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Abstract
BACKGROUND—Prostate tumor-initiating cells (TICs) have intrinsic resistance to current
therapies. TICs are commonly isolated by cell sorting or dye exclusion, however, isolating TICs
from limited primary prostate cancer (PCa) tissues is inherently inefficient. We adapted the
collagen adherence feature to develop a combined immunophenotypic and time-of-adherence
assay to identify human prostate TICs.

METHODS—PCa cells from multiple cell lines and primary tissues were allowed to adhere to
several matrix molecules, and fractions of adherent cells were examined for their TIC properties.

RESULTS—Collagen-I rapidly-adherent PCa cells have significantly higher clonogenic,
migration, and invasion abilities, and initiated more tumor xenografts in mice when compared to
slowly-adherent and no-adherent cells. To determine the relative frequency of TICs among PCa
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cell lines and primary PCa cells, we utilized zebrafish xenografts to define the tumor initiation
potential of serial dilutions of rapidly-adherent α2β1hi/CD44hi cells compared to non-adherent
cells with α2β1low/CD44low phenotype. Tumor initiation from rapidly-adherent α2β1hi/CD44hi

TICs harboring the TMPRSS2:ERG fusion generated xenografts comprising of PCa cells
expressing Erg, AMACR, and PSA. Moreover, PCa-cell dissemination was consistently observed
in the immune-permissive zebrafish microenvironment from as-few-as 3 rapidly-adherent α2β1hi/
CD44hi cells. In zebrafish xenografts, self-renewing prostate TICs comprise 0.02–0.9% of PC3
cells, 0.3–1.3% of DU145 cells, and 0.22–14.3% of primary prostate adenocarcinomas.

CONCLUSION—Zebrafish PCa xenografts were used to determine that the frequency of prostate
TICs varies among PCa cell lines and primary PCa tissues. These data support a paradigm of
utilizing zebrafish xenografts to evaluate novel therapies targeting tumor initiating cells in prostate
cancer.
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INTRODUCTION
Prostate cancers were suggested to contain tumor cells that can self-renew, differentiate into
multiple cell types reconstituting the diverse tumor population, and have enhanced
proliferative capacity to drive the continued expansion of malignant cells [1]. These cells
were identified as tumor-initiating cells (TICs) [2,3] that are able to form tumors in immune-
compromised mice, and self-renew in serial transplantation studies [4]. Genetic and lineage
tracing studies have recently provided substantial evidence that subpopulations of tumor
cells or TICs direct tumor growth in mice [5–7]. These cells survive treatments by virtue of
possessing anti-apoptotic signals, high levels of drug-efflux membrane transporters, and
high DNA repair capacity [8]. Since TICs are commonly resistant to conventional
chemotherapies, and prostate tumors develop resistance to hormonal ablation therapy [9], an
attractive cancer treatment strategy is to identify TICs and then use agents that effectively
target the self-renewal abilities of TICs, alone or in combination with hormone ablation as
an initial therapy to accomplish total tumor eradication, and to reduce the risk of relapse and
metastasis.

Prostate cancer (PCa) TICs showed enhanced expression of self-renewal and stem cell
markers such as Bmi-1, Oct4, β-catenin, and SMO supporting the presence of prostate TICs
with stem cell properties [10]. Moreover, knockdown of these self-renewal signals in
metastatic PCa leads to tumor cell death [11]. Thus, development of methods to enrich for
TICs would provide a platform for the identification and preclinical examination of novel
therapies that target self-renewal signals in prostate TICs.

Prostate tumors contain several functionally diverse cell types including TICs that can be of
basal and/or luminal origin(s) [12], transit amplifying cells, terminally differentiated cells,
and supportive stromal cells. The fraction of cells with TIC abilities would likely vary
among different PCa cell lines and primary patient samples; however, it is generally
believed to be a smaller fraction of cells within each tumor. Therefore, isolating the TIC
subpopulation from a limited number of fresh primary PCa cells for study and manipulation
is inherently inefficient.

PCa cells were shown to harbor a series of TMPRSS2-Ets fusion proteins generated through
chromosomal translocations [13], and detected using interphase fluorescent in situ
hybridization (FISH) techniques. The TMPRSS2-Ets fusions frequently result in
overexpression of Ets proteins such as Erg when PCa cells are examined with
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immunohistochemistry (IHC), making overexpression of Erg as one of the most PCa-
specific biomarkers yet identified [14]. Another biomarker is the overexpression of alpha-
methylacyl coenzyme A racemase (AMACR), which in combination with absence of basal
cell layer markers are typical phenotypes of acinar prostatic adenocarcinoma. Integrin-β I
has also been recognized as a basal cell marker associated with certain stem cell properties,
and has been used as a cell surface maker for enrichment of epidermal keratinocyte stem
cells [15] and human prostate epithelial stem cells [16]. We attempted to enrich putative
TICs from PCa cell lines and primary samples based on adhesion to collagen-I, collagen-VI,
or laminin; that are all β1-Integrin ligands. We then examined their TIC properties in vitro
and in vivo in mice and zebrafish xenografts.

