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Introduction 

Analyses from prostate cancer patients so far indicated that circulating tumor cells 
(CTCs) represent an easily accessible liquid biopsy to assess the aggressive, metastatic 
tumor cells, as the number of CTCs is much higher in advanced, metastatic disease (1, 2). 
However, the detection of CTCs is hampered by their extreme low numbers amongst the 
great excess of red and white blood cells.  To increase the certainty of detecting prostate 
cancer cells and its AR functional status, an important clinical drug response factor, we 
proposed to use an adenoviral mediated reporter gene transfer into cells in peripheral 
blood.  The adenoviral vector will express green fluorescent protein driven by an 
amplified PSA or an amplified PSMA promoter, which are both prostate tissue-specific 
that is AR- or non AR-responsive, respectively.  Thus, any nucleated cell in the 
circulation that expresses GFP should be a prostate cancer cell.  Due to personnel and 
change of expertise issues, this project encountered significant delays.      
We have diverted our research efforts to develop technology platform to study metastatic 
prostate cancer.  We are able to gain fruitful outcome in 2 aspects, 1) develop cell 
imaging technology to assess functional activities of extracellular vesicles (EVs), and 2) 
develop an efficient animal system, namely the chick chorioallantoic membrane (CAM) 
model, to propagate advanced and metastatic prostate cancer patient-derived xenografts 
(PDXs).   

Body 

Specific Aim 1: To generate two novel PSA- and a PSMA-driven fluorescent reporter Ads 
and assess the dual AR functional reporter capability in prostate tumor cell lines and 
tumor cell spiked blood samples. 
Subtask 1- Construct the AdPSA-TSTA-GFP/CMV-RFP and AdPSMA-TSTA-
GFP/CMV-RFP reporter Ad. 

- We have generated the 2 viral vectors.  However, the functional activities of these
vectors cannot be demonstrated.

Specific Aim 2: To evaluate the functional capability of Ad-mediated CTC detection and 
the response to AR antagonists in the CTCs by the dual AR reporter in blood samples of 
CRPC patients. 

- Unable to pursue this aim due to failure to generate functioning vectors.
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Revised Specific Aim 3: Assess extracellular vesicles (EV) in blood samples of CRPC 
patients.        We are continuing to work with Co-I Dr. Hsian-Rong Tseng on this project 
to assess the level of 
extracellular vesicles 
(EVs) produced by 
different prostate 
tumor cells.  We have 
developed time-lapse 
microscopic imaging 
analyses to monitor 
the production of 
EVs (Figure 1).  
These cell imaging 
assays can 
complement the 
nanovilli microfluidic 
chip developed by 
Dr. Tseng’s group in 
detecting EVs (3).  
This enhanced 
metastatic activity is 
due to a diffusible 
effect that the VHL-KO cells confer on the VHL-WT, parental RENCA cells (Figure 1).  
We continue to characterize EVs in prostate cancer tumor cell lines and patient samples 
obtained from surgical samples.  We postulate that prostate cancer also produces 
paracrine pro-metastatic influences.  We are preparing a manuscript to describe this line 
of investigation.   
 
The investigation of metastatic behaviors of prostate tumors, especially in the clinical 
setting, is very challenging due to the long time it takes for metastasis to develop and the 
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difficulty in procuring the metastatic tissues from living patients.  Scientists and 
researchers turn to propagating patient-derived tumor tissues in immunodeficient mice to 
study the advanced prostate cancer.  However, the tumor take rate of these patient-
derived xenografts (PDXs) are rather low around 50% and the time of engraftment takes 
3 months or longer.  Further, the metastatic behaviors of the human disease is rarely 
recapitulated in mice (4).  To better study prostate cancer, we took on the challenge to 
develop PDXs from advanced stage prostate cancer from surgical specimen using a new 
method of propagating, namely the chick chorioallantoic membrane (CAM) model 

(Figure 2A).  The CAM model has been widely used to study tumor biology for over 30 
years (5).  Its usage as a platform to establish PDXs is more common in the last 5-10 
years. We have successfully used CAM models to establish PDXs of urological cancers 
such as kidney, bladder and prostate cancer in the past 3 years (7-9).  More importantly, 
the CAM model was able to recapitulate the tumor growth and metastatic behavior of our 
metastatic VHL-KO RENCA RCC model (Figure 2B, C, 8, 9).   Comparing to the 
mouse PDX model, the CAM PDX system has many advantages.  For instance, CAM 
PDXs require only 10 days to establish and the growth of the PDXs can be visualized 
directly (Figure 2, 3 and 4).  The cost of 1 fertilized egg is approximately $2 in contrast 
to 100-fold higher cost for each immunocompromised mouse.  Collectively, CAM PDXs 
can be established at a great saving in time, cost and labor comparing to mouse model.  In 
our experience the CAM model efficiently supported the growth of xenografts 
established with all prostate cancer cell line tested, CWR22Rv1, C4-2 and MycCaP (7, 
Figure 3).  Although our experience thus far on engrafting prostate cancer PDXs on 
CAM is limited, the take rate is 100% with 3 cases of high Gleason grade prostate cancer. 
The CAM model results of two representative cases are shown in Figure 4.  We are 
actively investigating whether the CAM model can support the metastatic spread of 
human prostate cancer tumor models.  Under this line of investigation, we are 
collaborating with Dr. Michael Freeman of Cedars Sinai Medical Center on using CAM 
model to investigate metastasis in NEPC.  
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In a related study, we investigated novel treatment approaches for CRPC patients. 
Docetaxel chemotherapy is often given to patients who failed ADT.  We showed that 
inhibition of tumor associated macrophages with CSF1R kinase inhibition in conjunction 

of ADT plus docetaxel significantly improved the durability of this treatment.  This 
manuscript entitled: Inhibition of TAMs improves the response to docetaxel in castration-
resistant prostate cancer, is published in Endocrine Related Cancer.  The manuscript was 
enclosed in the last progress report.  The print version is enclosed here.   

Key Research Accomplishments 

 We have improved exosome (EVs) purification and functional characterization
methods in collaboration with Dr. Tseng’s laboratory.  This work has been
submitted for publication. (JT Dong, RY Zhang, N Sun, J. Hu, M. Smalley, AQ
Zhou, Y. Hua, W. Rothermich, A. Chen, JL Ye, PC Teng, DP Qi, MY Li, L Wu,
MP Zhao, HR Tseng, YZ Zhu, Coupling Nanostructured Microchips with
Covalent Chemistry Enables Purification of Sarcoma-Derived Extracellular
Vesicles for Downstream Functional Studies, ACS Nano, under review)

 A paper on improved therapeutic management of CRPC has been published in
Endocrine Related Cancer.

 We have refined the methodology of CAM tumor model to propagate advanced
and metastatic prostate cancer.  We are exploiting the efficiencies of CAM PDX
model to study NEPC in collaboration with Dr. Michael Freeman.  Specifically,
we will assist Dr. Chen Qian, a postdoctoral fellow of Dr. Freeman, to study
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NEPC.  Dr. Qian was recently awarded an AUA Research Scholar fellowship 
entitled “Targeting ONECUT2: Differential routes to metastasis in mCRPC” with 
our assistance in the CAM model.  Our group has published two papers describing 
the methodology of establishment of CAM PDXs.  See Hu et al and Sharrow et al 
listed below.  Hu et al paper is enclosed. 

