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IntroDuctIon
Among the major human cancers, prostate cancer is poorly served 
by experimental model systems. Many existing models fail to rep-
resent the full spectrum of disease progression or the complexity of 
prostatic tumors1,2. Prostate cancer is usually described as a slow-
growing disease and most patients are diagnosed with moderate-
grade, localized tumors. However, the cells from these localized 
tumors seldom survive and grow in vitro or in vivo using stand-
ard techniques. This limits our ability to use tumors derived from 
patients in order to study tumor heterogeneity, the transition to 
aggressive disease, the effects of novel therapies and mechanisms 
of resistance. To address these problems, we developed a series of 
methods to efficiently grow human primary tumor tissues and cells 
from patients with different stages of prostate cancer. These models 
can be easily modified to investigate specific intratumoral signaling 
mechanisms, cellular interactions and individual tumor responses 
to therapeutic compounds.

Development of the protocol
Our methods for grafting tissues and cells are all based on the fun-
damental principle that stroma is essential for the optimal growth 
of prostate epithelial cells. The Cunha laboratory developed meth-
ods of tissue recombination wherein separated epithelial and stro-
mal cells from different sources are combined and xenografted 
under the renal capsule to determine the relative contributions 
of each cell type3. When the developmental precursor of prostate 
tissue, the embryonic urogenital sinus, is separated into epithelia 
and mesenchyme, the urogenital epithelium will only differentiate 
into prostate when recombined with urogenital mesenchyme4. This 
demonstrates that prostatic differentiation is regulated by cues from 
the stroma rather than being an intrinsic property of the epithe-
lium. SVM obtained from neonatal mice later in the development 
process has the same differentiating properties as urogenital mesen-
chyme4. Adult epithelial stem cells isolated from mouse and human 

prostate also require embryonic mesenchyme to differentiate into 
mature prostate epithelium5,6. The full inductive and instructive 
potential of stroma is evident by its ability to transform human 
embryonic stem cells into prostate epithelium7 and to transdiffer-
entiate mammary stem cells, of ectodermal rather than endodermal 
origin, into chimeric breast and prostate epithelia8. Collectively, 
these studies show that stroma can be used to promote the growth 
and prostatic differentiation of epithelial cells.

We hypothesized that stroma would also support the growth 
and survival of prostate cancer cells; therefore, we began adapt-
ing the classical tissue recombination techniques for xenografting 
prostate cancer tissues. The cues from stroma are conserved across 
species, including human, mouse and rats7, and thus we recom-
bined human prostate cancer specimens with mouse SVM. As  
tissue recombinants are typically implanted under the renal capsule 
of mice, which is highly vascularized, we expected that the model 
would also maintain the viability of the tissues.

We compared the survival and proliferation of localized prostate 
cancer tissues recombined with SVM or grafted alone9. Tumor cells 
survived in a greater proportion of grafts (66% (n  =  41) versus 
41% (n  =  38)) from more patients (100% (n  =  6) versus 67%  
(n  =  6)) when tissues were recombined with SVM rather than 
when grafted alone. There was also a significant increase (P = 0.039) 
in proliferation within the grafts with SVM when compared with 
 tissues grafted alone. Notably, when tissues were digested into single 
cells, the tumor cells survived only when combined with SVM 
and never survived when grafted alone (27% (n  =  22) versus 0%  
(n  =  7) survival). Therefore, for the first time, this method allowed 
us to grow dispersed cells from localized human prostate cancer. 
We were also able to grow specific subsets of prostate cancer cells 
sorted with a candidate surface marker, α2β1 integrin10–12, again 
only with SVM, demonstrating that this method could also be used 
as a bioassay for potential cancer-repopulating cells.
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Most cases of prostate cancer are now diagnosed as moderate-grade localized disease. these tumor specimens are important tools 
in the discovery and translation of prostate cancer research; however, unlike more advanced tumors, they are notoriously difficult 
to grow in the laboratory. We developed a system for efficiently xenografting localized human prostate cancer tissue, and we 
adapted this protocol to study the interactions between the specific subsets of epithelial and stromal cells. Fresh prostate tissues 
or isolated epithelial cells are recombined with mouse seminal vesicle mesenchyme (sVM) and grafted under the renal capsule of 
immunodeficient mice for optimum growth and survival. alternatively, mouse mesenchyme can be replaced with human prostate 
fibroblasts in order to determine their contribution to tumor progression. Grafts can be grown for several months to determine 
the effectiveness of novel therapeutic compounds when administered to host mice, thereby paving the way for personalizing the 
treatment of individual prostate cancers.
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The goal of xenografting is to promote growth while maintaining 
the characteristics of the original tumor. Therefore, we analyzed 
tissues before and after grafting for the same histopathological fea-
tures that are used to diagnose prostate cancer in patient specimens. 
It was especially important to determine whether SVM maintained 
the malignant features of the grafts. Normal inductive cues from 
developmental tissues cause some tumors to re-differentiate and 
become less aggressive, including certain rat models of prostate can-
cer13,14. Notably, pieces of tissue grafted with SVM maintained the 
characteristics of the original tumors including Gleason scores and 
loss of basal cells, as well as expression of α-methylacyl-CoA race-
mase (AMACR), androgen receptor (AR), prostate-specific anti-
gen (PSA) and, for some patients, Ets-related gene (ERG) (ref. 1). 
Furthermore, digested cells also initiated tumors that recapitulated 
the features of matched ungrafted tissue. This demonstrates that 
SVM not only provides a more supportive niche for prostate cancer 
cells compared with the stroma of the graft site but also accurately 
preserves the original tumor pathology.

Endogenous stromal-epithelial interactions within the tumor 
microenvironment also regulate prostate cancer cells. Similarly to 
epithelial cancer cells, the surrounding stroma undergoes progres-
sive histopathological, molecular and functional changes in pros-
tate cancer15,16. Indeed, the changes in tumor stroma correlate with 
diagnosis and prognosis of prostate cancer17,18. Although many 
models of prostate cancer only focus on the epithelial tumor cells, 
tissue recombination assays have been used to demonstrate the 
important role of stroma. Cancer-associated fibroblasts (CAFs) iso-
lated from human prostate cancer tissue induce tumor formation 
in benign prostatic hyperplasia (BPH)-1 prostate epithelial cells, 
which are SV40-transformed but normally nontumorigenic16,19. In 
contrast, normal prostate fibroblasts (NPFs) from benign human 
prostate specimens are nontumorigenic16. These experiments 
emphasize that CAFs have an active role in prostate cancer, remi-
niscent of the role of stroma in prostate development. These studies 
also show that tissue recombination can be used to model complex 
cell-cell interactions within the tumor, which is critical because, as 
the niche for prostate cancer cells, CAFs have been proposed as a 
therapeutic target.

Comparison with other methods
Several techniques have been developed for studying the growth 
of human prostate cancer cells in vivo. Immortalized cell lines and 
serially passaged, continuously growing xenografts are the most 
commonly used models. New cell lines and xenografts are difficult 
to establish, but those that survive are easy to maintain. They are 
usually well characterized and convenient to access; in addition, 
large numbers of tumors can be generated in order to ensure repro-
ducible results. Some cell lines and xenografts, however, lack the 
hallmarks of prostate cancer cells, including AR and PSA expres-
sion1. A further limitation is that most of these models are from 
advanced or metastatic specimens; their ability to grow independ-
ently of the human prostate microenvironment, unlike fresh pros-
tate cancer cells, confirms that they are highly aggressive prostate 
cancer cells. This means that most cell lines and serially passaged 
xenografts are unsuitable for studying the growth of moderate-
grade prostate cancer and the usual paracrine interactions between 
tumor cells and the microenvironment.