Tumor cell xenografts in the teleost zebrafish (Danio rerio) might allow for monitoring of
tumor initiation from a limited number of TICs, thus mimicking the orderly stages of tumor
growth, relapse, and metastasis. The zebrafish xenograft model offers several advantages
over traditional murine and chick embryo xenograft models. Zebrafish embryos are small,
develop rapidly, and hundreds are produced daily from each pair, making zebrafish an
excellent vertebrate tool for testing chemicals in vivo, and for cancer drug discovery [17].
The optical clarity of zebrafish embryos and Casper [18] adult fish allows for non-invasive
observation of tumor initiation, migration, and metastasis [19–21]. Earlier TIC reports
suggested that TICs from the same patient are more prevalent in the highly immune-
permissive NOD-SCID-IL2Rγ deficient mice than in the NOD-SCID deficient mice [22]. In
contrast, the use of zebrafish embryos in a pre-immune, more xenograft-tolerant,
environment would be advantageous to determine the self-renewal potential of prostate
TICs. Here, we demonstrate that a fraction of cells isolated from multiple PCa cell lines and
primary cells have tumor initiation potential in mice and zebrafish. Moreover, we found that
prostate TIC frequency of primary PCa cells is much higher than TIC frequency of cells
from established PCa cell lines in zebrafish xenografts.

MATERIALS AND METHODS
Materials

Taxotere, doxorubicin, and methotrexate were from the Cancer Institute of New Jersey
pharmacy. Both collagen-I, -IV and laminin were purchased from BD Biosciences, and
athymicnu/nu mice were from Jackson laboratory.

Fresh human prostate cancer samples
PCa patients diagnosed at the CINJ between 2008 and 2012 were enrolled. Prostate TICs
and populations lacking TICs were isolated and characterized from prostatectomy
specimens. Informed consents were obtained. De-identified PCa specimens were collected
under institutional review board (IRB)-approved protocol. We used samples with similar
Gleason scores determined through the review of diagnostic pathology reports. Primary cells
were isolated as described in supplementary methods, allowed to adhere to collagen-I, and
subfractions were sorted and transplanted into fish embryos.

Cell lines culture, prostate spheres, colony formation, migration, and invasion assays
Prostate normal and cancer cells were maintained at low passage numbers and utilized for
clonogenic, migration, invasion, and prostate sphere forming assays as described in
supplementary methods and elsewhere [23–25].
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Collagen adherence assay
Putative TICs were isolated by combining phenotypic analyses [3] with collagen-I
adherence. In brief, tissue culture dishes were coated with 70 μg/ml of collagen-I for 1 hr at
room temperature or overnight at 4°C. Plates were washed with PBS, blocked in 0.3% BSA
for 30 minutes, washed again, and cells were plated on collagen-I for 5 or 20 min. Cells that
adhere in 5 min, and cells that did not adhere after 20 min were collected, and used.

Flow cytometry, IHC, interphase FISH, a nd cytotoxicity assays
Prostate cells were analyzed using FACScan cytometer and CellQuest software (BD). Flow
cytometry, IHC, interphase FISH for TMPRSS2:Erg fusions, and cytotoxicity assays were
performed as described in supplementary methods. IC50 concentrations used in cytotoxicity
assays are described in supplementary methods and supplementary Fig. 1D, and were
determined using Hill’s equation in Graph-Pad prism 4.0 software.

Xenograft studies in nude mice
Animals were used in accordance with an approved protocol from RWJMS. PCa cells, 5-
min collagen-adherent, and 20 min-non-adherent cells were injected along with matrigel in a
1:1 ratio into the abdominal flanks of nude mice (n=8 mice/group). A subset of each cell
population was analyzed for cell viability to confirm that viable cells were being injected
into the mice. Every 3 days, tumor dimensions were measured using a Vernier caliper, and
tumor volumes were calculated as described [26].

Labeling and transplantation of prostate cancer cells in zebrafish
Wild type EKK and AB* zebrafish (Danio rerio) were maintained following an approved
animal protocol. Adult fish were spawned and reared in conditioned water at 28.5°C on a
14-h light-10-h dark cycle. Embryos were staged as described (http://zfin.org). To track
human cells in embryos and juvenile Casper [18] fish, we labeled PCa cells with quantum
dots (QDs) that are virtually resistant to photobleaching. PCa cells were resuspended in 0.5x
Dulbecco’s PBS (DPBS) containing QD605 (red fluorescence) (Invitrogen) and
lipofectamine at a ratio of 1:2 for 2 hours. Cells in 0.5x DPBS were used for transplantation
into dechorionated and anesthetized (0.5x tricaine methanesulfonate, MS-222; Sigma) 48-
hour post fertilization (hpf) embryos using 15 μm (internal diameter) injection needles.
Transplantation of fresh cells or cells dissociated from primary xenograft regions and sorted
for serial transplantation were done as described in supplementary methods and as
previously described [27]. Microinjections were either subcutaneously (SC), or above the
yolk into the sinus venosus using a Celltram microinjector. After transplantation and initial
imaging, embryos were incubated for 2 hours at 37°C, and were then maintained in a
humidified incubator at 33–34°C for up to 12 days post transplantation (dpt). Human cells
were monitored under fluorescent microscopy for homing and tissue repopulation.

Juvenile zebrafish at 6–8 weeks of age were immune-suppressed with 10 μg/ml
dexamethazone for 2 days as previously described [19,28], and were also utilized to generate
xenografts. Juvenile fish were monitored for tumor growth and metastasis for up to 5 weeks.

