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ABSTRACT
Prostate cancer affects hundreds of thousands of men and families throughout
the world. Although chemotherapy, radiation, surgery, and androgen deprivation
therapy are applied, these therapies do not cure metastatic prostate cancer. Patients
treated by androgen deprivation often develop castration resistant prostate cancer
which is incurable. Novel approaches of treatment are clearly necessary.
We have previously shown that prostate cancer originates as a stem cell disease.
A prostate cancer patient sample, #87, obtained from prostatectomy surgery, was
collected and frozen as single cell suspension. Cancer stem cell cultures were grown,
single cell-cloned, and shown to be tumorigenic in SCID mice. However, outside
its natural niche, the cultured prostate cancer stem cells lost their tumor-inducing
capability and stem cell marker expression after approximately 8 transfers at a
1:3 split ratio. Tumor-inducing activity could be restored by inducing the cells to
pluripotency using the method of Yamanaka. Cultures of human prostate-derived
normal epithelial cells acquired from commercial sources were similarly induced to
pluripotency and these did not acquire a tumor phenotype in vivo. To characterize
the iPS87 cell line, cells were stained with antibodies to various markers of stem cells
including: ALDH7A1, LGR5, Oct4, Nanog, Sox2, Androgen Receptor, and Retinoid X
Receptor. These markers were found to be expressed by iPS87 cells, and the high
tumorigenicity in SCID mice of iPS87 was confirmed by histopathology. This research
thus characterizes the iPS87 cell line as a cancer-inducing, stem cell-like cell line,
which can be used in the development of novel treatments for prostate cancer.

INTRODUCTION

recommendations of the U. S. Preventative Task Force
may have resulted in an increase of higher grade and more
invasive malignant prostate cancer cases of Gleason score
8+. On recurrence, these cases are basically untreatable.
Thus, new treatment paradigms for prostate cancer are
urgently needed to reduce prostate cancer mortality.
Despite much research and clinical work, the
identity of the prostate cancer cell, its initiation, and
disease recurrence remain poorly understood. Recurrent
prostate cancer mostly remains an incurable disease due
to an incomplete and possibly incorrect understanding
of its biological origins. We hypothesize that the disease
is initiated, maintained, and progresses, as a disease of

The American Cancer Society advises that prostate
cancer is the second leading cause of cancer death for
men in America. Prostate cancer is most common in men
ages 65 and above. Despite approximately 175,000 new
prostate cancer diagnoses occurring in the U. S. every
year [1], prostate cancer screening via PSA measurements
remains a controversial medical practice. In 2012, the
U. S Preventive Services Task Force recommended
the cessation of PSA testing for asymptomatic patients
because the testing had resulted in the overtreatment of
prostate cancer. However, current data has shown that the
www.oncotarget.com
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prostate cancer stem cells (PCSC) located in the outer/
basal layer of the prostate glands [2, 3]. PCSC are
significantly resistant to radiation, chemotherapeutic
agents, and hormonal intervention. Clinical treatment of
prostatic adenocarcinoma mostly recognizes and targets
the more differentiated cells which, although derived
from the immortal cancer stem cells, may no longer be
immortal themselves. This approach may postpone disease
progression, but recurrent/metastatic prostate cancer
is nevertheless non-curable, due to failure to eliminate
the underlying cancer stem cell population. To develop
effective treatment approaches for prostate cancer, it is
essential to understand the mechanisms responsible for
the high rate of progression to incurable malignancy [2].
Previous publications from our laboratory have
suggested that, at early points in prostate cancer diagnosis
such as initial biopsy or prostatectomy, the cancerous
prostate comprises the proliferation of PCSC [2, 3].
Patient needle-biopsy samples and prostatectomy tissue
were examined for six stem cell-specific cell markers:
CD44, CD133, Oct4, ALDH7A1, Nanog and LGR5, to
verify the stem cell nature of the cancerous cells/tissues
[2]. Antibody-stained prostate cancer tissue taken at the
time of prostatectomy was indistinguishable from the
images obtained from the same cancer tissue stained with
H&E [2], suggesting that the prostate cancer cells at the
time of prostatectomy are mostly composed of classes of
stem cells. Thus, the appearance of H&E stained prostatic
adenocarcinoma was identical to the appearance of parallel
stem cell marker-stained tissue. From these experiments,
we concluded that the earliest form of prostate cancer
consists of the unscheduled proliferation of stem cells.
We have previously shown that prostate cancer
originates as a stem cell disease [2, 3]. A prostate cancer
patient sample, #87, obtained from prostatectomy surgery,
was collected and frozen as a single cell suspension.
Cancer stem cell cultures were grown, single cell-cloned,
and shown to be tumorigenic in SCID mice [3]. However,
outside its natural niche, the cultured PCSC lost their
tumor-inducing capability and stem cell marker expression
during tissue culture passage. Tumor-inducing activity
was restored by inducing the cells to pluripotency using
the method of Yamanaka [4]. Yamanaka factors (Oct3/4,
Sox2, Klf4, c-Myc) are highly expressed in embryonic
stem (ES) cells, and their over-expression has been shown
to induce pluripotency and immortalization in both mouse
and human somatic cells. These factors regulate the
signaling network necessary for ES cell pluripotency and,
typically, human iPSCs express stem cell markers and are
capable of producing differentiated cells characteristic of
all three germ layers [4–6]. In the work described here,
we employed this approach towards a slightly different
goal: to immortalize and restore tumorigenic properties
to human PCSC. These restored iPS cells, designated
iPS87, are characterized here. Our experiments suggest
that prostate cancer is primarily propagated as a stem cellwww.oncotarget.com

associated disease and the iPS87 cell line provides a new
opportunity to study this disease.

