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Abstract

Prostate cancer remains among the leading causes of cancer-
related deaths in men. Patients with aggressive disease typi-
cally undergo hormone deprivation therapy. Although treat-
ment is initially very successful, thesemen commonly progress
to lethal, castration-resistant prostate cancer (CRPC) in 2 to 3
years. Standard therapies for CRPC include second-generation
antiandrogens, which prolong patient lifespan by only several
months. It is imperative to advance our understanding of the
mechanisms leading to resistance to identify new therapies for
aggressive prostate cancer. This study identifies Notch1 as a
therapeutic target in prostate cancer. Loss of NOTCH1 in
aggressive prostate cancer cells decreases proliferation, inva-
sion, and tumorsphere formation. Therapeutic inhibition of
Notch1 activity with gamma secretase inhibitors RO4929097
or DAPT in prostate cancer cells further results in decreased
proliferative abilities. Loss of NOTCH1 and treatment of

immunocompromised mice bearing prostate cancer xeno-
grafts with RO4929097 display significantly impaired tumor
growth. Loss of NOTCH1 additionally decreased metastatic
potential of prostate cancer cells in invasion assays in vitro as
well as in vivo experiments. Moreover, treatment with gamma
secretase inhibitors orNOTCH1 gene deletion synergizedwith
antiandrogen therapies, enzalutamide or abiraterone, to
decrease the growth of prostate cancer cells. Combination of
gamma secretase inhibitors with abiraterone significantly
inhibited cell migration and invasion, while combination
with enzalutamide reversed enzalutamide-induced migration
and invasion. These collective findings suggest loss of
NOTCH1 delays growth of CRPC and inhibits metastasis, and
inhibition of Notch1 activation in conjunction with second-
generation antiandrogen therapies could delay growth and
progression of prostate cancer.

Introduction
Prostate cancer is the most common cancer affecting men, and

the second leading cause of cancer-associated mortalities in men
in theUnited States (1). Current treatments for aggressive prostate
cancer, including androgen ablation therapy, have great short-
term success yet frequently results in recurrence, at which point it
is termed castration-resistant prostate cancer (CRPC; ref. 2). Treat-
ment options include second-generation antiandrogens enzalu-
tamide, abiraterone, or the recently FDA-approved apalutamide;
chemotherapeutic agents docetaxel or cabazitaxel; or Provenge
(Dendreon Pharmaceuticals LLC) prostate cancer immunothera-
py (2–9). Ultimately due to the aggressive and highly metastatic
nature of CRPC, patients often develop resistance to individual
therapies, and to date, CRPC remains incurable. This highlights
the urgent need to define new pathways that can drive the

occurrence of advanced prostate cancer and evaluate novel ther-
apies for advanced disease and metastatic CRPC.

Notch1 is a transmembrane glycoprotein belonging to the
Notch family of receptors (Notch1/2/3/4). Involved in cell–cell
signaling, Notch1 receptor is activated by ligands (Jagged 1/2
and Delta 1/3/4), initiating a multistep cleavage by members of
the Disintegrin Metalloprotease (ADAM) families as well as
the gamma secretase complex (10). This results in the cleavage
of the intracellular domain of Notch1 (NICD1), which translo-
cates to the nucleus (activated Notch1) as a transcriptional coac-
tivator, regulating self-renewal, cell maintenance, and tumorigen-
esis (11–14). Alterations of the Notch1 receptor are found in
many malignancies, acting in a context-dependent manner as
either oncogenes or tumor suppressors (15).

In prostate cancer, while no genetic alterations of NOTCH1
have been described, downregulation of Notch1 and its ligand
Jagged1 decrease cell invasion, growth, and migration (16–18).
Notch1 expression promotes epithelial-to-mesenchymal transi-
tion (EMT), seminal vesicle transformation, andmetastatic occur-
rence (18–20). Furthermore, we previously demonstrated that
Notch1 plays an important oncogenic role in the development of
CRPC (21). We identified increased nuclear-activated NICD1
levels in high-risk prostate cancer and CRPC patient specimens
over benign and low-risk disease, and determined NICD1 acts a
driver for aggressive prostate adenocarcinoma and metastatic
CRPC in conjunction with other common alterations observed
inprostate cancer (Mycoverexpression, loss ofPTEN, or activation
of the Ras signaling pathway; ref. 21). These findings indicate
Notch1 is involved in the progression of prostate cancer and
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targeting Notch1 signaling may represent an effective therapy for
aggressive disease (21).

Multiple strategies to inhibit the Notch pathway have been
generated including targeting the activation ofNotch receptors via
gamma secretase inhibition (GSI; refs. 22–26). In preclinical
studies of epithelial cancers, GSIs as single agents have demon-
strated promising antitumorigenic abilities, as was the case for
one of the GSIs described in this study, RO4929097 (27). Using
two GSIs, RO4929097 and DAPT as well as loss of NOTCH1 via
CRISPR-Cas9 deletion, we aimed to determine the potential for
loss of NOTCH1 as a strategy to inhibit the growth of aggressive
prostate cancer, metastasis, as well as Notch1 inhibition synergy
with antiandrogen therapies.

Materials and Methods
Cell lines and culture

22RV1 cells were obtained fromATCC andC4-2 cells were a gift
from Dr. Owen Witte's laboratory at UCLA (Los Angeles, CA).
22RV1 Delta-Notch1 cells were generated using CRISPR-Cas9
knockout of NOTCH1 as described previously (21). 22RV1-Luc
and 22RV1 Delta-Notch1-Luc cells were generated with lentiviral
transduction of pHIV-Luc-ZsGreen, a kind gift from Bryan Welm
(University of Utah, Salt Lake City, UT; Addgene plasmid #39196;
http://n2t.net/addgene:39196; RRID: Addgene_39196). All cell
lines are annually authenticated, most recently, through the
Stanford Functional Genomics Facility. Cells were tested for the
presence of Mycoplasma biannually using the Lonza Mycoalert
Detection Kit (Lonza). Cells were cultured in RPMI supplemented
with 10% FBS, 1% penicillin/streptomycin, and 1% L-Glutamine,
with warmed Trypsin/EDTA (0.25%) used for dissociation. Cells
were incubated at 37�C with 5% CO2.