Extreme Limiting dilution analysis (ELDA)
ELDA was used to assess the number of self-renewing cells contained within the bulk of the
primary PCa mass as described in supplementary methods. The TIC frequency was finally
calculated after 12 dpt using a linear regression method that was completed using ELDA
[29] at http://bioinf.wehi.edu.au/cgi-bin/limdil/limdil.pl.
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Statistical Analysis
All experiments were performed thrice, and each experiment was done in triplicates.
Statistical analyses were done using student’s t-test unless otherwise indicated. Results are
presented as mean ± standard deviation (SD). Limiting dilution analysis (LDA), ELDA [29],
and L-Calc statistical software were used to determine the frequencies of self-renewing
TICs. A p-value of <0.05 was considered significant.

RESULTS
Isolation and characterization of human prostate tumor-initiating cells

Several strategies have been proposed to isolate prostate TICs, including the use of a
combination of unique surface markers. Phenotypic markers identified for prostate TICs are
CD44hi, CD44+/CD24− [30], and CD44hi, α2β1-integrinhi, and CD133+ [3,16]. Trop2
marker has also been used in combination with CD49f+ to enrich for sphere-forming cells
from human prostate [31]. We elected to use a strategy of combining phenotypic and time-
of-adherence assays to isolate TICs from PCa cells. The adhesion properties of prostate
cancer cells were examined by incubating cells on either laminin, collagen-I, collagen-IV
coated dishes, or when all three matrix molecules are combined for different lengths of time
from 5, 10, 15, to 20 minutes. As seen in Fig. 1 for DU145 cells from six separate adhesion
experiments, PCa cells rapidly adhered to collagen-I coated dishes within 5 min. The assay
is based on the finding that epidermal and testicular stem cells express higher levels of
α2β1- and α3β1-integrins than transit amplifying or differentiated cells [32,33]. To isolate
putative TICs, PCa cells from four cell lines and six primary patient prostatectomies (Table
1) were plated on collagen-I-coated dishes for 5 minutes, and adherent cells were collected.
Non-adherent cells were replated for 20 minutes. After 20 minutes, non-adherent cells were
also collected. To investigate whether the rapidly collagen-adherent cells (at 5min) had
increased expression of α2β1-integrin positive cells (a marker for TICs), we performed flow
cytometric analyses of the different fractions, and found that the rapidly adherent cells have
higher α2β1-integrin expression from both DU145 and PC3 cells (Fig. 1B) compared to the
20′ non-adherent cells. Differential adhesion was readily detectable when collagen-I was
used (Fig. 1A), hence we performed further experiments utilizing collagen-I. Similar
percentages of collagen-I adherent cells were seen from both DU145 and PC3 cells (Fig.
1C). To exclude that the differential adhesion of PCa cells to collagen-I coated dishes was
due to differences in cell viability or interference with cell proliferation abilities, we
compared the proliferation of the differentially adherent fractions to the non-selected ones,
and found no significant difference in cell proliferation (Supplementary Fig. 1). Cell
viabilities of adherent and non-adherent cells immediately after cell isolation were similar
(Fig. 1D) and were on average 95–99.9%. We also found that the rapidly adherent cells
retained a more cohesive colony-like morphology after plating for 6 days, while 20 min
nonadherent and adherent cells retained a less cohesive and mixed morphology, respectively
(Supplementary Fig. 1).

We then examined the expression of stem cell markers in DU145, PC3, LNCap, and
CWR22 PCa cells. CD44hi and α2β1-integrinhi cells were detected in all four cell lines (Fig.
2A), while CD133 expression was very low (≤0.01%) to not detectable. We isolated TICs
from these prostate cancer cell lines by combining phenotypic selection with collagen-I
adherence. The 5 min-adherent cell fraction comprised on average 4–6% of DU145 and PC3
cells, but was 2–3 fold less in both LNCap and CWR22 cells (Fig. 2B). Expression of CD44,
α2β1-integrin, and CD133 in each fraction was analyzed. The 5 min-adherent cell fraction
had an average of several fold higher number of cells highly coexpressing α2β1 and CD44
as compared to the 20 min-non-adherent fractions in all of the PCa cells examined (Fig. 2B
and Supplementary Fig. 2A). Thus phenotypically, the 5 min-adherent fraction is enriched in
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α2β1hi/CD44hi cells, while the 20 min-non-adherent fraction comprise α2β1low/CD44low

cells. When cells from the 5 min-adherent fraction of PC3 and DU145 cells that are α2β1hi/
CD44hi cells were grown as prostate spheres, known to contain putative TICs that can
initiate serially passageable spheres, the consistently low CD133 expression increased, and
up to 5% of the cells were CD133+ (Fig. 2D). Significant upregulation of CD133 expression
was detected in spheres of DU145 and PC3 cells (Fig. 2D) and CWR22 cells
(Supplementary Fig. 2C), while CD133 was still undetectable in LNCap cells when grown
as prostate spheres.

To examine if combining phenotypic and time-of-adherence assays could be used to isolate
TICs from primary PCa cases (n=6), we collected fresh tissues from 6 matched PCa patients
with similar Gleason scores (Table 1), and subjected them to the same assay. Similar to PCa
cell lines, the 5 min-adherent fraction from primary samples was enriched in α2β1hi/
CD44hicells, and in CD133+ cells when grown as prostate spheres, compared to the non-
adherent fraction (Fig. 2E).