RESULTS
Tumorigenicity of the iPS87 cell line
To determine the tumorigenicity of iPS87
cells, 10,000 iPS87 cells embedded in collagen were
orthotopically implanted into the prostates of 24 SCID
mice. Mice were observed and weighed weekly for
approximately 90 days and sacrificed when tumor growth
was determined based on total body mass, physical
palpation, and visible abdominal tumor appearance.
Mice with tumors usually exhibited significant secondary
spreading typically involving the entire abdomen. Organs
were fixed, embedded in paraffin and sectioned. Section
slides were stained with H&E, and sections from three
separate mice were taken and examined. These sections
exhibited tumors in many abdominal organs. Figure 1A
depicts normal mouse prostate tissue with apparent semen
concretions. Figure 1B depicts a different section of the
prostate tissue, from the same mouse as in Figure 1A,
showing a non-invasive tumor. Furthermore, Figure 1C
presents an area of tumor invasion within the prostate.
A non-involved tumor was also identified within a
seminal vesicle containing Lipofuscin granules, shown in
Figure 1D.
Moreover, tumor tissue was identified within
kidney, lung, and diaphragm tissues. Normal kidney
tissue containing multiple glomeruli is depicted in Figure
1E, and an example of tumor invasion of the kidney and
glomerulus is demonstrated in Figure 1F. The tumor
invasion can be identified via the dark purple nuclei with
distinctly prominent nucleoli characteristic of tumor
cells. Additionally, Figure 1G shows normal mouse lung
tissue with bronchioles and one blood vessel visible.
Pulmonary emboli of mouse lung tissue with the start
of a tumor center can be seen in Figure 1H. Figure 1I
shows the diaphragm with the top-most region indicating
normal tissue, and the bottom portion depicting a noninvasive tumor. Finally, Figure 1J depicts an anaplastic,
undifferentiated, germ cell-like tumor, in which the cells
reveal no cytological features associated with more
differentiated tumors. Regions with apparent necrosis are
also apparent. With this diagnostic evidence supporting
the presence of tumors within the SCID mice transplanted
orthotopically with iPS87 cells, it is evident that the iPS87
cell line is tumorigenic.

Proliferation characteristics of iPS87 cells
In order to quantify the proliferation of iPS87 cells
in culture, an MTT assay was performed with the results
presented in Figure 2. iPS87 cells were plated at a low
density and measured for proliferation for 8 days by MTT
1076

Oncotarget

Figure 1: H&E stained sections from mice orthotopically injected with iPS87 cells. H&E stained sections were examined
to identify tumor invasion. (A) Normal prostate; (B) non-invading tumor in prostate; (C) tumor invasion of prostate; (D) seminal vesicle
tumor; (E) normal kidney; (F) tumor invasion of kidney; (G) normal lung; (H) lung tumor; (I) normal diaphragm (top) and tumor adjacent
to diaphragm (bottom); (J) undifferentiated tumor mass with necrosis.
www.oncotarget.com
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assay. From Days 3–5 when proliferation occurred at a
maximal rate, a doubling time of approximately 42 hours
was calculated. The iPS87 prostate cancer pluripotent
stem cells have been cloned and continually transferred
in culture for 4 years, corresponding to hundreds of cell
doublings and thus can be considered to be immortal.

Receptor (Figure 3I) similarly showed prominent
cytoplasmic staining. Lastly, RXRα (Figure 3J) was
observed as both cytoplasmic and nuclear staining.
In summary, with the positive staining of five
documented stem cell markers, we conclude that the iPS87
cell line is indeed stem cell-like. The expression of the
Androgen Receptor suggests that the iPS87 cells possess
a stem cell progenitor- or a stem cell transit-amplifying
genotype. This could potentially facilitate studies of
the responsiveness of this potently tumorigenic cell to
Androgen Deprivation Therapy (ADT).

Stem cell characteristics of iPS87 cells
Having presented in vivo data demonstrating the
tumorigenicity of the iPS87 cell line (Figure 1), further
characterization of the iPS87 prostate cancer cells was
pursued using antibodies to known stem cell and receptor
markers. Specifically, three common pluripotency
markers, Oct 4, Sox 2, and Nanog, along with other stem
cell markers, ALDH7A1 and LGR5, were selected [7–9].
ALDH7A1 is well known for its expression within the
prostate, and LGR5 in the intestines [10, 11]. In addition to
common stem cell markers, the Androgen Receptor (AR)
and Retinoid X Receptor alpha (RXRα) were examined to
determine their status.
Figure 3 illustrates the immunofluorescent staining
of fixed iPS87 cells with antibodies to stem cell markers
and prostate cell markers ALDH7A1, LGR5, Oct4, Sox2,
and Nanog. ALDH7A1 (Figure 3B) and Sox2 (Figure 3G)
had prominent cytoplasmic and nuclear staining, while
LGR5 (Figure 3C), Oct4 (Figure 3D), and Nanog (Figure
3E) staining were observed to be mostly cytoplasmic.
Furthermore, immunofluorescent staining of Androgen