Reportable Outcomes 

Guan W, Hu J, Yang L, Tan P, Tang Z, West B, Bollag G, Xu H, Wu L.  Inhibition of 
TAMs improves the response to docetaxel in castration-resistant prostate cancer. 
Endocrine Related Cancer, 2019 Jan 1;26(1):131-140. doi: 10.1530/ERC-18-0284. 
PMID: 30400004.  

Hu J, Ishihara M, Chin AI, Wu L. Establishment of xenografts of urological cancers on 
chicken chorioallantoic membrane (CAM) to study metastasis. Precis Clin Med. 2019 
Sep;2(3):140-151. doi: 10.1093/pcmedi/pbz018. Epub 2019 Oct 1. PMID: 31598385 

Sharrow AC, Ishihara M, Hu J, Kim IH, Wu L. Using the Chicken Chorioallantoic 
Membrane In Vivo Model to Study Gynecological and Urological Cancers. J Vis Exp. 
2020 Jan 28;(155). doi: 10.3791/60651. PMID: 32065133 

Conclusion 

Knowledge are becoming crystallized in that CTCs isolated from the blood stream of 
patients with advanced metastatic castrate resistant prostate cancer (CRPC) can reflect 
the tumor biology of the primary tumor or disseminated disease.  The original intent of 
this project was to advance CTC diagnostic method to improve the specificity for 
detecting prostate cancer CTCs.  Unfortunately, due to changes in personnel in the PI’s 
lab, the implementation of the molecular vector construction work was unsuccessful.  
However, we have diverted our research efforts to develop technologies that will enhance 
the study of advanced and metastatic prostate cancer.   Metastatic prostate cancer is the 
lethal stage of this disease that remains poorly understood and without an effective 
treatment.  We have made progress in two fronts to advance in the understanding of 
metastatic prostate cancer.  First, we have improved the ability to characterize the 
functional capabilities of EVs produced by advanced, aggressive cancer cells.  This work 
is accomplished in collaboration with co-PI Dr. Tseng.  Second, we have developed a 
new tumor model, the CAM system, to establish new prostate cancer PDXs.  We are 
actively employing this CAM model to study NEPC in collaboration with Dr. Michael 
Freeman.  Collectively, our research efforts supported by this DOD grant will enable a 
better detection and investigation of clinical-relevant, metastatic CRPC.   
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Abstract

For men with castration-resistant prostate cancer (CRPC), androgen-deprivation 
therapy (ADT) often becomes ineffective requiring the addition of docetaxel, a proven 
effective chemotherapy option. Tumor-associated macrophages (TAMs) are known to 
provide protumorigenic influences that contribute to treatment failure. In this study, we 
examined the contribution of TAMs to docetaxel treatment. An increased infiltration of 
macrophages in CRPC tumors was observed after treatment with docetaxel. Prostate 
cancer cells treated with docetaxel released more macrophage colony-stimulating factor 
(M-CSF-1 or CSF-1), IL-10 and other factors, which can recruit and modulate circulating 
monocytes to promote their protumorigenic functions. Inhibition of CSF-1 receptor kinase 
signaling with a small molecule antagonist (PLX3397) in CRPC models significantly reduces 
the infiltration of TAMs and their influences. As such, the addition of PLX3397 to docetaxel 
treatment resulted in a more durable tumor growth suppression than docetaxel alone. 
This study reveals a rational strategy to abrogate the influences of TAMs and extend the 
treatment response to docetaxel in CRPC.

Introduction

Prostate cancer (PCa) is the second most common cancer 
in men after skin cancer, as one out of seven men will be 
diagnosed with this disease in the United States by 2017 
(Siegel et  al. 2017). It is estimated that 161,000 newly 
diagnosed cases and 27,000 deaths will be attributed to 

this disease in 2017 (Siegel et al. 2017). A great majority 
of PCa patients, 70–80%, present with localized, organ-
confined disease and their outcome is very favorable, 
having 10-year survival rate above 95%. However, 20–30% 
of patients will present with characteristics of high risk, 
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advanced disease such as high Gleason grade or distant 
metastases. In these cases, the 5-year survival rate drops 
precipitously to about 30% (Siegel et al. 2017).

For PCa patients with advanced disease, androgen-
deprivation therapy (ADT) is the first line of treatment, 
developed by Dr Huggins more than 75  years ago to 
deplete androgen, a key growth factor for prostate cancer 
cells (Esch et al. 2014). Over the years, effective strategies 
of ADT include the depletion of the body’s source of 
androgen by inhibiting androgen biosynthesis pathways 
and by blocking the activation of androgen receptor (AR) 
(Merseburger et al. 2015). Abiraterone and enzalutamide 
are two newly approved potent ADT agents that inhibit 
CYP17A1 androgen synthetic enzyme and AR, respectively 
(de Bono et al. 2011, Scher et al. 2012). Both agents are 
effective in prolonging the survival of castration-resistant 
prostate cancer (CRPC) patients who had progressed on 
first-line ADT (Ryan et  al. 2015). However, a significant 
proportion of CRPC patients either do not respond to 
either abiraterone or enzalutamide, or initially respond 
but subsequently progress on treatment (Silberstein et al. 
2016). Potential mechanisms of resistance include AR 
mutations, amplification and splice variant (Antonarakis 
et al. 2014, Azad et al. 2015, Romanel et al. 2015).

Docetaxel has been established as the standard first-
line chemotherapy agent to treat CRPC since 2004. It 
was approved by FDA for this purpose as several large 
clinical trials showed docetaxel containing regimens 
provided survival benefits over other chemotherapies for 
CRPC patients (Petrylak et al. 2004, Tannock et al. 2004, 
Sweeney et  al. 2015). Belonging to the taxane family, 
docetaxel was initially postulated to suppress prostate 
cancer growth by interfering with microtubule function 
(Petrylak 2003). However, subsequent research supported 
that the therapeutic activity of taxanes in prostate cancer 
could arise from its interference with androgen signaling 
via the nuclear translocation process (Gan et al. 2009).

Given taxane-based chemotherapy is one of a few 
effective treatments for CRPC, we investigate a rational 
combination regimen to improve its therapeutic efficacy. 
Recent findings from our group and others showed 
that tumor-associated macrophages (TAMs) contribute 
significantly to treatment failure in PCa and other solid 
cancers via their wound-healing and protumorigenic 
functions (Xu et al. 2013, Escamilla et al. 2015, Brown et al. 
2017). In this study, we employed a small-molecule CSF1R 
kinase inhibitor (CSF-1Ri), PLX3397, to block TAMs in 
CRPC models. In combination with ADT and docetaxel, 
PLX3397 was able to significantly reduce the number 
of infiltrating TAMs and lower their protumorigenic 

influences. We showed that the addition of PLX3397 
extended the therapeutic response to ADT and docetaxel 
in CRPC models.

