin (Figure 2A−C). Unexpectedly, OSW-1
showed no effect on the OVCAR-8 monolayer cells at
concentrations up to 1 μM (Figure 2B). Cisplatin and
paclitaxel affected OVCAR-8 similarly to the other ovarian
cancer cell lines (Figure 2A−E). Although not inducing
cytotoxicity, OSW-1 did induce clear morphological changes in
the OVCAR-8 cells in monolayer, including inducing cells with
less cell-to-cell contact, at concentrations as low as 1.0 nM
(Figure S-3A). Furthermore, the OVSAHO cell line showed
resistance to paclitaxel (IC50 > 1 μM) but was still highly
sensitive to OSW-1 (IC50 = 1.8 ± 0.61 nM). Together, these
results suggest that OSW-1 is a potent, cytotoxic agent of
ovarian cancer monolayer cells culture in vitro with the
exception of the OVCAR-8 cell line.

In Vitro Spheroids Produced from Ovarian Cancer
Cell Lines OVCAR-8 and SKOV-3 Using a Low Attach-
ment Method. 3D tumor spheroids are reported to provide a
better representation of in vivo tumors compared to conven-
tional 2D culture.18,22,23 We prepared OVCAR-8 and SKOV-3
spheroids using methods we previously developed and
validated (Figure 3A).21 The OVSAHO and OVCAR-3 cell

Figure 4. The OSW-1 compound is a potent, cytotoxic agent to in vitro generated ovarian cancer spheroids. (A) OVCAR-8 spheroids after 72 h
post treatment with paclitaxel, cisplatin, or OSW-1. (B) SKOV-3 spheroid images after 72 h post treatment with paclitaxel, cisplatin, or OSW-1. (C)
72 h cytotoxicity measurements of OSW-1, paclitaxel, or cisplatin on OVCAR-8 spheroids, expressed as a percentage of DMSO vehicle control.
Averaged results of three independent experiments. (D) 72 h cytotoxicity measurements of OSW-1, paclitaxel, or cisplatin on SKOV-3 spheroids,
expressed as a percentage of DMSO vehicle control. Averaged results of three independent experiments. *p-value ≤0.05.
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lines did not form compact spheroids and were not used in this
study (data not shown). An optimization study (Figure S-1)
determined that 5000 OVCAR-8 cells and 20 000 SKOV-3
cells produced spheroids with similar surface area measure-
ments after 7 days of incubation (Figure 3C). The OVCAR-8
cells aggregated within the first 24 h and had clear spheroid
boundaries at 48 h (Figure 3B). The OVCAR-8 spheroids
continued to expand in size throughout the 7-day incubation
(Figure 3B). The presence of FBS in the media disrupted
SKOV-3 spheroid formation around day 4 (Figure S-4). Based
on reports of serum-free spheroid formation,45,46 SKOV-3
spheroids were cultured in FBS-free media, producing
spheroids with clear boundaries after 4 days (Figure 3B).
Circularity and solidity measurements were carried out on day
7 (Figure 3C). Both the OVCAR-8 and SKOV-3 spheroids at
day 7 had a circularity measurement of >0.9 (Figure 3D) and
solidity measurement of >0.95 (Figure 3D), indicating the

formation of mature, dense, and circular spheroids.47 As a
result, we performed all cytotoxicity measurements on 7-day-
old spheroids.

OSW-1 is a Potent Cytotoxic Agent in in Vitro Ovarian
Cancer Spheroids. Seven-day-old OVCAR-8 and SKOV-3
spheroids were treated for 72 h with paclitaxel, cisplatin, or
OSW-1 in complete, FBS-containing media (Figure 4A−D,
Figure 1E) and assayed for cytotoxicity. As mentioned
previously, 5000 OVCAR-8 cells and 20 000 SKOV-3 cells
were initially used to produce the same-sized spheroids on day
7. Paclitaxel reduced ∼50% of the viable cell population at 100
nM in OVCAR-8 spheroids (Figure 4A, C), as compared to a
paclitaxel IC50 value of 6.9 ± 2.1 nM in OVCAR-8 monolayer
(Figure 2D, E). Cisplatin showed approximately the same
micromolar cytotoxicity potency in the OVCAR-8 monolayer
(Figure 2D, E) as in the spheroids (Figure 4A, C). OSW-1 was
more cytotoxic in the OVCAR-8 spheroids (<50% cell