DISCUSSION
Prostate cancer metastasis
Prostate cancer is known to metastasize to bone
and lymph nodes, but the mechanisms of metastasis
are unknown [12]. We found that iPS87 prostate tumor
derived stem cells are highly tumorigenic. Figure 1
illustrates the regions in which tumors developed after
orthotopic transplantations of iPS87 cells into the
prostate. Interestingly, the tumors did not invade the lungs;
however, this could be due to the lung lacking the proper
niche or microenvironment for these cells to replicate
(Figure 1H). A similar non-invasive pattern is found with
ovarian carcinomas. Ovarian cancer often metastasizes
to the peritoneal cavity, and simply attaches to organs
including the gut without invasion, but the mechanisms

Figure 2: Proliferation of iPS87 cells. The average A570 of MTT treated iPS87 cells was measured daily in triplicate starting on Day
2 when cells had settled onto the feeder layer. The average value of daily triplicate values of MEF cells alone was subtracted to correct for
MTT activity of the feeder layer. Standard deviation is shown.
www.oncotarget.com
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Presence and localization of 5 stem cell markers
in iPS87 cells

are not fully understood [13]. We would suggest that, upon
dissemination to distant locations, prostate carcinoma cells
can grow in lymph nodes and bone as these organs have
a suitable niche that supports the proliferation of prostate
cancer stem/progenitor cells. This or similar mechanisms
may be responsible for the typical dissemination of
specific cancers, because – in prostate and potentially
many other cancers – the cells that metastasize to distant
locations are stem/progenitor cells which require a specific
niche for self-renewal and/or differentiation. In the current
case, mouse iPS87 stem cell tumors did show some sites
of invasion within the prostate and kidney (Figure 1C, 1F).

We further found that five stem cell markers
are expressed by the highly tumorigenic iPS87 stem
cell line: ALDH7A1, LGR5, Oct 4, Nanog, and Sox 2.
ALDH7A1, an isoform of aldehyde dehydrogenase,
and a known breast cancer stem cell marker, assists in
the breakdown of retinal to retinoic acid, aiding in the
differentiation of breast stem cells. ALDH7A1 is also a
known cancer stem cell marker for multiple myeloma,
acute leukemia, and brain tumors [14]. It has been shown

Figure 3: Stem cell and receptor markers expressed in iPS87 cells. Five stem cell markers and two receptor markers were tested
for presence in iPS87 cells by indirect immunofluorescence: (A) secondary-only control; (B) ALDH7A1; (C) LGR5; (D) Oct 4; (E) Nanog;
(F) secondary-only control; (G) Sox 2; (H) secondary-only control; (I) Androgen Receptor N-Terminus; and (J) RXRα. All images at same
magnification, with 50 µM scale bar shown in (A).
www.oncotarget.com
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that when ALDH7A1 is knocked down, the stem cell
progenitor subpopulation in a particular prostate cancer
cell line decreased [10]. ALDH7A1 has also been shown
to be involved in the process of prostate cancer bone
metastasis [10]. The presence of ALDH7A1 in Figure 3B
appears as both cytoplasmic and nuclear localized. This
corresponds to common observations of ALDH7A1 in
subcellular compartments including the cytosol, nucleus,
and mitochondria [15].
LGR5 is a G Protein-Coupled Receptor that has
been classified as a colorectal, liver, and intestinal stem
cell marker [11, 16, 17]. Lineage tracing studies in liver
have shown that LGR5 stem cells aid in the formation of
tumor [17]. Furthermore, other studies have determined
that the presence of LGR5 in cervical cancer is indicative
of enhanced self-renewal capacity, differentiation, and
tumorigenicity [16]. We have previously shown that
LGR5 is present in prostate cancer [2]. Moreover, Figure
3C depicts prominent cytoplasmic staining of LGR5 in
iPS87 stem cells. This localization correlates with the
cytoplasmic localization of LGR5 within a colon cancer
stem cell [18].
Oct 4, a transcription factor and common pluripotent
stem cell marker, which is composed of both Oct 4A and
Oct 4B, is thought to have different functions. Oct 4A,
commonly found in the nucleus of a cell, is responsible
for the pluripotency of embryonic stem cells, while Oct
4B resides in the cytoplasm in cervical cells and is thought
to regulate the progression of cervical cancer among other
cancer related functions [7, 19]. Figure 3D reveals primarily
cytoplasmic staining, suggesting that Oct4B may be the
dominant Oct4 form found within the iPS87 cell line.
Sox 2 is a well-known transcription factor that
among other roles is responsible for maintaining the
pluripotency and self-renewal of embryonic stem cells
[8, 20]. It is known to interact with various proteins,
including Oct 4, and the Sox2-Oct 4 interaction is believed
to maintain pluripotency and repress developmental
processes [8, 21]. Immunocytochemical analysis of
esophageal squamous cell carcinoma and prostate cancer
showed Sox 2 localization within the nucleus [22–24].
Although the mechanism of nuclear export of Sox 2 is
not well understood [25], we observed both nuclear and
cytoplasmic staining in our study (Figure 3G).
Nanog, a homeobox transcription factor, is a
pluripotent stem cell marker that is present in embryonic
stem cells and has been thought to maintain self-renewal
and undifferentiation of PCSC [9, 26]. Nanog has been
found in colorectal, breast, cervix, ovarian, lung, and head
and neck tumors as well [27, 28]. Immunofluorescent
and immunocytochemical analysis of prostate cancers
previously identified strong nuclear and some cytoplasmic
staining of Nanog [9, 27]. Presence of cytoplasmic Nanog
was found in mesenchymal stem cells in cervical cancer
[29], and researchers have found that Nanog localization
is strongly associated with cell type. Furthermore,
www.oncotarget.com

