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ABSTRACT

Prostate cancer can transform from androgen-responsive to an androgen-
independent phenotype. The mechanism responsible for the transformation remains 
unclear. We studied the effects of an epigenetic modulator, phenethyl isothiocyanate 
(PEITC), on the androgen-responsive LNCaP cells. After treatment with PEITC, floating 
spheres were formed with characteristics of prostate cancer stem cells (PCSC). These 
spheres were capable of self-renewal in media with and without androgen. They 
have been maintained in both types of media as long term cultures. Upon androgen 
deprivation, the adherent spheres differentiated to neuroendocrine cells (NEC) with 
decreased proliferation, expression of androgen receptor, and PSA. NEC reverse 
differentiated to spheres when androgen was replenished. The sphere cells expressed 
surface marker CD44 and had enhanced histone H3K4 acetylation, DNMT1 down-
regulation and GSTP1 activation. We hypothesize that PEITC-mediated alteration 
in epigenomics of LNCaP cells may give rise to sphere cells, whereas reversible 
androgenomic alterations govern the shuttling between sphere PCSC and progeny 
NEC. Our findings identify unrecognized properties of prostate cancer sphere cells with 
multi-potential plasticity. This system will facilitate development of novel therapeutic 
agents and allow further exploration into epigenomics and androgenomics governing 
the transformation to hormone refractory prostate cancer.

INTRODUCTION

Prostate cancer initially responds to androgen 
deprivation therapy but eventually becomes refractory to 
hormone therapy. These hormone refractory cancer cells 
grow independently of androgen, become highly aggressive, 
and metastasize quickly. Hormone refractory prostate 
cancer leads to high mortality since there lacks effective 
therapy. One major reason is that the precise molecular 

mechanisms responsible for the cancer progression remain 
unclear. The most prominent mechanisms postulated to 
date involve the androgen receptor (AR). They include AR 
gene mutation, excessive recruitment of AR transcription 
co-regulators [1, 2], non-AR-related bypass pathways [3], 
and epigenetic alterations including hypermethylation of 
AR promoter [4]. Other mechanisms postulated include 
the involvement of prostate cancer stem cells (PCSC). 
Epithelial androgen-independent prostate cancer stem cells 



Oncotarget26568www.impactjournals.com/oncotarget

or AR negative stem cells have been hypothesized to be 
present in the prostate cancers which become enriched by 
androgen deprivation therapy [5, 6].

Prostate cancer stem cells have been a subject of 
our research. We reported in 1999 that the androgen-
dependent human prostate cancer cells LNCaP could be 
induced to form neuroendocrine cells by interleukin 1. 
These neuroendocrine cells were significantly attenuated 
in proliferation and in PSA production [7]. Similarly, Bang 
et al reported that LNCaP cells underwent neuroendocrine 
cell differentiation mediated by cyclic AMP analogues [8]. 
Clinical cases of transformation of prostate adenocarcinoma 
to neuroendocrine cancer type have been reported [9]. 
Prostate cancer stem cells (PCSC) have been shown in 
spheres from prostate cancer cell line DU-145 [10], from 
castration-resistant LNCaP cell line [11], and also from 
xenografts of prostate cancer specimen [12]. Spheres 
were obtained in cell cultures primarily with the aid of 
special culture media or Matrigel which are rich in growth 
factors. The characteristics of PCSC within the spheres, the 
mechanisms by which they renew and differentiate, as well 
as their androgen dependency have yet to be defined.

Epigenetic agents have been shown to be potentially 
effective treatments for prostate cancer [13, 14]. We have 
demonstrated that phenethyl isothiocyanate (PEITC) 
is an epigenetic agent with dual activity to inhibit DNA 
hypermethylation and histone deacetylation [15, 16]. In 
this study, LNCaP cell spheres were established after 
PEITC treatment. The sphere cells expressed cancer 
stem cell marker CD44 and had epigenomic alterations 
distinct from the parental LNCaP cells. The sphere cells 
can self-renew with androgen and also in androgen-
deprived condition. Furthermore, the sphere cells were 
capable of differentiating to neuroendocrine cells (NEC) 
when androgen was deprived. The NEC could reverse-
differentiate to spheres when androgen was replenished.

RESULTS

Establishment and structure of the prostate 
cancer spheres

LNCaP cells were exposed to PEITC at various 
concentrations and the development of spheres was 
investigated. PEITC at 4 μM was found to be optimal for 
mediating the formation of floating spheres after 4-7 days. 
There were no floating spheres in the control cultures of 
LNCaP cells without PEITC. The spheres were enriched 
with continued exposure to 3 μM PEITC for 8-12 days. 
With three different lots of LNCaP cell cultures examined, 
the number of spheres obtained were approximately 
0.46% (ranged from 0.18%-0.62%) of the starting LNCaP 
cells. Each floating sphere was initially composed of 
several cells, which grew larger in size to form the 
characteristic 3D-clusters (Figure 1A left, sphere). To 
demonstrate that the PEITC-induced spheres were indeed 

derived from the LNCaP cells, a separate LNCaP cell line 
expressing green fluorescent protein (GFP-LNCaP) was 
examined for sphere development. As shown in Figure 1A 
(center, GFP-sphere), the floating spheres with GFP 
fluorescence were reproducibly developed from the GFP-
LNCaP cell line following the same PEITC treatment 
protocol. This indicated that the spheres were formed 
de novo from the LNCaP cells, not due to contamination 
by other cells. Floating spheres could be maintained as 
long term culture in flasks with ultralow attachment, 
in RPMI-1640 medium and 10% regular FBS without 
PEITC, and they do not revert back to parental LNCaP 
cells. The spheres could form adherent culture in regular 
culture flasks, and had cells migrated outward from the 
spheres (Figure 1A right). The spheres were maintained 
in the long-term culture with morphology distinct from 
the LNCaP cell monolayer culture.