Colony formation assay
A total of 5 � 102 22RV1, C4-2, or 22RV1 Delta-Notch1 cells

were plated per well of a 6-well plate in triplicate. Cells were
treated with DMSO vehicle control, enzalutamide (5 mmol/L),
abiraterone (5 mmol/L), DAPT (50 mmol/L), or RO4929097
(20 mmol/L; all compounds were purchased from Selleckchem,
catalog numbers S1250, S2246, S2215, and S1575, respectively;
refs. 28–30, 27). Cells were cultured for 9 days, with media and
compounds changed every third day. Colonies were then fixed
with methanol and stained with 0.1% crystal violet for 1 hour at
room temperature. Plates were washed by submerging in a water
bath for 1 hour. Colonies were counted, and colony formation
rate determined (percentage), quantified as number of colonies
per 5 � 102 cells � 100, as described previously (21).

Tumorsphere formation assay
A total of 1 � 104 22RV1 or Delta-Notch1 cells were plated in

50% Matrigel (Corning Inc), 50% supplemented RPMI in indi-
vidual wells of a 24-well plate in triplicate. Cells were grown 15
days with media changed every third day. Wells were imaged on
Leica stereomicroscope. 20� images were acquired per well in
four quadrants and tumorsphere number perfieldwas quantified,
including any growth larger than 100 mm largest diameter, as
measured in FIJI (31).

Cell viability assay
A total of 1 � 104 22RV1 or C4-2 cells were plated per well in

a 96-well plate overnight. The next day, media were changed to

100mLofmedia containing the indicated concentrations of drugs.
Seventy-two hours later, 100 mL fresh media were added þ 20 mL
Cell-Titer Blue viability reagent (Promega), and plate with reagent
was incubated 2 hours at 37�C prior to reading fluorescence on
Tecan plate reader. Relative fluorescence units (RFUs) were
graphed as fold change over vehicle control.

Cell invasion assay
22RV1, Delta-Notch1, or C4-2 cells were serum starved over-

night in RPMI. Cells were then trypsinized, counted, and 5 � 104

were plated on top of Matrigel-coated Costar Transwell (Sigma-
Aldrich) invasion chambers that were preincubated with serum-
free RPMI. The bottom chamber was filled with RPMI supple-
mented with 10% FBS as a chemoattractant. In the case of drug-
treated conditions, cells were pretreated for 72 hours prior to
plating chambers, and both supplemented and unsupplemented
media were treated with appropriate inhibitors to maintain
treatment conditions. Chambers were incubated 24 hours for
C4-2 cells or 36hours for 22RV1andDelta-Notch1, and thenfixed
with ice-cold methanol. Noninvading cells were removed from
topof chamberwith cotton swab, and then chamberswere stained
with 0.1% crystal violet for 1 hour. Chambers were washed in
water, air dried overnight, and then imaged under Leica stereo-
microscope at 161�. Five representative images were taken per
chamber (three chambers per condition), and then cells were
counted in each image and averaged. Experiments were per-
formed in triplicate and analyzed using a Student t test.

Matrigel dot assay
A total of 2� 105 C4-2 cells were resuspended in 20mLMatrigel

and gently pipetted into emptywell of a 12-well plate, forming 3D
dots. The dots were placed in incubator at 37�C for 20minutes to
solidify Matrigel. Media supplemented with inhibitors at afore-
mentioned concentrations were then added, and subsequently
changed every other day. Matrigel dots were imaged on day 0 at
20� forwhole dot and80�,measuring the leading edge of the dot
in four quadrants. At 5 days after plating, dots were again imaged
at the leading edge in the same locations. Images were overlaid,
and distance migrated was measured using FIJI. Each treatment
conditionwas performed in triplicate. For each dot, the average of
all measurements was calculated. Triplicates for each condition
were then averaged and SDwas quantified. Student t test was used
for analysis. Representative images are shown. Dots were then
fixed with 2% paraformaldehyde in PBS for 10 minutes at room
temperature. Wells were washed 3 � 5 minutes in PBS, and
permeabilized 5 minutes with 0.1% Triton-X100. b-Actin (Santa
Cruz Biotechnology, sc-47778) was used to stain the dots over-
night, followed by Alexa Fluor 594 (Abcam), and counterstained
with DAPI. Dots were reimaged at 100�.

Immunoblotting
Cells were harvested by scraping in PBS and lysed with RIPA

lysis buffer containing protease and phosphatase inhibitors
(Thermo Fisher Scientific). Tumor tissues were snap frozen in
liquid nitrogen at time of harvest. Tissue was later homogenized
in RIPA and sonicated. BCA assay was used to quantify protein,
and then the samples diluted in 4� Laemmli buffer and boiled.
Samples were run on Novex Tris-Glycine gels (Invitrogen),
blocked for 1 hour in milk, and incubated in primary antibodies
overnight in Tris-buffered saline containing 0.1% Tween-20.
Secondary antibodies were applied for 1 hour after washing, and
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then Pierce ECL Western Blotting Substrate (Thermo Fisher Sci-
entific) was used to develop chemiluminescent signals on IVIS
Lumina imager, with Living Image Software. Antibodies include
anti-GAPDH sc-47724 (Santa Cruz Biotechnology); anti-Notch1
D1E11 #3608, anti-Cleaved Notch1 (Val1744) D3B8 #4147,
(Cell Signaling Technology); anti-ARN-20, anti-Notch3 (Abcam),
and secondary HRP-conjugated mouse and rabbit antibodies
(Santa Cruz Biotechnology).