Figure 5. Ovarian cancer viability decreases with loss of ORP4 expression, but not OSBP expression, upon OSW-1 treatment. (A) OSBP and
ORP4 protein expression in monolayer and spheroids following the provided treatments of OSW-1 for 48 h in OVCAR-8. Representative Western
blot and average of three independent experiments shown. (B) OSBP and ORP4 protein expression in monolayer and spheroids following the
provided treatments of OSW-1 for 48 h in SKOV-3. Representative Western blot and average of three independent experiments shown. *p-value
≤0.05.
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numbers at 100 nM) than in the monolayer (IC50> 1 μM.)
The SKOV-3 spheroids were more resistant to paclitaxel and
cisplatin compared to the OVCAR-8 spheroids. Paclitaxel and
cisplatin treatment of up to 10 μM failed to reduce the SKOV-
3 spheroid cell numbers by 50% (Figure 4D, Figure 1E). In
contrast, OSW-1 showed high potency against the SKOV-3
spheroid viability (Figure 4B, D); approximate cell population
was reduced ∼50% at 1 nM, which is comparable to the OSW-
1 cytotoxicity in monolayer SKOV-3 model (IC50 = 4.0 ± 2.7
nM) (Figure 2A, E). Confirming the potency of OSW-1
against the SKOV-3 spheroids, 100 nM OSW-1 treatment for
48 h disrupted the boundary morphology of the SKOV-3
spheroids, but paclitaxel and cisplatin treatments up to 10 μM
had minimal effects on spheroid boundary morphologies
(Figure S-2). These results indicate that OSW-1 is a more
potent cytotoxic agent against 3D ovarian cancer cell line
spheroid models compared to SOC agents paclitaxel and
cisplatin.
OSW-1 Cytotoxicity Is Related to ORP4 Levels in

Monolayer and Spheroids. Our previous studies have

demonstrated that low-dose OSW-1 treatment (i.e., 1 nM)
results in the selective reduction of OSBP protein levels by
more than 90% in monolayer cancer cell models, while
treatment with paclitaxel or other cytotoxic compounds did
not affect OSBP levels.27,28 We also reported that OSW-1
treatment partially reduces ORP4 levels in cancer cells, but the
ORP4 reduction requires longer and higher concentration
treatments of OSW-1 compared to treatments capable of
reducing OSBP levels.27,28 Based on these previous results, the
effects of OSW-1 treatment on OSBP and ORP4 levels were
analyzed upon OSW-1 treatments in monolayer and spheroid
ovarian cancer cells (Figure 5). OSW-1 begins to induce
cytotoxicity between 24 and 48 h in SKOV-3 and OVCAR-8
monolayer cell cultures (Figures S-3A and S-3B); after 72 h
OSW-1 treatment, cell death was evident. Therefore, the
effects of OSW-1 on OSBP and ORP4 levels were determined
after 48 h of OSW-1 treatment to avoid nonviable cells in the
analysis.
Forty-eight hour OSW-1 treatments at 0.1 nM, 1 nM, and 1

μM all reduced OSBP levels approximately to the same level

Figure 6. OSW-1 cytotoxicity is potentiated by the absence of extracellular cholesterol. (A) Cell viability curves of 2D OVCAR-8 cells grown in
either normal media (RPMI with 10% FBS), delipidated media (RPMI with 10% delipidated FBS), or cholesterol-supplemented delipidated media
(RPMI with 10% delipidated FBS and 20 μg/mL cholesterol), treated with paclitaxel, 25-OHC, or OSW-1 for 72 h. (B) Cell viability curves of 2D
SKOV-3 cells grown in either normal media (RPMI with 10% FBS), delipidated media (RPMI with 10% delipidated FBS), or cholesterol-
supplemented delipidated media (RPMI with 10% delipidated FBS and 20 μg/mL cholesterol), treated with paclitaxel, 25-OHC, or OSW-1 for 72
h. (C) Fold change compared to cell cultured with normal media (RPMI with 10% FBS) compared to cells treated with paclitaxel, 25-OHC, or
OSW-1 in either delipidated media (i.e., Deplid) or exogenously added cholesterol (i.e., Cholesterol). IC50 values used to calculate the fold change
are the average of three independent experiments. N/Q = not quantifiable due to curves failing to conform to dose−response curve shape. N/A =
not attempted.
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(i.e., >60% reduced) in both SKOV-3 and OVCAR-8
monolayer and spheroid cultures (Figure 5A, B, Figure S-
3B). The similar reduction in OSBP levels in both the
monolayer and the spheroids indicates OSW-1 is able to
penetrate into the spheroids, affecting the overall spheroid cell
population. As shown (Figure 2A, D, E), SKOV-3 cells are
much more sensitive to OSW-1 than the OVCAR-8 cells.
Considering the dramatic difference in OSW-1 cytotoxicity in
SKOV-3 and OVCAR-8 cells, the uniform reduction of OSBP
upon OSW-1 treatment in both cell lines suggests OSBP
reduction is independent of cytotoxicity.
ORP4 protein levels are also reduced after 48 h OSW-1

