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Abstract. Early diagnosis of prostate cancer (PCa) is critical 
for the application of efficient treatment to PCa patients. 
However, the majority of PCas remains indolent from several 
months to several years before malignancy. Current diagnosis 
methods have limitations in their reliability and are inefficient 
in time cost. Thus, an efficient in vivo PCa cell xenograft model 
is highly desired for diagnostic studies in PCas. In the present 
study we present a standardized procedure to create a PCa 
cell xenograft model using zebrafish (Danio rerio) as the host. 
PC3-CTR cells, a cell line from adenocarcinoma with stable 
expression of calcitonin receptor (CRT), were subcutaneously 
injected into zebrafish larvae at 48 h post fertilization. The 
nursing conditions for the larvae were optimized with stable 
survival rates of post hatch and post PC3-CTR cell injection. 
In this system, the progression of PC3-CTR cells in vivo was 
evaluated by migration and proliferation of the cells. Massive 
migrations of PC3 cells in vivo were observed at post injec-
tion day (PID)3. The injected PC3-CTR cells eventually 
invaded the whole larval zebrafish at PID5. Quantification 
of PC3-CTR cell proliferation was done using quantitative 
PCR (qPCR) analysis targeting the expression profiles of two 
PCa housekeeping genes, TATA-binding protein (TBP) and 
hypoxanthine phosphoribosyltransferase 1 (HPRT1) encoding 
genes. The excessive proliferation of PC3 cells in vivo was 
detected with both qPCR assays. Expression levels of one 
non‑coding gene, prostate cancer associated 3 gene (pca3), 
and two other genes encoding transient receptor potential ion 
channel Melastatin 8 (trpm8) and prostate-specific membrane 
antigen (psma), showed a significantly enhanced aggressive-
ness of PC3-CTR cells in vivo. The model established in the 
present study provides an improved in vivo model for the 
diagnosis of PCas efficiently. This PCa cell xenograft model 

can also serve as a tool for high throughput anti-PCa drug 
screening in therapeutic treatments.

Introduction

As the second leading cause of cancer-related deaths in 
American men (1), prostate cancer (PCa) typically undergoes 
slow growth and often leaves the patient susceptible to other 
diseases during the development. In a significant subset of men, 
the cancer develops rapidly, leading to death (2). Depending on 
the characteristics of PCas, different treatment strategies are 
available to the patients. The indolent PCas in patients usually 
do not require major treatment, while rapid developing PCas 
require aggressive treatments to prevent further malignancy. 
Therefore, it is critical to detect the aggressive PCas at their 
early stages. Recent studies suggest that most of the PCas 
are initiated by a small population of tumor-initiating cells, 
which are responsible for growth of the tumor, metastasis and 
even relapse (3). Differentiation of these cells leads to a high 
diversity of tumor cell populations (4,5). Characterization of 
tumor-initiating cells provides important information for the 
prediction of future clinical behavior of the tumor.

The diagnosis of early PCa in patients has been commonly 
studied for many years. however, many strategies have been 
developed in the past few decades. Some PCa specific DNA 
markers have been identified and applied to the detection of 
PCas in elderly men (6,7). Although these markers can rapidly 
provide a reference for the risk of PCas in humans, they cannot 
predict whether the tumor will be a slow-growing or an aggres-
sive one that needs immediate treatment. A sufficient animal 
model that allows the human prostate tumor cells to grow and 
develop normally, and demonstrates the fate of tumor cells in 
a short time period is highly desired.

The classic approach to assess tumorigenicity and meta-
static potential of human prostate cells is the growth of 
orthotopic xenografts in immune-deficient mice (8-10). The 
model has been extensively used in functional analyses of PCa 
related genes as well as drug screening for PCa treatments. 
However, the development of tumor xenografts from prostate 
cancer cells implanted in mouse prostate tissue usually takes 
two months or longer. This is not the optimal period for 
the diagnosis of aggressiveness of a PCa in clinical studies. 
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Additionally, this model is costly and labor intensive, which is 
a disadvantage in high throughput anticancer drug screenings.