Materials and methods

Cell culture and drugs

The murine macrophage RAW264.7 (RAW) cells (ATCC) 
and MyC-CaP cells (a kind gift from Dr. Charles Sawyers, 
Memorial Sloan Kettering New York) were cultured with 
DMEM (high glucose) while PC3 (ATCC), CWR22Rv2  
(a kind gift from Dr. David Agus, Cedars-Sinai Medical 
Center) and LNCap-C4-2 (C4-2) cells (ATCC) were cultured 
in RPMI-1640. Both media were supplemented with 10% 
fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg 
/mL streptomycin. PLX3397, 5-[(5-chloro-1H-pyrrolo[2,3-b]
pyridin-3-yl)methyl]-N-[[6-(trifluoromethyl)-3-pyridyl]
methyl]pyridin-2-amine was synthesized at Plexxikon 
Inc. The detailed synthetic procedure is shown by  
Tap et al. (2015).

Transwell coculture and migration assay

In coculture assay, 1.0 × 106 RAW macrophages were seeded 
in transwell inserts with membrane pore size at 4 μm (BD 
Falcon) in media supplemented with 2 μM PLX3397, 1 µM 
GW2580 or DMSO vehicle. The chamber was inserted in 
a 6-well plate with conditioned media from Myc-Cap, 
PC3, CWR and C4-2 cells treated with docetaxel (100 nM 
for MyC-CaP, 5 nM for CWR22Rv1, 30 nM for PC3 and 
2 nM for C4-2 cells) or DMSO. Total RNA was extracted 
from tumor cells after 48 h and analyzed by RT-PCR. The 
methods for RT-PCR is described in Supplementary data 
(see section on supplementary data given at the end of this 
article) and primers are listed in Supplementary Table 1.

In migration assay, 1.0 × 105 RAW cells were seeded 
in transwell inserts with membrane pore size at 8 μm 
assembled in 24-well plates. The number of migrated 
cells was evaluated after 6 h of incubation at 37°C, 
and then treated with 3% paraformaldehyde (PFA) and 
stained with 0.1% (w/v) crystal violet solution. Random 
10 fields/well at 4× magnification were sampled and 
quantified with ImageJ2.

ELISA assay

1.0 × 106 MyC-CaP, PC3, CWR and C4-2 cells were 
cocultured with or without RAW cells as mentioned 
earlier, with or without Docetaxel or PLX3397 at tumor 
cells’ IC50 or IC10 concentrations.
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Supernatant of all cell culture media were harvested 
after 48 h. 96-well Nunc MaxiSorp Plates (Cat#44-2404-
21, Thermo Scientific) were coated with the anti-M-CSF 
antibody (1:300, Cat#sc-365779, Santa Cruz Biotech) in 
coating buffer diluted from Coating Solution Concentrate 
Kit (KPL) at 4°C overnight. Then, the plate was washed 
with 1× wash buffer (KPL) and blocked with 1% BSA 
Blocking Solution (KPL) for 1 h at room temperature. 
Cell supernatant was added to the wells and incubated 
for 1 h at room temperature in the shaker at 220 rpm. 
After washing with 1× wash buffer (KPL), each well was 
incubated with the second anti-M-CSF antibody (1:300, 
Cat#sc-13103, Santa Cruz Biotech) overnight at 4°C. 
The wells were washed four times, 5 min for each and 
incubated with 100 μL of HRP-conjugated goat-anti-rabbit 
IgG (1:5000, Cat# 111-035-045, Jackson Laboratory) for 
1 h at room temperature. The wells were washed four 
times, 5 min for each and incubated with 100 μL of ABTS 
ELISA HRP Substrate (KPL). Absorbance at 410 nm was 
measured by Synergy HT microplate reader (BioTek).

Flow cytometry

MyC-CaP cells were coculured with or without RAW 
cells, docetaxel (IC10 or IC50) for 48 h before cells were 
trypsinized. Single cell suspension was rinsed with PBS 
twice and incubated with APC conjugated anti-IL-10 
antibody (Cat#17-7101-82, eBiosicence) for 30 min at 4°C 
at darkness. Cell acquisition was done on a BD LSR-II flow 
cytometer (Beckman Coulter) and data were analyzed by 
FlowJo software (TreeStar).

For tumor tissue analysis, single cell suspension was 
prepared by digestion of collagenase II at 0.1% for 1 h. Then, 
cells were counted and incubated with APC-conjugated 
anti-CD11b antibody (Cat#17-0112-81, eBioscience) and 
PE-conjugated anti-CSF1R antibody (Cat#12-1152-82, 
eBioscience) for 30 min at 4°C in darkness.

MyC-Cap subcutaneous xenograft model

All animal experiments were approved by the Animal 
Research Committee of the University of California, Los 
Angeles. For MyC-CaP s.c. xenograft model, 16 FVB male 
mice that are 6–8  weeks old from Taconic Biosciences 
were adopted and kept at BSL2 animal facility. After 
trypsinization and rinsing with cooled PBS, 1.0 × 106  
MyC-CaP cells were resuspended in 200 μL PBS/Matrigel 
(1:2) (356230, Corning) and injected with insulin syringe 
into the subcutaneous space on the right back of FVB 
male mice (n = 16). One week after the cell injection, 

mice were castrated and divided randomly into four 
groups, receiving DMSO vehicle + control chow, DMSO 
vehicle + chow containing PLX3397, docetaxel + control 
chow or docetaxel + chow containing PLX3397. The 
PLX3397 dosage is 40 mg/kg/day on average and docetaxel 
dosage is 40 mg/kg/week. Tumor size was measured by 
digital calipers and calculated by the formula V = 0.5 * a * b2, 
in which a is the larger and b is the smaller index of the 
two perpendicular indexes of the tumor.

CWR22Rv1 orthotopic xenograft model

After trypsinization and rinsing with precooled PBS, 
1 × 105 CWR22Rv1 cells, stably expressing firefly luciferase, 
were resuspended in 10 μL of PBS/Matrigel (1:2) (356230, 
Corning) and injected by insulin syringe into the left 
anterior lobe of prostate gland of 6–8  weeks old SCID-
beige male mice (Jackson Laboratory). All mice were 
castrated on day 14 post injection and randomly divided 
into two groups, receive docetaxel + control chow or 
docetaxel + PLX3397 chow (40 mg/kg/day). The docetaxel 
treatment started on day 19 at 10 mg/kg/week. The in vivo 
BLI were performed every week and the luminescence 
count was recorded as previously described (Palmeri et al. 
2008). All mice were killed on day 42.

Statistical analysis

Data are all presented as mean ± s.e.m. Student t-test was 
used for comparison between two groups while two-
way ANOVA was used for comparisons between multiple 
groups.