treatment in both monolayer and spheroids in both OVCAR-8
and SKOV-3 cell lines. The timing of the OSW-1-induced
reduction of ORP4 levels coincides with the OSW-1-induced
cytotoxicity in SKOV-3 and OVCAR-8 cells in monolayer
culture (Figure 5, Figure S-3): SKOV-3 cells, which are
sensitive to OSW-1 in monolayer (IC50 = 4.0 ± 2.7 nM)
(Figure 2A, E), showed more pronounced reduction of ORP4
than the OSW-1-refractory OVCAR-8 monolayer culture (IC50
> 1.0 μM) (Figure 2D, E). OSW-1 treatment also causes
reduction of ORP4 (i.e., >80% reduction at 1 μM of OSW-1
treatment) in both the SKOV-3 and OVCAR-8 spheroids
(Figure 5). OSW-1 treatment causes more reduction of ORP4
in the OVCAR-8 spheroids than the OVCAR-8 monolayer
cells (Figure 5), which matches the higher cytotoxicity of
OSW-1 in the OVCAR-8 spheroids than the OVCAR-8
monolayer culture (Figures 2 and 4).
Extracellular Lipids and Free Cholesterol Levels Alter

OSW-1 Cytotoxicity in Monolayer Ovarian Cancer Cells.
Cholesterol homeostasis has recently been shown to affect
ovarian cancer cell sensitivity to anticancer drugs.48 To model
the activity of OSW-1 under lipid deficient conditions,
monolayer OVCAR-8 and SKOV-3 cells were cultured in
delipidated media.49 The lipid-depleted OVCAR-8 and SKOV-
3 cells showed no significant changes in growth or morphology
(Figure S-5). However, the ovarian cancer cells cultured in
lipid-depleted media showed far more cytotoxicity to OSW-1
after 72 h (Figure 6A−C). OVCAR-8 cells exhibited a
>170 000-fold increased cytotoxicity to OSW-1 after 72 h
under lipid-depleted growth conditions (IC50 = 0.06 ± 0.02
nM) (Figure 6A, C). This effect was also seen in SKOV-3 with
a ∼180-fold increase in OSW-1 cytotoxicity after 72 h in lipid-
depleted media (IC50 = 0.02 ± 0.01 nM) (Figure 6B, C). 25-
Hydroxycholesterol (25-OHC) is a high affinity ligand for both
OSBP and ORP4.26,27 In contrast to OSW-1, 25-OHC is
weakly cytotoxic with IC50 values of >10 mM.26 Also, 25-OHC
does not induce the reduction of OSBP levels in cells.26

Further, unlike OSW-1, 25-OHC has several cellular effects
independent of OSBP and ORP4, including inhibiting
cholesterol biosynthesis through binding to INSIG.50 Lipid-
depleted culture conditions also increased the cytotoxicity of
25-OHC in SKOV-3 and OVCAR-8 cells to a nanomolar range
(IC50 = 160 ± 77 nM, IC50 = 120 ± 10 nM, respectively)
(Figure 6A−C). Paclitaxel cytotoxicity was not significantly
changed due to delipidated growth conditions (p-value >0.05)
(Figure 6A−C).
Importantly, the addition of 20 μg/mL free cholesterol to

the lipid-depleted media reversed the significant increase in
potency of OSW-1 in the lipid-depleted media in both the
SKOV-3 and OVCAR-8 cells, resulting in no significant
difference compared to normal media (p-value >0.05) (Figure
6A−C). Also, the addition of exogenous cholesterol

completely reversed the 25-OHC-induced cytotoxicity present
under delipidated conditions (Figure 6A−C). These results
suggest that ovarian cancer cells under growth condition
deprived of exogenous cholesterol are highly sensitive to small
molecule targeting of OSBP and ORP4.