Animals. In conducting research using animals, the investigators
adhere to the laws of the United States and regulations of the
Department of Agriculture. Furthermore, all animal studies and
procedures have been approved and performed in accordance
with Stanford Administrative Panel on Laboratory Animal Care
(APLAC), IACUC, as well as the USAMRMC Animal Care and
Use Review Office (ACURO). NSG (NOD-SCID-IL2Rg–null)
mice (Jackson Laboratory), 6–8 weeks old, were used for all
experiments, and housed at Stanford University animal facil-
ities. The length (L), width (W), and height (H) of tumors as
well as animal weights were measured every third day for
subcutaneous tumors. Tumor volume was calculated by (L �
W � H)/2.

GSI tumor treatment
Mice were castrated one week prior to cell implantation.

22RV1 or C4-2 cells (5 � 105) were injected subcutaneously (s.
c.) into the flank in Matrigel. When tumors reached palpable
size (50 mm3 on average), animals were randomly assigned to
treatment with vehicle (control) or with RO4929097 (10 mg/
kg), purchased from Selleckchem. Vehicle and RO4929097
were dissolved in 2% DMSO þ 30% PEG 300 þ 5% Tween
þ ddH20 and administered by oral gavage daily. Tumors
graphed as fold change over the first measurable tumor volume
of each tumor.

Delta-Notch1 tumors
Mice were castrated one week prior to cell implantation. A total

of 5 � 105 22RV1 (n ¼ 10) or Delta-Notch1 (n ¼ 9 due to one
tumor not grafting) cells were injected subcutaneously into the
flank in Matrigel. Measurements began 3 days after implantation.
Tumors were graphed as fold change.

Intracardiac metastasis model
A total of 1 � 105 22RV1-Luc or Delta-Notch1-Luc cells were

injected into the left ventricle of the heart under isoflurane
anesthesia. Bioluminescence signal in animals was imaged at 1
hour following injection procedure to ensure proper flow of
cells into circulation, then at 7 and 14 days postprocedure.

Bioluminescent imaging
Mice were injected subcutaneously with 150mg/kg D-Luciferin

(Perkin Elmer) in 1� PBS, and placed into isoflurane anesthesia
chamber. Five minutes postinjection, animals were transferred to
Lago for bioluminescent imaging (Spectral Instruments Imaging)
at Stanford Preclinical Imaging Facility at Porter Drive. Aura
software was used for image acquisition and analysis. Briefly,
animals were imaged 4 minutes at high binning. At time of
sacrifice, animals were injected with Luciferin, euthanized, and
then the organs were excised and ex vivo imaging was performed
on tissues, placed in a petri dish, in a solution of 300 mg/mL D-
Luciferin and imaged on IVIS Lumina imager.

Histology
At time of harvest, tumor or organ tissues were fixed in 10%

formalin overnight at 4�C. Tissue was then transferred to 70%
ethanol, processed into paraffin, and embedded. Formalin-fixed
paraffin embedded (FFPE) tissue was sliced 4-mm–thick and
attached to charged glass slides. Slides were heated to 65�C for
1 hour prior to deparaffinization, followed by hydration. Antigen
retrieval was performed using a steamer, with 10mmol/L sodium
citrate buffer pH 6.0, or 1 mmol/L EDTA pH 8.0 (for Cleaved
Notch1 Val1744 antibody only). After washing, 0.3% hydrogen
peroxide solution was applied to slides to inactivate endogenous
peroxidases, and then the slides were blocked in 2.5% horse
(rabbit antibodies) or goat serum (mouse antibodies) (Vector
Laboratories) for 1 hour at room temperature. Antibodies were
applied in corresponding serum overnight at 4�C in a humidified
chamber. The next day, after washing, secondary mouse or rabbit
HRP (Vector Laboratories) was then applied for 1 hour. DAB
(Dako Laboratories/Agilent) was used to stain the tissue, followed
by counterstain in hematoxylin, and subsequent dehydration.
Slides were cover-slipped in Faramount (Dako). Imaging
was performed on Hamamatsu nanozoomer and photos were
taken at 40� magnification. Anti-Cleaved Notch1, anti-E-Cad-
herin #3195, anti-Vimentin #5741 (Cell Signaling Technology);
anti-Hes1, anti-Ki67, anti-Ku70 (Santa Cruz Biotechnology) were
used for IHC.

Results
Loss of NOTCH1 impairs CRPC cellular proliferation and
invasion

On the basis of our previous studies and others implicating
Notch1 in prostate cancer progression, invasion, metastasis, and
CRPC development, we posited that inhibition of Notch1 would
impair prostate cancer cell growth. Two GSIs, RO4929097 and
DAPT, were tested for their ability to decrease activated Notch1
levels in C4-2 and 22RV1 CRPC cells, as well as our previously
described 22RV1 CRISPR-Cas9 NOTCH1 Knockout cells (Delta-
Notch1; ref. 21). C4-2 and 22RV1 express high endogenous
Notch1 and abundant activated or cleaved NICD1 (NICD1
Val1744; Fig. 1A; Supplementary Fig. S1A). GSI treatment
of 22RV1 and C4-2 cells abolished activated NICD1 levels by
24-hour treatment, andwas observed through 72 hours, while the
two tested GSIs had no effect on NICD3 previously implicated in
prostate cancer (Fig. 1B; Supplementary Fig. S1B).