Primary grafts of fresh human tissues, as described in this pro-
tocol, can be used to study a broad range of tumors, including 

low-to-moderate grade localized prostate cancer, while preserving 
many of the interactions between prostate cancer cells and their 
native microenvironment. One difference between the methods is 
the way in which the fresh prostate tissues are prepared for grafting. 
Our laboratory grafts small pieces of tissue or digested cells, but 
an alternative approach involves preparing precision-cut slices of 
~300-µm-thick tissue20. This method produces a greater number 
of smaller grafts and would be compatible with our use of mouse 
SVM. A more substantial difference between methods is the site 
of implantation. In earlier studies, specimens were usually grafted  
subcutaneously, but this had a relatively low take rate of 38–58% 
(refs. 21,22). Although subrenal grafting is technically more diffi-
cult, it consistently yields much higher take rates (56–93%), prob-
ably because the kidney is highly vascularized22,23. Orthotopic 
grafting into the mouse prostate has also been used, but it was only 
successful for investigators who grafted pieces of tissue22, which had 
a 72% take rate, rather than dispersed cells23. It is also technically 
challenging to perform orthotopic grafts, especially in castrated 
hosts in which the prostate shrinks and involutes. The main advan-
tage of the orthotopic site is that it provides a more physiological 
environment for the growth of human prostate tissue; however, this 
is partly addressed by using urogenital stroma in subrenal grafts.

Applications
The most immediate use of this protocol is preclinical testing of 
therapeutic compounds. The high take rate of grafts that accurately 
preserve original tumor pathology makes it possible to determine 
whether responses vary between patients or within an individual 
patient’s tumor. Once primary xenografts are established, a fur-
ther application of the protocol would be serial transplantation. 
One option is to digest primary xenografts and then sort and 
regraft candidate cancer stem cells in order to assess their long-
term repopulating activity2. Alternatively, primary xenografts can 
be used to produce permanently passageable xenograft lines. For 
example, the metastatic PCa1 and nonmetastatic PCa2 xenograft 
lines were generated from a renal graft (established without SVM) 
that was serially transplanted up to eight times and then transferred 
to the orthotopic site24,25. The benefit of xenograft lines is that they 
are an ongoing resource that can be shared between laboratories. 
Xenograft lines are also reproducible because they lack benign cells 
and are more homogenous than fresh patient tissue. Establishing 
a greater number of xenograft lines, with more diverse character-
istics, would also help to reduce the field’s reliance on traditional 
cell culture models.

Once the basic technique of tissue recombination and subre-
nal grafting is established in the laboratory, it can also be adapted 
with numerous combinations of cells. A common application of 
this method is that rather than growing already-malignant human 
prostate cancer cells, benign prostate cells are induced to undergo 
tumorigenesis5,26–29. This overcomes one of the greatest limita-
tions to grafting prostate cancer tissue: access to appropriate patient 
specimens, because larger amounts of benign prostate tissue are 
more readily available. Indeed, the increase in early diagnosis of 
prostate cancer means that smaller, lower-grade tumors are now 
commonly removed by surgery, and it can be difficult to obtain 
sufficient malignant tissue from these specimens. One method of 
initiating tumorigenesis is hormonal carcinogenesis by administer-
ing high doses of testosterone and estrogen to the host, which has 
been used with spheroids of primary epithelial cells and the BPH-1 
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cell line18,25,26. Another method is viral transduction of oncogenes 
directly into cells from freshly digested benign prostate tissue5,26. 
This technique was used to show that epithelial cells with a basal 
phenotype are the cells of origin for prostate cancer26. For both 
methods, urogenital mouse stroma is essential for supporting the 
growth and differentiation of the initiated prostate epithelial cells. 
On the basis of the success of these studies, a future application of 
this protocol could be to virally transduce human prostate cancer 
cells that are already malignant in order to examine the role of 
specific factors in tumor progression and therapeutic resistance.

Limitations
The heterogeneity within human prostate cancer tissue influences 
the design of xenografting experiments. Most specimens contain a 
mixture of benign and malignant glands, and the ‘contaminating’  
benign cells also survive and grow in xenografts and primary 
cell culture. The presence of both benign and malignant epi-
thelial cells in grafts accurately reflects the original tumor, but 
it makes analyses more difficult. Our laboratory routinely stains 
serial sections of graft tissue with p63, cytokeratin 8 (CK8) and 
cytokeratin 18 (CK18), AMACR and high-molecular-weight 
cytokeratin (HMWCK) antibodies to distinguish between 
benign (p63 + CK8/18 +  AMACR − HMWCK + ) and cancerous 
(p63 − CK8/18 +  AMACR + HMWCK − ) glands. The heterogeneity 
of prostate tumors also means that despite careful examination 
of pregraft tissue by a pathologist, some regions may not contain 
tumor cells once the tissue is dissected. Therefore, when grafting 
undigested pieces of tissue, we typically establish twice as many 
grafts as required to account for specimens lacking prostate cancer 
cells and those that fail to grow.

A further limitation of our protocol is that it has been optimized 
to study cellular interactions within localized human prostate can-
cer rather than the progression from localized to metastatic dis-
ease. Nevertheless, xenograft lines that are established and serially 
passaged under the renal capsule, which maximizes their viability, 
become locally invasive and metastatic when they are transferred to 
the orthotopic site24,30. Our model is also unsuitable for studying 
the most common metastatic niche for prostate cancer, the bone. 
Alternative methods for studying the interactions between bone 
and prostate cancer cells have been developed with metastatic cell 
lines and some serially passaged xenografts24,31,32.

Other limitations of our model are common to most methods 
of xenografting human tissue. The use of immunodeficient mice 
means that it is not possible to study the role of immune cells in the 
tumor microenvironment. It should also be noted that fibroblasts 
from the host colonize the grafts9. This occurs regardless of whether 
SVM is included in the grafts, and this means that species-specific 
reagents are required in order to study human fibroblasts. Another 
important technical consideration is the strain of immunodeficient 
mouse that is used. Our laboratory has previously used NOD-SCID 
(nonobese diabetic–severe combined immunodeficient) mice; how-
ever, older animals often develop thymic lymphoma. When lym-
phoma cells invade into grafts, they confound analyses and prevent 
transplantation of grafts into secondary hosts, which can rapidly 
contract lymphoma. A solution is to use NSG (NOD-SCIDγ) mice, 
which are not known to develop thymic lymphoma and which are 
also more severely immunocompromised.

Repeat for benign tissue

Ink and cut
prostate

Recombine with
BPH-1 cells

Collect and 
analyze grafts

Grow under
renal capsule

Recombine
samples with SVM

Digest and sort
single cells

(optional)

(optional)

Establish primary
cultures of fibroblasts

Chop tissue into pieces Analyze histopathology
of reserved pieces

Sample tissue. Identify
malignant regions with

frozen sections

Dissect tissue Routine pathology

Confirm disease status
of sampled region

Figure 1 | Schematic overview of the protocol. Black arrows indicate the 
PROCEDURE workflow, whereas white arrows indicate optional applications 
of the protocol. The prostate tissue is cut, sampled, sectioned and dissected 
by a pathologist before being analyzed by routine histopathology. Samples 
of prostate tissue are chopped into pieces. Some samples are reserved for 
histopathology, whereas the rest of the samples are recombined with mouse 
seminal vesicle mesenchyme (SVM). Alternatively, the pieces of tissue can 
be digested and sorted for single cells, or used to establish cultures of 
primary fibroblasts for tissue recombination experiments with BPH-1 cells. 
Grafts are implanted under the renal capsule of immunocompromised mice 
and then collected in order to analyze tumor growth and survival. All animal 
experiments conformed to Monash University animal ethics approvals.  
Scale bars (white), 50 µm. Scale bars (black), 2 mm.