Tumorigenic and self-renewal capacities of adherent tumor cells
To determine if the 5 min-adherent cell fraction contains TICs, α2β1hi/CD44hi DU145 cells
within this fraction were examined by colony formation, and migration and invasion assays.
The 5 min-adherent cell fraction with an α2β1hi/CD44hi phenotype showed a nearly 2-fold
higher colony formation (Fig. 3A), and increased migration and invasion abilities as
compared to α2β1low/CD44low cells (Fig. 3A). Similarly, PC3, CWR22 and LNCap cells
within the 5 min-adherent cell fractions with an α2β1hi/CD44hi phenotype showed variable
but consistently higher colony and spheroid formation abilities (Supplementary Fig. 2A–C).
Since DU145 and PC3 cells displayed a larger 5 min-adherent cell fraction with an α2β1hi/
CD44hi phenotype, we utilized these cells in most of our assays. An essential characteristic
of TICs is their ability to self-renew in serial plating assays.

The α2β1hi/CD44hi DU145 cells formed significantly more single cell-derived spheroids as
compared to α2β1low/CD44low cells. Moreover, spheroids formed from α2β1low/CD44low

DU145 cells were fewer after day-5, and stopped growing after day-9 (Supplementary Fig.
3A, 3B) suggesting that these cells lack self-renewal abilities. To assess self-renewal at an
earlier time point of sphere formation, single cells derived from day 7-primary spheroids
were replated for secondary spheroid formation. Once again, α2β1hi/CD44hi DU145 cells
generated significantly more spheroids than α2β1low/CD44low cells (Supplementary Fig.
3C). Therefore, the α2β1hi/CD44hi PCa cells exhibit enhanced tumorigenic, invasive, and
self-renewal abilities.

Adherent cells are resistant to commonly used chemotherapeutic drugs
TICs were shown to be resistant to chemotherapies [34]. Since we isolated putative TICs by
collagen adherence, we hypothesized that treatment with drugs that target TICs would
reduce the number of cells adhering to collagen-I. Hence, we performed the collagen
adherence assay upon treatment with chemotherapies commonly used for PCa at IC50s
established by MTS assays (Supplementary Fig. 3D). Indeed, the number of DU145
collagen-adherent cells was not affected by chemotherapy treatments, and on the contrary
increased with methotrexate and carboplatin (Supplementary Fig. 3E) suggesting that these
mainstream clinically used chemotherapeutic agents might increase the percentage of
putative TICs.

Tumor initiation in nude mice
An essential property of TICs is their ability to initiate tumor growth in immune-
compromised mice with limited cell numbers. We tested whether the 5 min-adherent DU145
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cells are more tumorigenic than the non-adherent fraction. Cells were injected SC in the
abdominal flanks of nude mice. Tumors were analyzed by three variables: tumor incidence,
tumor growth rate (mm3/day), and final tumor volume (mm3; Fig. 3B–C). Only 17% of mice
(n=3/20) injected with non-adherent cells developed tumors, while nearly all mice injected
with either adherent (n=18/20) (90%) or total DU145 cells (n=17/20) (85%) developed
tumors. Mice injected with adherent cells developed tumors as early as 15 days post-
transplantation, compared to day 35 for mice injected with the same cell dose of one million
total DU145 cells. In an additional experiment, injection of only 1,000 adherent cells
resulted in tumor formation and tumor volumes that were significantly larger than those
generated by injections of one million total DU145 cells (data not shown). After 50 days of
growth, adherent DU145 tumors reached an average final volume of 867 mm3. This was
significantly larger than non-adherent and total DU145 tumors (Fig. 3B–C), which reached
final volumes of 126 and 338 mm3, with P values of 0.0006 and 0.0001, respectively when
compared with adherent cell tumors. Thus, the α2β1hi/CD44hi DU145 cells are more
tumorigenic in mice.

Evaluation of prostate TICs in vivo in zebrafish xenografts
To generate a PCa xenograft model in zebrafish for studying TICs, we employed a collagen
adherence, cell sorting, and QD labeling strategy. Cells from PCa cell lines and primary
samples were QD-labeled at near-100% efficiency (Fig. 4A–B). QD-labeled PCa cells, but
not normal prostate epithelial cells, engrafted robustly in the pre-immune zebrafish embryos,
and histological analyses demonstrated cells migrating to distal sites in zebrafish including
muscle regions (Fig. 4C–D). Embryos with xenografts from the 5-min-adherent α2β1hi/
CD44hi PCa cells displayed significantly shorter survival rates, and rapid death from tumor
burden with a median survival of 100±19 hour post transplant (hpt), compared to median
survivals of 108±10 hpt and 186±23 hpt for the parental DU145 and the α2β1low/CD44low

cells, respectively (Fig. 4E) (n=200 embryo/group, p<0.001). Similar data were obtained
from PC3, CWR22 and LNCap cells (Fig. 4E) as well as primary PCa cells (see below). The
maximum tolerated cell doses for DU145, PC3 and primary PCa cell transplants ranged
from 0.4 to 2 x 103 cells, which resulted in death from generalized tumor burden at 2–5 days
post transplant (dpt) with PCa cells but not with immortalized normal prostate epithelial
cells (RWPE-1) (Fig. 4E). QD-labeled parental cells, α2β1hi/CD44hi cells sorted from 5-
min-adherent cells, and α2β1low/CD44low cells sorted from 20-min-non-adherent cells were
transplanted at limiting dilution with cell doses from 1x103 to 3 cells either SC to allow for
tumor cell dissemination or into the yolk of 48-hpf zebrafish embryos. We sorted embryos
post-injection to ensure the placement and number of labeled cells, and grew the selected
embryos at 33°C.