■ DISCUSSION
The discovery that the anticancer small molecule OSW-1
targets OSBP and ORP4 presents a potentially novel
antiproliferative mechanism of action for precision cancer
therapeutic development.26,30,35,36 ORP4 is reported to be
essential for cancer cell viability and proliferation, whereas
OSBP is not reported to be involved in cell viability or
proliferation.26,27,30,35,36 In this study, we showed that OSW-1
is a potent inhibitor of ovarian cancer cell proliferation in vitro
in both monolayer (Figure 2) and spheroids (Figure 4). With
the exception of the OVCAR-8 monolayer culture, the OSW-1
compound is more active in inhibiting ovarian cancer
proliferation than either of the SOC agents paclitaxel or
cisplatin (Figure 2, 4) particularly in the spheroid cytotoxicity
assay (Figure 4). The in vivo HGSC spheroids that form in
clinical ovarian cancer cases frequently acquire resistance to
SOC chemotherapy, and the nonvascularized HGSC spheroids
likely prevent drug penetrance and therapeutic efficacy.18 The
relative inefficacy of paclitaxel and to a lesser extent cisplatin in
the in vitro 3D ovarian cancer spheroid model (Figure 4) is
consistent with published results.21,51

We showed that the OSW-1 treatment reduces cellular
OSBP and ORP4 in the ovarian cancer cells culture in both the
monolayer and spheroid models, and the OSW-1 cytotoxicity
is correlated with the reduction of the ORP4 protein and was
independent of OSBP reduction (Figure 5) in both in vitro
models. The capability of the OSW-1 compound to reduce
OSBP and ORP4 levels (Figure 5) and inhibit the growth by
90% in spheroids of OVCAR-8 and SKOV-3 (Figure 4)
suggests widespread penetration of the compound in the
spheroids. OSW-1 caused a marked reduction in OSBP levels
(i.e., >60% reduction) in both SKOV-3 and OVCAR-8 cell
lines in both monolayer and spheroid cultures at concen-
trations as low as 100 pM treatment (Figure 5) after 48 h.
Previously, in nonovarian cancer cell lines, OSW-1 treatment is
reported to reduce OSBP levels after 4 h of treatment;
reduction of ORP4 levels required much longer exposure of
12−24 h.27 These results suggest that ORP4 is the anticancer
target of OSW-1, and the high levels of ovarian-cancer-specific
expression of ORP4 (Figure 1B−E) indicates it as a potential
target in ovarian cancer.
Alternatively, OSW-1 could also be altering the function of

OSBP and ORP4 prior to triggering the cellular processes
leading to their reduction. The functional disruption of OSBP
and ORP4 levels could lead to the antiproliferative response
instead of the reduction in protein levels. Recent reports
suggest that ORP4 is an important scaffolding protein in
leukemia cells that complexes several proteins to activate
PLCβ3.30,35,52 If ORP4 executes the same or similar role in
ovarian cancer, the decrease in its cellular levels caused by
OSW-1 treatment is likely to be required for the anticancer
activity, as opposed to OSW-1 inhibiting ORP4 function.
Due to poor vascularization, HGSC tumors and many other

cancer tumors are believed to rely on cholesterol provided via
biosynthesis.8−11 Statin drugs, as inhibitors of cholesterol
biosynthesis, are being studied as providing an effect in treating
and preventing ovarian cancer.8−11 Ovarian cancer cells
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cultured under lipid-depleted conditions could recapitulate a
lack of exogenous cholesterol experienced in the in vivo tumor
microenvironment, which promotes tumor reliance on
cholesterol biosynthesis.8,53,54 Therefore, the strikingly en-
hanced potency (i.e., ∼170 000 fold increase in cytotoxicity in
OVCAR-8 cells) (Figure 6) of OSW-1 under lipid-depleted
conditions indicates that the compound would be more
effective under cholesterol-starved biological conditions
(Figure 6), which may be a characteristic of HGSC tumors
in vivo.8,10 The reversal of the enhanced OSW-1 activity
through the addition of free cholesterol to the lipid-depleted
culture media (Figure 6) indicates cholesterol, and not another
lipid, is responsible for the enhancement of OSW-1 potency.
The enhanced potency to anticancer drugs under lipid-
depleted conditions is specific to OSW-1; the cytotoxicity of
paclitaxel, for example, is not affected by lipid-depleted media
(Figure 6).
However, OSBP, not ORP4, is likely responsible for the