 Box 1 | Culture and characterization of fibroblasts ● tIMInG 2–4 weeks 
Stromal cells derived from malignant tissue are known as CAFs, whereas cells derived from benign regions are referred to as NPFs. CAFs and 
NPFs have distinct gene expression profiles, and only CAFs have the ability to induce tumor formation in tissue recombination assays.
1. Seed 1 × 106 digested cells in a T75 flask with 15 ml of stromal medium, which promotes the growth of fibroblasts compared with 
prostate epithelial cells. Grow the cells at 37 °C in a humidified incubator with 5% O2 and 5% CO2.
2. Wait 2–3 d for the cells to attach and then 5–7 d for them to form colonies (Fig. 2a). Replace the medium every 3 d. Passage the 
cells with trypsin solution once they reach 80% confluence. Other cell types, including epithelial cells, may initially be present until 
further selection with stromal medium (Fig. 2b).
?  trouBlesHootInG
3. Characterize fibroblast cultures as required using in-house protocols. Contaminating epithelial cells can be identified by staining 
for CK8/18 and HMWCK (Fig. 2c). The expression of secreted frizzled-related protein 1 (SFRP1), which is upregulated in tumor stroma, 
is a convenient marker for distinguishing CAFs from NPFs36.
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Experimental design
The first step in acquiring prostate tissue is establishing an ongoing 
relationship with the consulting urologists. The urological surgeons 
are the initial point of contact for the patients, and they introduce 
the concept of ethical tissue donation for medical research. The 
subsequent steps, both before and after surgery, are essential for 
collecting viable tissues, and in our experience, a dedicated member 
of staff is necessary for these tasks. An overview of the procedure 
is shown in Figure 1.

Prostate tissue can be obtained from patients undergoing either 
a radical prostatectomy, the removal of the entire prostate gland, or 
a transurethral resection of the prostate (TURP), which produces 

small ‘chips’ of prostate tissue. Each procedure yields different 
types of tissue. Radical prostatectomy is performed on men with 
localized prostate cancer; these specimens can be used to obtain 
matched benign and malignant tissue from any zone of the pros-
tate. Typically, there is sufficient tissue from each specimen for up 
to 50 grafts in 8–10 mice. TURP is usually used to alleviate urinary 
tract symptoms in men with BPH, and thus it provides a useful 
source of benign tissue. Occasionally, TURP surgeries are also used 
to relieve urinary tract complications in patients with advanced 
and castration-resistant prostate cancer. As TURP removes prostate 
tissue surrounding the urethra, the samples are primarily from the 
transitional zone.

Figure 2 | Primary cultures of prostate fibroblasts. 
(a) Phase-contrast image of a typical colony of 
fibroblasts formed during the first passage. Scale 
bar, 200 µm. (b) Immunocytochemical staining 
of cytokeratin 8/18 (CK8/18; mouse 5D3, Leica) 
showing contaminating epithelial cells.  
Scale bar, 200 µm. (c) Immunocytochemical 
staining showing a lack of cytokeratin 8/18 and high–molecular weight cytokeratin (HMWCK; mouse 34βE12, Dako)-positive epithelial cells in passage four 
cultures of fibroblasts. All cells express vimentin (mouse LN-6, Sigma-Aldrich), but they show heterogeneous expression of α-smooth muscle actin (α-SMA; 
mouse 1A4, Sigma-Aldrich). Scale bars, 100 µm.

 Box 2 | Sorting prostate epithelial cells ● tIMInG 1–2 h 
This procedure can be used to subfractionate dispersed epithelial cells from patient tissue or the BPH-1 cell line10–12,19. If you are  
using BPH-1 cells, trypsinize them from tissue culture flasks and wash them twice with PBS.
1. In order to select α2β1integrinhi cells, follow option A. In order to select CD133 +  cells, follow option B.
(a) selecting a2b1integrinhi cells
 (i)  Resuspend cells in 5 ml of the standard medium and pipette the cells onto a collagen I–coated plate (blocked with BSA).  

Incubate the plate at 37 °C for 10–15 min. Aspirate the supernatant containing α2β1integrinlo cells and wash the plate three 
times with PBS.

 (ii)  Adherent cells constitute the α2β1integrinhi population. In order to remove the cells from the plate, add 1 ml of 0.1% (wt/vol) 
trypsin and incubate the plate at 37 °C for 10 min. Collect the cells in 5 ml of PBS  +  EDTA and add the cells into a 15-ml Falcon 
tube containing 5 ml of standard medium.

 (iii)  Repeat the trypsinization step with 2 ml of 0.1% (wt/vol) trypsin and incubate the plate at 37 °C for 10–15 min. Collect the 
cells in 5 ml of standard medium. 
 crItIcal step Trypsin release of the cells from the collagen dish takes quite a long time; always check that all cells have 
lifted off the plate.

 (iv)  Pool the cells and centrifuge them at 215g for 5 min at RT. Wash the cells once with 5 ml of ice-cold MACS buffer.
(B) selecting cD133 +  cells
 (i)  Resuspend the cell pellet in 350 µl of MACS buffer. Add 100 µl of FcR blocking reagent and 50 µl of CD133− biotin antibody  

(from the Miltenyi CD133 MicroBead kit). Mix well and incubate the cells with gentle rotation for 10 min at 4 °C.
 (ii)  Wash cells twice with 5 ml of MACS buffer and resuspend the cells in 400 µl of MACS buffer. Add 100 µl of anti-biotin  

MicroBeads and incubate the cells at 4 °C with gentle rotation for 15 min.
 (iii)  Wash the cells two times with 5 ml of MACS buffer and resuspend the cells in 500 µl of MACS buffer.
 (iv)  Place a MiniMACS column in the magnetic separator and rinse it with 500 µl of MACS buffer. Layer the cell suspension onto the 

column. Use a fresh tube to collect the eluate (CD133− cells). Wash the column three times with 500 µl of MACS buffer.
 (v)  Remove the column from the magnetic separator and add 1 ml of MACS buffer onto the column. Push the plunger into the  

column to expel the labeled cells. Collect the eluate containing CD133 +  cells into a fresh tube. Repeat the plunger step to wash 
all cells off the column; collect the cells in the same tube.

 (vi)  Spin the tubes containing the CD133– and CD133 +  cells. 
 crItIcal step The CD133− pellet will be visible but not the CD133 +  pellet. Resuspend both types of cells in 100 µl of MACS 
buffer and count the number of cells.

a

Passage 1

CK8/18 CK8/18 HMWCK Vimentin α-SMA

Passage 4

b c
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Once prostate tissue is obtained, the expertise of a skilled patho-
logist is crucial. For radical prostatectomy specimens, the patholo-
gist must dissect appropriate samples of malignant and, if required, 
benign tissues, while maintaining the overall integrity of the pros-
tate for standard pathology. Although it is more time-consuming 
to perform frozen sections at this step, it markedly increases the 
chance of successfully isolating malignant tissue compared with 
biopsy of the tissue based on palpation alone33. The frozen sections 
also make it possible to target regions of the tumor with the high-
est proportion of malignant versus benign cells; we aim to collect 

specimens with at least 80% cancer. Nevertheless, this does not 
absolutely guarantee the presence of malignant foci in the tissue 
that is subsequently obtained. Therefore, we always reserve several 
pieces of this tissue (pregrafts) to confirm the presence and abun-
dance of malignant foci.