Results

Docetaxel-mediated tumor cell injury induces the 
expression of M2 cytokines

To study the impact of docetaxel in prostate cancer, we 
first examined the dose response of this chemotherapeutic 
agent on several prostate cancer cell lines (Fig.  1A). We 
found that PCa cells exhibit a wide range of sensitivity 
to docetaxel, with C4-2 (IC50 = 2 nM) and CWR22Rv1 
(IC50 = 5 nM) being the most sensitive, PC-3 (IC50 = 30 nM) 
as an intermediate responder and MyC-CaP (IC50 = 100 nM) 
being the most resistant. As we have shown in previous 
studies, conventional cytotoxic therapies such as radiation 
therapy and ADT all can induce PCa cells to express M2 
cytokines (Xu et  al. 2013, Escamilla et  al. 2015). Here, 
we further inquired whether docetaxel in addition to 
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Figure 1
Cytokine expression upon docetaxel treatment in prostate cancer cells. (A) The dose–response curve was plotted in different working concentrations of 
docetaxel for C4-2, CWR22Rv1, PC3, MyC-CaP cells to determine their respective IC50 and IC10 values. (B) MyC-CaP and CWR22Rv1cells, cultured alone 
were treated with docetaxel at the IC50 dose for each cell (Myc-Cap at 100 nM and CWR22Rv1 at 5 nM). Expression of CSF-1 and IL-10 and Ki-67 in 
response to docetaxel treatment was shown. (C) The impacts of docetaxel treatment at IC50 on PCa cells in the presence of macrophages (RAW cells) were 
shown for MyC-CaP, CWR22Rv1, PC3 (30 nM) and C4-2 (2 nM) cells were shown (D). When treated at their respective IC10 doses of 20 and 1 nM, MyC-CaP 
and CWR22Rv1 cells showed no significant change in CSF-1, IL-10 or Ki67 expression. (E) The level of secreted CSF-1 in culture supernatant from MyC-CaP, 
CWR22Rv1, PC3 and C4-2 cells treated with docetaxel at IC10 or IC50, and with and without co-cultured with RAW macrophages, were analyzed by ELISA.  
(F) Intracellular IL-10 expression in MyC-CaP cells treated with docetaxel at IC10 or IC50, with and without co-cultured with RAW macrophages, were 
analyzed by flow cytometry. All cells were cultured in media supplemented with charcoal-stripped serum (*P < 0.05, **P < 0.01).
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ADT would also induce the expression of M2 cytokines 
such as CSF-1 and IL-10. To mimic ADT, all prostate 
cancer cells were cultured in media supplemented with 
charcoal-treated fetal bovine serum (FBS) to remove the 
androgens. As shown in Fig. 1B MyC-CaP or CWR22Rv1 
cells treated with ADT plus docetaxel, dosed at each line’s 
respective IC50, increased the expression of CSF-1 and 
IL-10. Likewise, the expression of these M2 cytokines 
was also induced when PCa cells, including MyC-CaP, 
CWR22Rv1, PC3 and C4-2, were treated in the presence of 
macrophages (Fig. 1C). This ADT plus docetaxel treatment 
resulted in a significant reduction in cell proliferation, 
as indicated by the decrease in the proliferative marker 
Ki67. Interestingly, when the PCa cells were treated with 
a lower dose of docetaxel at the IC10 dose, the elevation of 
M2 cytokine expression was no longer observed (Fig. 1D). 
Docetaxel treatment induced increase in CSF-1 and IL-10 
in the tumor cells were further analyzed and verified at 
the protein level by CSF-1 ELISA (Fig. 1E) and IL-10 flow 
cytometry (Fig.  1F). This induction of M2 cytokines is 
likely not restricted to docetaxel alone. We observed very 

similar effects with paclitaxel treatment of all four PCa cell 
lines (Supplementary Fig. 1). Collectively, these findings 
support that cell injury mediated by ADT plus docetaxel 
induces the heightened expression of M2 cytokines in 
PCa cells.

Docetaxel induces CSF-1 expression and increases the 
recruitment of macrophages in vitro

CSF-1 or M-CSF is a cytokine critical not only in the 
differentiation and proliferation of myeloid cells but also 
in the recruitment and polarization of protumorigenic 
M2 macrophages (Brown et al. 2017). Next, we examine 
the impact of macrophage recruitment in the setting 
of docetaxel treatment. As shown in Fig.  2A and B, 
CWR22Rv1 and C4-2 PCa cells treated with docetaxel were 
able to recruit more macrophages in an in vitro transwell 
assay compared to chemo-naïve cells. The elevated 
CSF-1 produced by the docetaxel-treated PCa cells likely 
contributed to the increased macrophage recruitment, 
as the addition of the CSF-1Ri PLX3397 attenuated the 

Figure 2
CSF-1R inhibitor PLX3397 abrogated the increased 
recruitment of macrophages induced by 
docetaxel treatment in vitro. Conditioned media 
of CWR22Rv1 (A) and C4-2 (B) prostate cancer 
cells treated with docetaxel was able to recruit 
more RAW macrophages migrating across a 
transwell porous membrane than media from 
untreated cells. The addition of 2 μM CSF-1Ri 
PLX3397 to the docetaxel treated conditioned 
media abrogated the increased macrophage 
recruitment induced by both cell lines. In a 
second set of similar study, the increase in RAW 
macrophages migration by CWR22Rv1 (C) and 
C4-2 (D) conditioned media was inhibited by 1 μM 
GW2580, a selective CSF-1R kinase inhibitor 
(*P < 0.05, **P < 0.01).
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enhancement in macrophage recruitment in vitro (Fig. 2A 
and B), as we and others have previously reported (Xu 
et  al. 2013, Escamilla et  al. 2015, Moughon et  al. 2015, 
Butowski et al. 2016).

PLX3397 is known to also inhibit c-Kit (Tap et al. 2015). 
We employed a second highly selective CSF-1R kinase 
inhibitor GW2580 to substantiate that CSF1/CSF1R as 
the key signal axis for macrophage recruitment (Priceman 
et al. 2010). As shown in Fig. 2C and D, the enhancement 
of macrophage recruitment across a transwell mediated 
by docetaxel-treated PCa cells was dampened significantly 
by the addition of GW2580.

Adding CSF-1R kinase inhibitor, PLX3397, to docetaxel 
regimen enhances therapeutic efficacy in CRPC

Next, we investigated the impact of docetaxel treatment 
on macrophage recruitment in vivo in CRPC tumors. We 
first evaluated TAMs in the MyC-CaP tumors engrafted 
subcutaneously in syngeneic FVB male mice. One week 
after tumor cell implantation, tumor-bearing mice were 
treated with surgical castration as ADT, and divided 
into four treatment groups receiving (i) diluent control, 
(ii) oral PLX3397, (iii) docetaxel or (iv) docetaxel plus 
PLX3397. The PLX3397 treatment was administered 
orally via rodent chow and docetaxel was administered IP 
at 40 mg/kg/week. Comparing to diluent control=treated 
tumors, PLX3397 only treatment significantly reduced 
the number of CD11b+ CSF1R+ TAMs, while docetaxel 
significantly increased TAMs (Fig. 3A and B). Importantly, 
the addition of PLX3397 to docetaxel-treated group was 
able to not only reverse the chemotherapy-induced TAM 
influx but suppressed the TAM level in the tumor below 
that of the control treated group (Fig. 3A and B). These 
results demonstrate the importance of CSF-1/CSF-1R axis 
in the recruitment of macrophages and the effectiveness 
of PLX3397 in blocking this CSF-1R-mediated TAM 
recruitment in vitro and in vivo.