Extended treatment with either GSI in 22RV1 and C4-2 cells
decreased the colony-forming abilities of both CRPC lines
(Fig. 1C), as well as their ability to form tumorspheres (Fig. 1D).

To eliminate concern of off-target effects of GSIs, experi-
ments were performed with Delta-Notch1 cells compared
against 22RV1 parental cells. Loss of NOTCH1 decreased col-
ony formation over parental 22RV1 cells (Fig. 2A). Treatment of
Delta-Notch1 cells with either RO4929097 or DAPT had no
effect on colony formation, suggesting the observed effects
from GSI treatment appear to be dependent on Notch1 expres-
sion (Fig. 2B). Loss of NOTCH1 was additionally responsible
for decreased tumorsphere formation (Fig. 2C) of 22RV1 cells.
Delta-Notch1 tumorsphere numbers were not affected by the
addition of either RO4929097 or DAPT (Fig. 2D). These data
indicate NICD1 expression to be important for CRPC cellular
proliferation, and enforce the specificity of the Delta-Notch1
knockout cells.
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Loss of NOTCH1 by gene deletion or therapeutic inhibition
impairs CRPC tumor growth

To determine the effects of GSIs in vivo, subcutaneous 22RV1 or
C4-2 xenografts were implanted in castrated NSG mice to mimic
androgen ablation in vivo. RO4929097 (10 mg/kg) or vehicle
control was administered via daily oral gavage. Fold change in
tumor volume growth was markedly reduced in RO4929097
animals (Fig. 3A) with no observed toxicity (Supplementary Fig.
S2). Notch1, cleaved Notch1 (NICD1 Val1744) and androgen
receptor (AR) expression were confirmed by immunoblotting

(Fig. 3B). Interestingly, there was a decrease in AR in C4-2 cells
known to express full-length AR, which was not observed in
22RV1 expressing AR and AR-V7 (Fig. 3A and B; Supplementary
Fig. S3). The mechanism through which inhibition of Notch
activation regulates AR remains to be determined. Next, 22RV1
or Delta-Notch1 cells were implanted into castrated NSG mice.
Delta-Notch1 tumors immediately displayed delayed growth,
continued until time of sacrifice—30 days postimplantation
when compared with the control animal tumor volume
(Fig. 3C). As expected, Notch1 and NICD1 expression were

Figure 1.

GSI as a single therapeutic agent in prostate cancer cells impairs colony and tumorsphere formation. A, Immunoblot of human prostate cancer cells: 22RV1, C4-2,
and 22RV1 NOTCH1 knockout, Delta-Notch1. B, Immunoblot of time-course GSI treatment in 22RV1 or C4-2 prostate cancer cells. Cells were treated 24, 48, or 72
hours with inhibitors DAPT (50 mmol/L) or RO4929097 (20 mmol/L). Staining was performed for activated NICD1 (NICD1 Val1744), Notch1, NICD3, and GAPDH.
C, Colony formation assay: 500 cells were plated per well in 6-well dish in triplicate. Cells were grown 9 days, with media and drugs changed every third day.
Colonies were then fixed with methanol and stained with 0.1% crystal violet. Colonies were hand counted and graphed as percent colony formation over control
treatment. Control treatment (DMSO) was normalized to 100%. Scale bar, 100 mm. Experiment is representative of three, performed in triplicate. D, Tumorsphere
formation assay was performed with 1� 104 22RV1 or C4-2 cells plated in 50%Matrigel in 24-well plate. Cells were treated with DAPT or RO4929097, and then
grown for 15 dayswith media and inhibitors changed every third day. Scale bar, 250mm. Error bars are� SD. Using two-tailed Student t test: � , P < 0.05;
���� , P < 0.001.
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undetectable in Delta-Notch1 tumors (Fig. 3D). Immunoblots
were quantified in Supplementary Fig. S3. Histologic analysis of
all tissues demonstrated reduction or loss of NICD1 in all treat-
ment groups (Fig. 3E). This corresponded to a decrease of com-
mon Notch1 target gene, HES1. Proliferation was reduced in
RO4929097 treatment as evidenced by Ki67 staining. We further
noted substantial reversal of EMTmarkers upon loss of Notch1 or
treatment with R04929097 observed via increased E-Cadherin
corresponding to decreased Vimentin in all treatment groups
(Fig. 3E). These experiments demonstrate thatNotch1maypoten-
tially represent a therapeutic target for CRPC.

Loss of NOTCH1 decreases metastatic potential of CRPC
CRPC is highly metastatic in patients, with metastases most

commonly occurring in bone, and secondarily in soft tissues, such
as liver (32). We first tested whether loss of NOTCH1 or thera-
peutic inhibition with GSIs would decrease CRPC cells' invasive
behavior in vitro. Inhibition of Notch1 through treatment with
DAPT (50 mmol/L) or RO4929097 (20 mmol/L) significantly
impaired invasion in 22RV1 and C4-2 cells (Fig. 4A). Similar
effect was observed in Delta-Notch1 cells (Fig. 4B).

Preclinical models of prostate cancer often struggle to recapit-
ulate the human metastatic phenomenon of bone metastasis.
However, 22RV1 cells implanted through intracardiac injection
do commonly colonize in the hind limb of NSG mice as well as
soft tissue (33). Using this model, we implanted 22RV1-Luc or
Delta-Notch1-Luc cells via intracardiac injection to determine

whether loss of NOTCH1 impairs metastasis (Fig. 4C–I). Two
weeks after implantation,Delta-Notch1-Luc animals hadmarked-
ly lower detectable bioluminescence than their 22RV1-Luc coun-
terparts, indicative of significantly reduced metastasis (Fig. 4C)
and quantified as photons/second (Fig. 4D). The next day, mice
were sacrificed and ex vivo imaging was performed on the mice, 5
minutes post luciferin injection (Fig. 4E). Organs imaged includ-
ed liver, kidneys, heart, lungs, prostate, seminal vesicles, bladder,
and hind limbs, and the remainder of the animal was imaged to
ensure no bioluminescent signal remained (Fig. 4E). Strikingly,
Delta-Notch1-Luc cells only colonized the mouse liver (6/6
animals), while the 22RV1-Luc group presented metastases in
the liver (6/6), kidney (6/6), seminal vesicles (4/6), bone (3/6),
and testes (3/6) (Fig. 4E).