Recent studies have shown that zebrafish (Danio rerio) can 
serve as a useful model organism for cancer research (11-14). 
Zebrafish offer several unique advantages over mammalian 
models, such as small animal size, no extensive surgical 
procedures, strong reproducibility and rapid growth of xeno-
grafts (15). Moreover, the translucent body of the fish embryos 
enables us to visualize all processes associated with tumor 
formation, tumor progression, metastasis and death  (16). 
Furthermore, the zebrafish is more xenograft-tolerant and has 
less immune response to tumor cell xenograft than mice (17). 
Another major advantage is that an extremely small number 
cells are required for implantation (as little as 1x103 cells). 
Thus, even primary prostate cells derived from tumor biopsies 
can be sufficient for this model.

In the present study, we established the human prostate 
tumor cell zebra fish xenograft model using a well-defined 
human prostate cancer cell line, PC3-CTR. Previously created 
in Dr Shah's laboratory, the cell line was transfected with a 
pcDNA3.1 vector carrying the full-length CTR cDNA (18). 
Unlike the wild-type PC3 cell line, the PC3-CTR can stably 
express calcitonin receptor, which enhances the aggressive-
ness of the cells (18). The goal of this study is to examine the 
process of tumor growth in zebrafish embryos, and monitor the 
expression of some prostate cancer-specific markers during 
this process. The conditions of zebrafish embryos implanted 
with PC3-CTR cells were optimized and the migration of 
implanted PC3-CTR cells in zebrafish embryos were moni-
tored using live cell fluorescent dyes. The proliferation and 
development of the PC3-CTR cells in zebrafish embryos were 
also evaluated using PCa cell markers.

Materials and methods

Generation of zebrafish embryos. All experiments on zebrafish 
were performed in compliance with the Louisiana State 

University, Agricultural Center's (LSU AgCenter) institutional 
guidelines and under the National Research Council's criteria 
for humane care as outlined in the ‘Guide for the Care and Use 
of Laboratory Animals’. The protocol used in the present study 
was approved by the LSU AgCenter Institutional Animal Care 
and Use Committee.

Sexually matured zebrafish individuals were maintained in 
the Aquaculture Research Station at the LSU AgCenter. Adult 
zebrafish were spawned in water at 28˚C on a 14-h light/10-h 
dark cycle. The procedures for breeding, embryo collection, 
staging (Fig. 1a) and rearing all followed previously published 
standard protocols (19).

Microinjection of prostate cancer cell line to zebrafish 
embryos. A prostate cancer cell line, PC3-CTR was used 
for microinjection. The cells were cultured overnight at 37˚C 
with 5% CO2 supply in the RPMI-1640 medium (Corning 
Life Sciences, Corning, NY, USA) supplemented with 10 mM 
HEPES, 25 mM NaHCO3, 10% fetal bovine serum (FBS; 
VWR/Life Science, Radnor, PA, USA), 200 mg/l geneticin 
(VWR/Life Science), 100 µg/ml penicillin G, and 100 µg/ml 
streptomycin (100x Amresco penicillin/streptomycin stocking 
solution from VWR/Life Science). Thereafter, the cells 
were incubated with a live-cell imaging dye Qtracker® 525 
(Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 
37˚C to be fluorescently labeled. The labeled PC3-CTR cells 
were digested by 0.05% Trypsin (Corning Life Sciences) and 
re-suspended in phosphate-buffered saline (PBS; Corning Life 
Sciences). The cell density in the suspension was calculated 
based on cell counting with a hemocytometer and was adjusted 
to 500 cells/ml in PBS.

The zebrafish embryos at 48 h post fertilization (hpf) were 
manually dechorionated, and anesthetized with 10  µg/ml 
tricaine methanesulfonate (MS-222; Sigma-Aldrich, St. Louis, 
MO, USA) and transferred to 50 µl drops of filtered aquarium 
water with 10 µg/ml MS-222 under oil in a 5-cm diameter 
petri-dish, also containing a 20 µl drop of PC3-CTR cells 

Figure 1. Experimental design and conditions for zebrafish xenograft model. (a) The PC3-CRT cells were introduced subcutaneously to zebrafish embryos at 
48 h post fertilization (hpf) followed by an incubation at 28 (n=350) or 32˚C (n=277). (b) The microinjection site in zebrafish embryo is indicated with white 
circle. (c) The hatching rates of zebrafish embryos and survival rates of zebrafish larvae at PID1 incubated at 28 (n=318) or 32˚C (n=169). (d) Survival rates 
of zebrafish larvae implanted with PC3 cells during post injecting nursing at 28 (n=318) or 32˚C (n=169). PID, post injection day; IF, immunofluorescence.
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diluted in PBS suspension. Microinjection was performed with 
an Eppendorf CellTram microinjection system, on a Nikon 
Eclipse TE200 inverted microscope. Cells were back-filled 
into the microinjector (22 µm ID) and five to six PC3-CTR 
cells were injected subcutaneously through the sinus venosus 
above the yolk  (Fig. 1b). The embryos were immediately 
transferred to fresh filtered aquarium water and incubated at 
37˚C for 2 h. Following, the embryos were maintained at 32 
or 28˚C for up to 12 days post transplantation (14 days post 
fertilization).