Furthermore, we have also examined the sphere 
formation properties of two other prostate cancer cell 
lines, PC-3 and DU-145. The sphere formation efficiencies 
and sizes of spheres were recorded (Supplementary 
Table  S1). The quantity of spheres was approximately 
less than 0.05% of the starting PC-3 cells, approximately 
1/10th of the sphere formation efficiencies from LNCaP 
and GFP-LNCaP cell lines. Under similar conditions, no 
sphere formation was observed from DU-145. Thus, the 
sphere formation property appears to be intrinsic to the 
individual cell lines.

To examine the 3D-structure of the spheres, the 
spheres were prepared in paraffin blocks for H & E 
staining. Figure 1B shows a typical cross section of the 
LNCaP spheres (Figure 1B, sphere cross-section). Cells 
were shown to line up concentrically, with cell layers 
expanding circularly outward from the center. The outer 
cell layers were more tightly compacted than those in 
the interior. The sphere cells were relatively smaller 
than the parental LNCaP cells (Figure 1B, LNCaP), 
and displayed different morphology with oval shaped 
nuclei, high nuclear-cytoplasmic ratio, irregular nuclear 
contour and prominent nucleoli (Figure 1B). The LNCaP 
cells prepared identically had eccentric nuclei, irregular 
nuclear outlines and intermediate cytoplasm (Figure 1B 
left, LNCaP). The proliferation of the sphere cells was 
evaluated by immunostaining of Ki67, a marker of cell 
proliferation. Ki67 expression was found mainly in the 
periphery of the spheres, as shown in a typical staining 
(Figure 1B, Ki67 staining). The peripheral location of 
Ki67 expression and the concentric cell layers suggested 
a spherical growth pattern. To assess the self—renewal 
potential of the spheres, single cells from spheres were 
seeded with limiting dilution in medium with regular 
FBS. New spheres were regularly formed, which could be 
maintained for multiple generations and have been kept 
as long term cultures for more than two years. In these 
cultures the adherent spheres may detach and re-attach to 
the culture vessels during culture passage.
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Spheres grew slower in androgen-deficient 
medium

To determine the effect of androgen on the sphere 
cell growth, the spheres were cultured in medium with 
10% steroid hormone-depleted charcoal dextran-stripped 
FBS (CSF) which contains lower than castrate level 
of testosterone [17]. The sphere cultures in the CSF 
medium maintained good viability but grew slower than 
the spheres kept in the regular FBS medium. The spheres 
have been maintained in both types of media as long term 
cultures, and their proliferation was evaluated with cell 
cycle phase progression using flow cytometry. Figure 2A 
shows that the sphere culture in CSF medium (open bar) 
had significantly fewer replicating cells in S and G2M 
phases (19.2 ± 2.3%) than those spheres grown in the 
regular FBS medium (solid bar) (26.1± 1%)(P=0.022).The 
results indicated that the spheres could self-renew in the 
presence of androgen, but at a significantly slower rate in 
the absence of androgen.

Differentiation of sphere cells to 
neuroendocrine cells

We next examined the differentiation of sphere cells 
in the presence and absence of androgen. The monolayer 
cells spreading from adherent spheres underwent gradual 
morphological changes in the CSF medium, as compared 
to sphere cells cultured with regular FBS medium. 
The cells became elongated and displayed dendritic 
projections which were seen to bridge with other cells 
(Figure 2B). The cells had round nuclei, a high nuclear-
cytoplasmic ratio, and prominent nucleoli (Figure 2B). 
This morphology resembles the characteristics of neuroen
docrine cells (NEC) [7, 8]. They were further examined 
for the presence of neuroendocrine cell markers by 
immunohistochemical staining. As summarized in Table 1, 
these cells were positive for serotonin, neuro-specific 
enolase, and pan-cytokeratin, the biochemical hallmarks 
of NECs. These markers were at background levels in the 
LNCaP cells and the spheres (Table 1).

Figure 1: Structure of LNCaP prostate cancer spheres. A. Representative bright-field images of LNCaP cell spheres cultured in 
RPMI-1640 medium with 10% FBS. From left to right are floating 3D-sphere, 400x magnifications; fluorescent image of a GFP-labeled 
LNCaP cell sphere, 400x magnifications; and an adherent sphere, 200x magnifications. B. The left is an image of H & E stained paraffin 
embedded LNCaP cells; the center is a cross section of a sphere, paraffin embedded and H& E stained; and the right is cross section of a sphere, 
paraffin embedded and immuno-stained for Ki67 expression. The dark spots are the Ki67 positive cells. Images are 400x magnifications.
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Since NEC differentiation was induced in medium 
with charcoal-stripped FBS (androgen-depleted), the 
involvement of androgen receptor (AR) in the differen
tiation was investigated. AR expression in the NEC 
was at the background level, approximately 2.8 folds 
lower than that of the LNCaP cells, and approximately 
6.1 folds lower than that of sphere cells (Figure 2C). 

We also examined the expression of the transcription 
factor Sp1, which is known to mediate AR transcription 
[18, 19]. Sp1 mirrored the expression pattern of AR, 
with the LNCaP reduced approximately 5.7 folds than 
the spheres while the NEC expressed it only at the 
background level (Figure 2C). The level of PSA, which 
is a down-stream target gene of AR, also followed the 

Figure 2: Growth and differentiation of LNCaP-derived sphere cells. A. Cell cycle analysis of sphere cells. LNCaP sphere 
cultures maintained in RPMI-1640 medium with 10% regular FBS (solid column) or with10% charcoal-stripped FBS (CSF) (open column) 
were analyzed for cell cycle phase distribution by flow cytometry. Vertical bars are mean ± SD of 3 separate experiments. B. Neuroendocrine 
cells developed from adherent sphere cells in medium with 10% CSF on chamber slides, Pap stained, 400 x magnifications. C. Western 
blots showing the expression of androgen receptor (AR), Sp1, and PSA in LNCaP cells (maintained in regular FBS medium), spheres 
(maintained in regular FBS medium), and neuroendocrine cells (maintained in CSF medium). β-actin was used as a loading control. 
D. Immunohistochemical staining of AR in paraffin embedded preparations. From left to right are LNCaP cells, spheres (regular FBS 
medium), and neuroendocrine cells (CSF medium), 400x magnifications.