After grafts are implanted into host mice, they should be established 
for 6–8 weeks before they are treated or harvested. This is an optimal 
length of time, because it allows enough tissue to grow so that it can 
easily be quantified. It is possible to harvest grafts at earlier time points, 
such as after 4 weeks; however, the specimens will be smaller in size.  

 Box 3 | Isolation of SVM ● tIMInG 2–3 h 
1. Set up matings for timed pregnancies of BALB/c or C57/BL/6J mice.
2. Kill male mouse pups at day 0 or day 1 after birth by rapid decapitation with scissors. Pin each pup’s body at the neck and legs on a 
rodent operating board.
3. Under a dissecting microscope, use a pair of small scissors to cut open the body wall just under the umbilicus to reveal the bladder 
(Fig. 3a).
4. Remove the bladder and genital tract by gently pulling the bladder up with forceps and cutting the urethra as close to pelvis as  
possible with a pair of spring scissors (Fig. 3b).
5. Place the excised tissue in a modified watch glass (Maximov depression slide) containing ice-cold dissecting medium. Locate the 
seminal vesicles at the junction between the bladder and the urogenital sinus on the dorsal side of the urethra (Fig. 3c). Cut the  
urethra in half between the seminal vesicles (Fig. 3d,e) and dissect the seminal vesicles free of the urethra (Fig. 3f). Keep the  
seminal vesicles in dissecting medium on ice.
6. Aspirate the medium and add HBSS (Ca +  + , Mg +  +  free) containing 1% (wt/vol) trypsin. Incubate the tissue at 4 °C for 1.5 h.
7. Transfer the tissue through three changes of DMEM supplemented with 20% (vol/vol) FBS to inactivate the trypsin.
8. Add fresh DMEM containing 20% (vol/vol) FBS and a few crystals of DNase ( < 0.1 mg) to stop the SVM from clumping together.
9. Hold the seminal vesicle with forceps and, with the end of a 27-G needle, gently push the seminal vesicle epithelium out of the  
vesicle like pushing toothpaste out of a tube (Fig. 3f). Discard the epithelium.
10. Wash the separated SVM in DMEM containing 20% (vol/vol) FBS and store it in fresh medium until use.
 pause poInt Best results are obtained when SVM is used on the day of isolation; however, it can also be stored at 4 °C in medium 
containing 50% (vol/vol) serum and used within 24 h. Alternatively, SVM can be frozen and used if no fresh SVM is 
available. In order to freeze SVM, transfer up to ten freshly prepared pieces to a cryovial and aspirate any residual medium. 
Add 1 ml of freezing solution and transfer the vial to a freezer at  − 80 °C. If the SVM has not been used within a month, 
transfer it to liquid nitrogen storage and use it within 12 months or discard.

 Box 4 | Collagen preparation ● tIMInG 7 d
1. Trim rat tails at each end by approximately one quarter of their length and immerse the central half of the tail in 70% (vol/vol) 
ethanol. Leave the tail in the ethanol for 45 min with one change of ethanol during that time.
2. Peel off the tail skin to expose the tendons that are visible as white strips running along the tail bones.
3. Use forceps to pull the tendons out. Remove any extraneous tissue such as blood vessels.
4. Wash the tendons three times with water, blot dry and weigh them.
5. Cut the tendons into pieces about 1-cm long and place them in 0.2% (vol/vol) glacial acetic acid containing 1% (vol/vol)  
penicillin-streptomycin. Use 100 ml of solution for every 1 g of tissue. Gently stir the solution for 7 d at 4 °C.
6. Centrifuge the dissolved collagen at 3,000g for 15 min at 4 °C.
7. Collect the supernatant and centrifuge at 35,000g for 1 h at 4 °C.
8. Divide the supernatant into 1-ml aliquots in sterile microcentrifuge 1.5-ml tubes and freeze the tubes at  − 80 °C until use.
 pause poInt Collagen can be frozen at  − 80 °C for at least 5 year.
9. On the day of use, thaw the required amount of collagen, but keep it on ice to reduce the chance of it setting.
10. Prepare a setting solution by mixing 100 ml of 10× DMEM with 2.45 g of NaHCO3 and 7.5 ml of 1 M NaOH. Make up the solution to 
150 ml with water. Filter sterilize the solution and store at  − 20 °C in 5-ml aliquots for at least 1 year.
11. Mix 200 µl of collagen with 65 µl of setting solution.
 crItIcal step The phenol red in the DMEM should turn salmon pink, indicating that the solution has a neutral pH. Keep the  
solution on ice so that the collagen does not set.
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It is also possible to collect grafts at later time points, as pathology and 
growth are maintained for at least 14 weeks. Once grafts are harvested, 
it is important to obtain a pathologist’s advice when analyzing the 
results. Rather than just confirming the survival of prostatic tissue in 
the grafts, histopathology should be used to examine the Gleason pat-
terns of adenocarcinoma and the presence of benign glands, prostatic 
intraepithelial neoplasia and less-common pathologies such as intra-
ductal carcinoma. This should be compared with the pregraft pieces 
of tissue retained from the original specimen to determine whether 
the characteristics of the patient tumor are maintained. It may also 
be useful to compare the grafts with the patient pathology report and 
the frozen sections taken when the tissue was sampled.

Two optional versions of the protocol can be used to study spe-
cific subpopulations of cells within the prostate tissue. Fibroblasts 
can be cultured from benign or malignant prostate tissue using the 
procedure in Box 1 (Fig. 2) and then recombined with BPH-1 cells 
to test their tumorigenicity. Alternatively, candidate stem cells can 
be enriched using the sorting procedure in Box 2 and then grafted 
with SVM to test their ability to regenerate prostate tissue. Some 
steps of the protocol can also be performed in advance to reduce the 
processing time after fresh tissue is acquired. SVM (Box 3) can be 
dissected and stored for 1 d at 4 °C or 6 months at  − 80 °C. A large 
stock of rat tail collagen (Box 4) can also be prepared in advance 
and stored for at least 5 years at  − 80 °C.

MaterIals
! cautIon Maintain sterile working conditions. Work as much as possible 
under sterile conditions in a Class II biohazard cabinet and using sealed 
vessels to transport tissues and cells. Clean all working surfaces with 80% 
(vol/vol) ethanol before and after commencing a procedure.
 crItIcal The desired pH of all cell culture media is 7.4. In our  
experience, filter sterilization causes the pH to rise by about 0.2 pH units. 
REAGENTS