Larval zebrafish maintenance and sampling. Starting from 
post-hatching day 4, freshly hatched Artemia (Pentair plc, 
Sanford, NC, USA) were produced daily and used twice a day 
as diet for larval zebrafish. Growth of the larval zebrafish was 
monitored daily using a stereomicroscope. The development 
of PC3-CTR cells in zebrafish was visualized using a Nikon 
Eclipse Ti fluorescent microscope (Nikon USA, Melville, NY, 
USA) following the anesthesia of the larvae with 50 µg/ml 
MS-222 (Thermo Fisher Scientific). PC3-CTR cells in zebrafish 
embryos were visualized under fluorescent microscope. The 
PC3-CTR cells were monitored daily and mortalities of 
zebrafish were recorded. Some surviving zebrafish larvae 
were harvested for immunofluorescent (IF) staining or RNA 
isolation. Larvae for IF were first anesthetized with MS-222 as 
described above and fixed with 4% paraformaldehyde (PFA) 
overnight at 4˚C. Then, they were preserved in 10% methanol 
at 4˚C. Some anesthetized larvae were immediately transferred 
to Tri-Reagent® for RNA isolation.

Immunofluorescent staining of human specific antigen. The 
PFA fixed larval samples in methanol were rehydrated with a 

serially diluted methanol in PBS with the concentrations, 100, 
75 and 50%. After washing with PBS, each sample was blocked 
with 10% goat serum in PBS for 2 h. Thereafter, the sample 
was incubated with mouse anti-human nuclei antibody (EMD 
Millipore, Billerica, MA, USA) in PBS (1:1,000 dilution) at 
4˚C overnight. A secondary antibody (goat x mouse) fluo-
rescently labeled with Alexa 594 (Thermo Fisher Scientific) 
was diluted with PBS at 1:500 and incubated with the larval 
sample at room temperature for 1 h in a dark environment. The 
sample was observed under the Nikon Eclipse Ti fluorescent 
microscope (Nikon USA).

Quantification and characterization of PC3-CTR cells in 
larval zebrafish using quantitative PCR. To estimate the 
number of PC3-CTR cells in each zebrafish larval individual, 
we developed a quantitative PCR (qPCR) assay targeting house-
keeping genes encoding TATA-binding protein (TBP) and 
hypoxanthine phosphoribosyltransferase 1 (HPRT1) (20-22) 
in PC3-CTR cells. The full sequences of human tbp and hprt1 
were downloaded from GenBank database and used for homo-
logues searching through zebrafish nucleotide database using 
BLASTn (23). No homologues of human hprt1 was found in 
Danio rerio database, while a highly conservative tbp gene 
was found in Danio  rerio database. Therefore, the qPCR 
primers specific for human hprt1 were designed by the primer 
designing tool on IDT DNA (Coralville, IA, USA) website, 
while the primers for human tbp were designed based on a 
high variance region in the sequence compared to Danio rerio 
tbp (Fig. 2a). The specificity of the qPCR primers was tested 
by PCR with cDNAs from PC3-CTR and zebrafish larvae and 
the PCR products were visualized by electrophoresis with 7% 
acrylamide-bisacrylamide TBE gel (Fig. 2b).