Table 1: Expression of neuroendocrine cell markers

Markers Staining intensity

LNCaP Spheres Neuroendocrine cells

Pancytokeratin +/− − +++

Neuro-specific enolase +/− − +++

Serotonin − − +

Definition of staining intensity: +/− : focally and weakly positive; − : negative; + : weakly positive; +++: strongly positive.



Oncotarget26571www.impactjournals.com/oncotarget

expression pattern of AR, in that PSA in the LNCaP was 
approximately 7.5 folds lower than that of the sphere 
cells, and PSA in NEC was not detectable (Figure 2C). 
The reduced AR expression in the NEC was further 
verified by immunohistochemical staining of the cells 
prepared in paraffin block. Figure 2D shows that the 
NEC had a much reduced staining intensity of AR as 
compared to the LNCaP cells and the sphere cells. 
These results suggest that reduction of AR expression 
may be an important mechanism for the differentiation 
of spheres to NEC.

Reversible differentiation between spheres 
and neuroendocrine cells

When CSF culture medium was replaced with 
regular FBS medium for 7-14 days, the neuroendocrine 
cells gradually lost the dendritic morphology, and spheres 
reappeared on the monolayer, implying that androgen 
may propel neuroendocrine cells back to spheres. 
To further characterize the effect of androgen on the 
reformation of spheres from NEC, dihydrotestosterone 
(DHT) was added to the CSF culture medium. Addition 
of DHT from 1-80 nM induced sphere formation in a 
concentration-dependent manner. DHT at 10 nM was 
optimal, with spheres forming in 3-5 days. These spheres 
had significantly more replicating cells than the NEC, as 
indicated by Ki67 staining (Figure 3A). The spheres had 
approximately 28.3 ± 4.2% Ki67 positive cells, a major 
increase from 8.4 ± 2.1% of the NEC. The Ki67 level in 
the DHT-driven spheres was similar to that of the spheres 
grown in regular FBS medium (25.8 ± 3.6%), but more 

than those in the parental LNCaP cells (16.2 ±3.1%). 
AR expression in the reverted spheres was significantly 
increased, to approximately 5.5 folds more than that in 
the NEC (Figure 3B). The morphological and biochemical 
changes corroborated the androgen-dependent reversibility 
between the spheres and NEC. The plasticity of the sphere 
cells supports the notion that these spheres contain prostate 
cancer stem cells.

Distinct phenotype and invasive activity of 
spheres and neuroendocrine cells

Prostate cancer stem cells have been described to 
express surface marker CD44 [20, 21]. Flow cytometric 
analyses demonstrated that LNCaP cells had background 
level of CD44 staining, whereas approximately 28.1 ± 
16 % of the sphere cells grown in regular FBS medium 
were positive for CD44 (Figure 4A). The sphere cells 
maintained in CSF medium were approximately 35.2 ± 
12% positive for CD44, and the NEC approximately 42.2 
± 12% CD44–positive (Figure 4A). CD44 may thus be a 
sphere marker distinct from the parental LNCaP cells.

Anchorage-independent growth is one of the hallmarks 
of cell transformation and tumorigenic potential. To 
characterize whether the spheres and NEC have the capability 
of anchorage-independent growth, the cells were evaluated 
in soft-gel culture. The NEC and the sphere cells all formed 
significant number of colonies in soft agar gel, indicating that 
both cell types still retained tumorigenic potential. However, 
the number of colonies from the NEC (19.5 ± 5.9) was 
significantly lower than those from the spheres (46.5 ± 6.4) 
and the LNCaP cells (64.8 ± 7.7) (Figure 4B).

Figure 3: Reversible differentiation between LNCaP spheres and neuroendocrine cells. A. Immunohistochemical staining of 
Ki67 expression in LNCaP cells (maintained in regular FBS medium), spheres (regular FBS medium), neuroendocrine cells (CSF medium), 
and spheres reverse differentiated from the neuroendocrine cells (maintained in regular FBS medium). Columns and vertical bars represent 
means ± SD of 4 independent experiments. B. Western blots for androgen receptor (AR) expression in the neuroendocrine cells (CSF 
medium), spheres reverse differentiated from the neuroendocrine cells (maintained in regular FBS medium), and spheres (maintained in 
regular FBS medium). β-actin was used as a loading control.
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It is well known that carcinomas such as small 
cell lung cancer and small cell prostate cancer with 
neuroendocrine cell features metastasize early in the 
disease course. A Matrigel invasion chamber assay was 
used to examine the invasion capacity of the cells. In the 
presence of 10% regular FBS, the spheres had the lowest 
invasive activity with approximately 8.3 ± 1 invasive cells 
per membrane, as compared to the LNCaP cells, with 27.3 
±10.2 cells per membrane, and the NEC, with the highest 
activity at 37.6 ±12.3 cells per membrane (Figure 4C). 
The invasive activity of the NEC in the presence of 
charcoal-stripped FBS was approximately 32.6 ±1.2 
cells per membrane, similar to that when regular FBS 
was used as chemoattractant. This indicates that the 
invasive activity of the NEC is independent of androgen. 
This property is consistent with the cell nature of these 
neuroendocrine cells which developed in the absence of 

androgen. The tumor cell type rather than the androgen 
level may be the determining factor for chemotaxic 
migration and invasion.