Acetic acid, glacial (Merck Millipore, cat. no. 100056)
Amphotericin B antimycotic (Fungizone; Life Technologies, cat. no. 15290-018)
BSA (Sigma-Aldrich, cat. no. A7906, store at 4 °C)
BPH-1 prostatic epithelial cell line (generous gift from S. Hayward,  
Vanderbilt University)  crItIcal Use the standard medium for routine 
culture of BPH-1 cells.
Carprofen, 50 mg ml − 1 (Rimadyl, Pfizer)  crItIcal Dilute 1 ml of 
Carprofen in 50 ml of sterile water before injecting to prepare a 1 mg ml − 1 
solution. Store at room temperature (RT, ~24 °C) and discard dilute  
solutions after 1 month)
CD133 MicroBead kit, human (Miltenyi, cat no. 130-050-801, store at 4 °C)
Collagen I–coated 10-cm plates (BD Biocoat, Becton Dickinson,  
cat. no. 354450)  crItIcal Before use, block the plates with 5 ml of PBS 
supplemented with 0.3% (wt/vol) BSA incubated for 1 h at RT. Wash the 
plates once with PBS and use within 24 h (store at 4 °C).
Collagenase type I (Sigma-Aldrich, cat. no. C0130, store at  − 20 °C)
Collagen (Box 4)
dH2O
DMEM (Life Technologies, cat. no. 12800-017, store at 4 °C)
DMEM/F12 medium (Life Technologies, cat. no. 12634-010, store at 4 °C)
DMSO (Sigma-Aldrich, cat. no. 472301, store at RT)
DNase I powder (Roche Diagnostics, cat. no. 11 284 932 001, store at 4 °C)
EDTA (Merck Chemicals, cat. no. 1.08418.0250, store at RT)
Ethanol, 80% (vol/vol) (Merck Millipore, cat. no. 8187602500. Dilute  
800 ml of ethanol with 200 ml of dH2O and store at RT)
Fibroblast growth factor, basic (bFGF; Merck Millipore, cat. no. GF003, 
store at  − 20 °C)
Flasks, serum-coated. Coat T75 tissue culture flasks (Becton, Dickinson,  
cat. no. 353110) with 5 ml of FBS for 20 min at 37 °C. Pour off the residual 
FBS and use within 24 h.
FBS (Thermo Scientific Hyclone, cat. no. SH30084.03, store at  − 20 °C)
Formalin, 10% (vol/vol) solution, neutral buffered (Sigma-Aldrich,  
cat. no. HT501128, store at RT)
Gentamicin (50 mg ml − 1, Life Technologies, cat. no. 15750-060, store at RT)
HBSS (Ca +  +  and Mg +  +  free, Life Technologies, cat. no. 14175-079, store at 4 °C)
HEPES sodium salt (Merck Chemicals, cat. no. 1.10110.0250, store at RT)
Hyaluronidase type VIII (Sigma-Aldrich, cat. no. H2126, store at  − 20 °C)
Ketamine hydrochloride/xylazine hydrochloride solution (Sigma-Aldrich, 
cat. no. K113, store at 4 °C) ! cautIon The reagent may be harmful if swal-
lowed, inhaled or absorbed through skin. Refer to material data safety sheet 
for handling procedures and safety precautions.

•
•
•
•

•

•
•

•
•
•
•
•
•
•
•
•

•

•

•
•

•
•
•
•
•

KSF medium with bovine pituitary extract and epidermal growth factor 
(Keratinocyte-SFM, Life Technologies, cat. no. 37010022, store at 4 °C)
Liquid nitrogen
MACS buffer (Miltenyi, cat. no. autoMACS running buffer, store at 4 °C)
Male mice (days 0–1, BALB/c or C57/BL/6J mice and adult (6–10 weeks old)  
NOD-SCID or NSG mice). We obtain mice from Monash University 
Animal Services and maintain them under the supervision of technical staff 
! cautIon All experiments involving animals must conform to all relevant 
standards of ethical treatment of animals and must be approved by the local 
animal experimentation committee.
NaHCO3 (Merck Chemicals, cat. no. 1.06329.0500, store at RT)
NaOH (Merck Chemicals, cat. no. 1.06498.1000)
OCT (Andwin Scientific Tissue-Tek CRYO-OCT Compound, Thermo 
Fisher, cat. no. 14-373-65, store at RT)
Penicillin-streptomycin solution, 10,000 U ml − 1 (Life Technologies,  
cat. no. 15140, store at  − 20 °C)
PBS (Life Technologies, cat. no. 21300-025, store at 4 °C)
Prostate tissue ! cautIon Informed consent conforming to human ethics 
approval must be obtained from patients who donate tissue.
RNAlater (Life Technologies, cat. no. AM7020, store at RT)
RPMI 1640 medium (Life Technologies, cat. no. 31800-022, store at 4 °C)
Testosterone (Sigma-Aldrich, cat. no. T1500v, store at RT)
Trypsin, 2.5% (wt/vol) (Life Technologies, cat. no. 15090, store at  − 20 °C)
SVM (Box 3)

EQUIPMENT
Biohazard bags, plastic
Biohazard safety cabinet, class II
Cell strainers with 40-µm pores (BD Falcon, cat. no. 352340)
Centrifuge, standard laboratory, temperature controlled and fitted with 
sealed, swing out carriers
Cryovials (Thermo Nunc, cat. no. 374221)
Dissecting microscope (SZX12, Olympus)
Forceps, plain, fine
Forceps, bent at 45° (Dumont no. 5/45, Fine Science Tools, cat. no. 11251-35)
Hemocytometer
Incubator at 37 °C, humidified, with an atmosphere of 5% CO2
Incubator at 37 °C, humidified, with an atmosphere of 5% CO2, 5% O2  
and 90% N2
Jars, sterile with lid
Magnetic separator (Miltenyi, cat. no. MiniMACS)
Maximov depression slide (Fisher Scientific)
Microcentrifuge tubes (Eppendorf cat. no. 3810)
Needle and syringes
Orbital shaker
Parafilm
Pasteur pipettes
Personal protective equipment (sterile gloves, sterile lab coats, masks, hats 
and overshoes)

•

•
•
•

•
•
•

•

•
•

•
•
•
•
•

•
•
•
•

•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•
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Plastic ware, sterile (15 and 50 ml Falcon tubes, Petri dishes, culture flasks, etc.)
Pipette, glass with thin blunt ending
Rodent operating board (Harvard Apparatus, cat. no. 564213) or similar
Roller mixer
Scalpel blades
Scissors
Silastic tubing, inner diameter 1.98 mm, outer diameter 3.18 mm  
(Dow Corning, cat. no. 508-009)
Syringes and needles (18-G, 23-G and 27-G)

REAGENT SETUP
Dissecting medium Supplement DMEM/F12 medium with 1% (vol/vol) 
penicillin-streptomycin and 0.5 µg ml − 1 amphotericin B. The medium can 
be stored at 4 °C for 4–6 weeks.
PBS  +  EDTA Supplement PBS with 0.5 mM EDTA. The reagent can be 
stored at 4 °C for up to 1 year.
Freezing solution Mix RPMI (45%), FBS (45%) and DMSO (10%) and 
add testosterone to a final concentration of 1 nM. Prepare the solution as 
required or store aliquots at  − 20 °C.

•
•
•
•
•
•
•

•

Processing medium Supplement RPMI 1640 with 10% (vol/vol) FBS,  
25 mM HEPES, 1% (vol/vol) penicillin-streptomycin, 0.5 µg ml − 1 
 amphotericin B and 100 µg ml − 1 gentamicin. The medium can be stored  
at 4 °C for 4–6 weeks.
Standard medium Add 5% (vol/vol) FBS and 1% (vol/vol) penicillin-
 streptomycin into RPMI 1640. The medium can be stored at 4 °C for 4–6 weeks.
Stromal medium Supplement RPMI 1640 with 5% (vol/vol) FBS, 1 nM 
testosterone and 10 ng ml − 1 bFGF. The medium can be stored at 4 °C  
for 4–6 weeks.
Testosterone implants Seal testosterone powder in 5-mm lengths of Silastic 
tubing with silicone. Sterilize it using UV light. Alternatively, use 5-mg  
testosterone pellets from Innovative Research of America. Implants can be 
stored indefinitely in a sealed, dry container at RT).
Transport medium Supplement RPMI 1640 with 10% (vol/vol) FBS,  
1% (vol/vol) penicillin-streptomycin, 0.5 µg ml − 1 amphotericin B and  
100 µg ml − 1 gentamicin. The medium can be stored at 4 °C for 4–6 weeks.
Trypsin solution Dilute 2.5% (wt/vol) trypsin to the required concentration 
with PBS  +  EDTA. The solution can be stored at 4 °C for 2 weeks.

proceDure
collection of fresh patient tissue ● tIMInG 2 h
1| Before surgery, ensure that the patient has provided informed consent as defined by the appropriate ethical regulatory 
committee. Provide operating theater staff with a sterile screw-capped jar containing 50 ml of transport medium to store the 
excised prostate tissue. Blood may be taken from patients at the time of surgery to obtain lymphocytes for genotyping.
 crItIcal step Tissue samples may only be acquired after approval from the institutional ethical regulatory committee.