Average liver bioluminescence was quantified and compared
between the two groups after subtracting the background signal
of a negative control (uninjected) animal from each liver
signal (Fig. 4F). As apparent in whole-body images and liver
sections, liver colonization was drastically impaired by the loss
of NOTCH1 (Fig. 4F–H). Representative liver bioluminescence is
depicted in Fig. 4G. Bone samples were also collected (represen-
tative luminescent images in Fig. 4I). Liver samples (FFPE) were
used to perform histologic comparisons between 22RV1-Luc,
Delta-Notch1-Luc, and a negative uninjected control. Human
Ku70, a protein involved with nonhomologous end-joining and
the repair of DNA double-strand breaks, was used as proxy for
human-specific staining of 22RV1-Luc and Delta-Notch1-Luc

Figure 2.

Loss of Notch1 inhibits prostate
cancer cell proliferation and
tumorsphere formation. In vitro
assays were performed on 22RV1
and Delta-Notch1 cells. A and B,
Colony formation assay: 5� 102

cells were plated per well in 6-well
dish. Cells were grown 9 dayswith
media changed every third day.
Colonies were then fixed with
methanol and stained with 0.1%
crystal violet. Colonies were hand
counted and graphed as colony
formation rate (A) for 22RV1 and
Delta-Notch1 cells, or percent
colony formation compared with
vehicle control (DMSO, normalized
to 100%) for treated Delta-Notch1
cells (B). Delta-Notch1 cells were
vehicle treated, RO4929097 treated
(20 mmol/L), or DAPT treated
(50 mmol/L). Scale bars, 100 mm.
Tumorsphere formation assay:
1� 104 22RV1 and Delta-Notch1 cells
(C), or Delta-Notch1 cells treated
with vehicle, RO4929097
(20 mmol/L), or DAPT (50 mmol/L;
D) were plated in 50% Matrigel with
RPMI in a 24-well plate. Cells were
grown 15 dayswith media changed
every third day. Scale bar, 250mm.
Experiments performed in triplicate
with representative experiments
shown. Using two-tailed Student t
test: � , P < 0.05; ���� , P < 0.001; ns,
no significance. Error bars are� SD.
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Figure 3.

Therapeutic inhibition of Notch1 impairs tumor formation of CRPC. A,A total of 5� 105 22RV1 or C4-2 cells were implanted subcutaneously into castrated NSG
mice (22RV1 n¼ 9 Vehicle; 22RV1 n¼ 7 RO4929097; C4-2 n¼ 11 Vehicle; C4-2 n¼ 10 RO4929097). Tumors were grown to palpable size (50 mm3) and randomly
distributed. At 50mm3, treatment was initiated (plotted as day 1). Animals were gavaged daily at 10 mg/kg of RO4929097 or vehicle control. B, Immunoblot
analysis of 22RV1, or C4-2 tumor tissue for NICD1 V1744, Notch1, AR, and GAPDH. C,A total of 5� 105 22RV1 or Delta-Notch1 cells were implanted subcutaneously
into castrated NSGmice (n¼ 10). Tumor height (h), width (w), and length (l) were measured every third day and tumor volumes calculated as: (h�w� l)/2.
Tumors graphed as fold change� SEM, and analyzed for each time point by Student t test. � , P < 0.05; �� , P < 0.01. D, Immunoblot analysis of 22RV1 or Delta-
Notch1 tumor tissue for NICD1 V1744, Notch1, AR, and GAPDH. E, IHC of FFPE tumor tissue from 22RV1 and C4-2 xenografts treated with RO4929097 as well as
Delta-Notch1 for NICD1 1744, Hes1, E-Cadherin, Vimentin, and Ki67, as well as histologic analysis with H&E. Images were taken at 40� and are representative of
treatment group. Scale bars, 50 mm. � , a nonspecific band; FL, androgen receptor full length; V7, androgen receptor splice variant 7.
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cells (Fig. 4H). We observed highly infiltrated livers in the 22RV1-
Luc group depicted in histologic invasion of human epithelial
cells into mouse livers, with significantly fewer observations in
Delta-Notch1 tissue, consistent with bioluminescent findings
(Fig. 4H). Collectively, these results demonstrate that loss of
NOTCH1 significantly impaired themetastatic potential of 22RV1
CRPC cells.

Notch1 inhibition synergizes with antiandrogens
enzalutamide and abiraterone to inhibit prostate cancer cell
proliferation in vitro

Inhibition of Notch receptor activation has demonstrated a
unique ability to sensitize tumors to chemotherapies (34–36).We
previously demonstrated expression of nuclear NICD1 in CRPC
patient samples, reflecting Notch1 activation is significantly ele-
vated in CRPC (21). To determine whether Notch1 inhibition
could sensitize CRPC to second-generation antiandrogens, we
utilized RO4929097 and DAPT to treat 22RV1 cells in vitro alone,
or in conjunction with enzalutamide or abiraterone. Effects of
combination therapy on cellular viability weremodest suggesting
low toxicity, with the greatest combined impact from abiraterone
combined with either GSI (Supplementary Fig. S4).