Transplanted cells and tumor growth were traceable in vivo in living fish (Fig. 5A). QD-
labeled primary PCa cells (Fig. 5A) or DU145 cells (Fig. 5B–E) developed xenografts in
zebrafish embryos. DU145 cells injected SC formed localized tumor xenografts at 4 dpt
(Fig. 5B) that frequently migrated throughout the zebrafish muscle tissues, and often spread
causing brain metastasis (Fig. 5D–E, left arrow), exophthalmus (Fig. 5D, arrowheads)
(Supplementary Table 1), and death from disseminated tumor burden within 9 dpt. Cells in
xenografts derived from adherent α2β1hi/CD44hi (TICs) disseminated to the brain region of
zebrafish embryos, and were detected using IHC with the human-specific CD44 isoform
(Fig. 5I). The overall rates of tumor formation from DU145 cells injected SC and in the yolk
of embryonic zebrafish were 35.6% (n=57/160) for parental cells, 12.8% (n=22/171) for
α2β1low/CD44low non-adherent (Non-TICs) cells, but significantly higher at 58.7%
(n=98/167) for adherent α2β1hi/CD44hi (TICs) cells (p<0.001) (Supplementary Table 1). SC
injections yielded an overall higher tumor formation rates than yolk transplants
(Supplementary Table 1). Disseminated colonies of QD-labeled cells at >5 distant sites were
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identified at a significantly higher frequencies in xenografts from TICs than from parental or
non-TICs. Dissemination rates of SC or into yolk injections were 69%, 39% in 10-parental-
cell-, and 26%, 29% in 3-parental-cell-transplants, were 21%, 9% in 10-cell-non-TICs and
17%, 10% for 3-cell-non-TICs transplants, and were 80%, 55% for 10-TIC, and 49%, 52%
for 3-TIC-transplants (Supplementary Table 1). Similar results were obtained with PC3,
CWR22, LNCap PCa cells. Moreover, PC3 adherent α2β1low/CD44low cells showed a
significantly higher tumor initiation potential than PC3 non-TICs (Supplementary Table S2),
suggesting that collagen adhesion might enrich for TICs with added phenotypes to α2β1/
CD44 expression.

We next isolated TICs from primary prostate cancers to examine their ability to initiate
zebrafish xenografts similar to PCa cell lines. Prostate cancers used were diagnosed based
on histological examination of H&E stained slides (Supplementary Fig. 4). To confirm that
zebrafish xenografts were derived from PCa cells and not from benign or normal epithelial
cells, we utilized the expression of AMACR and overexpression of Erg as prostate cancer-
specific biomarkers [14]. We first optimized the detection of Erg and AMACR by IHC in
PCa tissues (Supplementary Fig. 5). We then identified primary PCa cells harboring ERG
gene rearrangements determined by interphase FISH (Supplementary Fig. 6), and examined
Erg expression in the mirror sections of sampled PCa tissue and after formation of fish
xenografts.

Indeed, tumor cells in the mirror section (Fig. 5J, and Supplementary Fig. 5–6) and zebrafish
xenografts (Fig. 5K) showed strong immunoreactivity with antibodies against AMACR and
Erg, suggesting that these zebrafish xenografts are derived from PCa cells. Further analysis
of human PCa cells in xenografts derived from adherent α2β1hi/CD44hi (TICs) that
frequently disseminated to the brain region of zebrafish embryos (Fig. 5H–I), or migrated to
the tail (Supplementary Fig. 7A–D) demonstrated that many (but not all) of these cells were
positive for CD44 expression (evidence for formation of CD44− cells, or CD44 plasticity),
and demonstrated features of potential cell differentiation including the expression of
CK8/18 (Supplementary Fig. 7C–D), a clinical marker used to identify luminal and/or
intermediate PCa cells. Furthermore, IHC analyses of xenografts from primary PCa cells
demonstrated that cells in these xenografts coexpress the prostate-specific marker PSA and
the human-specific CD44 isoform (Supplementary Fig. 7E–H).

Importantly, to examine if TICs derived from zebrafish xenografts of primary PCa retain
their abilities for serial tumor transplantation, we sorted labeled tumor cells from primary
fish xenografts, and used them for secondary xenografts (Fig. 5L). TICs from primary grafts
were able to initiate secondary xenografts in 81.8% of cases (n=54/66 secondary xenograft
embryo from three patient samples). Thus, PCa xenografts in zebrafish are derived from
TICs that can retain genotypic and phenotypic features, some differentiation potential, and
serial tumor transplantation ability of human PCa cells, and similar to mouse xenografts, the
α2β1hi/CD44hi cells are more tumorigenic in zebrafish embryos.

Assessing the frequencies of prostate tumor initiating cells using zebrafish xenografts
TIC frequency of human PCa cells in zebrafish xenografts were determined using ELDA
[29] (Supplementary Fig. 8) from SC transplantation of parental, 5-min-adherent α2β1hi/
CD44hi cells, and 20-min non-adherent α2β1low/CD44low cells in limiting dilutions. Self-
renewing TICs were found to be abundant, and comprised 0.3–1.3% of DU145 cells
(Supplementary Fig. 8) and 0.02–0.9% of PC3 cells.