2| Once the prostate tissue is obtained, transport it on ice to the pathologist, keeping it cold but not frozen. Blood should 
be transported in a plastic biohazard bag at ambient temperature.
! cautIon Primary tissue should be considered hazardous. Standard biohazard procedures must be followed for all  
procedures involving human tissue.
 pause poInt Tissue should be processed as soon as possible, preferably within 1–2 h of surgery to preserve its morphology 
for pathology.

3| Identify benign and malignant tissue. If the specimen is from a radical prostatectomy, follow option A. If it is from a 
TURP specimen, follow option B. Only small samples can be obtained from prostatectomy specimens because the entire gland 
is required for pathology.
 crItIcal step Regions of benign and malignant tissue should be identified by a pathologist and collected in a way that 
does not impede routine pathology.
(a) radical prostatectomy specimens
 (i)  Mark the surface of the whole prostate with ink to identify surgical margins. Fix the dye by briefly immersing the 

specimen in acetic acid solution.
 (ii)  Use histopathology reports from previous biopsies to determine the likely location of tumor tissue. Tumor foci can also 

be located by palpation, as they are usually firmer than surrounding tissue.
 (iii)  Close to the suspected site of the tumor, perform a transverse slice almost through the full thickness of the prostate 

from the posterior to the anterior side.
 (iv)  Dissect two or three pieces of the tissue ~1 × 4 mm in size from the firm area, freeze them in OCT, cut 5-µm-thick  

sections and perform rapid H&E staining.
 (v)  If the presence of tumor is confirmed, dissect ~500 mg of adjacent fresh tissue and transfer it into the transport  

medium. If no malignant tissue is identified, repeat Step 3A(iv,v). 
 crItIcal step Step 3A(iv,v) should only be repeated once or twice, ensuring that the overall architecture of the 
prostate is maintained for pathology.

 (vi)  Repeat Step 3A(ii–iv) to obtain an equivalent amount of matched benign tissue from a separate region of the gland.
 (vii)  Record the location from which samples were dissected and compare it with retrospective pathology reports; this 

should be done because ‘tumor’ samples can lack actual tumor cells and ‘benign’ regions occasionally contain tumor 
cells not detected in the previous biopsies or frozen sections. Archive the frozen sections so that they can be  
compared with the xenografted tissue.
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 (viii)  Staple the remaining prostate tissue back together and fix it in formalin for routine pathology. 
 pause poInt Dissected samples may be kept in transport medium on ice for up to 24 h; however, best results are 
obtained when tissue is processed immediately.

(B) turp specimens
 (i)  Store TURP chips in the transport medium. Many separate chips of prostate tissue are evacuated from the bladder after 

the TURP procedure. Several chips will be required for pathology, but at least 4–5 g of excess tissue can be used in the 
laboratory.

 (ii)  The cellular content of TURP chips is highly variable within and between patients. Many chips contain few epithelial 
cells. In order to increase the likelihood of obtaining epithelial cells, select large, solid, yellow chips. Avoid rubbery 
chips, which usually consist of fibroblasts and extracellular matrix.

 (iii)  If necessary, cut small pieces from selected chips with a scalpel to make frozen sections to check the histology of the 
tissue. This step can be used to correlate the gross appearance and cellular content of a patient’s chips; however, the 
proportion of epithelial cells in each chip will still vary. 
 pause poInt Samples may be kept in transport medium on ice for up to 24 h; however, best results are obtained 
when tissue is processed immediately.

4| If you wish to prepare whole pieces of tissue for grafting, follow option A. In order to prepare single epithelial cells and 
cultures of fibroblasts, follow option B.
(a) preparing whole pieces of tissue for grafting ● tIMInG 1 h
 (i)  Place prostate tissue in a sterile Petri dish and wash it with ice-cold dissecting medium. Following this step, keep the 

tissue covered with the dissecting medium.
 (ii)  Cut the tissue into 1-mm-thick slices with a sterile scalpel blade. Cut the slices into pieces of ~4 mm2 for each 

 individual graft. There is usually sufficient tissue to dissect 40–50 pieces from radical prostatectomy specimens and 
many more from TURP tissue. 
 crItIcal step Trim away any burnt areas of TURP tissues before the initial slice. Trim the edges of the 1-mm-thick 
tissue slice further before cutting it into 4 mm2 pieces.

 (iii)  Fix at least five pieces of tissue in 10% (vol/vol) formalin for histology. Store two or three pieces of tissue at  − 20 °C 
in RNAlater, if required, for subsequent DNA or RNA analysis.

 (iv) Transfer the pieces of tissue into a four-well plate with fresh dissecting medium.
(B) tissue digestion and isolation of single cells ● tIMInG 18–20 h
 (i)  Weigh the tissue and transfer it into a sterile 50-ml tube. Aspirate any residual transport medium, and wash the tissue 

three times with 5 ml of PBS/gentamicin (PBS supplemented with gentamicin, 100 µg ml − 1).
 (ii)  Transfer the tissue to a sterile 10-cm Petri dish. Use two sterile scalpel blades to cut the tissue into pieces of ~3 mm3. 

Fix two or three pieces of tissue in 10% (vol/vol) formalin for later histology.
 (iii)  Place the diced tissue into a sterile 50-ml tube and resuspend it in processing medium containing 225 U ml − 1  

collagenase and 125 U ml − 1 hyaluronidase. Use 2.5 ml of medium per 100 mg of radical prostatectomy tissue. Use only 
1.25 ml of the medium per 100 mg of TURP tissue, as it digests more easily.

 (iv)  Incubate the tissue for up to 16 h at 37 °C in an oven with a rotor. Rotate the tube on its side rather than in an  
end-to-end manner, which is harsher and reduces the cell yield. 
 crItIcal step Some high–Gleason grade tumors disintegrate when they are diced into pieces, in which case the 
digestion can be decreased to 8 h. 
 pause poInt After digestion, the sample can be stored at 4 °C for up to 6 h; however, processing the digest  
immediately maximizes the viability and recovery of cells.

 (v)  After digestion, break up any remaining large clumps of cells by triturating each sample with a serological pipette. 
Pellet the cells by centrifugation at 215g for 5 min at RT. Discard the supernatant.

 (vi)  Wash the tissue pieces in 10 ml of processing medium and centrifuge the sample again for 5 min at 215g at RT.  
Resuspend the pellet in 10 ml of the standard medium and centrifuge the sample at 100g for 1 min at RT. The pellet 
will contain acini of cells, whereas supernatant will contain single cells. Collecting single cells separately avoids the 
risk of them being overtrypsinized in Step 4B(viii). Repeat this step two times. Reserve the pellet and supernatant 
separately each time.

 (vii)  Pool the cell pellets and break up the acini by triturating the sample with a 1-ml pipette tip or passing it through  
18-G and 23-G needles attached to syringes.