Distinct epigenetic signatures of spheres

Epigenetic marks in the spheres were compared 
with those in the LNCaP cells. LNCaP cells and the 
great majority of clinical prostate tumors are known to 
have the π-class glutathione S-transferase gene (GSTP1) 
silenced due to promoter hypermethylation [22, 23]. The 
expression levels of GSTP1 in the spheres after PEITC 
exposure were clearly increased (approximately 6.7 
folds) in comparison to that of the untreated LNCaP cells 
(Figure 5A). Meanwhile, the expression level of DNA 
methyltransferase 1 (DNMT1), an enzyme responsible 
for DNA methylation, was significantly reduced in the 

Figure 4: Phenotype and invasive activity of sphere and neuroendocrine cells. A. CD44 expression. This figure shows the 
proportion of CD44 positive cells among LNCaP cells maintained in regular FBS medium, sphere cells maintained in regular FBS medium, 
sphere cells maintained in CSF medium, and neuroendocrine cells maintained in CSF medium, as determined by a flow cytometric method. 
Columns and vertical bars represent the means ± SD of four independent experiments. B. Soft-agar gel colony formation assay showing number 
of colonies per plate of LNCaP cells (prepared in regular FBS medium), spheres (prepared in regular FBS medium), and neuroendocrine 
cells (in CSF medium). Columns and vertical bars are means ± SD of 4 separate experiments. * indicates statistically significant difference in 
colony numbers between LNCaP and neuroendocrine cells, P<0.05. C. Matrigel migration assay. This figure shows the number of invasive 
cells per membrane of LNCaP cells (maintained in regular FBS medium), spheres (regular FBS medium), and neuroendocrine cells (CSF 
medium) from the Matrigel chamber invasion assay. Chemoattractant used in the lower chamber: solid bar (■) indicates regular FBS; open 
bar (▫) indicates charcoal-stripped FBS (CSF). Columns and vertical bars indicate the means ± SD of four separate experiments.
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spheres (approximately 5.7 folds), as compared to that of 
the parental LNCaP cells (Figure 5A). Figure 5A shows 
additionally that the level of acetylation of histone H3 
lysine position 4 (H3K4) was increased (approximately 
5 folds) in the spheres. Both the histone acetylation and 
DNMT1 changes were reported to be responsible for 
reactivating GSTP1 [15]. Activation of GSTP1 was further 
confirmed by in situ immunohistochemical staining of the 
sphere cells in paraffin blocks (Figure 5B). The sphere 
cells showed more intense staining. More sphere cells 
were positive for GSTP1 expression than LNCaP cells. 
The results indicated that the spheres had epigenomic 
signatures distinct from the parental LNCaP cells.

DISCUSSION

This study established prostate cancer cell spheres 
through treatment with an epigenetic modulator PEITC. 

The sphere cells can self-renew in media with and without 
androgen, and both can be maintained as cell lines in long-
term cultures. The phenotype of the LNCaP sphere cells is 
distinct from that of the parental LNCaP cells. The distinct 
characteristics of the sphere cells include the expression 
of CD44, higher expression levels of AR, Sp1, and PSA, 
as well as distinct epigenetic markers (Table 2). When 
androgen was depleted, the adherent spheres underwent 
differentiation to neuroendocrine cells. Like other types 
of tumor spheres, the LNCaP prostate cancer spheres have 
properties of cancer stem cells capable of self-renewal and 
differentiation [24–28]. Furthermore, the sphere formation 
property after PEITC treatment appears to be intrinsic to 
LNCaP cells, since sphere formation was reproducible in 
GFP-LNCaP cells, but no spheres from DU-145 cells and 
rare small spheres from PC-3 cells were observed under 
similar treatment. This may suggest that there may be 
unique epigenetic abnormalities in LNCaP cells.

Figure 5: Epigenetic marks of LNCaP sphere cells. A. Immunoblotting showing the expression levels of DNMT1 (DNA 
methytransferase 1), GSTP1 (π-class glutathione S-transferase), and acetylated histone H3 lysine 4 (H3K4) in LNCaP cells and sphere 
cells maintained in regular FBS medium. β-actin was used as a loading control. B. Immunohistochemical staining of GSTP1 on paraffin 
embedded preparations of LNCaP cells (left), and sphere cells (right) maintained in regular FBS medium.
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The current finding of the prostate cancer 
sphere cells is in line with earlier reports of androgen-
independent prostate cancer stem cells [5, 6]. However, 
this is the first report of the dual capability of PCSC 
to self-renew with and without androgen. The results 
demonstrated that when the androgen quantity is 
decreased; the PCSC may reprogram to self-renew 
without androgen, and differentiate into progeny. The 
progeny could also reprogram and de-differentiate to 
PCSC when androgen is increased. Thus tumor cells may 
differentiate back and forth, capable of adapting to the 
microenvironment, growing according to the quantity of 
androgen.

The shuttle between PCSC and progeny differen
tiation may shed light on the drug resistance to androgen 
deprivation therapy. When the androgen-sensitive tumor 
cells are eliminated by androgen deprivation therapy, 
PCSC may be spared since they can survive in androgen 
insufficient conditions. Under low androgen concentration, 
PCSCs differentiate to progenies with low AR expression 
and survive in an androgen-depleted condition, thus 
becoming refractory to androgen deprivation therapy. The 
neuroendocrine cells, after differentiating from spheres in 
androgen deficient condition, were demonstrated to revert 
back to spheres upon addition of DHT, in a concentration-
dependent manner. This indicates that the reversible 
process is androgen-dependent. However, the mechanism 
of de-differentiation from neuroendocrine cells to 
spheres remains unclear, as stem and progenitor cell 
differentiation is classically uni-directional. It has been 

shown that epithelial-to-mesenchymal transition (EMT) 
and vice versa can take place [29]. Whether the shuttling 
between spheres and neuroendocrine cells represents 
a new type of EMT (i.e., epithelial to neuroendocrine 
transition) remains to be determined. We hypothesize that 
androgenomic alterations govern the shuttling between 
sphere PCSC and neuroendocrine cells (Figure 6). In 
the absence of androgen, such as complete androgen 
blockade therapy or castration, androgenomic shutdown 
in the PCSC may lead to deceleration in proliferation 
and self-renewal, and initiate the differentiation process 
to progeny such as neuroendocrine cells (NEC). In the 
presence of androgen, the androgenome in the NEC may 
reprogram, allowing de-differentiation to spheres and 
the regaining of their properties. Albeit rare, prostate 
cancer with neuroendocrine cell features is known to 
have an aggressive nature with a poor prognosis [9]. 
The NEC in this study had demonstrated tumorigenic 
and invasive activities, as well as cellular and molecular 
features resembling NEC in clinical tumors. The current 
culture system may serve as a model for investigating this 
population of cancer cells.