We also isolated the 5 min-adherent α2β1hi/CD44hicells (TICs) from six primary PCa
patients (Table 1) from prostatectomies, and examined their tumor initiation potential in
zebrafish xenografts. TICs from primary PCa tissues engrafted robustly in the pre-immune
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zebrafish embryos at rates higher than that of PCa cell lines (Supplementary Table S3). Self-
renewing TICs from primary tumors varied from scarce to widely abundant compared to
PCa cell lines, and comprised 0.22% (1/456) to 14.3% (1/7) of primary PCa cells (Table 1).

To study whether the tumorigenic ability of prostate TICs in zebrafish is restricted to
transplants in the immune-tolerant embryonic microenvironment, we used prednisone-
conditioned juvenile transparent Casper [18] zebrafish as recipients. DU145 parental cells,
5-min-adherent α2β1hi/CD44hi cells, and 20-min non-adherent α2β1low/CD44low cells were
transplanted, and fish were monitored at 33°C. Prostate TICs injected SC initiated visible
tumors in juvenile fish after an average of 13 days (Supplementary Fig. 9), and then invaded
both local and remote tissues by day 28 (Supplementary Fig. 9C). Histological analyses of
tumor masses demonstrate cells with engrafted DU145 morphology (Insert in
Supplementary Fig. 9B). Whether injected SC in the tail region (Supplementary Fig. 9B–C),
or IP (Supplementary Fig. 9D–E), tumors from parental and TIC DU145 cells disseminated
to distal sites (Supplementary Table 4). The overall rates of tumor dissemination of 10–500
DU145 cells injected SC and IP in conditioned juvenile fish were 77.8% (n=14/18) with
parental cells, 22.2% (n=4/18) with Non-TICs, and 88.8% (n=16/18) with TICs
(Supplementary Table 4). Importantly, benign prostate epithelial cells survived but failed to
initiate tumors in zebrafish (Supplementary Table 1). Collectively, these data suggest that 5-
min-adherent α2β1hi/CD44hi TICs derived from PCa cell lines and primary PCa cells are
more tumorigenic in zebrafish xenografts.

DISCUSSION
The presence of distinct subpopulations of TICs in solid tumors has proved contentious
[35,36]. However, the evidence for a central role of TICs in tumor growth has most recently
been solidified by lineage tracing studies in mice [5–7]. We examined the expression of
stem cell markers in multiple PCa cell lines, and found PCa TICs to have increased
expression of α2β1-integrin and CD44. We confirmed that TICs derived from primary PCa
tissues shared identical properties. We performed several functional assays including colony
and serial spheroid formation, migration, and invasion assays, and tumor xenograft studies.
We demonstrate that α2β1hi/CD44hi cells robustly adhere to collagen, elevate CD133
reflecting increased abilities to initiate serially-passageable spheres when grown as
spheroids, are able to self-renew as single cells in serial spheroid assays, and have enhanced
tumor initiation abilities in mice and zebrafish. We identified the rapidly adherent α2β1hi/
CD44hi subfraction to consistently contain prostate TICs independent of CD133 expression
among all PCa cells that we have examined. Previous studies provided strong evidence for
CD133 as a prostate TIC marker [37,38]. Similarly, we have shown here that CD133
expression is elevated in prostate spheres. However, other studies in PCa and other cancers
showed tumor initiation independent of CD133 expression [39–42]. The apparent
inconsistency of CD133 expression in prostate TICs likely reflects tumor heterogeneity,
marker plasticity in response to changes in the niche during PCa clonal evolution, its minute
levels (~0.01%), and the necessity for correct CD133 glycosylation and protein folding for
precise marking of stem cells [43].

Tumor cells that possess substantial replicative ability might be stem cell-like cells with self-
renewing abilities, or mutated transit-amplifying cells without self-renewal capacity [44–
46], and the self-renewal states might evolve during the clonal selection process [46].
Multiple molecular pathways regulate the biology of stem cells and self-renewal features,
and are therefore potential targets in TICs [47]. Among these reticulate pathways are Bmi-1,
Oct3/4, Hedgehog (Hh), Wnt/β-catenin, Notch signaling, Hox gene family, PTEN/Akt
pathway, efflux transporters such as ABCG markers of self-renewal, and upregulated
telomerase activity [48]. Studies suggest that Bmi-1 is necessary for Hh-[49], and β-catenin-
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mediated self-renewal [50] making Bmi-1 one of the most critical self-renewal targets. Thus,
the zebrafish xenograft model of tumor initiation that we developed might help to identify
inhibitors targeting these critical self-renewal pathways.

Self-renewal is likely a dynamic feature by which cancer cells respond to changes in the
microenvironment. Accordingly, the relative frequency of TICs is likely to vary between
experimental systems utilizing distinct readouts, microenvironments, and tumor types. We
have utilized ELDA, rather than LDA to determine TIC frequencies, since ELDA have the
capacity to calculate frequencies for stem cell subpopulations that produce 0% or 100%
tumor engraftment [29]. Importantly, we have used zebrafish embryos to develop rapid
xenografts of primary PCa cells (within 12 days), and to determine that the frequencies of
self-renewing primary PCa cells are more abundant in the immune-permissive zebrafish
embryonic microenvironment. Our data provide further evidence for an inverse relationship
between the TIC frequency and immune competency of the xenograft recipient [51], and
highlight the importance of developing better xenograft models.