 (viii)  Wash the cells with PBS (5–10 ml) and centrifuge the cells for 5 min at 215g at RT. Aspirate the PBS, resuspend  
the cells in 5 ml of 0.1% (wt/vol) trypsin-EDTA and incubate the cells for 30 min at 37 °C to digest the acini into 
single cells.
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 (ix)  Dissociate any remaining pieces of tissue by drawing the sample through a blunt 18-G needle attached to a syringe. 
Add 5 ml of standard medium to stop the tryptic digestion. Combine the sample with the supernatants from Step 4(vi). 
Pass the sample through a 40-µm cell strainer to ensure that it is a single cell suspension. Centrifuge the tube at  
215g for 5 min at RT, wash the pellet in 5 ml of PBS and centrifuge it again. Resuspend the pellet in 5 ml of the warm 
(37 °C) KSF medium. 
? trouBlesHootInG

 (x)  If you wish to culture stromal cells, see Box 1. The freshly dissociated cells can either be sorted (Box 2) or directly 
recombined with mouse SVM (Step 5).

preparing grafts in collagen gels ● tIMInG 1–2 h
5| Prepare SVM according to Box 3 and Figure 3, except if cultured fibroblasts are to be used in the grafts. If you are using 
frozen stocks of SVM, thaw the samples by immersing them in a water bath at 37 °C for 2–3 min. Wash the thawed or freshly 
prepared SVM three times in RPMI containing 10% (vol/vol) FBS and 1 nM testosterone. Transfer the SVM to a four-well plate 
and leave it at 4 °C.
 pause poInt Thawed SVM can be stored at 4 °C for up to 1 h.

6| Prepare collagen as described in Box 4. Grafts are embedded in collagen gels to bind the stroma to the epithelial cells 
and create a malleable yet strong sample that can be inserted under the renal capsule.
 crItIcal step In our experience, fresh rat tail collagen is superior to commercial collagen.

7| In order to prepare grafts of whole pieces of tissue, follow option A. In order to prepare grafts of dispersed cells, follow option B.
(a) preparing grafts of tissue pieces and sVM
 (i)  Pipette 20 µl of collagen solution (Box 4) as a single droplet into a Petri dish.
 (ii)  Drain the medium and transfer one piece of prostate tissue into the collagen droplet. Immediately, place two SVM 

fragments on either side of the tissue, aiming to place them as close to the prostate tissue as possible. Ensure that all 
three tissues are submerged within the liquid collagen.

 (iii)  Repeat Step 7A(i,ii) for each graft.
 (iv)  Incubate the plate at 37 °C for 10 min in order to allow the collagen to set so that the graft can be easily removed 

from the plate.
 (v)  Add 3–5 ml of prewarmed RPMI supplemented with 5% (vol/vol) FBS and 10 nM testosterone to the Petri dish.  

Incubate the gels for a further 50–70 min. The gels are now ready for grafting. 
 pause poInt The gels can be stored in a humidified incubator at 37 °C in 5% CO2 overnight.

(B) preparing grafts of dispersed cells with sVM or cultured fibroblasts
 (i)  For each graft, mix two pieces 

of SVM or 2.5 × 105 CAFs with 
unsorted or CD133-sorted  
BPH-1 cells. Approximately 1 × 105 
unsorted epithelial cells should be 
used per graft, but only 500 sorted 
cells can typically be used because 
the yield from sorting is very low.

a Vas deferens

Testis

SV

Skin Skin

Bladder

Bladder

Urethra

b

SVM

SVE SVM

SVE

SV

SV
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Urethra

Urethra
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Figure 3 | Isolation of mouse SVM. (a) Location 
of the seminal vesicles (SV) in a dorsal view of 
the mouse urogenital tract. Scale bar, 500 µm. 
(b) The urethra should be severed to remove the 
urogenital tract as indicated by the dashed line. 
Scale bar, 1 mm. (c) Dorsal and ventral views of 
the urogenital tract once it is removed from the 
mouse. Scale bars, 500 µm. (d) After the bladder 
is removed, the urethra and SV should be divided 
along the marked line. Scale bar, 500 µm. (e) One 
SV and surrounding tissue. Scale bar, 500 µm.  
(f) SV dissected from surrounding tissue. The SVM 
and seminal vesicle epithelium (SVE) are now 
visible. Scale bar, 250 µm. (g) Separated SVM and 
SVE. Experiments conformed to Monash University 
animal ethics approval. Scale bar, 500 µm. 
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 (ii)  Mix the cells in a microcentrifuge tube at the desired ratio. Prepare a single microcentrifuge tube for each type of graft. 
 crItIcal step Keep the primary stromal cell suspensions cold throughout the protocol to prevent cell 
 reaggregation and clumping.

 (iii)  Centrifuge the cell mixture (450g, 5 min at 4 °C) and aspirate the supernatant without disturbing the cell pellet.
 (iv)  Pipette collagen solution onto the cell pellet and gently resuspend the cells throughout the collagen. Use 40 µl of  

collagen per graft. For example, if ten grafts are required, add at least 400 µl of collagen solution.
 (v)  Pipette separate 40-µl aliquots of the collagen/cell mixture into a Petri dish, ensuring that the droplets do not touch 

one another, and then incubate the dish at 37 °C for 10 min to allow the collagen to set.
 (vi)  Add 3–5 ml of prewarmed RPMI supplemented with 5% (vol/vol) FBS and 10 nM testosterone to the Petri dish.  

Incubate the gels for a further 50–70 min. 
 pause poInt The gels may be grafted immediately or covered and cultured in a humidified incubator at 37 °C in 
5% CO2 overnight.

Grafting specimens under the mouse kidney capsule ● tIMInG 1–2 h
8| Anesthetize an adult (6–10 weeks old) male NOD-SCID mouse by i.p. injection of ketamine/xylazine (1 µl per g of body 
weight). Wait about 5 min for the mouse to become unconscious.

9| Firmly pinch a toe to check for a response. If there is no response, the mouse is anesthetized. The mouse will remain 
anesthetized for ~45 min.

10| Make a 1.5-cm incision at the midline of the back skin lateral to the spine and separate the connective tissues between 
the skin and the body wall with scissors.

11| Cut a small hole in the exposed peritoneum just above the kidney. Make the hole just big enough for the kidney to  
pass through.

12| Exteriorize the kidney by pressing on either side of the incision with your thumb and index finger.
 crItIcal step Once the kidney has been exposed, ensure that the surface is kept moist with PBS throughout the 
 procedure so that the capsule does not dry out and tear.

13| Under a dissecting microscope, lift the capsule away from the kidney parenchyma with a pair of fine forceps at a 
 position around the middle of the kidney distal to the ureter.
 crItIcal step This and the following steps are best performed using a dissecting microscope.

14| Make a small (2–4 mm) incision in the capsule with spring scissors. Lift one side of the incision in the capsule with a 
pair of forceps and separate the capsule from the kidney by inserting a blunt-ended glass pipette between the capsule and 
kidney parenchyma. This process is facilitated by making small and gentle sweeping movements under the capsule.

15| Gently dislodge a collagen-embedded graft from the plate (from Step 7) and insert it under the renal capsule with  
45°-curved forceps.
? trouBlesHootInG

16| Insert a second graft toward the opposite pole of the kidney through the same incision in the capsule.

17| After grafting, replace the kidney inside the body and suture the body wall.

18| Graft further samples onto the contralateral kidney by repeating the procedure on the other side of the body.

19| When grafting is complete, close both peritoneal wounds, suture the skin, clean it with antiseptic and dry the wound.

20| In order to insert a testosterone implant, make a 4-mm skin-deep incision in the mid-dorsal area between the scapulae. 
Separate the skin from underlying connective tissue using blunt-end tweezers to create a 5 × 10 mm pocket. Insert the 
 implant as far as possible under the skin and then suture the wound closed.