researchers identified that stromal cytoplasmic staining of
Nanog is related to the advancement of cervical cancer.
The Nanog staining we see in iPS87 cells (Figure 3E) was
predominantly cytoplasmic. The localization of Nanog
may be prostate cancer cell type-dependent; prostate
cancer cell lines DU145 and PC3 cells show strong nuclear
and some cytoplasmic Nanog staining; however, these cell
lines are derived from prostate cancer metastases to brain
and bone, offering the possibility that they represent a
more differentiated cell type or malignant phenotype than
iPS87 cells [29–31].

Androgen receptor and androgen deprivation
therapy
Androgen Receptor (AR) is a cytoplasmic steroid
receptor composed of four domains, the N-terminal,
transactivation, DNA binding, and ligand binding domains
[32]. Androgen Receptor is located in the cytoplasm of
a normal prostate cell when no androgens are present.
Upon androgen binding, AR dimerizes, translocates into
the nucleus, and initiates the transcription of various
genes [32, 33]. However, in androgen refractory prostate
cancer cells, regardless of the presence of androgen, the
AR is nuclear localized [32]. Although the nuclear import
and export of AR is not well established, it is known
that the AR must be in the nucleus in order to induce
transcription [32]. Figure 3I depicts dominant cytoplasmic
staining of AR in iPS87 cells. The iPS87 cell line was
originally developed in medium devoid of an androgen
source, suggesting that the iPS87 cell line is androgen
independent, and has not undergone the morphological
changes of Castration Resistant Prostate Cancer (CRPC).
Moreover, the presence of AR in iPS87 cells provides
context to and support for the need to develop curative
prostate cancer treatments.
Controversy over the use of ADT to treat metastatic
prostate cancer is ongoing [34]. Since patients’ prostate
cancer cells are thought to overexpress the AR, one basic
treatment for recurrent systemic disease, is breaking the
Androgen-AR pathway. Clinically, the pathway is broken
by suppressing the availability of testosterone via the use
of Luteinizing Hormone-Releasing Hormone (LHRH)
agonists [35, 36]. This method inhibits Luteinizing
Hormone (LH) release from the anterior pituitary,
and results in the inability of Leydig cells to produce
testosterone [37]. Effective suppression of recurrent
prostate cancer cell proliferation by interrupting this
pathway has necessitated the synthesis of multiple,
specific and effective drugs with anti-hormone and/or
anti-AR activity including estrogens, LHRH agonists, and
more [36]. ADT has been successful, in that the treatments
showed destruction via apoptosis or cell cycle death of
prostate cancer cells [37].
However, even with ADT, the majority of patients
with recurrent prostate cancer eventually succumb to
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their disease as alterations of the AR pathway can result
in androgen independent mechanisms that lead to the
progression of prostate cancer [37]. Although the medical
profession has succeeded in designing combination
treatments that prolong the lives of the patients by months
or a few years, treatments are not curative. Thus, more
research on the characterization and derivation of potently
tumorigenic human PCSC is needed to understand the
complete mechanism of prostate cancer initiation and
recurrence.

MitC-treated MEFs from Thermo Fisher Scientific were
used per manufacturer’s protocol (Gibco, A34959).
Human prostate cancer epithelial cells grown
from prostatectomy-derived cells of patient #87 [3] and
induced to perpetual stem-cell pluripotency using the
retroviral vector plasmids pMXs-hOCT4, pMXs-hSOX2,
pMXs-hKlf4, pMXs-hc-Myc. Cells were transduced by
spinfection [42]. Induced Pluripotent Stem cells (iPS) from
the cultured epithelial cells of patient #87 were single cellcloned three times in succession, then frozen for future
use. For later analysis, the iPS-87 cells were grown on
Mitomycin-C inactivated MEF feeder cells and maintained
in KnockOut DMEM (Gibco) supplemented with 0.125%
Bovine Serum Albumin (Sigma), 2% L-glutamine,
1% non-essential amino acids, 1% Fungizone/0.5%
gentamycin or 1% antimycotic, 10% serum replacement
(Gibco), 6.25 ng/mL bFGF (Peprotech), referred to as
“ES++,” 6% CO2, 37°C.