Since primary PCa cells are difficult to propagate in mouse xenografts, an approach that is
recently adapted in order to increase survival of primary prostate xenografts is tissue
recombination of primary PCa cells with inductive stroma [52] by utilizing neonatal mouse
mesenchyme [53]. It is increasingly critical to determine if coculture with embryonic
heterologous stromal component that promotes epithelial proliferation and differentiation
alters the TIC properties of adult prostate epithelial progenitors [54]. Human PCa cells
retained many of their phenotypic, differentiation, and serial transplantation features, and
displayed metastatic dissemination behavior in zebrafish. Thus, zebrafish xenografts
recapitulate a broad spectrum of engrafted PCa cell biology and dissemination behavior, and
may be developed to screen for small-molecule inhibitors that target self-renewal to control
progression and recurrence of multiple cancers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Isolation of subpopulations of prostate cancer cells by differential adherence. A: Multiple
prostate cancer cell lines were allowed to adhere to either laminin-, collagen I-, collagen IV-
coated plates, or plates coated with all three combinations. Time of adherence assay is
described where PCa cells are allowed to adhere for 5 minutes, the rapidly adherent cells
after 5 min (5′) are collected, the remaining of the cells are replated for 20 min, the cells that
adhere at 20 min (20′) are collected, and the cells that did not adhere (>20′) are labeled as
non-adherent cells. Data are shown for DU145 cells from six separate adhesion experiments.
B: Fractions of PC3 and DU145 cells collected after time-of-adherence assay were subjected
to flow cytometric analysis of α2β1-integrin expression. Representative flow cytometric
analysis is shown for PC3 and DU145 cells. C: Percentages of collagen-I adherent and non-
adherent PC3 and DU145 cells immediately after collagen adherence assay. D: Cell viability
of collagen-I adherent and non-adherent PC3 and DU145 cells immediately after the
collagen adherence assay were similar to cell viabilities of adherent and non-adherent cells
immediately after cell isolation, and averaged 95–99.9%.
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Fig 2.
Collagen-adherent cells are enriched in putative TICs. A: Mean percentage of cells with
α2β1hi/CD44hi phenotype in PCa cell lines. B: Time-of-adherence assay performed on
multiple PCa cell lines displaying the 5-min adherent cell fraction as a percentage of total
cells. Data represent three independent experiments performed in triplicates. C: Flow
cytometric analyses of DU145 and PC3 cells after collagen adherence showing both
increased expression of CD44 and CD133 in the 5-min (5′) adherent cells compared to the
20 minutes (20′) non-adherent cells, and higher mean fluorescence intensity (MFI) of 5
minutes collagen-I-adherent (α2β1hi/CD44hi) cells (Adherent) compared to 20 min-non-
adherent (α2β1low/CD44low) cells (Non-adherent), and IgG control (IgG). D: CD133
expression in various subsets of DU145 and PC3 cells. In a representative experiment,
α2β1hi/CD44hi (pink) showed 0.1% and 0.01% of the cells positive for CD133 from DU145
and PC3 cells respectively, and spheroids from these α2β1hi/CD44hi cells (green) showed
upregulated CD133 levels up to 5.22% in DU145 cells and 0.083% in PC3 cells (P< 0.001
for both cell lines in three independent experiments). E: Primary prostate cancer cells have
increased expression of CD44 and CD133 in the 5-min adherent cells compared to the 20
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min-non-adherent cells. Mean percentages from analyses of six cases are displayed. Higher
expression of α2β1/CD44 and upregulation of CD133 when cells are grown as spheres were
detected in the 5-min adherent cells compared to the 20 minutes non-adherent cells, and
were seen with all six patient samples examined.
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Fig 3.
Tumorigenic potential of collagen-adherent α2β1hi/CD44hi cells. A: The two fractions of
α2β1hi/CD44hi cells and α2β1low/CD44low cells isolated after collagen adherence were
assessed in colony forming efficiency assays. Images on the left demonstrate colonies
derived from both fractions stained with crystal violet. Numbers of spheroid colonies,
migrating, and invading cells are displayed as mean ± SD, and were done in triplicates. Self-
renewal and in vitro tumorigenic potential of collagen-adherent α2β1hi/CD44hi DU145 cells
are shown. Bars demonstrate the enhanced clonogenic ability of α2β1hi/CD44hi cells
compared to α2β1low/CD44low cells. The two fractions of α2β1hi/CD44hi cells and α2β1low/
CD44low DU145 cells isolated after collagen adherence were assessed for numbers of
migrating cells. Data are displayed as mean ± SD, and were done in triplicates (*p<0.001).
B: Both flanks of athymic nude (NCInu/nu) mice were injected with either total DU145 cells
(ν), 5 min-adherent cells (λ), or 20 min-non-adherent cells (σ) (n=60 mice). Mean tumor
growth rates are presented as mm3/day ± SD. C: The mean tumor volume was plotted as a
function of time using the ellipsoid volume formula (length x width2 x 1/2), assuming π = 3.
P values shown are compared with total DU145 tumors. D–E: Self-renewal and in vitro