striking shift in sensitivity to OSW-1 under lipid-depleted
growth conditions. OSBP is not involved in cholesterol
biosynthesis, but has an important role in cellular cholesterol
sensing.31 A recent paper shows that OSBP regulates
mTORC1 activity by transferring cholesterol from the ER to
the lysosomal membrane.29 OSW-1 treatment was shown to
block this OSBP cholesterol trafficking activity, thereby
inhibiting mTORC1 activity, while ORP4 is not involved in
direct mTORC1 regulation.29 Our previous work showed that
the degradation of the OSBP protein caused by OSW-1 did not
cause cytotoxicity or effect proliferation in the presence of
extracellular lipids.27,28 Hypothetically, tumor cells reliant on
cholesterol biosynthesis could be sensitive to interruptions of
intracellular cholesterol trafficking executed by OSBP.8−11

Cancer cells that are in the core of the tumor or spheroid could
be especially sensitive to OSBP inhibition or reduction.
Significantly, a report showed that OVCAR-8 cells were

much more sensitive than SKOV-3 cells to a combined statin
and 25-OHC treatment.55 25-OHC was used in this report to
inhibit SREBP-2-induced upregulation of cholesterol biosyn-
thesis, but 25-OHC does have pleiotropic cellular effects
through interacting with several proteins, including OSBP.31

The sensitivity of OVCAR-8 cells to the combination statin/
25-OHC treatment was attributed to reduced cholesterol and
geranylgeranyl levels in the cells, with the hypothesis that
OVCAR-8 cells have a greater deficiency in either cholesterol
biosynthesis or exogenous cholesterol update compared to the
SKOV-3 cells.55 The relative sensitivity of the OVCAR-8
spheroids to OSW-1 compared to the OVCAR-8 monolayer
cells (Figures 2 and 4) would be consistent with OVCAR-8
cells having a vulnerability in supplying cholesterol, which is
exasperated in the 3D spheroid. However, our results also
suggest that OSBP inhibition, either with 25-OHC or OSW-1,
could interfere with cholesterol transport in cells rather than
total cholesterol levels, and that OVCAR-8 vulnerability to
cholesterol-limited growth conditions could be due to a
potential defect in intracellular cholesterol transport, leading to
cholesterol deficiencies at specific locations in the cell. If this
hypothesis is correct, OVCAR-8 under cholesterol-starved
conditions, such as in spheroids, would become highly
dependent on OSBP intracellular cholesterol transport and
therefore highly sensitive to OSW-1 activity. OVCAR-8 cells
grown in monolayer culture with excess cholesterol available
might have little reliance on OSBP intracellular transport
function due to cell line abnormalities in cholesterol uptake,

biosynthesis, or distribution. This lack of reliance on OSBP,
combined with the high ORP4 expression levels (Figure 1D,
E) would explain the resistance of OVCAR-8 to OSW-1
treatment in monolayer, the higher sensitivity to OSW-1 in
OVCAR-8 spheroids, and the extreme shifts in OSW-1
sensitivity under lipid depletion growth conditions.
If this hypothesis is correct, the OSW-1 compound would

potentially have two modes of precision anticancer activity in
ovarian cancer: (1) blocking the required proliferative activity
of ORP4, which is selectively expressed in the ovarian cancer
cells (Figure 1), and (2) selectively inhibiting OSBP in the
tumor cells, which exist with little to no exogenous cholesterol
being supplied due to a lack of vascularization. More
mechanistic research is required for understanding the exact
mechanism of OSBP in cancer.
Recent published work showed that daily administration of

significant amounts of OSW-1 in an animal model showed only
moderate toxicity after several weeks, and that an OSW-1
analog compound purported to be specific for ORP4 was
efficacious with little toxicity in a mouse leukemia model.30

These results suggest that OSW-1-derived compounds can be
developed to specifically target OSBP or ORP4 and potentially
advanced for anticancer drug development. Our work indicates
that ovarian cancer will be a suitable cancer to explore ORP4
and OSBP targeting compounds, through developing OSW-1-
derived compounds or other classes of compounds.
In conclusion, we showed OSW-1 showed orders of

magnitude higher toxicity in spheroids cultures of ovarian
cancer models compared to the SOC compounds paclitaxel
and cisplatin. The cytotoxicity of OSW-1 does coincide with
the reduction of the ORP4 expression but not the reduction of
OSBP expression, suggesting loss of ORP4 is the major route
of OSW-1 antiproliferative activity. In the absence of
extracellular lipids, OSW-1 has enhanced cytotoxicity, which
can be reversed through addition of free cholesterol to the
culture media. However, this increased potency of OSW-1 is
suggested to be independent of cholesterol biosynthesis
inhibition, as demonstrated by the treatment of 25-OHC,
and may be caused by the OSW-1 compound affecting OSBP
and not ORP4. Further research will be required to delineate
the roles and therapeutic potential of ORP4 and OSBP in
ovarian cancer, including through the development of selective
compounds capable of targeting only OSBP or ORP4.