Retinoic acid receptor and possible
differentiation treatment
Retinoid X Receptor/Retinoic Acid Receptors are a
group of nuclear receptors that form heterodimers upon
All Trans Retinoic Acid (ATRA) or ligand binding. When
ATRA binds, the pathway elicits a response that leads to
the transcription of various genes through the activation
of RAF/MAPK pathways [38, 39]. We examined iPS87
cells for the presence of RXRα, one of the heterodimers
of the complete complex. Today, ATRA is clinically
used for the treatment of psoriasis and Acute Myelocytic
Leukemia (AML). Studies have shown that even at low
concentrations of ATRA, binding to the Retinoic Acid
or Retinoid Receptors leads to the differentiation or cell
cycle arrest of the HL-60 cell line within 48 hours [38,
40]. With the presence of RXRα in the iPS87 cell line, we
were interested to examine the effects of ATRA treatment.
We surmised that even small doses and short time frames
might have profound effects by promoting differentiation.
Nevertheless, iPS87 cells were resistant to concentrations
of ATRA as high as 10 µM. However, the differentiative
nature, and availability of many synthetic retinoids
should be further studied, as the iPS87 cell line or other
patient-derived PCSC lines may undergo differentiation in
response to these ligands.

Sectioning and immunocytochemistry
104 iPS87 cells in collagen were implanted into
the prostate of SCID mice under Animal Care Protocol
S07410. Orthotopic implantation was performed as
previously described [3]. Mice were weighed weekly over
a period of 10-12 weeks and examined physically and
by palpation. Unambiguous abdominal tumors typically
manifested between 7–9 weeks. Once sacrificed, organs
were fixed for 24 hours and provided to the Tissue
Technology Shared Resource at UCSD’s Moore’s Cancer
Center to be embedded in paraffin, sectioned, and stained
with H&E. Slides were scanned by the Tissue Technology
Shared Resource Center and imaged on Aperio Image
Scope software at magnification varying from 10× to 40 ×.

MTT assay
Plate were set up with a layer of mouse embryonic
fibroblast feeder cells at 3 × 105 cells per 35 mm plate.
The next day, a 60 mm plate of ~90% confluent iPS87
cells was seeded 1:1000 per 35 mm plate. 500 μg/mL
of 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma), was added to plates containing
iPS87 cells, and incubated for approximately 2 hours in
5% CO2 at 37°C. Control samples of ES++ media only
and MEF only were used. Dye was solubilized with an
equal volume of 40 mM HCL/isopropanol for 30 min at
5% CO2, 37°C. Readings were taken daily, and triplicate
plates were read in triplicate at absorbances of 570 nm
and 630 nm.

MATERIALS AND METHODS
Cell culture
A Mouse Embryonic Fibroblast (MEF) feeder
layer was prepared as described [41]. MEFs were grown
on 0.1% gelatin in coated tissue plates, and treated with
10 μg/ml Mitomycin C (Alfa Aesar Catalog: J63193)
for 3 hours after reaching 30% confluence. Cells were
rinsed with PBS and maintained in DMEM (Gibco)
supplemented with 10% Fetal Bovine Serum (Hyclone,
Thermo Scientific), 2% L-glutamine (Life Technologies),
1% Sodium Pyruvate (Corning) 1% Fungizone/
amphotericin (Biologos)/0.5% gentamycin (Elkins-Sinn,
Inc.) or 1% antimycotic (Gemini), and 1% non-essential
amino acids (Gibco), referred to as “D10”. The cells were
incubated at 6% CO2 and 37°C until iPS87 cells were
ready to be transferred (1–2 days). For the MTT assay,
www.oncotarget.com

Immunofluorescence
For immunofluorescence experiments, when the
MEF layer grown in 24-well plates containing glass cover
slips coated with 0.1% gelatin reached 30% confluence,
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iPS87 cells were plated at a density of 2.0 × 104 cells per
well. These cells were maintained at 6% CO2, 37°C, rinsed
with PBS, and fixed with 4% para-formaldehyde/PBS. All
fixed cells were rinsed with PBS. Coverslips were stored in
50% glycerol/PBS at −20°C. Coverslips were washed with
PBS, permeabilized with 0.1% Triton-X-100 in PBS at RT
for 15 min, washed with PBS, and blocked with 5% goat
or donkey serum/PBS at RT for 45 minutes. The control
samples were incubated with PBS during the primary
antibody incubation step. All other samples were stained
with one of the following antibodies at a 1:100 dilution
in either 5% goat or donkey serum for 2 hours at room
temperature in a dark humidified chamber. Antisera used
were as follow: ALDH7A1 AntiPicoband (ABO11656)
from Abcam; Oct 4 (GTX101497), LGR5 (GTX129862),
Nanog [N3c3] (GTX100863), and Androgen Receptor
[N1] N-terminus (GTX10056) from Genetex; Sox2 [E4]
(SC-365823) and RXRalpha (SC-553) from Santa Cruz
Biotech. Coverslips were then rinsed thoroughly with PBS
and the appropriate secondary antibody, diluted at 1:1000
in either 5% goat or donkey serum, placed on the coverslip
and incubated in a dark humidified chamber for one hour.
The following secondary antibodies were used: Alexa
Fluor 488 Goat anti-rabbit (Jackson Immuno Research
111-545-003) and Alexa Fluor 488 Donkey anti-mouse
H+L IgG (Invitrogen A21202). Coverslips were rinsed
thoroughly with PBS, and 300 nM DAPI (Molecular
Probes) diluted in PBS was placed on each coverslip for
10 minutes in a dark humidified chamber. Coverslips were
rinsed thoroughly with PBS, and mounted with ProLong
Gold Antifade Reagent with DAPI (Invitrogen P36935) on
microscope slides and stored at 4°C.