In our previous therapeutic studies, we consistently 
observed that CSF-1R blockade treatment alone can reduce 
the infiltration of TAMs but exert negligible impact on 
tumor growth in vivo (Priceman et al. 2010, Xu et al. 2013, 
Escamilla et al. 2015, Butowski et al. 2016). The same result 
was observed here in the MyC-CaP tumors: no significant 
reduction in tumor growth was observed after oral 
PLX3397 treatment alone despite clear reduction in the 
level of TAMs in the tumor (Fig. 3C, D and E). As expected, 
docetaxel treatment significantly retarded the growth of 
MyC-CaP tumor compared to control (Fig. 3C, D and E). 
More importantly, docetaxel plus PLX3397 achieved the 

most significant tumor growth suppression in the four 
treatment groups, more effective than docetaxel alone 
(Fig. 3C, D and E).

Next, we asked whether the benefit of PLX3397 
in combination with docetaxel in the subcutaneous 
MyC-CaP model can also be observed in the  
orthotopic prostatic environment of the CWR22Rv1 model.  
SCID/Beige male mice received intraprostatic injection of 
firefly luciferase-labeled CWR22Rv1 cells, such that tumor 
growth can be monitored in real time by bioluminescence 
imaging (BLI, Fig. 3F and G). On day 14 after tumor cell 
implantation, mice received ADT via surgical castration. 
On day 19, tumor-bearing mice received either docetaxel 
with control or docetaxel plus oral PLX3397 (Fig.  3B). 
Treatment continued to day 42, at which point the animals 
were killed. Assessed either by BLI (Fig. 3F and G) or by 
terminal tumor volume (Fig. 3H and I), the docetaxel plus 
PLX3397 group consistently showed significantly greater 
efficiency in suppressing tumor growth over docetaxel 
treatment alone. Again, corroborating our prior findings, 
the added oral PLX3397 drastically reduced the level of 
CD11b+ CSF1R+ TAMs from 10.6% in the docetaxel only 
group to 0.1% in the docetaxel plus PLX3397 group, 
as analyzed by flow cytometry (Fig.  3J). This finding 
was further verified by F4/80 immunohistochemistry 
stain to detect macrophages (Fig.  3K). The functional 
consequences of TAM inhibition by PLX3397 included 
lowering angiogenic drive, tissue remodeling and 
immunosuppression as assessed by VEGF-A, MMP-9 
and Arg-1 expression respectively (Fig. 3F and G). Taken 
together, we have shown that the use of a selective CSF-1Ri 
PLX3397 can block the infiltration of TAMs into prostate 
tumor and thus reduce the protumorigenic influences 
of M2 macrophages by lowering tumoral angiogenesis, 
tissue remodeling and immunosuppression leading to 
more effective treatment response to docetaxel.

Discussion

Docetaxel is a widely used chemotherapeutic agent in 
treating breast cancer (Palmeri et  al. 2008), head and 
neck cancer (Rapidis et al. 2008) and non-small-cell lung 
cancer (Fossella 2002). In the Chemohormonal Therapy 
vs Androgen Ablation Randomized Trial for Extensive 
Disease (CHAARTED) randomized phase III trial, men with 
hormone-naive metastatic PCa were randomly assigned 
to receive docetaxel plus ADT or ADT alone, with nearly 
400 men in each arm. In particular, patients who had 
high-volume disease benefited the most with docetaxel, 
achieving a very significant prolongation of their median 
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Figure 3
The addition of PLX3397 to docetaxel improves therapeutic efficacy in CRPC by reducing the protumorigenic influences of TAMs. The therapeutic effects 
of combining CSF-1Ri PLX3397 with docetaxel were evaluated in subcutaneous MyC-CaP tumors established in FVB male mice. Seven days after tumor 
cell implantation, all mice received surgical castration and randomly assigned to 4 treatment groups: (i) control, (ii) PLX3397, (iii) docetaxel or (iv) 
docetaxel + PLX3397. Flow cytometric analyses of CD11b+CSF1R+ TAM population in the tumor were shown as individual representative flow plots (A) 
and for each treatment cohort (B). Longitudinal tumor volume (C) and final tumor size (D and E) were shown for the four treatment groups. Intraprostatic 
CWR22Rv1 tumors were established with firefly luciferase marked cells, and longitudinal tumor growth were monitored by in vivo BLI (F and G). Tumor 
growth suppression was more effective in the docetaxel + PLX3397 group compared to the docetaxel only group (H and I) as assessed by terminal tumor 
volume. Likewise the PLX3397 containing treatment group was significantly reduced in the proportion of CD11b+ CSF1R+ TAM as analyzed by flow 
cytometry (J), and immunohistochemistry with F4/80 macrophages (K) and the tissue remodeling marker MMP-9 (L). Gene expression profiling by 
qRT-PCR revealed a reduction in VEGF-A, MMP-9 and Arg-1 with CSF-1Ri treatment (M) (*P < 0.05, **P < 0.01).
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survival by 17 months compared to ADT alone (Azad et al. 
2015). Hence, docetaxel is an important therapeutic agent 
in the armamentarium against CRPC.

In this study, we investigated whether TAMs, an 
important component of the tumor microenvironment, 
could influence CRPC’s response to docetaxel. We 
postulate that cellular damage sustained during docetaxel 
treatment induces PCa cells to produce cytokines and 
chemokines that recruit and polarize macrophages to 
the protumorigenic, alternatively activated M2 subtype 
(Brown et  al. 2017). Congruent with this concept, we 
observed a significant increase in the expression of M2 
cytokines, such as CSF-1 and IL-10 in all four prostate 
cancer cell lines, MyC-CaP, PC-3, CWR22Rv1 and C4-2, 
after docetaxel treatment. The elevated CSF-1 led to 
increased infiltration of macrophages in vitro and TAMs 
in MyC-CaP and CWR22Rv1 tumors after ADT and 
docetaxel treatment. We observed that treatment with 
another chemotherapeutic agent, paclitaxel, also elicited 
an increase in M2 cytokine expression in PCa, parallel 
the findings of a comprehensive chemotherapeutic 
study in preclinical breast cancer (DeNardo et  al. 
2011). Importantly, these findings support the rational 
combination of CSF-1Ri with docetaxel to lower the 
recruitment and M2 polarization of TAMs, which in 
turn reduce the protumorigenic influences of TAMs 
and significantly increase the efficacy of tumor growth 
suppression of ADT and docetaxel treatment (Fig. 4).