Figure 2. Human specific PCR primers for molecular markers. (a) Locations of human tbp specific primers were selected based on the alignment of human and 
zebrafish tbp genes. The targeting sequences of forward and reverse primers are marked with an ‘*’. (b) The specificities of synthesized primers were analyzed 
with qPCR and electrophoresis on PAGE-TBE gel. PCR products of all five pairs of primers were only seen in human PC3-CRT cells (PC3) not in zebrafish 
samples (Dr). (c) The primer information is listed. M, DNA marker.
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A PC3-CTR cell number against qPCR Ct value standard 
curves were created based on the qPCR amplification profiles 
of human tbp and hprt1. Briefly, the PC3-CTR cells were 
harvested from a subconfluent cell culture plate and quanti-
fied with a hemocytometer under a microscope following the 
standard protocol. Each zebrafish larval individual at different 
development stages (from day 1 to day 12 post hatching) 
without PC3-CTR implantation was mixed with a certain 
number of PC3-CTR cells diluted with PBS. The ratios of 
larva and PC3-CTR numbers are, 1:5, 1:50, 1:500, 1:5,000, 
1:50,000 and 1:500,000. For example, for the dataset generated 
from 500 PC3-CRT cells, we mixed 500 cells with zebrafish 
larva at post hatching day 1, 4, 6, 7, 8, 10 and 12, respectively. 
The total RNAs were isolated from each mixture and used 
for qPCR analysis. This was expected to minimize the error 
caused by the slightly different growth rate of zebrafish in our 
system. The total RNA of each mixture and the cDNA were 
obtained using TRIzol® reagent (Thermo Fisher Scientific) 
and Superscript IV Reverse Transcriptase (Thermo Fisher 
Scientific), respectively, following the manufacturer's instruc-
tions. For each sample, a total amount of 1 µg of RNA was 
used for cDNA synthesis.

Twenty microliters of cDNA was synthesized for each RNA 
sample and the cDNA was diluted 10-fold with DNase/RNase-
free molecular water. The qPCR was performed using GoTaq 
DNA polymerase system (Promega, Madison, WI, usa) with 
SYBR-Green. Each 10 µl reaction contained 2 µl cDNA from 
each sample. Primers used for qPCR are listed in Fig. 2c. The 
ABI 7900HT Fast Real-Time PCR system with Fast 384-Well 
Block (Thermo Fisher Scientific) was used for the qPCR with 
the program: 2 min at 50˚C, 2 min at 94˚C, and 40 cycles of 94, 
55 and 72˚C with 30 sec at each temperature. The raw Ct values 
of tbp and hprt1 expressions (x-axis) were used to construct 
standard curves against the log(10) of PC3-CTR cell numbers 
mixed with each fish larva (y-axis). The standard curve and 
the regression equation were used to estimate the number of 
PC3-CTR cells in each of the experimental zebrafish larval 
individual based on the Ct values of tbp and hprt1.

Three PCa tumor cell development genetic markers; 
prostate cancer associated 3 gene (pca3), transient receptor 
potential ion channel melastatin 8 (trpm8) and prostate-specific 
membrane antigen (psma). No zebrafish homologous genes for 
these three marker genes were found based on BLASTn anal-
ysis. These markers were only detected in human PC3-CTR 
cells not zebrafish larvae (Fig. 2b). All primers used for qPCR 
in the present study are listed in Fig. 2c.

Results

Temperature does not affect the survival of xenografted 
zebrafish larvae. Two temperatures were used in this study for 
zebrafish embryo hatching, and larval zebrafish nursery post 
PC3-CTR cell implantation. The temperature (28˚C) is close 
to normal zebrafish hatching and nursery temperature while 
32˚C allows better growth and development of PC3-CTR cells 
in the larvae based on our observations. Incubated at 32˚C, 
59.2±9.0% zebrafish embryos successfully hatched, which 
was significantly lower (p=0.002) than the hatching rate of 
the embryos raised at 28˚C (93.7±2.7%) (Fig. 1c). However, no 
significant difference in post PC3-CTR injection survival rates 

of zebrafish larvae was observed between the two different 
rearing temperatures (Fig. 1b and c). Large mortalities were 
observed in the larvae at day 1 post PC3-CTR implantation 
(PID1) incubated at 28˚C (24.2±4.7%) or 32˚C (33.3±5.4%), but 
no significant difference was found between these mortality 
rates (Fig. 1b). Therefore, we used 32˚C to raise the larval 
zebrafish in the rest of the study to better grow the PC3-CTR 
cells in zebrafish larvae. Occasional deaths of the larvae were 
observed prior to post injection day 6 (PID6). In contrast, an 
increase of mortality was observed starting at PID6 and lasted 
until almost 100% mortality in the larvae at PID14. Very few 
larvae with PC3-CTR survived after PID14 (Fig. 1c).