In comparison to the LNCaP cells, the sphere cells 
displayed distinct epigenetic marks at the two major 
epigenetic transcriptional controls, i.e., covalent modi
fication of histones and DNA methylation. They include 
enhancement of acetylation at histone H3K4, and activation 
of hypermethylated GSTP1 gene. Exposure to PEITC was 
previously demonstrated to reactivate the GSTP1 gene and 
its detoxification function, by inhibiting histone deacetylases 

Table 2: Comparison of the characteristics of LNCaP cells, spheres, and neuroendocrine cells

Markers and Properties Characteristics

LNCaP Spheres Neuroendocrine cells

Pancytokeratin +/− − +++

Neuro-specific enolase +/− − +++

Serotonin − − +

AR ++ +++ +

Sp1 +/− +++ −

PSA + +++ −

Ki67 ++ +++ +

CD44 <2% 46% 67%

Colony formation +++ ++ +

Invasive cells ++ + +++

DNMT1 +++ ++ +

GSTP1 + ++++ +++

Definitions: +/−: focally and weakly positive; −: negative; +: weakly positive; ++: moderately positive; >=+++: strongly 
positive.
Abbreviations: AR: androgen receptor; DNMT: DNA methyltransferase; GSTP: glutathione-S-transferase;
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and promoter hypermethylation of the GSTP1 gene [15, 16]. 
PEITC might also regulate the molecules involved in cellular 
adherence, which resulted in detachment of PEITC-treated 
cells from flasks, leading to sphere formation in culture 
supernatant. The detailed mechanism of PEITC effect on 
these cells remains to be further investigated. They include 
whether PEITC causes specific changes in cellular organelle 
structure [30], and gene expression for PCSC development 
[31], and whether PEITC affects telomere stability, as AR is 
associated with telomeres [32]. An investigation of signaling 
pathways mediated by PEITC relating to sphere development 
is currently being pursued.

This study described a simple, unique and 
reproducible methodology for establishment and 
maintenance of prostate cancer spheres. The sphere 
cells have properties of PCSCs since they can self-
renew and differentiate into neuroendocrine cells. 
Furthermore, the sphere cells can be manipulated to 
shuttle between spheres and neuroendocrine cells by 
adjusting androgen concentration. This has additionally 
described a method for establishment of a cell line 
that can shuttle between two distinct types of cells 
derived from the LNCaP cell line. This methodology 
might be applicable for establishment of spheres from 

other cell lines. More and more biomarkers are being 
discovered and validated for clinical diagnosis and 
therapeutic development [33–36]. Targeted therapy 
with small molecule inhibitors are translated rapidly to 
clinical applications [37–43]. The PCSC sphere cell line 
established herein can thus be used to screen for novel 
agents for prostate cancer therapy.

MATERIALS AND METHODS

Cell lines and reagents

Human prostate cancer LNCaP cell line at 
passage 21 and 31 were purchased from ATCC 
and characterized for fewer than 6 months before 
experimentation. An LNCaP cell line labeled with green 
fluorescent protein (GFP-LNCaP) was purchased from 
AntiCancer, Inc. (San Diego, California). LNCaP cells 
were maintained in RPMI-1640 medium supplemented 
with either 10% fetal bovine serum (regular FBS), or 
with 10% steroid hormone-depleted charcoal dextran-
stripped FBS (Hyclone) (CSF), and antibiotics. 
5-αdihydrotestosterone (DHT) was purchased from 
Sigma Chemical Company.

Figure 6: Hypothesis of a prostate cancer sphere model system. Androgen-dependent prostate cancer cells form spheres, with 
characteristics of prostate cancer stem cells (PCSC), due to epigenomic alterations mediated by an epigenetic modulator PEITC. This 
step is irreversible. PCSC retain tumorigenic potential and have dual proliferation capabilities allowing self-renewal in the presence and 
absence of androgen. In the absence of androgen (such as complete androgen blockade therapy/castration), PCSC cells are attenuated in 
proliferation and initiated differentiation process to neuroendocrine cells (NEC). The androgenome in the NEC cells are reprogramed in 
the presence of androgen, thereby the NEC cells can de-differentiate to spheres. Since LNCaP cells are epithelial in origin, this step may 
represent a new phenomenon, epithelial-to-neuroendorine and neuroendocrine-to-epithelial transition.
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Immunohistochemistry

Cultured cells were fixed in 10% neutral buffered 
formalin, and the centrifuged cells underwent routine 
paraffin-embedding as a cell block by the plasma thrombin 
method. Three to four micrometer sections of the paraffin-
embedded cell blocks were prepared for histology study 
and for immunohistochemistry. Monoclonal antibodies for 
the following proteins were used: pan cytokeratin (Ventana; 
AE1/AE3/PCK26); serotonin (Dako; 5HT-H209, 1:5 
dilutions); neuro-specific enolase (Ventana; MRQ-55); Ki67 
(Ventana; 30-9); androgen receptor (Ventana; SP107); π-class 
glutathione S-transferase (Santa Cruz biotechnology; A1513). 
Automated immunohistochemical system Ventana Bench 
Mark Ultra was used. Ventana ultra detection kit was used for 
staining and visualization. Positive controls included known 
pan cytokeratin, neuro-specific enolase, serotonin, Ki67, AR, 
and π-class glutathione S-transferase. Negative controls had 
primary antibody replaced by buffer and processed with the 
specimen slides. Immunohistochemistry was performed at the 
Department of Pathology, Westchester Medical Center, and 
immuostaining evaluated by an intensity scoring procedure. 
Cells were graded for the staining intensity as negative (-), 
focal and weak (±), weak to moderate (+), or strong (+++). 
Evaluations of specimen staining were performed by an 
independent pathologist without knowing the nature of the 
experiments.