Protein 4; also POU Domain, Class 5, Transcription Factor
1; PC3: prostate cancer cell line; PCSC: Prostate Cancer
Stem Cell; PSA: prostate specific antigen; also, Kallikrein
Related Peptidase 3; RXRα: Retinoid X Receptor alpha;
SCID: Severe combined immunodeficiency; Sox2: Sex
determining region Y box 2.

Microscopy

FUNDING

Stained coverslips were imaged at the UC San
Diego Microscopy Core (Grant NS04710) using a Zeiss
880 Airyscan Confocal Microscope. Zen Black Airyscan
Image Processing Software version 2.3 SP1 was used to
process the images.

We thank generous philanthropic support from the
UC San Diego Foundation.

Author contributions
ENA: Cell culture, immunofluorescence, microscopy,
MTT assay; ANM: Immunofluorescence, MTT assay,
manuscript preparation; MJ: orthotopic cell implantation
in SCID mice; SB: Immunohistochemical and pathology
analysis; MH: Development of prostatectomy-derived
prostate stem cell cultures, induction to pluripotency
and their chracterization, in vivo transplantations and
analyses, experimental planning and oversight, manuscript
preparation; DJD: Experimental planning and project
oversight, figure preparation, manuscript preparation.

ACKNOWLEDGMENTS
We thank Katelyn Nelson, Juyeon Ko, and Nicole
Peiris for their continued support throughout; Michelle
Hong for histology knowledge and support; Alan Ventura
for his assistance weighing mice; and the UC San Diego
Neuroscience Microscope Shared Facility Grant (NS047101).

CONFLICTS OF INTEREST
There are no conflicts of interest to disclose.

REFERENCES
1. Miller KD, Nogueira L, Mariotto AB, Rowland JH, Yabroff
KR, Alfano CM, Jemal A, Kramer JL, Siegel RL. Cancer
treatment and survivorship statistics, 2019. CA Cancer J
Clin. 2019; 69:363–85. https://doi.org/10.3322/caac.21565.
[PubMed]

Abbreviations
ADT: Androgen Deprivation Therapy; ALDH7A1:
Aldehyde Dehydrogenase 7 Family Member A1; AML:
Acute myelocytic leukemia; AR: Androgen Receptor;
ATRA: All-trans retinoic acid; CRPC: Castration Resistant
Prostate Cancer; DU145: prostate cancer cell line; H&E:
hematoxylin and eosin; iPS: induced pluripotent stem
cells; LGR5: Leucine Rich Repeat Containing G Protein
Coupled Receptor 5; LH: Luteinizing Hormone; LHRH:
Luteinizing Hormone-Releasing Hormone; LNCaP:
prostate cancer cell line; MAPK: Mitogen Activated
Protein Kinase; MTT: 3-(4.5-Dimethylthiazol-2-yl)2-5-diphenyltetrazolium bromide; Nanog: Homeobox
Transcription Factor Nanog; Oct4: Octamer-Binding
www.oncotarget.com

2. Jiang MY, Lee TL, Hao SS, Mahooti S, Baird SM,
Donoghue DJ, Haas M. Visualization of early prostatic
adenocarcinoma as a stem cell disease. Oncotarget. 2016;
7:76159–68. https://doi.org/10.18632/oncotarget.12709.
[PubMed]
3. Finones RR, Yeargin J, Lee M, Kaur AP, Cheng C, Sun
P, Wu C, Nguyen C, Wang-Rodriguez J, Meyer AN,
Baird SM, Donoghue DJ, Haas M. Early human prostate
adenocarcinomas harbor androgen-independent cancer
cells. PLoS One. 2013; 8:e74438. https://doi.org/10.1371/
journal.pone.0074438. [PubMed]
1082

Oncotarget

4. Takahashi K, Yamanaka S. Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures
by defined factors. Cell. 2006; 126:663–76. https://doi.
org/10.1016/j.cell.2006.07.024. [PubMed]
5. Braganca J, Lopes JA, Mendes-Silva L, Almeida Santos
JM. Induced pluripotent stem cells, a giant leap for mankind
therapeutic applications. World J Stem Cells. 2019; 11:421–
30. https://doi.org/10.4252/wjsc.v11.i7.421. [PubMed]

16.

6. Karagiannis P, Takahashi K, Saito M, Yoshida Y, Okita K,
Watanabe A, Inoue H, Yamashita JK, Todani M, Nakagawa
M, Osawa M, Yashiro Y, Yamanaka S, et al. Induced
Pluripotent Stem Cells and Their Use in Human Models of
Disease and Development. Physiol Rev. 2019; 99:79–114.
https://doi.org/10.1152/physrev.00039.2017. [PubMed]

17.

18.

7. Li SW, Wu XL, Dong CL, Xie XY, Wu JF, Zhang X.
The differential expression of OCT4 isoforms in cervical
carcinoma. PLoS One. 2015; 10:e0118033. https://doi.
org/10.1371/journal.pone.0118033. [PubMed]
8. Zhang S, Cui W. Sox2, a key factor in the regulation of
pluripotency and neural differentiation. World J Stem Cells.
2014; 6:305–11. https://doi.org/10.4252/wjsc.v6.i3.305.
[PubMed]

19.

20.