PC3-CTR cells migrated and proliferated along with the 
development of zebrafish larvae. The PC3-CTR cells were 
labeled with Qtracker® 525 prior to the implantation into 
the larval zebrafish. Fluorescent microscopy was used to 
track the PC3-CTR cells injected into the larvae. At PID1, a 
small number of cells with Qtracker 525 signals (green) were 
located near the injection site of the PC3-CTR cells (Fig. 3a). 
IF staining with human nuclei antibody (red) also demon-
strated the limited distribution of PC3-CTR cells in the larvae 
(Fig. 3b). No obvious migration of PC3-CTR cells in larval 
zebrafish was observed at PID1. Signals of Qtracker 525 in live 
PC3-CTR cells were hard to detect after PID3, therefore, IF 
staining of human nuclei was used to detect the distributions 
of PC3-CTR cells in larval fish. PC3-CTR cells were found 
widely distributed at the posterior section of the fish (between 
original PC3-CTR injection site and the tail of the larva; 
Fig. 3c). PC3-CTR cells were also detected in the anterior 
section of the fish (between head and original PC3-CTR injec-
tion site, Fig. 3c), but the number was limited. The number 
of PC3-CTR cells in larval zebrafish was markedly elevated 
from PID5 on. PC3-CTR cells were located from head to tail 
and colonized a large area in the head of the larva (Fig. 3d). 
At PID7, more PC3-CTR cells were observed in the head area 
while less PC3-CTR cells were seen at the posterior section of 
the larva (Fig. 3e).

PC3-CTR cells in zebrafish larvae demonstrated rapid 
proliferation. To estimate the number of PC3-CTR cells in 
each zebrafish larva, qPCR targeting PC3-CTR housekeeping 
genes, tbp and hprt1, was used to generate cell-number/
Ct-value curves. The number of PC3-CTR mixed with each 
zebrafish larva was exponentially correlated with the Ct 
values of tbp (Cttbp) and hprt1 (Cthprt1), although the regres-
sion equations for these two curves were different. With 
the curve created from tbp gene expression, an equation 
y = 5E + 10e-0.646x was generated to calculate the number of 
PC3-CTR cells in any given zebrafish larva with a Ct value 
of tbp expression (Fig. 4a). The equation generated with the 
Ct values of hprt1 expression was y = 3E + 15e-1.217x (Fig. 4b). 
Larval zebrafish implanted with PC3-CTR cells were 
harvested at PID2, 4, 6, and 8. The number of PC3-CTR 
cells in each larval individual was estimated using the two 
equations. For example, the Cttbp of a zebrafish larva at PID2 
was 32.85 (x=32.85). Using the equation, y = 5E + 10e-0.646x, 
we calculated the total number of PC3-CTR in the larva 
was 30. With the cDNA from the same larval individual, 
we obtained the Cthprt1 = 26.45. Using the second equation, 
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y = 3E + 15e-1.217x, we concluded the number of PC3-CTR 
cells in this larva equals 27. The number of PC3-CTR cells in 
each larval individual at each PID point was estimated using 
the two equations.

Two graphs showing the changes of PC3-CTR cells 
in zebrafish larvae during development were constructed 
(Fig. 4c and d). The estimated numbers of PC3-CTR cells 
in each larva using different equations demonstrated were 
similar. At PID2, the average number of PC3-CTR cells in 
each larva was 33 based on the Cttbp values. Using the Cthprt1 

based quantification method, the average number of PC3-CTR 
cells in each individual was 30. The two PC3-CTR number 
estimation systems also demonstrated high consistencies in 
the larvae at other time-points (Fig. 4c and d). Consistent to 
the observations of PC3-CTR cell populations in zebrafish 
larvae, rapid expansions of PC3-CTR cells were also identified 
using the qPCR quantification assays. At PID4, the numbers of 
PC3-CTR cells estimated by the two equations increased to 93 
and 158, respectively, in larval zebrafish. By PID6, over 1,000 
PC3-CTR cells were estimated in each larva (1,624 by equa-
tion 1 vs. 1,013 by equation 2). At the final time-point tested 
in this study (PID6), the average numbers of in vivo PC3-CTR 
cells in fish reached, respectively 2,004 and 2,440 according 

to the results from the two equations. With the PC3-CTR 
numbers in each larva estimated by Ct values of hprt1 (YHPRT1) 
and tbp (YTBP), we also generated a graph demonstrating the 
ratios of the two estimated numbers (YHPRT1/YTBP). At day 2 
and day 6 post PCa cell xenograft, the number of PC3-CTR 
cells estimated by hprt1 and tbp models was very close with 
the ratios at 0.999 and 0.959, respectively (Fig. 4e). At PID 4 
and 8, the number of in vivo PC3-CTR cells estimated with the 
hprt1 derived equation was higher than those calculated from 
tbp derived formula. The values of YHPRT1/YTBP at PID 4 and 8 
were 1.78 and 2.44, respectively (Fig. 4e).