Cells were then subjected to a colony formation assay with
either RO4929097orDAPT in combinationwith enzalutamide or
abiraterone. As expected, treatment with enzalutamide as an
independent drug in 22RV1 cells did not impact cell growth
due to the known presence of androgen receptor splice variant
7 (AR-V7; Fig. 5A and B; Supplementary Fig. S5). In contrast to the
short-term viability assay, GSI combination with enzalutamide
synergized to decrease CRPC cell growth measured by colony
formation (Fig. 5A and B). These effects were even more pro-
nounced when performed with abiraterone (Fig. 5C and D;
Supplementary Fig. S5).

To confirm the specificity of this effect to inhibition of Notch1,
we performed the colony formation combination therapy experi-
ments in Delta-Notch1 cells. Delta-Notch1 cells exhibited
decreased colony formation potential compared with 22RV1
parental cells as previously observed, and further synergized with
the addition of enzalutamide or abiraterone to impair prolifer-
ative colony formation (Fig. 5E; Supplementary Fig. S5).

Notch1 inhibition synergizes with antiandrogens
enzalutamide and abiraterone to inhibit prostate cancer cell
invasion and migration

As we have observed, loss of Notch1 leads to a significant
decrease in themetastatic potential of CRPC in vitro and in vivo.We

further assessed whether combinatorial treatment of GSIs with
antiandrogen therapy would affect invasive potential of CRPC
cells. We utilized two assays of cell motility. First, traditional
Matrigel transwell assays were plated with 22RV1 or C4-2 cells
pretreated for 72 hours with the same concentrations of
DAPT, RO4929097, enzalutamide, abiraterone, or combination
thereof as described above. At the time of plating for invasion,
cells were counted again to ensure plating of equal number of
cells. After 24-hour incubation for C4-2 cells and 36-hour incu-
bation for 22RV1 cells, chambers were harvested, fixed, and
stained with crystal violet. As we already established, DAPT and
RO4929097 inhibited invasion in both 22RV1 and C4-2 cells.
Enzalutamide, while an effective short-term therapeutic for
patients with CRPC, was recently reported to increase CRPC
invasiveness (37). Enzalutamide displayed a consistent increase
in invasion in our assays (Fig. 6A andB). To this end, combination
of enzalutamidewith eitherGSI had invasion levels similar to that
of DAPT or RO4929097 (Fig. 6A and B). This suggested that
cotreatment with GSIs ablated the effects of enzalutamide-
induced cellular invasion. Abiraterone had no effect on cellular
invasive potential, and in combination, abirateronewithDAPT or
RO4929097 synergized to significantly decrease invasion (Fig. 6A
and B).

To further validate this phenotype, we performed a Matrigel
Dot assay in which C4-2 cells were plated in 100% Matrigel as a
3Ddot on a cell culture plate. These dotswere treatedwithGSI and
antiandrogen combination therapy for a total of 5 days. The dots
were imaged at days 0 and 5 allowing us to measure the distance
cells migrated outside of the Matrigel Dot. Results for C4-2 cell
migration confirmed the observed invasion phenotype in that
either DAPT or RO4929097 decreased cell migration (Fig. 6C and
D; Supplementary Fig. S6). Furthermore, enzalutamide again
increased cell migration ability, and GSIs were able to reverse
and significantly decrease migratory ability of enzalutamide-trea-
ted cells (Fig. 6C; Supplementary Fig. S6A).While abiraterone had
no effect on migration, abiraterone strongly synergized with GSIs
to decrease migration (Fig. 6D; Supplementary Fig. S6B). This
experimentwas performed for 22RV1 cells aswell but they did not
escape the Matrigel capsule at the experimental time-point and
thus migration measured by Matrigel Dot assay was not assessed
in these cells (Supplementary Fig. S7).

Our study suggests that loss of NOTCH1 through genetic
deletion or therapeutic inhibition sensitized CRPC cells to anti-
androgens to decrease cell growth and in the case of abiraterone,
invasion and migration and inhibit enzalutamide-driven inva-
sion andmigration.WhileGSI in combinationwith enzalutamide

Figure 4.
Loss of Notch1 decreased metastatic potential of CRPC. A, 22RV1 or C4-2 cells were pretreated 72 hours with RO4929097 (20 mmol/L) or DAPT (50 mmol/L).
Cells were serum starved overnight and 5� 104 were plated in Matrigel invasion chambers and incubated 36 or 24 hours, respectively. Scale bars, 250 mm. B,
22RV1 or Delta-Notch1 cells were serum starved overnight, then 5� 104 were plated in Matrigel transwell chambers. Chambers were incubated 36 hours, then
fixed with methanol, and stained with crystal violet. For each condition, 5 fields were captured per chamber, number of cells per field were counted, then
averaged for three chambers. Error bars,� SD. Scale bars, 250 mm. C, A total of 1� 105 22RV1-Luc or Delta-Notch1-Luc cells were injected intracardially into NSG
mice. Animals were subjected to intraperitoneal (i.p.) injection with 150 mg/kg D-luciferin and imaged at 0 hours, 7 days, and 14 days. Final imaging at 14 days is
pictured with all animals set to the same radiance scale. D,Quantification of whole-animal bioluminescence is plotted as total emission (photons/sec),
representing each value in a box and whisker plot on Log10 scale. E, Ex vivo imaging was performed on all organs, with signal maintained in 300 mg/mL D-luciferin
after harvest. Instance of organs with positive bioluminescence was graphed out of 6 animals. F, Liver bioluminescence was set to the same radiance scale for all
animals, then quantified as radiance (p/sec/cm2/sr) and graphed on Log10 scale in box and whisker plot. G, Representative bioluminescent images of liver from
22RV1-Luc, Delta-Notch1-Luc, or negative control (uninjected with cells) animals. Scale bar, 1 cm. H, Excised livers were fixed in formalin and paraffin embedded.
Tissues were used to perform H&E (5� and 40�) as well as IHC for human KU70. Yellow arrowheads indicate visible metastatic lesions. Scale bars, 500 mm and
50 mm, respectively. I, Representative bioluminescent images of bone metastasis from 22RV1-Luc or Delta-Notch1 conditions. Scale bar, 1 cm; � , P < 0.05; ��, P <
0.01; ��� , P < 0.005.