tumorigenic potential of collagen-adherent α2β1hi/CD44hi PC3, LnCap and CWR22 PCa
cells. D: Bars demonstrate the enhanced clonogenic ability of α2β1 hi/CD44hi cells
compared to α2β1low/CD44low PC3 and CWR22 cells. E: The two fractions of α2β1hi/
CD44hi cells and α2β1low/CD44low PC3, LnCap and CWR22 cells isolated after collagen
adherence were assessed for numbers of migrating cells. Data are displayed as mean ± SD,
and were done in triplicates (*p<0.001).
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Fig. 4.
Zebrafish xenografts of human prostate cancer cells. A–D: Bright filed image in (A), and the
corresponding red (605) fluorescent image in (B) demonstrating efficient labeling of DU145
cells with quantum dots-605 (QD) in nearly all the cells in the field. C–D: Histological H&E
sections from a control non-transplanted zebrafish muscle tissues in (C), compared to a
muscle section from DU145 TICs transplanted fish in (D). Section demonstrates tumor
infiltrates with cells resembling morphology of DU145 cells in fish tissues. Scale bar is 100
μM in (A–D). E: Kaplan Meier survival curve of embryos transplanted with normal prostate
cells and multiple PCa cells lines using three fractions; parental (blue), 5′ adherent α2β1hi/
CD44hi cells (TICs) (red), and 20-min non-adherent α2β1low/CD44low (green) cells.
Embryos transplanted with cancer cells had significantly shorter survival rates compared to
normal prostate cells due to the rapid development of disseminated tumors. The TICs
fraction induced significantly higher mortality rates from tumor growth with DU145, PC3
and CWR22 but not LnCap cells when compared to parental and non-TICs transplants.
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Fig. 5.
Prostate cancer xenograft tumor progression in zebrafish. A: QD 605 red fluorescent image
of the site of injection on the left taken on the same day of transplanting primary PCa cells
SC in zebrafish embryos. Red and bright image overlays represent sequential imaging of the
same xenograft embryo over time during 8 days of tumor growth. From day 2, notice the
two sites that are outlined with tumor cells labeled with QD. Tumor growth increases
progressively while fluorescence decreases due to QD dilution with cell division. B–E:
Sections from control and PCa xenografts with brain metastasis (D–E). Images were taken
at 9 dpt. Downward arrows indicate the site of SC transplantation. Upward arrows in D and
E on the left indicate cell masses invading the brain and causing exophthalmus (arrowheads
in D, compare with no brain metastasis in B). F–K, H&E staining (F and H) and IHC with
anti-human CD44 (G and I) in a representative control untransplanted embryo (F–G)
compared to histological sections from a representative xenotransplanted embryo (H–I) with
brain metastasis stained with H&E (H) and IHC staining of the same brain region containing
disseminated human cells identified with the human isoform-specific anti-CD44 antibody
(Insert) (H,I). Letters indicate e, eye; b, brain; m, muscle; y, yolk. Inserts in panels G and I
are higher magnification of the outlined brain areas, respectively. J: Formalin fixed paraffin
embedded (FFPE) sections from a representative primary prostate cancer (PCa) tissue used
that are stained with H&E, or in IHC with either Erg or AMACR in brown. The H&E image
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in J is a higher magnification of the outlined areas in supplementary Fig. 4C, while The Erg
and AMACR images in J are higher magnifications of the outlined areas in supplementary
Fig. 6H and 5F, respectively. K: Sections from zebrafish embryo with PCa xenograft using
cells from tissues shown in Fig. 5K and stained with H&E, and IHC for Erg and AMACR.
Inserts are higher magnification of the outlined area in K. L: Diagram demonstrating
strategy to study tumor initiation potential of primary PCa cell grafts in secondary
xenografts. TICs from the 5-min adherent α2β1hi/CD44hi cells of three patient samples #4,
#5, and #6 were transplanted to generate primary xenografts (1°). Xenograft tumor areas
were dissected, pooled, and TICs were sorted and injected into secondary recipients. Table
on the right demonstrates primary and secondary graft take rates. Scale bars are 100 μm in
B–E, F–J, and N–K.
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Table 1

TIC frequencies of cells from primary prostate cancer patients in zebrafish xenografts.

1ry prostate Gleason R2 99% confidence TIC frequency

1 3 + 3 0.999 1/7 to 1/37 1/16

2 3 + 3 0.995 1/29 to 1/153 1/71

3 3 + 3 0.995 1/64 to 1/228 1/120

4 3 + 3 0.999 1/59 to 1/456 1/185

5 3 + 3 0.995 1/32 to 1/114 1/36

6 3 + 4 0.998 1/29 to 1/153 1/71

Table shows patient number and Gleason scores. TIC frequencies of 1/16 (6.25%), 1/71 (1.4%), 1/120 (0.83%), 1/185 (0.54%), 1/36 (2.7%), 1/71
(1.4%), 1/8 (12.5%), 1/16 (6.25%), and a frequency range of 0.22% to 25.0% were calculated in the six patient samples using ELDA with 99%
confidence interval, and with the displayed correlation coefficient (R2) values. Fifty embryos per dilution per tumor sample were transplanted SC

with limiting dilution (3–100 cells) of TICs from the 5-min adherent α2β1hi/CD44hi cells. Tumor cell graft take was consistently high, and
averaged 77 ± 10%, and embryo survival next day after transplantation was >86%.
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