PC3-CTR demonstrated elevated aggressiveness in vivo. 
Three commonly used PCa cell markers, pca3, trpm8 and 
psma, were used to evaluate the development and aggres-
siveness of PC3-CTR cells (24-26) in larval zebrafish. The 
expressions of these three molecular markers along the 
development of zebrafish larvae showed similar patterns. 
Increase of pca3 expression in PC3-CTR implanted larvae 
was detected from PID2 to PID6 compared to the pca3 level 
in PC3-CTR cells in vitro. The expression of pca3 showed 
the greatest upregulation in the larvae at PID6, which was 
6.90±1.34-fold greater than that in control PC3-CTR cells 

Figure 3. Migration and proliferation of PC3-CRT cells in vivo. (a) The PC3-CRT cells at PID1 were tracked by the live cell tracking dye Qtracker 525 (green). 
(b) the PC3-CRT cells in vivo were monitored by immunofluorescent staining by human nucleus specific antibody with Alexa 594 labeled secondary antibody 
(red). (c) PC3-CRT cell migration and proliferation in vivo at PID3. (d) Signals for PC3-CRT cells in vivo at PID5. Higher magnifications were used to visualize 
the detailed distributions of PC3-CRT cells at anterior (left) and posterior (right) sections. (e) Distribution of PC3 cells at PID7 in vivo, with higher magnifica-
tion at anterior (left) and posterior (right) sections. Scale bar, 200 µm.
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(p=0.001; Fig. 4f). Similarly, expression of trpm8 was signifi-
cantly upregulated at PID2 in PC3-CTR cell implanted larvae 
by 7.63±2.07 (p=0.022) compared to trpm8 expression in 
PC3-CTR in vitro. This upregulation sustained from PID2 to 
PID6 with >7-fold difference at each time-point (Fig. 4f). The 
transcriptome production of psma in PC3-CTR cells in vivo 
demonstrated a rapid elevation at PID2, with a 2.54±0.51-fold 
increase compared to in vitro PC3-CTR cells. However, the 
upregulation of psma in PC3-CTR cell implanted larvae was 
attenuated from PID4 with no significant difference than 
that in PC3-CTR cells in vitro  (Fig. 4f). In summary, the 
expression profiles of these PCa cell markers suggested that 
the progression and invasiveness of the PC3-CTR cells were 
rapidly enhanced when implanted into larval zebrafish.

Discussion

Present results demonstrate that the human PCa cell zebrafish 
xenograft model provides a rapid method for the analyses 

of cancer cell migration and metastatic process in  vivo. 
Comparisons of human cancer xenograft models have been 
made between zebrafish and nude mice (nu/nu). PCa cell 
line, DU145, injected to mice through the lateral tail vein, 
did not demonstrate metastasis until three months post injec-
tion. In contrast, metastasis of DU145 cells was observed in 
zebrafish larvae within 60 h post implantation (27). Based on 
our previous trials, the development of PC3-CTR cells varies 
with the different nursing conditions. Other than the post 
cell injection nursing temperature, 32˚C used in this study, 
we also applied lower (28˚C) or higher (36˚C) temperatures 
in some trials. The development of PC3-CTR cells in larval 
zebrafish was significantly inhibited, which was reflected by 
the migrating and proliferating rates of the cells (based on 
observation). In contrast, no observations were made in the 
larval zebrafish cultured at 36˚C because of the high mortali-
ties, although 36˚C is the best temperature for PC3-CTR 
cells grown in  vitro compared to the other temperatures. 
We also tempted to optimize this model by using the larval 