LNCaP cell sphere development

LNCaP cells seeded at 1.5 x 105/ml of RPMI-1640 
medium with 10% regular FBS medium were exposed 
to 4 μM phenethyl isothiocyanate (PEITC). PEITC was 
supplemented every 2-3 days. PEITC was purchased from 
LKT Labs with 98% purity, which was prepared in phosphate 
buffered saline and DMSO [15, 16]. Cultures supplemented 
with vehicle control were used in every experiment. The non-
adherent cells in the supernatants, after exposure to PEITC 
for 4-10 days, were collected in regular culture flasks, which 
were continuously exposed to 3 μM PEITC for 8-12 days. 
The non-adherent spheres were collected by centrifugation, 
and cultured in flasks with ultralow attachment surface 
(Fisher Scientific). They were maintained in RPMI-1640 
medium with 10% FBS without PEITC for further studies. 
Adherent sphere culture was obtained by culturing the 
floating spheres in regular culture flasks. Individual spheres 
were isolated with limiting dilution in 96 well plates [44]. 
Dissociation of cells from spheres was aided with a non-
enzymatic cell dissociation solution (Sigma).The cells were 
further dispersed by repetitive pipetting through a glass 
Pasteur pipette, in combination with trypsin digestion and 
gently passing through 17 G, and 25 G needles.

Cell cycle analyses and immunoblotting

Cell cycle phase progression was measured by 
a BD FACS Calibur flow cytometer with the method 

described previously [45, 46]. The cells were fixed with 
80% ethanol at 4 oC, and incubated on ice before the 
DNA was stained with propidium iodide (50 μg/ml).The 
expression levels of cellular proteins were determined by 
quantitative Western blotting as previously described [47, 
48]. Images were recorded using chemilmager 5500 (Alpha 
Innotech). Antibodies were used to detect the following: 
C-terminal region of the androgen receptor (AR) (Santa 
Cruz Biotechnology;I299), Sp1 (Santa Cruz Biotechnology; 
E1304), prostate specific antigen (PSA) (Santa Cruz 
Biotechnology; C0414), DNA methytransferase 1 (DNMT1) 
(Santa Cruz Biotechnology; C0306), π-class glutathione 
S-transferase (GSTP1) (Santa Cruz Biotechnology; A1513), 
and β-actin (Sigma; 082M4781). The relative abundance of 
each protein obtained from the blot was calculated relative 
to the quantity of β-actin. Cells with surface CD44 were 
detected by a flow cytometric method with 10,000 live cell 
events analyzed per sample [49]. Cells were immunostained 
with a fluorescent conjugated monoclonal antibody against 
CD44 (BD Biosciences; clone 24345), and fixed with 1% 
paraformaldehyde. The proportion of the positively stained 
cells was determined against a background of cells stained 
with an isotype control.

Clonogenesis and cell invasion assay

Clonogenesis of cancer cells was assayed by a 
soft-gel semi-solid culture as previously described [49]. 
Essentially, 400-800 single cells were seeded in 1.5 ml 
soft-agar gel with RPMI-1640 medium with either 10% 
regular FBS or charcoal-stripped FBS per 35 x 10-mm 
culture dish. At least five duplicate dishes were used for 
each condition. Individual colonies with at least 30 cells 
were enumerated. Cell invasion assay was performed 
using a BD BioCoat Matrigel Invasion chamber (BD 
Biosciences) according to the procedure described. The 
upper chambers were seeded with 5 x 104 of LNCaP cells, 
dissociated cells from the spheres, or neuroendocrine cells 
which were scraped from the cultures. Chemoattractants 
were loaded in the lower chamber. These included 
10% FBS, or 10% charcoal–stripped FBS as indicated. 
Triplicate samples were assayed. Cells migrated into the 
lower chamber were fixed, stained with 1% toluidine blue 
and counted under light microscope.

Statistical analysis

All data were presented as mean ± SD from multiple 
independent experiments. The mean values of two groups 
of data were compared by the two-tailed Student’s t-test, 
with P<0.05 considered to be statistically significant.

ACKNOWLEDGMENTS

Yamei Chen was partly supported by funds 
from New York Medical College and from Zhongshan 



Oncotarget26577www.impactjournals.com/oncotarget

Hospital, Xiamen University, Xiamen, China. Shundong 
Cang received a CAHON Scholarship Award (www.
CAHON.org).

CONFLICTS OF INTEREST

The authors declare no conflicts.

Authors’ contributions

Study design: D. Liu and J.W. Chiao
Development of methodology: J.W. Chiao, L. Han, 

S. Cang, and Y. Chen
Acquisition of data: Y. Chen, S Cang, L. Han, J.W. 

Chiao, C. Liu, P. Yang.
Analysis and interpretation of data: J.W. Chiao, 

D. Liu.
Writing, review, and revision of the manuscript: 

All authors.
Material support: Q. Lu
Study supervision: J.W. Chiao, Delong Liu

REFERENCES

1.	 Santos AF, Huang H and Tindall DJ. The androgen 
receptor: a potential target for therapy of prostate cancer. 
Steroids. 2004; 69:79-85.

2.	 Taplin ME and Balk SP. Androgen receptor: a key 
molecule in the progression of prostate cancer to hormone 
independence. J Cell Biochem. 2004; 91:483-490.

3.	 Edwards J and Bartlett JM. The androgen receptor and 
signal-transduction pathways in hormone-refractory 
prostate cancer. Part 2: Androgen-receptor cofactors and 
bypass pathways. BJU international. 2005; 95:1327-1335.

4.	 Kinoshita H, Shi Y, Sandefur C, Meisner LF, Chang C, 
Choon A, Reznikoff CR, Bova GS, Friedl A and Jarrard DF. 
Methylation of the androgen receptor minimal promoter 
silences transcription in human prostate cancer. Cancer Res. 
2000; 60:3623-3630.

5.	 Gingrich JR, Barrios RJ, Morton RA, Boyce BF, DeMayo 
FJ, Finegold MJ, Angelopoulou R, Rosen JM and 
Greenberg NM. Metastatic prostate cancer in a transgenic 
mouse. Cancer Res. 1996; 56:4096-4102.

6.	 Isaacs JT. The biology of hormone refractory prostate cancer. 
Why does it develop? Urol Clin North Am. 1999; 26:263-273.