■ MATERIALS AND METHODS
Cell Culture. Authentication of all cell lines using STR

profiling was completed by University of Arizona Genetics
Core immediately before use in the experiments. Cell lines
were also confirmed to be mycoplasma-free. OVCAR-3
(ATTC #HTB-161), OVCAR-8 (NCI-Vial Designation
0507715), and OVSAHO (JCRB-1046) were cultured with
RPMI Medium (Thermo 22400105) with the addition of 10%
Hyclone (Fisher Sci SH3006603) and 1% penicillin−
streptomycin (Thermo 15140122). SKOV-3 (HTB-77) were
cultured in McCoy 5A media (Thermo 16600108) supple-
mented with 10% Hyclone and 1% penicillin−streptomycin.
All mammalian cell lines were cultured at 37 °C in 5% CO2 in
either Nunclon Delta 10 cm2 dishes (VWR 10171744), T25
flask (CellStar 690160), or T75 flask (TPP 90076).

2D Viability Assay. 5.0 × 103 cells/well were seeded in a
96-well plate with 75 μL media. Compounds (paclitaxel,
cisplatin, or OSW-1) were serial diluted at 4× concentration in
media. Twenty-five microliters of compound containing media
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was added to 75 μL of cells, resulting in a 1× dilution of drug.
Following a 72 h incubation, CellTiter-Blue was added for 20
h, and fluorescence was measured (544 nm excitation; 590 nm
emission) using a GloMax Discover Microplate Reader. Cell
culture growth relative to untreated cells were calculated
expressed as IC50 values on Graphpad Prism software utilizing
the four-parameter dose−response curve.
Spheroid Development. Spheroid formation was induced

by the ultralow attachment technique in 96-well plates. Briefly,
round-bottom 96-well plates (CELLTREAT 229590) were
treated with antiadherence rinsing solution (STEMCELL
07010) by centrifuging the plates at 1300g for 5 min. The
solution was aspirated, and wells were washed with basal
media. OVCAR-8 spheroids were cultured in complete FBS-
containing media. SKOV-3 spheroids cells were cultured in
FBS-free media; SKOV-3 spheroids incompletely formed in
FBS containing media (see Figure S-4). OVCAR-8 or SKOV-3
cells were seeded in 200 μL of media at the desired cell
number, and plates were centrifuged at 100g for 3 min. For
OVCAR-8 spheroids, every 24 h, 100 μL of culture media was
removed, and 100 μL of fresh media was added. For SKOV-3
spheroids, the initial media was not changed until day 4.
Starting on day 4, 100 μL of media was removed, and 100 μL
of fresh media was added every 24 h. Spheroid formation was
observed for 7 days by monitoring the formation every 24 h
with bright field imaging. Spheroids were characterized for
their surface area, circularity, and solidity by using ImageJ
accordingly with the following formulas, as done previously.47

π= ×
circularity

(4 area)
perimeter2

=solidity
area

convex area

Spheroid Compound Treatment and Cell Viability
Assay. Spheroids were treated with either 0.1% DMSO (for
solubility) or compound-containing complete media in
complete FBS-containing media for the indicated times. 3D
spheroid viability was measured by using CellTiter-Glo3D.56,57