Figure 4. Quantification of PC3-CRT cells in zebrafish larvae with qPCR. (a) The housekeeping gene tbp was used to estimate the number of PC3-CRT 
cells in each injected zebrafish larva. The standard curve with the Log10(Ct) values of tbp expression and PC3-CRT cell numbers was created and the equa-
tion for regression was generated (n=5-8). (b) The standard curve was also generated with Log10(Ct) values of the other housekeeping gene hprt1. (c) The 
estimated PC3-CRT cell numbers in each zebrafish larval individual calculated by the regression equation generated from tbp standard curve. (d) The 
number of PC3-CRT cells in each PC3-CRT injected zebrafish larva was also estimated with hprt1 standard curve. (e) Comparisons of the numbers of in vivo 
PC3-CRT cells calculated with different formula. Yhprt1, cell numbers calculated with equation y = 3E + 15e-1.217x; Ytbp, cell numbers calculated with equation 
y = 3E + 10e-0.646x. Yhprt1/Ytbp, the ratio of estimated PC3-CRT cell numbers for each sample. (f) Relative mRNA levels of pca3, trpm8 and psma were estimated 
using qPCR along the time course of zebrafish larval development (n=6-12 at each time-point).
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zebrafish at different development stages, such as at post 
fertilization day (pfd) 4 or 6. However, our observation on 
PC3-CTR cells injected into fish larvae at pfd 4 or 6 showed 
a severely inhibited proliferation. This was likely caused by 
the enhanced host immune system in zebrafish larvae with 
the development (11,28). No larval zebrafish with implanted 
PC3-CRT cells survived beyond PID10. Similar results were 
reported from previous studies. Implantation of wild-type PC3 
cells (17,29) and primarily isolated prostate tumor inducing 
cells  (17) with less aggressiveness compared to PC3-CRT 
cells (18). The adverse effects caused by the rapid tumor cell 
proliferation could not be overcome by the host. An improved 
zebrafish PCa cell xenograft model with a longer survival 
period is desired for application in PCa diagnosis.

The external environmental conditions for PCa cells grown 
in vivo are important factors for cell development. However, 
the fate of implanted cells is primarily determined by the cell 
type. In the present study, we used the PC3-CTR cell, which is 
a modified cell line based on popular cell line PC3 established 
from bone metastasis of prostate cancer in 1979 (30). Because 
of the high tumorigenicity of this cell line, the PC3-CTR cells 
implanted in larval zebrafish demonstrated a high aggressive-
ness. The proliferating rate of PC3-CTR in vivo was high. For 
each larval individual, in this study, 5-6 PC3-CTR cells were 
initially injected subcutaneously. Approximately 2,000 cells 
were found in the individual at PID8 and they were widely 
distributed in the larva, which suggested an active migration 
in vivo. Compared to PC3-CTR cells, other PCa cell lines, 
DU145 and LNCaP, used in previous studies, showed slightly 
different behavior in zebrafish larvae. Migrations of DU145 
and LNCaP cells in vivo were observed 30 h post injection 
(hpi) with the colonization established across the whole 
body (27). In another earlier study, tumor-initiating cells (TICs) 
were isolated from prostates of PCa patients and implanted 
to zebrafish larvae. Although the TICs demonstrated a strong 
ability in migration and proliferation in vitro, no aggressive 
behavior of TICs inside zebrafish larvae were observed. Cell 
migration was observed towards the posterior section of body 
trunk with very limited expansion of the colony in vivo (17). 
The difference in cell behavior was likely caused by different 
tumorigenesity of TICs and PCa cell lines.

The PCa cells used in different studies demonstrated 
different proliferating levels in  vivo despite all these 
cells exhibiting extraordinary proliferating abilities 
in vitro (17,27,31). This was primarily caused by the different 
cell types but also attributed to the methods of quantification. 
Since the PCa cells were all fluorescently labeled prior to 
implantation, one of the commonly used methods for quanti-
fication is direct counting with cell imaging. Because of the 
high transparency of larval zebrafish body trunk, it is possible 
to visualize the signals given by the pre-labeled cells using 
fluorescent microscopy (27). The imaging analysis software 
ImageJ (32) provided a powerful tool for cell counting with 
no cost. However, the accuracy of cell counting is primarily 
determined by technique of microscopy. Most cell counting 
studies of xenograft cells were based on the 2-D images, which 
were not able to precisely differentiate the cells distributed in 
three dimensions. Therefore, the signals detected by micros-
copy could not represent all positive cells in vivo. Although 
more advanced microscopic techniques, such as confocal 