7.	 Chiao JW, Hsieh TC, Xu W, Sklarew RJ and Kancherla 
R. Development of human prostate cancer cells to 
neuroendocrine-like cells by interleukin-1. Int J Oncol. 
1999; 15:1033-1037.

8.	 Bang YJ, Pirnia F, Fang WG, Kang WK, Sartor O, 
Whitesell L, Ha MJ, Tsokos M, Sheahan MD, Nguyen 
P, Niklinski WT, Myers CE and Trepel JB. Terminal 
neuroendocrine differentiation of human prostate carcinoma 
cells in response to increased intracellular cyclic AMP. 

Proceedings of the National Academy of Sciences of the 
United States of America. 1994; 91:5330-5334.

9.	 Kadakia K, SA Tomlins, SK Sanghvi, AK Cani, K Omata, 
DH Hovelson, C Liu and Cooney K. Comprehensive 
Serial Molecular Profiling of an “N of 1” Exceptional Non 
Responder with Metastatic Prostate Cancer Progressing 
to Small Cell Carcinoma on Treatment. J Hematol Oncol. 
2015; 8:109.

10.	 Rybak AP, He L, Kapoor A, Cutz JC and Tang D. 
Characterization of sphere-propagating cells with stem-
like properties from DU145 prostate cancer cells. Biochim 
Biophys Acta. 2011; 1813:683-694.

11.	 Seiler D, Zheng J, Liu G, Wang S, Yamashiro J, Reiter 
RE, Huang J and Zeng G. Enrichment of putative prostate 
cancer stem cells after androgen deprivation: upregulation 
of pluripotency transactivators concurs with resistance to 
androgen deprivation in LNCaP cell lines. Prostate. 2013; 
73:1378-1390.

12.	 Chen X, Liu B, Li Q, Honorio S, Liu X, Liu C, Multani 
AS, Calhoun-Davis T and Tang DG. Dissociated 
primary human prostate cancer cells coinjected with the 
immortalized Hs5 bone marrow stromal cells generate 
undifferentiated tumors in NOD/SCID-gamma mice. PloS 
one. 2013; 8:e56903.

13.	 Forster T, Rausch V, Zhang Y, Isayev O, Heilmann K, 
Schoensiegel F, Liu L, Nessling M, Richter K, Labsch S, 
Nwaeburu CC, Mattern J, Gladkich J, Giese N, Werner J, 
Schemmer P, et al. Sulforaphane counteracts aggressiveness 
of pancreatic cancer driven by dysregulated Cx43-mediated 
gap junctional intercellular communication. Oncotarget. 
2014; 5:1621-1634. doi: 10.18632/oncotarget.1764.

14.	 Kroesen M, Gielen PR, Brok IC, Armandari I, 
Hoogerbrugge PM and Adema GJ. HDAC inhibitors and 
immunotherapy; a double edged sword? Oncotarget. 2014; 
5:6558-6572. doi: 10.18632/oncotarget.2289.

15.	 Wang LG, Beklemisheva A, Liu XM, Ferrari AC, Feng J 
and Chiao JW. Dual action on promoter demethylation and 
chromatin by an isothiocyanate restored GSTP1 silenced in 
prostate cancer. Mol Carcinog. 2007; 46:24-31.

16.	 Wang LG and Chiao JW. Prostate cancer chemopreventive 
activity of phenethyl isothiocyanate through epigenetic 
regulation (review). Int J Oncol. 2010; 37:533-539.

17.	 Sedelaar JP and Isaacs JT. Tissue culture media 
supplemented with 10% fetal calf serum contains a castrate 
level of testosterone. The Prostate. 2009; 69:1724-1729.

18.	 Mizokami A and Chang C. Induction of translation by the 
5′-untranslated region of human androgen receptor mRNA. 
The Journal of biological chemistry. 1994; 269:25655-25659.

19.	 Takane KK and McPhaul MJ. Functional analysis of the 
human androgen receptor promoter. Mol Cell Endocrinol. 
1996; 119:83-93.

20.	 Collins AT, Berry PA, Hyde C, Stower MJ and Maitland 
NJ. Prospective identification of tumorigenic prostate 
cancer stem cells. Cancer Res. 2005; 65:10946-10951.



Oncotarget26578www.impactjournals.com/oncotarget

21.	 Patrawala L, Calhoun T, Schneider-Broussard R, Li H, 
Bhatia B, Tang S, Reilly JG, Chandra D, Zhou J, Claypool 
K, Coghlan L and Tang DG. Highly purified CD44+ 
prostate cancer cells from xenograft human tumors are 
enriched in tumorigenic and metastatic progenitor cells. 
Oncogene. 2006; 25:1696-1708.

22.	 Lee WH, Morton RA, Epstein JI, Brooks JD, Campbell 
PA, Bova GS, Hsieh WS, Isaacs WB and Nelson WG. 
Cytidine methylation of regulatory sequences near the 
pi-class glutathione S-transferase gene accompanies human 
prostatic carcinogenesis. Proceedings of the National 
Academy of Sciences of the United States of America. 
1994; 91:11733-11737.

23.	 Li LC, Carroll PR and Dahiya R. Epigenetic changes in 
prostate cancer: implication for diagnosis and treatment. J 
Natl Cancer Inst. 2005; 97:103-115.

24.	 Jordan CT, Guzman ML and Noble M. Cancer stem cells. 
N Engl J Med. 2006; 355:1253-1261.

25.	 Reya T, Morrison SJ, Clarke MF and Weissman IL. 
Stem cells, cancer, and cancer stem cells. Nature. 2001; 
414:105-111.

26.	 Li Z. CD133: a stem cell biomarker and beyond. Experi
mental Hematology & Oncology. 2013; 2:17.

27.	 Richardson GD, Robson CN, Lang SH, Neal DE, Maitland 
NJ and Collins AT. CD133, a novel marker for human 
prostatic epithelial stem cells. Journal of cell science. 2004; 
117:3539-3545.

28.	 Yiming L, Yunshan G, Bo M, Yu Z, Tao W, Gengfang L, 
Dexian F, Shiqian C, Jianli J, Juan T and Zhinan C. CD133 
overexpression correlates with clinicopathological features 
of gastric cancer patients and its impact on survival: a 
systematic review and meta-analysis. Oncotarget. 2015; 
6:42019-42027. doi: 10.18632/oncotarget.5714.