Loss of Notch1 as a Therapeutic Strategy for Prostate Cancer

www.aacrjournals.org Mol Cancer Ther; 18(7) July 2019 1237

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/7/1230/1862043/1230.pdf by guest on 19 M
ay 2023



is also a potent inhibitor of cell growth, these combinations play
an additional role in reversing an enzalutamide-induced increase
in invasive phenotype in vitro.

Discussion
A recent study corroborates our findings in which GSI inhibits

oncogenic activity associated with prostate cancer cells (38). This
study suggests the effect ofGSI treatment onprostate cancer cells is
due to inhibition of Notch3, based on an observation of upre-
gulated NOTCH3 mRNA in publicly available prostate cancer
patient datasets. Our studies previously implicated Notch1 upre-
gulation as a driver of prostate adenocarcinoma in conjunction
with other alterations of prostate cancer, with increased Notch1
levels correlating with prostate cancer Gleason grade and
CRPC (21). Herein, we inhibited Notch through GSI treatment
as well as NOTCH1 knockout, and observe comparable pheno-
types of decreased oncogenesis, supporting Notch1 as a thera-
peutic target, but not Notch3.

Work by Mohamed and colleagues found GSI can synergize
with enzalutamide, abiraterone, as well as another antiandrogen,
bicalutamide to decrease cell proliferation, viability, and apopto-
sis of ERG-positive prostate cancer cells (VCaP), as Notch1 and 2

were found to be targets of ERG (39). ERG is an ETS family
transcription factor commonly found increased in prostate cancer
in roughly 50% of patients due to gene fusions with TMPRSS2
serine protease (40). While this study suggests there is no impact
of ERG-negative cells when GSI therapy is attempted, CRPC cell
lines were not tested. 22RV1 and C4-2 are both ERG-negative
CRPC cell lines. These cells being affected by NOTCH1 loss or
inhibition, paired with our previous work observing increased
NICD1 in patient samples in progression to CRPC, reflect Notch1
signaling increases in CRPC, likely through an alternative ERG-
independent mechanism.

In this article, we determined that loss of NOTCH1 impaired
in vitro invasion and in vivometastatic colonization of 22RV1 cells.
Our previous work determined that Notch1, when acting as a
driver of prostate cancer progression to CRPC in combination
with other known alterations in prostate cancer enriches for an
epithelial-to-mesenchymal transition (EMT; ref. 21). Further-
more, overexpression of Notch1 increases invasion of prostate
cancer cells (18). We verified this signature in Delta-Notch1
tumors aswell asC4-2 or 22RV1 tumors treatedwith RO4929097.
Not only were tumor volumes less with RO4929097 treatment or
loss of Notch1, but upon analyzing the pathology of the tumors,
we observed increases in epithelialmarker E-Cadherin, aswell as a

Figure 5.

Notch1 inhibition synergizes with
antiandrogens enzalutamide and
abiraterone to inhibit prostate
cancer cell proliferation in vitro.A,
Colony formation assay: 5� 102

22RV1 or C4-2 cells were plated per
well in 6-well dish, treated with
vehicle (DMSO) control,
enzalutamide (ENZ) 5 mmol/L;
DAPT 50 mmol/L, enzalutamideþ
DAPT, or DMSO; ENZ; RO4929097
(RO4) 20 mmol/L; or enzalutamide
þ RO4 (B). Cells were grown
9 days, with media and drugs
changed every third day. Colonies
were then fixed with methanol and
stained with 0.1% crystal violet.
Control treatment (DMSO) was
normalized to 100%. Colony
formation assay was performed for
DMSO control, abiraterone (ABI)
5 mmol/L, DAPT 50 mmol/L,
abirateroneþ DAPT (C) or DMSO,
abiraterone, RO4929097 (RO4) 20
mmol/L, or ABIþ RO4 (D). Colonies
were hand counted and graphed as
percent colony formation compared
with control (vehicle). Control
treatment (DMSO) was normalized
to 100%. E, Colony formation of
22RV1 compared against Delta-
Notch1 cells in the presence of
enzalutamide, abiraterone, or
DMSO control. Graphed as colony
formation rate to compare across
cell lines. All experiments
performed in triplicate with
representative images shown.
� , P < 0.05; ��� , P < 0.005;
���� , P < 0.001; ns, no significance.
Error bars� SD.
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Figure 6.