9. Miyazawa K, Tanaka T, Nakai D, Morita N, Suzuki K.
Immunohistochemical expression of four different stem cell
markers in prostate cancer: High expression of NANOG
in conjunction with hypoxia-inducible factor-1alpha
expression is involved in prostate epithelial malignancy.
Oncol Lett. 2014; 8:985–92. https://doi.org/10.3892/
ol.2014.2274. [PubMed]

21.

10. van den Hoogen C, van der Horst G, Cheung H, Buijs JT,
Pelger RC, van der Pluijm G. The aldehyde dehydrogenase
enzyme 7A1 is functionally involved in prostate cancer
bone metastasis. Clin Exp Metastasis. 2011; 28:615–25.
https://doi.org/10.1007/s10585-011-9395-7. [PubMed]

22.

11. Wu XS, Xi HQ, Chen L. Lgr5 is a potential marker of
colorectal carcinoma stem cells that correlates with patient
survival. World J Surg Oncol. 2012; 10:244. https://doi.
org/10.1186/1477-7819-10-244. [PubMed]

23.

12. Ziaee S, Chu GC, Huang JM, Sieh S, Chung LW. Prostate
cancer metastasis: roles of recruitment and reprogramming,
cell signal network and three-dimensional growth
characteristics. Transl Androl Urol. 2015; 4:438–54. https://
doi.org/10.3978/j.issn.2223-4683.2015.04.10. [PubMed]

24.

13. Steinkamp MP, Winner KK, Davies S, Muller C, Zhang
Y, Hoffman RM, Shirinifard A, Moses M, Jiang Y,
Wilson BS. Ovarian tumor attachment, invasion, and
vascularization reflect unique microenvironments in the
peritoneum: insights from xenograft and mathematical
models. Front Oncol. 2013; 3:97. https://doi.org/10.3389/
fonc.2013.00097. [PubMed]

25.

14. La Porta CA. Thoughts about cancer stem cells in solid
tumors. World J Stem Cells. 2012; 4:17–20. https://doi.
org/10.4252/wjsc.v4.i3.17. [PubMed]

26.

15. Brocker C, Lassen N, Estey T, Pappa A, Cantore M, Orlova
VV, Chavakis T, Kavanagh KL, Oppermann U, Vasiliou
www.oncotarget.com

1083

V. Aldehyde dehydrogenase 7A1 (ALDH7A1) is a novel
enzyme involved in cellular defense against hyperosmotic
stress. J Biol Chem. 2010; 285:18452–63. https://doi.
org/10.1074/jbc.M109.077925. [PubMed]
Cao HZ, Liu XF, Yang WT, Chen Q, Zheng PS. LGR5
promotes cancer stem cell traits and chemoresistance in
cervical cancer. Cell Death Dis. 2017; 8:e3039. https://doi.
org/10.1038/cddis.2017.393. [PubMed]
Wang B, Chen Q, Cao Y, Ma X, Yin C, Jia Y, Zang A,
Fan W. LGR5 Is a Gastric Cancer Stem Cell Marker
Associated with Stemness and the EMT Signature Genes
NANOG, NANOGP8, PRRX1, TWIST1, and BMI1. PLoS
One. 2016; 11:e0168904. https://doi.org/10.1371/journal.
pone.0168904. [PubMed]
Amsterdam A, Raanan C, Schreiber L, Freyhan O, Fabrikant
Y, Melzer E, Givol D. Differential localization of LGR5
and Nanog in clusters of colon cancer stem cells. Acta
Histochem. 2013; 115:320–9. https://doi.org/10.1016/j.
acthis.2012.09.003. [PubMed]
Zeineddine D, Hammoud AA, Mortada M, Boeuf H. The
Oct4 protein: more than a magic stemness marker. Am J
Stem Cells. 2014; 3:74–82. [PubMed]
Loh YH, Wu Q, Chew JL, Vega VB, Zhang W, Chen X,
Bourque G, George J, Leong B, Liu J, Wong KY, Sung KW,
Lee CW, et al. The Oct4 and Nanog transcription network
regulates pluripotency in mouse embryonic stem cells. Nat
Genet. 2006; 38:431–40. https://doi.org/10.1038/ng1760.
[PubMed]
Tomioka M, Nishimoto M, Miyagi S, Katayanagi T, Fukui
N, Niwa H, Muramatsu M, Okuda A. Identification of Sox2 regulatory region which is under the control of Oct-3/4Sox-2 complex. Nucleic Acids Res. 2002; 30:3202–13.
https://doi.org/10.1093/nar/gkf435. [PubMed]
Ugolkov AV, Eisengart LJ, Luan C, Yang XJ. Expression
analysis of putative stem cell markers in human benign and
malignant prostate. Prostate. 2011; 71:18–25. https://doi.
org/10.1002/pros.21217. [PubMed]
Li X, Wang J, Xu Z, Ahmad A, Li E, Wang Y, Qin S,
Wang Q. Expression of Sox2 and Oct4 and their clinical
significance in human non-small-cell lung cancer. Int
J Mol Sci. 2012; 13:7663–75. https://doi.org/10.3390/
ijms13067663. [PubMed]
Wang Q, He W, Lu C, Wang Z, Wang J, Giercksky KE,
Nesland JM, Suo Z. Oct3/4 and Sox2 are significantly
associated with an unfavorable clinical outcome in human
esophageal squamous cell carcinoma. Anticancer Res. 2009;
29:1233–41. [PubMed]
Baltus GA, Kowalski MP, Zhai H, Tutter AV, Quinn D, Wall
D, Kadam S. Acetylation of sox2 induces its nuclear export
in embryonic stem cells. Stem Cells. 2009; 27:2175–84.
https://doi.org/10.1002/stem.168. [PubMed]
Gong C, Liao H, Guo F, Qin L, Qi J. Implication of
expression of Nanog in prostate cancer cells and their stem
cells. J Huazhong Univ Sci Technolog Med Sci. 2012;
32:242–6.
https://doi.org/10.1007/s11596-012-0043-5.
[PubMed]
Oncotarget