29.	 Guo F, Parker Kerrigan BC, Yang D, Hu L, Shmulevich I, 
Sood AK, Xue F and Zhang W. Post-transcriptional regulatory 
network of epithelial-to-mesenchymal and mesenchymal-to-
epithelial transitions. J Hematol Oncol. 2014; 7:19.

30.	 Xue C, Pasolli HA, Piscopo I, Gros DJ, Liu C, Chen 
Y and Chiao JW. Mitochondrial structure alteration in 
human prostate cancer cells upon initial interaction with a 
chemopreventive agent phenethyl isothiocyanate. Cancer 
Cell Int. 2014; 14:30.

31.	 Li RW, Li C and Wang TT. Transcriptomic alterations 
in human prostate cancer cell LNCaP tumor xenograft 
modulated by dietary phenethyl isothiocyanate. Mol 
Carcinog. 2013; 52:426-437.

32.	 Zhou J, Richardson M, Reddy V, Menon M, Barrack 
ER, Reddy GP and Kim SH. Structural and functional 
association of androgen receptor with telomeres in prostate 
cancer cells. Aging (Albany NY). 2013; 5:3-17. doi: 
10.18632/aging.100524.

33.	 Killela PJ, Pirozzi CJ, Healy P, Reitman ZJ, Lipp E, 
Rasheed AB, Yang R, Diplas BH, Wang Z, Greer PK, 
Zhu H, Wang CY, Carpenter AB, Friedman H, Friedman 

AH, Keir ST, et al. Mutations in IDH1, IDH2, and in the 
TERT promoter define clinically distinct subgroups of adult 
malignant gliomas. Oncotarget. 2014; 5:1515-1525. doi: 
10.18632/oncotarget.1765.

34.	 Akinleye A, Iragavarapu C, Furqan M, Cang S and Liu D. 
Novel agents for advanced pancreatic cancer. Oncotarget. 
2015; 6:39521-39537. doi: 10.18632/oncotarget.3999.

35.	 Shtivelman E, Hensing T, Simon GR, Dennis PA, Otterson 
GA, Bueno R and Salgia R. Molecular pathways and 
therapeutic targets in lung cancer. Oncotarget. 2014; 
5:1392-1433. doi: 10.18632/oncotarget.1891.

36.	 Smith A, Roda D and Yap T. Strategies for modern 
biomarker and drug development in oncology. Journal of 
Hematology & Oncology. 2014; 7:70.

37.	 Neckers L and Workman P. Hsp90 molecular chaperone 
inhibitors: are we there yet? Clin Cancer Res. 2012; 
18:64-76.

38.	 Parikh K, Cang S, Sekhri A and Liu D. Selective inhibitors 
of nuclear export (SINE)- a novel class of anti-cancer 
agents. Journal of Hematology & Oncology. 2014; 7:78.

39.	 Mendonca J, Sharma A, Kim H-S, Hammers H, Meeker A, 
De Marzo A, Carducci M, Kauffman M, Shacham S and 
Kachhap S. Selective inhibitors of nuclear export (SINE) 
as novel therapeutics for prostate cancer. Oncotarget. 2014; 
5:6102-6112. doi: 10.18632/oncotarget.2174.

40.	 Gerecitano J. SINE (selective inhibitor of nuclear export) – 
translational science in a new class of anti-cancer agents. 
Journal of Hematology & Oncology. 2014; 7:1-3.

41.	 Goel G and Sun W. Advances in the management of 
gastrointestinal cancers--an upcoming role of immune 
checkpoint blockade. Journal of Hematology & Oncology. 
2015; 8:86.

42.	 Gravina GL, Tortoreto M, Mancini A, Addis A, Di Cesare 
E, Lenzi A, Landesman Y, McCauley D, Kauffman M, 
Shacham S, Zaffaroni N and Festuccia C. XPO1/CRM1-
Selective Inhibitors of Nuclear Export (SINE) reduce 
tumor spreading and improve overall survival in preclinical 
models of prostate cancer (PCa). Journal of Hematology & 
Oncology. 2014; 7:1-17.

43.	 Iragavarapu C, Mustafa M, Akinleye A, Furqan M, Mittal 
V, Cang S and Liu D. Novel ALK inhibitors in clinical use 
and development. Journal of Hematology & Oncology. 
2015; 8:17.

44.	 Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins 
C, Squire J and Dirks PB. Identification of a cancer 
stem cell in human brain tumors. Cancer Res. 2003; 
63:5821-5828.

45.	 Telford WG, King LE and Fraker PJ. Comparative 
evaluation of several DNA binding dyes in the detection 
of apoptosis-associated chromatin degradation by flow 
cytometry. Cytometry. 1992; 13:137-143.

46.	 Wang L, Liu D, Ahmed T, Chung FL, Conaway C and 
Chiao JW. Targeting cell cycle machinery as a molecular 



Oncotarget26579www.impactjournals.com/oncotarget

mechanism of sulforaphane in prostate cancer prevention. 
Int J Oncol. 2004; 24:187-192.

47.	 Cang S, Feng J, Konno S, Han L, Liu K, Sharma SC, 
Choudhury M and Chiao JW. Deficient histone acetylation 
and excessive deacetylase activity as epigenomic marks of 
prostate cancer cells. Int J Oncol. 2009; 35:1417-1422.

48.	 Cang S, Ma Y, Chiao J-w and Liu D. Phenethyl 
isothiocyanate and paclitaxel synergistically enhanced 

apoptosis and alpha-tubulin hyperacetylation in breast 
cancer cells. Experimental Hematology & Oncology. 
2014; 3:5.

49.	 Chiao JW, Chung F, Krzeminski J, Amin S, Arshad R, 
Ahmed T and Conaway CC. Modulation of growth of 
human prostate cancer cells by the N-acetylcysteine 
conjugate of phenethyl isothiocyanate. Int J Oncol. 2000; 
16:1215-1219.