Notch1 inhibition synergizes with antiandrogens enzalutamide (ENZ) and abiraterone (ABI) to inhibit prostate cancer cell invasion andmigration in vitro. For
invasion assays, 5� 104 cells were plated in Matrigel-coated transwell invasion chambers. Cells were drug treated 72 hours prior to serum starving overnight, and
plating in chambers. A, 22RV1 cells were treated with DAPT (50 mmol/L), enzalutamide (5 mmol/L), abiraterone (5 mmol/L), RO4929097 (RO4; 20 mmol/L), or
combination of enzalutamide with DAPT or RO4 and abiraterone with DAPT or RO4. B, C4-2 cells were treated with DAPT (50 mmol/L), enzalutamide (5 mmol/L),
abiraterone (5 mmol/L), RO4929097 (RO4; 20 mmol/L), or combination of enzalutamide with DAPT or RO4 and abiraterone with DAPT or RO4. Chambers were
incubated 36 hours for 22RV1 and 24 hours for C4-2 cells, then fixed in methanol and stained in 0.1% crystal violet. Five images were captured per chamber at
161X, performed in triplicate chambers and averaged. Experiments were performed concurrently and graphed separately for each cell line for ease of
visualization, thus DMSO, DAPT, and RO4 conditions are based on the same samples in these graphs. C and D,A total of 2� 105 C4-2 cells were resuspended in
20 mL Matrigel and plated as a 3D dot on a 12-well plate. After Matrigel solidified, media were added and wells were treated with enzalutamide, DAPT, RO4,
combined enzalutamide with DAPT or RO4 (C) or abiraterone, DAPT, RO4, or combined abiraterone with DAPT or RO4. Media were changed every 48 hours.
Dots were imaged at four leading edges at days 0 and 5, and distance migrated (millimeters, mm) was calculated. Enzalutamide and abiraterone experiments
were performed concurrently, then graphed separately for ease of visualization, thus in (C) and (D), DMSO, DAPT, and RO4 conditions are based on the same
samples. Scale bars, 250 mm. All experiments performed in triplicate with representative images shown. � , P < 0.05; �� , P < 0.01; ��� , P < 0.005; ns, no significance;
error bars,� SD.
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decrease of Vimentin, a mesenchymal cell marker, indicating an
EMT reversal. This observation of Notch1 inhibition reversing
EMT could attribute to the decreased invasive and metastatic
properties we observed herein.

Loss of NOTCH1 in this study synergized with abiraterone or
enzalutamide to decrease prostate cancer growth and invasion.
These antiandrogen therapies offered as treatment in patientswith
hormone-refractory prostate cancer often result in resistance.
Several studies have determined that androgen deprivation ther-
apies such as enzalutamide can themselves cause EMT and lead to
resistance to enzalutamide therapy (37). Interestingly, cotreat-
ment with GSI prevented the enzalutamide-induced increase of
prostate cancer cell invasion, and in the case of abiraterone,
synergize to decrease cellular invasion and migration. Notch1
and AR, both transcription factors, have no known direct inter-
actions, or reported overlapping downstream targets in prostate
cancer.Onemechanism inwhichNotch1 andARhave cross-talk is
hypoxia, involved in prostate cancer progression and is associated
with hormone therapy resistance due to regulation of PSA and AR
target genes (41). It has been previously reported that hypoxia
requires Notch signaling to maintain undifferentiated cell states
common to hypoxic environments (42). Therefore, it stands to
reason that in hypoxic environments, Notch1 may be involved in
hypoxia-associated androgen resistance. While transcription fac-
tor cross-talk among Notch1 and AR target genes could be
involved, Notch receptors have been implicated in chemoresis-
tance independent of AR. In these studies, it was shown that
another GSI, PF-03084014 targets a well-known facet of Notch1
signaling, stem cells. Inhibition of prostate cancer stem cells with
GSI was responsible for sensitizing chemoresistant cells to doc-
etaxel (34, 36). These mechanisms should be explored to deter-
mine the full potential of Notch1-regulated hormone therapy
resensitization. Another possibility is that Notch1 regulation of
stem cell renewal is independent of AR. Zhang and colleagues
demonstrated that introduction of NICD1 into AR-negative PC3
cells increased tumorsphere formation as well as cancer stem cell
surfacemarkers, contributing to self-renewal (18). In the prostate,
Notch1 signaling can occur downstream of TGFb, a well-known
signal transduction pathway that maintains prostate stem cell
quiescence (43). Together, Notch1 and TGFb aid in maintaining
prostate basal cell lineage, such that inhibition on Notch1 sig-
nalingmay delay prostate cancer by delaying basal cell to luminal
cell differentiation (43).

Although GSIs have been tested in clinical trials for epithelial
cancers with promising results, they have not demonstrated
durable antitumor effects as single agents (22). Despite common
high toxicity issues surrounding GSIs, RO4929097 was safely
administered to the animals in our preclinical studies, as well as
in clinical trials coadministered with multiple cancer treat-
ments (44–47). Combination therapy with GSI has shown prom-
ising partial responses in solid tumors, even sensitizing chemore-
sistant CRPC (34, 35). Several new strategies are being examined
for clinical inhibition of Notch1. siRNAs for NOTCH1 have
shown promising in vivo results in models of prostate cancer,
where siRNAwas delivered to prostate-specificmembrane antigen
(PSMA)-positive prostate cancer cells, inducing apoptosis (48).
NOTCH1 siRNA therapy has additionally demonstrated onco-

genic inhibition of in vivo models of gastric cancer and melano-
ma (49, 50). Likewise, mAbs specifically inhibiting Notch1 by
targeting the negative regulatory region (NRR) of the Notch1
receptor have shown promising tumor growth inhibition in
adenoid cystic carcinoma (ACC) and T-cell acute lymphoblastic
leukemia (T-ALL) and some are undergoing clinical trials for
treatment of solid tumors (25, 51–53).

Our study demonstrates the merit of further studying Notch1
inhibition as a treatment for CRPC as a single agent, as well as in
combination with antiandrogen therapy. These treatments have
the potential for delaying resistance to effective CRPC therapies,
and resensitization of patients who are hormone refractory. It is
likely that the benefit of Notch1-targeted therapies could extend
to an even broader patient population, as PTEN loss, one of the
most common genetic aberrations in prostate cancer, has been
linked to Notch1 expression, and Notch1 inhibition has been
demonstrated to synergize with antiandrogen therapies to induce
apoptosis (39, 54). These findings in conjunction with our results
demonstrate that Notch1 inhibition may represent a promising
targeting strategy in a wide array of patients with prostate cancer.
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