As the emergence of resistance to the current 
therapies is expected, what new and effective therapies 
will be incorporated to treat CRPC? A second-line taxane, 
cabazitaxel, was developed to overcome this resistance 
problem. The effectiveness of docetaxel is limited by its 
affinity for P-glycoprotein, an ATP-dependent drug efflux 
pump that decreases the intracellular concentrations of 
drugs (Bradshaw & Arceci 1998). Cabazitaxel exhibits 
low affinity for P-glycoprotein and has been shown 
to be effective in docetaxel-refractory PCa patients  
(de Bono et  al. 2010, Paller & Antonarakis 2011). 
Although the cancer vaccine Sipuleucel-T was approved 
for CRPC, current clinical experience suggests this 
therapy has limited efficacy for aggressive large volume 
disease (Schellhammer et al. 2013, Mok et al. 2014). New 
immunotherapeutic strategies for CRPC need further 
exploration. In this regard, TAMs could have multiple 
negative influences. For instance, M2 macrophages 
are well known to impair T-cell responses by depleting 
essential nutrients through arginase I or by inhibiting 
T-cell receptor CD3ζchain (Rodriguez et al. 2004, Munder
et al. 2006). Interestingly, a recent study by Gordon et al.
(2017) further implicated that PD-1 expressing TAMs
are inhibiting tumor immunity, which might further
empower the efficacy of the PD-1 or PD-L1 checkpoint
blockade.

In our collective experience of studying TAM’s 
influences in cancer therapy, we observed that TAMs 

Figure 4
TAMs’ contribution to docetaxel treatment failure 
in prostate cancer. (A) schematic illustration of 
impact of docetaxel treatment in PCa. The cellular 
damage caused by docetaxel heightens 
expression of M2 cytokines such as CSF-1 and 
IL-10, which recruit and polarize more M2 TAMs 
to foster their protumorigenic influences in the 
tumor microenvironment. The use of CSF1-R 
inhibitors could disrupt this TAM mediated vicious 
cycle. (B) The disease progression and treatment 
options of different stages of prostate cancer.
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contribute to every stage of PCa progression and therapy. 
From the control of local disease by radiation therapy 
(Xu et al. 2013), to the implementation of ADT for more 
advanced disease (Escamilla et  al. 2015), to the use of 
docetaxel in recurrent CRPC studied here, blocking TAMs 
with CSF-1Ri in conjunction with these conventional 
therapies consistently improved therapeutic outcome by 
prolonging the duration of tumor growth suppression. Of 
note, the use of CSF-1Ri alone has no therapeutic impact in 
numerous preclinical models we have studied, including 
PCa, melanoma and lung cancer (Priceman et al. 2010). 
A large volume of literature shows that macrophages are 
educated and polarized by the tumor microenvironment 
towards the protumorigenic M2 subtype (Brown et al. 2017). 
We deduced that in the face of cellular injuries induces by 
conventional therapies, tumor cells secrete a higher level 
of M2 cytokines and chemokines such as CSF-1, CCL2 
and IL10 that accentuate the protumorigenic functions 
of TAMs. Thus, combining CSF-1Ri with conventional 
cytotoxic therapies is a rational approach to improve 
their effectiveness. As we have shown that CSR-1Ri can 
improve the efficacy of adoptive T-cell therapy (Mok et al. 
2014), it will be prudent to consider the incorporation of 
TAM blockade in combination for future immunotherapy 
strategies developed for CRPC, be it checkpoint inhibition 
or CAR T-cell therapy or others (Bilusic et al. 2017). Given 
the critical role of TAMs in therapeutic setting for PCa, we 
envision that the incorporation of TAM blockade could 
extend the efficacy of all phases of treatment. In doing 
so, we could extend the survival of PCa patients and 
achieve the goal of transforming PCa into a chronic and 
survivable malignancy.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
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Abstract
Cancer of the urological system commonly occurs in the kidney, bladder, and prostate gland. The clear cell
subtype of renal cell carcinoma (ccRCC) constitutes the great majority of kidney cancer. Metastatic ccRCC
portends a very poor outcome with no effective treatment available. Prostate cancer is the most common cancer
in males in the US. Despite recent advances in selective kinase inhibitors and immunotherapies, the rate of
developing new treatment from bench to bedside is slow. A time-consuming step is at the animal drug testing
stage, in which the mouse model is the gold standard. In the pursuit to streamline the in vivo cancer biology
research and drug development, we explored the feasibility of the chicken chorioallantoic membrane (CAM)
model to establish xenografts. The CAM model greatly shortens the time of tumor growth and lowers the cost
comparing to immunocompromised mice. We generated CAM xenografts from ccRCC, bladder and prostate
cancer, with established cancer cell lines and freshly isolated patient-derived tissues, either as primary tumor
cells or small pieces of tumors. The successful CAM engraftment rate from the different tumor sources is 70%
or above. Using our previously established metastatic ccRCC mouse model, we showed that the CAM xenograft
maintains the same tumor growth pattern and metastatic behavior as observed in mice. Taken together, CAM
can serve as a valuable platform to establish new patient-derived xenografts (PDXs) to study tumor biology, thus
accelerating the development of individualized treatment to halt the deadly metastatic stage of cancer.

Key words: chorioallantoic membrane; prostate cancer; bladder cancer; kidney cancer; animal mode
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Introduction
Urological malignancies frequently arise from the
epithelial cells of the major organs, including the
kidney, ureter, bladder, urethra, prostate, and testes1.
Prostate cancer is the most prevalent urological cancer
in males in the US, estimated to have 174 650 newly
diagnosed cases and 31 620 deaths in 20192. Bladder
cancer is the sixth most common cancer in the US,
as estimated 80 470 and 17 670, new cases and deaths,
respectively in 20192. As major organs involved in
excretory function, cancers of the bladder and kidney
are heavily influenced by environmental and carcinogen
exposures, such as tobacco smoking. Interestingly, both
of these malignancies are 2 to 3 times more prevalent
in men than women. Despite advances in surgical
technology and drug development, the survival rate of
bladder cancer remained unchanged from 2009 to 20152.
The incidence of kidney cancer is slightly lower than
bladder cancer in the US, with new cases and deaths
in 2019 estimated to be 74 000 and 15 000, respectively.
However, the incidence of kidney cancer is increasing
in the last 20 years, from about 10 to 16.1 per 100 000
persons2. The clear cell histological subtype of renal cell
carcinoma (ccRCC) is the most common type of kidney
cancer. Although organ-confined ccRCC has a favorable
5-year survival of 74.8%, approximately 30% of patients
will develop a metastatic disease with a very poor 5-year
survival of only 10%. Disseminated metastatic disease is
the lethal stage for all solid tumors, including all these
three urological cancers. Unfortunately, no effective anti-
metastasis treatment is available at this time. Further
investigation of the cancer biology and testing of new
therapeutics in new patient-derived tumor models is
sorely needed to propel the next wave of advancement
for these urological cancers3–5.