microscopy (33,34) and 3-D imaging (35,36), were applied in 
tumor cell caption and they also increased the expenses and 
complexities of cell quantification methods. The cell quantifi-
cation method used in this study is based on qPCR technique 
using the expression profiles of housekeeping genes in PC3 
cells. This technique took the advantage of high sensitivity of 
PCR assay. Moreover, the specificity was also improved by 
the carefully designed and fully characterized primers. The 
selection of housekeeping genes for PCa cells was based on 
previous studies. The genes, tbp and hprt1, were all previ-
ously used for housekeeping genes in PCa studies (22,37,38), 
and demonstrated great reliability in quantification of gene 
expression. Other previously reported housekeeping genes, 
including gapdh, actb and 18S rRNA, were also tested in this 
study. Based on the sensitivity and linear regression analysis 
of the Ct values of the housekeeping genes, we identified tbp 
and hprt1 as the best candidate housekeeping genes for this 
study. Similar techniques were also used in quantification of 
human tumor cell xenografts in mice (39,40). We also consid-
ered the potential errors during the operation for in vivo PCa 
cell quantification with qPCR. The standard curves of PCa 
cell quantification were generated with Ct values of house-
keeping genes from a mixture of in vitro cultured PC3-CRT 
cells and larval zebrafish. We used these curves to estimate 
the number of PC3-CRT cells in vivo. The characteristics of 
PC3-CRT cells might be affected by the surrounding envi-
ronment, which could possibly alter the expression patterns of 
housekeeping genes. However, these selected housekeeping 
genes of PCa cells have been previously confirmed to be 
constitutively expressed under effects of various conditions. 
Therefore, we expected very minor influence on the quantifi-
cation of PC3-CRT cells in vivo. Compared to conventional 
cell imaging analysis, this assay provided a rapid method for 
xenograft cell quantification with minimum requirement for 
equipment.

The three PCa cell markers, pca3, trpm8 and psma, were 
used as references for invasiveness of PC3-CTR cells in vivo. 
The pca3, also known as differential display code 3 (DD3), 
is a prostate-specific non-coding mRNA, which is overex-
pressed in tumor cells  (41). The cells with overexpression 
of pca3 in prostate is often associated with a greater tumor 
aggressiveness  (42,43). As a member of transient receptor 
potential (TRP) ion channel family, the TRPM8 is involved 
in a number of prostate tumor cell activities, such as prolifera-
tion (44,45), apoptosis (46) and cell migration (45,47). Because 
of its specificity and roles in prostate tumor cell progression, 
trpm8 has been considered to be a potential target for diag-
nostic strategies, and pharmaceutical treatment of PCas (48). 
The PSMA is a prostate specific membrane antigen that has 
been correlated with a number of prostate aggressive disease, 
including PCas (49). More than 10-fold expression levels of 
this molecule has been detected in many states of PCas (26). 
The basal expression level of psma in PC3 cells was reported 
to be low (26,50), although we detected the expression of this 
gene in mRNA level in PC3-CTR cells. Our finding suggested 
that the expression levels of these three PCa markers were 
all elevated with the development of PC3-CTR cells in vivo, 
which is positively correlated with the increase of PC3-CTR 
cell proliferation and migration based on the result of observa-
tion and quantification.
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Our results indicated that the in vivo experiment of larval 
zebrafish was ideal for PC3-CTR cell progression. The 
development of PCa cells in zebrafish larvae appeared to be 
significantly accelerated compared to that in mammalian 
models (several days in fish vs. several months in mice). 
However, the rapid development of PC3-CTR cells demon-
strated lethal effects to zebrafish larvae. Large mortalities 
were observed after PID5 and very few individuals with 
implanted PC3-CTR cells survived beyond PID14. The 
rapidly grown PC3-CTR cells appeared to heavily impact 
the normal growth of the larvae. The average growth rates of 
PC3-CTR implanted larvae were markedly lower than control 
larvae without implanted PC3-CTR cells. The tumor burden 
was likely the cause of nutritional deficiency in the host (51). 
Therefore, an improved nutritional condition is necessary to 
maintain the growth of zebrafish larvae during the experiment. 

In summary, the present studies demonstrate the utility of 
zebra fish model to assess tumorigenicity and aggressiveness 
of prostate cancer cell lines; and the model can be applied for 
quick assessment of aggressiveness of primary prostate cancer 
cells derived from patient biopsies.
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