21| Administer 5 µl per g of body weight of Carprofen analgesic (1 mg ml − 1) by s.c. injection.
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22| Leave each mouse on a warm stage to recover until it is awake and ambulatory, and then return it to its cage.
! cautIon Closely monitor the welfare of animals after surgery and keep them housed in an appropriate, specific 
 pathogen–free facility. Images and videos of the renal grafting procedure are available online (http://mammary.nih.
gov/tools/mousework/Cunha001/index.html) and in previous references34,35.

23| Collect grafts from host mice after 6–8 weeks; however, it is possible to collect them as early as 4 weeks and as late as 
14 weeks after grafting.

24| In order to collect the grafts, euthanize the mouse using approved procedures. Place it face down and cut through the 
body wall to expose the kidney. Carefully externalize the kidney and cut away any fat that has adhered to it. If required, take 
photos of the grafts using a camera attached to a dissecting microscope.

25| Cut grafts away from the kidney using a small pair of scissors and then fix them in formalin.
? trouBlesHootInG

? trouBlesHootInG
Troubleshooting advice can be found in table 1.

● tIMInG
Steps 1–3, collection of fresh patient tissue: 2 h
Step 4A, preparing whole pieces of tissue for grafting: 1 h
Step 4B, tissue digestion and isolation of single cells: 18–20 h
Steps 5–7, preparing grafts in collagen gels: 1–2 h
Steps 8–25, grafting specimens under the mouse kidney capsule: 1–2 h
Box 1, culture and characterization of fibroblasts: 2–4 weeks
Box 2, sorting prostate epithelial cells: 1–2 h
Box 3, isolation of SVM: 2–3 h
Box 4, collagen preparation 7 d

taBle 1 | Troubleshooting table.

step problem possible reason solution

4B(ix) Low cell yields from tissue  
digestion

End-to-end rotation Rotate side-to-side on a roller mixer

Extended incubation Incubate for a maximum of 16 h

15 Kidney capsule tears Capsule has dried out Keep the kidney surface moist with PBS at all times

Graft falls out of capsule Graft is too big Ensure that tissue pieces are cut to no larger than 
1 mm thick and 4 mm2 in size

Graft not placed far enough under 
capsule

Push the graft further under the capsule

25 No malignant cells in  
harvested grafts

′Pre-pieces′ do not contain cancer Ensure that malignant foci in specimens are  
confirmed in frozen sections

Poor quality specimen (mechanical 
damage)

Trim away burnt or damaged tissue before  
dissecting into pieces for grafting

Tumor cells in pre-pieces are not  
proliferating

Poorly proliferative specimens may require longer 
grafting time to expand tumor cells

Box 1, step 2 Low yield of stromal cells Incorrect cell selection conditions Ensure that the medium includes testosterone  
and bFGF 
Change to low-oxygen growth conditions

http://mammary.nih.gov/tools/mousework/Cunha001/index.html
http://mammary.nih.gov/tools/mousework/Cunha001/index.html
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antIcIpateD results
The grafts maintain the features of the original tissue, so we recommend analyzing them according to the procedure 
 summarized in Figure 4a, which reflects the criteria used in routine pathology of prostate cancer specimens. This is especially 
important if grafts are used for preclinical testing of novel therapies. The entire graft should be processed into 5-µm-thick 
sections, and every twentieth section should be stained for CK8/18 and p63 to identify malignant foci (CK8/18 + ,p63). We 
define survival as the presence of malignant foci within each graft, rather than just benign cells, which are almost always 
present. In our hands, the combination of SVM with tissue pieces has led to the survival of tumor cells from all patient  
samples, where the presence of malignant foci was confirmed in the pregraft. The proportion of individual grafts with malig-
nant foci varies between patients from ~30–100%. The success rate for digested cells is about 27% of patients, and this rate 
is a major advance for the field. It means, however, that a greater number of grafts from more patients are required for this 
version of the protocol because mechanical enzymatic digestion may reduce the cell viability.

Once the survival of tumor cells has been confirmed, we pick two regions with the most malignant foci for further analyses. 
In order to assess the growth of grafts, we measure active proliferation using semiquantitative stereology in order to count 
the percentage of Ki67-positive tumor cells. This is a more reliable measure of growth compared with the size or the weight 
of the grafts. It accounts for the heterogeneity of the grafts, in which malignant foci lie adjacent to the nonmalignant foci, 
and it allows for measurement of growth specifically in the tumor tissue. Typically, about 10% of tumor cells stain for Ki67 
in grafts with SVM, regardless of whether they are from digested cells or pieces of tissue. This is an approximately twofold 
greater frequency than in ungrafted tissue. We also confirm the expression of standard phenotypic markers of prostate cancer 
cells including AR, PSA and AMACR. As the heterogeneity of prostate cancer tissue is maintained in the grafts, we determine 
the Gleason score of the tumor foci and also note the presence of any prostatic intraepithelial neoplasia or intraductal 
 carcinoma. At all stages, we compare the characteristics of the graft with ungrafted pieces of the original tissue.

In order to assess whether tissue recombinants with BPH-1 
cells have formed tumors, we use an unbiased three-point 
scoring system based on previously reported features of these 
grafts16,19 (Fig. 4b). After sectioning the entire graft, every 
10th–20th section undergoes H&E staining and immunohis-
tochemical analysis for SV40, which is expressed by BPH-1 
cells. We further score whether the BPH-1 cells have formed 
(i) large masses with poorly differentiated, squamous appear-
ance, (ii) atypical nuclei or (iii) undefined glandular borders. 
Any evidence of invasion is also noted; however, this feature 
is not essential for grafts to be defined as tumors. We also 
record the weight of the grafts, but, in our experience,  
it does not correlate with tumor formation in this model.

a CK8/18, p63

Serial-section
entire graft

Analyze growth
(Ki67 stereology)

Analyze apoptosis
(cleaved caspase 3)

Confirm pathology
(Gleason score)

Examine phenotypic markers

AMACR

Large mass/
squamous

differentiation

Invasion/
undefined borders

Atypical nuclei

B
P

H
-1 +

 S
V

M
B

P
H

-1 +
 C

A
F

AR PSA

Verify survival
of tumor foci

Select two malignant regions

Analyze
pregraft tissue

b

Figure 4 | Analysis of prostate grafts. (a) Schematic overview of the 
procedure used to analyze xenografts of fresh patient tissue and cells. 
Representative images of grafted prostate cancer tissue are shown 
with matched pregraft samples in the insets. The entire graft is serially 
sectioned. Selected sections are stained with cytokeratin 8/18 (CK8/18; 
mouse 5D3, Leica) and p63 antibodies (mouse, 4A4, Santa Cruz) for 
identifying tumor foci. H&E staining is used to compare the pathology 
of the grafted with the pregrafted tissue. The level of proliferation is 
determined using Ki67 staining (mouse, MMI, Novocastra), whereas 
apoptosis is measured using cleaved caspase 3 staining (rabbit, 9661, Cell 
Signaling Technology). The phenotype of the tumor foci is characterized 
using AMACR (rabbit, 13H4, Dako), AR (rabbit, A9853, Sigma-Aldrich) 
and PSA (rabbit, AO562, Dako) staining. (b) Overview of the criteria used 
to analyze BPH-1 grafts. BPH-1 cells for solid cords when grafted with 
SVM. In contrast, when BPH-1 cells are recombined with CAFs, they form 
large masses with squamous differentiation and undefined borders and 
show atypical nuclei. BPH-1 cells are stained with SV40 (mouse, pAb 101, 
Santa Cruz) in the first two images. Black arrows indicate invasion and 
white arrows indicate atypical nuclei. Scale bars (black), 50 µm. Scale 
bars (white), 200 µm. All experiments were performed in accordance with 
Monash University animal ethics approvals.
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