The mouse model has been the gold standard for
studying human diseases for several decades. The rea-
sons for the popularity of mice include their small size,
ease of colony expansion, their mammalian physiology,
and most importantly, the advent of transgenic engi-
neering technology to mimic human diseases6. However,
mouse experimentations have several limitations. First,
genetically modified immunodeficient mouse strains
needed for establishing patient-derived xenografts
(PDXs) are very costly; many of them cost over $100 per
animal. Subcutaneous heterotopic implantation is the
preferred site of initial attempts of PDXs engraftment
in mice, mainly due to its superficial location as the
deeper location of urological organs is difficult to
assess engraftment. However, the relatively poor blood
supply in subcutaneous tissue can slow or prevent
the engraftment process. Generally, the engraftment
of new PDXs of urological cancer in mice will require
at least 2 months. Tumor models established on the
chorioallantoic membrane (CAM) of chicken embryo
offers several advantageous over the mouse model. In
general, each fertilized egg costs less than US $2, which

is 1%-2% the cost of each immunocompromised mouse.
The maximal time of tumor growth on CAM is 2 weeks.
Moreover, the open window on the eggshell created to
drop the CAM for tumor implantation also allows for
direct visualization of tumor growth.

CAM is a transparent membrane that serves as the
lining of allantois7 and extends from the ventral wall of
the endodermal hind-gut of the chicken embryo8. The
growth of this membrane starts from embryonic devel-
opment day 3 in chickens8. It has known to provide rich
vasculature and a rapidly expanding area. The use of
chicken as an experimental model for cancer research
initiated the era of molecular oncology. More than a
century ago in 1911, Dr. Peyton Rous discovered Rous
sarcoma virus (RSV) as the causative agent of chicken
sarcoma9, and in the following year, Dr. James Murphy
further demonstrated that rat sarcoma could be trans-
planted into the chick embryo 10. Later in the 1930s, CAM
was frequently used to cultivate vaccines, viruses, and
bacteria11,12. In the last few decades, CAM utilization cor-
related closely with the growth of angiogenesis research
as CAM was shown to be a good substitute for more
expensive and laborious angiogenesis assay in mam-
malian animals, such as the corneal pocket assay13–15. The
application of CAM in cancer research gained traction
in early 2000, coincided with the advancement in 3D
and live cell and tissue imaging that can be directly
applied to CAM tumor models. The use of CAM has
continued to increase in the last decade as it has been
shown to be a good growth platform for a wide range
of cancer cell lines, such as ovarian cancer16, colon can-
cer17, sarcoma18, kidney cancer19, melanoma20, multiple
myeloma21 and cancer tissues from hepatocellular carci-
noma22, sarcoma23, melanoma24, and ovarian adenocarci-
noma25.

Despite the prolific use of CAM in cancer research
in recent years, few studies have assessed the ability to
establish new PDXs of urological cancers from different
sources of patient-derived cancer cells and tissues. Here
we demonstrated that CAM PDXs can be established
efficiently from pre-existing human cancer cell lines, and
primary tumor cells and small tumor pieces freshly iso-
lated from surgical samples of urological cancers. Metas-
tasis is a frequent and deadly manifestation of ccRCC
in the clinic. Here, we demonstrated that the growth
and metastatic behavior of a murine ccRCC model we
recently developed26,27 could be fully reproduced in the
CAM model. Our results support that the CAM model
could be a valuable alternative in vivo model to establish
new PDXs and study the biology of urological cancers.

Methods and Materials
Antibodies, primers, cell lines, and reagents

Anti-FLAG antibody was purchased from eBioscience
(Cat#14-6681-82), anti-panCK antibody from Biogenex
(Cat#AM273-5 M), anti-VHL antibody from Abcam
(Cat#ab140989), and anti-CK8/18 from Novus (Cat#NBP2-
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44929). Murine ccRCC cell line RENCA and human ccRCC
cell line ACHN, prostate cancer cell lines CWR22v1
and C4-2 were purchased from the American Type
Culture Collection (ATCC) and maintained in RPMI-
1640, supplemented with 10% fetal bovine serum
and penicillin/Streptomycin at a working concentra-
tion of 100 U/mL. Murine prostate cancer cells Myc-
CaP were purchased from ATCC and maintained in
DMEM, supplemented with 10% fetal bovine serum and
penicillin/Streptomycin at a working concentration of
100 U/mL. Human bladder cancer cell lines T24 and HT-
1376 were kind gifts from Dr. Arnold I. Chin and Dr.
Hanwei Zhang at UCLA and maintained in the same
condition as RENCA cells.

Lentiviral plasmid encoding mStrawberry and EGFP,
together with flag tag or HA, and plasmid encoding
firefly luciferase were constructed based on pSicoR
(Addgene, #11579), and lentivirus was packaged as
mentioned previously in the report26.

Human ccRCC and bladder cancer patient
specimen

The collection of patient ccRCC and bladder cancer tis-
sues was undertaken according to the protocol approved
by the UCLA Institutional Review Board. Clinical data,
such as age, gender, and Eastern Cooperative Oncol-
ogy Group performance status (ECOG PS), and patholog-
ical data, such as tumor-node-metastasis stage, histo-
logic subtype, and Fuhrman grade, were collected from
these cases. All involved patients consented to partici-
pate in the study before surgery. All experiments were
performed according to the approved guidelines, com-
plying with the principles for the use of human tissues,
as stated in the Declaration of Helsinki. This study was
approved by the Institutional Review Board of UCLA,
under protocol # IRB 11-001363.

Establishment of a primary cancer cell line from
patient ccRCC tissues

Patient’s ccRCC samples were mechanically digested by
mincing and chopping, followed by chemical digestion
with Liberase (Cat#5401119001, Sigma Aldrich) at a work-
ing concentration of 0.5 u/mL in RPMI-1640. The samples
were incubated in Liberase for 1 hour at 37 ◦C in a
rotary mixer. The digestion was halted by the addition of
RPMI-1640 supplemented with 10% FBS, and cells were
centrifuged at 300 × g for 5 min to pellet. Red blood cell
lysis was performed when necessary (Cat#555899, BD).
Then the cells were cultured in a 15-cm dish with 20 mL
of RPMI-1640 supplemented with 10% FBS and 100 u/mL
Penicillin/Streptomycin.

CAM xenograft model from cells and tissues

All experiments performed in fertilized eggs and embryo
before hatching do not require IACUC approval. The CAM
xenograft model was established and studied according

to the previously published protocols28,29. Briefly, freshly
laid fertilized eggs were purchased (Rhode Island Red
Rooster, AA Lab Eggs). After 7 days of pre-incubation at
37-38 ◦C and 55%-65% humidity, the CAM beneath the
lateral side of the egg shell was separated and retracted
from the shell and then the overlying shell was removed
to form a window for tumor implantation28,29. On embry-
onic developmental day 10, the pre-existing cancer cell
lines and patient-tissue-derived primary cancer cell lines
were implanted on the CAM at the concentration of 2 ×
106 cells/egg suspended in diluted Matrigel (Cat# 356234,
Corning, USA; 1:2 diluted in pre-cooled RPMI-1640).

Tumor growth was recorded every other day, starting
on tumor day 3 (or developmental day 13). For CWR22Rv1
tumors, BLI was also performed to record tumor (devel-
opmental day 19). The procedures were described in our
previous reports26,27, except that 100 μL luciferin recon-
stituted to 30 mg/ml in saline and applied directly over
the tumor, and 10 μL isoflurane were directly injected
into the allantois with an insulin syringe. At the endpoint
(developmental day 20), the embryos were euthanized by
being placed on ice for 20 min. The CAM tumors were
harvested for gross picture and histological analyses.
Chicken blood and organs were also collected to detect
metastasis.