Briefly, room temperature 100 μL of CellTiter-Glo3D solution
was added to 100 μL spheroid solution. Contents were
vigorously mixed to induce lysis of the spheroid and efficient
extraction of ATP. Plates were incubated at room temperature
for 25 min for stabilization of luminescent signal, followed by
luminescence measurements with an integration time of 1 s per
well on a GloMax Discover Microplate Reader according to the
manufacturer’s instructions. Cytotoxicity was calculated
relative to an untreated control group. No spheroids were
cultured on the outside wells of the 96 well plate to avoid edge
effect.
Cell Lysis. To detach adherent cells, the media was

aspirated, the cells were washed with 1× PBS, and TrypLE
Express (Gibco 12605-010) was added to cells, followed by a
10 min, 37 °C incubation. Complete media was then added to
neutralize the trypsin, and cells were spun at 14 000 RCF for
0.45 min at 4 °C. Then, supernatant was aspirated, and the cell
pellet was washed with 1× PBS, followed by resuspension in 50
μL of AC lysis buffer. AC lysis buffer27 consists of 150 mM
NaCl, 1.5 mM MgCl2, 5% glycerol, 0.8% NP40, 1 mM DTT,
50 mM HEPES, 25 mM NaF, and 1 mM Na3PO4) with 3×
HALT/EDTA protease inhibitor (Thermo 78438) and 0.2
mM phenylmethanesulfonylfluoride (Goldbio). Cells were
freeze/thawed (3×) with liquid nitrogen and centrifuged for

15 min at 14 000 RCF at 4 °C. The protein concentration of
the resulting cellular lysate was determined with a Bradford
assay.

Immunoblotting. SDS-PAGE gels (8.5%) were loaded
with 25 μg of protein and transferred to a nitrocellulose
membrane (Bio-Rad 1620115) with a constant voltage of 100
V for 1 h at 4 °C. The membrane was blocked in 5% milk for
0.5 h. Following washing with TBST (3×), the membrane was
incubated with 1:500 ORP4 antibody (Santa Cruz sc-365922)
or 1:1000 OSBP antibody (Santa Cruz sc-365771) overnight
at 4 °C. Following washing, the membrane was incubated with
1:3000 secondary antibody (Santa Cruz sc-2060) for 1 h at
RT. Following washing, the membrane was developed with
ClarityTM Western ECL substrate (Bio-Rad 1705061) and
imaged on the Bio-Rad ChemiDocTM Touch Imaging System.
The membrane was incubated with 1:1000 β-actin HRP (Santa
Cruz sc-47778 HRP) after washing and developed as
previously described.

Trypan Blue Viability. Following compound treatment,
the culture media was removed from the flask and kept. The
adherent ovarian cancer cells were washed with 1× PBS, and
then 2.5 mL TrypLE Express was added. Cells were incubated
for ∼10 min at 37 °C to fully detach the cells, and then
recovered complete compound media was added to inactivate
the trypsin. The total cell count and cell viability count was
performed using Trypan Blue staining (Thermo 15250061)
with a TC20 automated cell counter (BioRad).

Preparation of Lipid-Depleted Fetal Bovine Serum.
FBS was lipid-depleted following the Brown and Goldstein
modification of the method developed by Cham and
Knowles.49 Briefly, 50 mL of FBS was added to a mixture of
n-butanol and diisopropyl ether in a 40:60 (v:v) ratio. The
solution was incubated for 20 min at RT followed by a 20 min
of incubation on ice. The solution was centrifuged at 2000 rpm
for 2 min. The lower aqueous fraction was isolated and re-
extracted with 50 mL of diisopropyl ether followed by
centrifugation. The resulting aqueous phase was evaporated
to a volume of 20 mL under nitrogen gas then dialyzed against
PBS using Slide-A-Lyzer (Thermo Fisher) dialysis cassettes
overnight. The 20 mL of lipid-depleted FBS was sterilized
through passage through a 0.2 μM filter prior to use. Twenty
milliliters of lipid-depleted FBS was added to 500 mL of media
supplemented with 1% penicillin−streptomycin.

Statistical Analysis. All results are displayed as mean ±
SD. A minimum of three independent experiments (n = 3)
having internal triplicates was performed for each result.
Statistical analysis was performed in GraphPad Prism 8.3 using
two-way ANOVA with a follow up Dunnett’s test, p-value
≤0.05.
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The Supporting Information is available free of charge at
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Figure S-1: OVCAR-8 and SKOV-3 spheroid morphol-
ogy; Figure S-2: effects of compound treatment on
OVCAR-8 and SKOV-3 spheroids; Figure S-3:effects of
OSW-1 on ovarian cancer cells morphology and
viability; Figure S-4: SKOV-3 spheroid development
with 10% FBS; Figure S-5: cell imaging of ovarian cancer
cells grown under lipid depleted conditions; Figure S-6:
uncropped OSBP and ORP4 Western blots shown in
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Figure 1D; Figure S-7: uncropped OSBP and ORP4
Western blots shown in Figure 5 (PDF)
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