27. Jeter CR, Badeaux M, Choy G, Chandra D, Patrawala L,
Liu C, Calhoun-Davis T, Zaehres H, Daley GQ, Tang DG.
Functional evidence that the self-renewal gene NANOG
regulates human tumor development. Stem Cells. 2009;
27:993–1005. https://doi.org/10.1002/stem.29. [PubMed]

35. Augello MA, Den RB, Knudsen KE. AR function in
promoting metastatic prostate cancer. Cancer Metastasis
Rev. 2014; 33:399–411. https://doi.org/10.1007/s10555013-9471-3. [PubMed]
36. Polotti CF, Kim CJ, Chuchvara N, Polotti AB, Singer EA,
Elsamra S. Androgen deprivation therapy for the treatment
of prostate cancer: a focus on pharmacokinetics. Expert
Opin Drug Metab Toxicol. 2017; 13:1265–73. https://doi.
org/10.1080/17425255.2017.1405934. [PubMed]

28. Ma Y, Liang D, Liu J, Axcrona K, Kvalheim G, Stokke T,
Nesland JM, Suo Z. Prostate cancer cell lines under hypoxia
exhibit greater stem-like properties. PLoS One. 2011;
6:e29170. https://doi.org/10.1371/journal.pone.0029170.
[PubMed]

37. Knudsen KE, Penning TM. Partners in crime: deregulation
of AR activity and androgen synthesis in prostate cancer.
Trends Endocrinol Metab. 2010; 21:315–24. https://doi.
org/10.1016/j.tem.2010.01.002. [PubMed]

29. Gu TT, Liu SY, Zheng PS. Cytoplasmic NANOG-positive
stromal cells promote human cervical cancer progression.
Am J Pathol. 2012; 181:652–61. https://doi.org/10.1016/j.
ajpath.2012.04.008. [PubMed]

38. Tasseff R, Jensen HA, Congleton J, Dai D, Rogers KV,
Sagar A, Bunaciu RP, Yen A, Varner JD. An Effective
Model of the Retinoic Acid Induced HL-60 Differentiation
Program. Sci Rep. 2017; 7:14327. https://doi.org/10.1038/
s41598-017-14523-5. [PubMed]

30. Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW.
Establishment and characterization of a human prostatic
carcinoma cell line (PC-3). Invest Urol. 1979; 17:16–23.
[PubMed]
31. Stone KR, Mickey DD, Wunderli H, Mickey GH, Paulson
DF. Isolation of a human prostate carcinoma cell line
(DU 145). Int J Cancer. 1978; 21:274–81. https://doi.
org/10.1002/ijc.2910210305. [PubMed]

39. Botling J, Castro DS, Oberg F, Nilsson K, Perlmann T.
Retinoic acid receptor/retinoid X receptor heterodimers
can be activated through both subunits providing a basis
for synergistic transactivation and cellular differentiation.
J Biol Chem. 1997; 272:9443–9. https://doi.org/10.1074/
jbc.272.14.9443. [PubMed]

32. Nguyen MM, Dincer Z, Wade JR, Alur M, Michalak M,
Defranco DB, Wang Z. Cytoplasmic localization of the
androgen receptor is independent of calreticulin. Mol Cell
Endocrinol. 2009; 302:65–72. https://doi.org/10.1016/j.
mce.2008.12.010. [PubMed]

40. Jian P, Li ZW, Fang TY, Jian W, Zhuan Z, Mei LX, Yan WS,
Jian N. Retinoic acid induces HL-60 cell differentiation via
the upregulation of miR-663. J Hematol Oncol. 2011; 4:20.
https://doi.org/10.1186/1756-8722-4-20. [PubMed]

33. Fujita K, Nonomura N. Role of Androgen Receptor
in Prostate Cancer: A Review. World J Mens Health.
2019; 37:288–95. https://doi.org/10.5534/wjmh.180040.
[PubMed]

41. Durkin ME, Qian X, Popescu NC, Lowy DR. Isolation of
Mouse Embryo Fibroblasts. Bio Protoc. 2013; 3. https://doi.
org/10.21769/bioprotoc.908. [PubMed]

34. Perlmutter MA, Lepor H. Androgen deprivation therapy in
the treatment of advanced prostate cancer. Rev Urol. 2007
(Suppl 1); 9:S3–8. [PubMed]

www.oncotarget.com

42. Berggren WT, Lutz M, Modesto V. General Spinfection
Protocol. StemBook. (Cambridge (MA). 2008.

1084

Oncotarget