For patient samples, tumor tissue was chopped into
small chunks around 2-3 mm in diameter and put on
the CAM. 200 μL diluted Matrigel was added to cover the
samples for short-term nourishment. Other steps were
performed as mentioned above.

For the experiment using CAM model to assess RENCA
tumor growth and metastasis, 21 fertilized eggs were
randomly divided into 3 groups and were implanted with
VHL-WT, VHL-KO or a 1:1 mixture of both cells at 2 × 106

cells/egg (n = 7 per group). The tumors and embryo blood
were harvested at developmental day 20 and assessed by
tumor weight and circulating tumor cells by flow cytom-
etry or RT-PCR to detect mStrawberry+ or EGFP+ cells,
respectively. Both VHL-WT and VHL-KO cells were also
tagged by FLAG epitope to allow histological detection.

Analysis of distant metastasis of ccRCC in
hatched chicken and mouse

All animal studies described here have been approved
by IACUC, designated as UCLA Chancellor’s Animal
Research Committee (ARC). The chicken embryos bearing
CAM tumors were allowed to hatch and grow for 2 weeks.
The VHL-WT cells were tagged with HA epitope and
the VHL-KO cells were tagged with FLAG epitope to
facilitate histological detection. After euthanasia with
isoflurane inhalation followed by cervical dislocation,
the lungs were extracted and fixed in 4% paraformalde-
hyde for paraffin-wax embedding. The ARC 2017-102-
01A protocol covered these chicken experiments. The
methods of establishing orthotopic renal tumors have
been described in previous studies26,27,30 and approved in
the ARC 2002-049-53 protocol.

D
ow

nloaded from
 https://academ

ic.oup.com
/pcm

/article-abstract/2/3/140/5579812 by U
C

LA user on 02 O
ctober 2019



Chorioallantoic membrane xenograft model recapitulates mice model 143

Flow cytometry and immunofluorescence
staining

Flow cytometry was performed on chicken blood to
detect circulating tumor cells, as described previ-
ously26,27. Immunofluorescence staining was performed
in the same way as immunohistochemical staining
previously reported in our study26, except for TSA
staining. TSA kit (Cat# NEL756001KT, PerkinElmer)
was used at a 1:200 dilution ratio for tertiary signal
amplification of FLAG.

Statistics

Each experiment was performed at least in tripli-
cates unless otherwise stated. Data are presented as
mean ± standard deviation (SD). Significance was
determined by a paired Student’s T-test when there were
two groups or by a one-way ANOVA when there were
three or more groups (GraphPad Prism ver6.0). A p-value
cutoff of 0.05 was used for significance.

Results and Discussion
High-efficiency CAM engraftment with
established renal, bladder and prostate cancer
cell lines

The approach we have taken to establish CAM xenografts
is illustrated in Fig. 1. In 2013, Fergelot et al. introduced
human ccRCC cell lines RCC4, Caki-2 and 786-O into CAM
and found that Caki-2 and 786-O formed tumors28. Given
the short 10 days of growth in CAM, we surmise that
CAM could be more favorable to support the engraftment
of the faster proliferative cell lines such as the murine
RENCA ccRCC cell line, which has not been assessed
in previous CAM studies. As shown in Fig. 2A and 2B,
RENCA cells induced angiogenesis and grew to about
1 cm in diameter within 10 days. The cellular morphology
of the CAM RENCA tumor was similar to mice tumor
as assessed by H&E stain (Fig. 2C). The serial passage
of CAM tumors had been reported previously24. Here,
we assessed whether CAM tumors could be passaged
back in mice as a means to extend the tumor growth
period. CAM RENCA tumor was re-transplanted into the
subcutaneous tissue of nude mice and grew to a 1 cm
diameter tumor in 3 weeks (Fig. 2D). The RENCA tumor
cells were marked by the FLAG epitope. The RENCA CAM
tumor before and after passaged back in mice showed a
high degree of resemblance in cell morphology and FLAG
expression as assessed by H&E and IHC stain, except that
the chicken stroma and blood components (nucleated
RBC) were replaced by the mouse counterparts (Fig. 2D,
arrows). Next, we implanted the VHL-expressing human
ccRCC cell line ACHN on CAM. ACHN cells established
CAM xenografts consistently, but in smaller size than
RENCA CAM tumors (Fig. 2E). The cell morphology of
ACHN tumor engrafted in CAM and mouse was also
similar (Fig. 2F). The tumor cells in the ACHN CAM tumor

were further confirmed to be of human origin by a
human pan-cytokeratin stain (Fig. 2F, right panel).

In comparison to human kidney and prostate can-
cer, bladder cancer appears to be amenable to in vitro
cultivation. This point is reflected by a high number of
distinct bladder cancer cell lines reported in publications
and the availability of 10 verified bladder cancer lines
in reputable repositories. In contrast, there are only 5
to 6 established human prostate or kidney cancer cell
lines that are widely used in research. The experience
in CAM also supports the relative ease to establish CAM
xenografts from a wide range of established bladder
cancer cell lines. In 2007, Chin et al. established the CAM
xenograft with the MGH line as an in vivo model for
fluorescence diagnosis31. In the last 10 years, numer-
ous studies have employed CAM xenograft from bladder
cancer cell lines such as HT1197, 639 V, RT112, KU7,
UMUC2, VM-CUB1, 5647, RT112 and T24 to investigate the
involvement of different pathways such as CDK4/6, PI3K,
AKT and de novo purine metabolism in bladder cancer
progression5,32,33. In our pilot studies, we found that both
T24 and HT-1376 cells could establish xenografts consis-
tently on CAM (Fig. 2G). The HT-1376 CAM tumors often
grew more robustly with large proliferating tumor cells
in comparison to T24 CAM tumors (Fig. 2G).

Chakravarthi et al. used DU145 prostate cancer
CAM xenografts to evaluate the role of PAICS and de
novo purine biosynthesis in prostate oncogenesis4. The
increasing popularity of the CAM system is supported
by the fact that 7 impactful studies in the last 2 years
have incorporated the CAM model to augment the
mouse model of prostate cancer to investigate a range
of signaling pathways and microRNA that influence
invasion and metastasis34–40. From these recent studies,
CAM xenografts have been established for all of the
common human prostate cancer cell lines, including
VCaP34,35, CWR22Rv136, PC337,38, LNCaP39, and PC-3 M-
LN440. In this study, we also showed that CAM xenografts
could be established with human prostate cancer cell
line CWR22Rv1 and C4-2, as well as the murine Myc-
CaP cell line without difficulty (Fig. 2H). The large
cell and nuclear morphology of prostate cancer CAM
xenografts, assessed by H&E stain, were consistent with
proliferative cancer cells (Fig. 2I). We and many other
investigators have popularized the use of sensitive in vivo
bioluminescence imaging (BLI) to detect small volume or
disseminated prostate cancer lesions41,42. As shown in
Fig. 2J, BLI can also detect growing CAM tumors, such as
CWR22Rv1 cells that have been transduced with a firefly
luciferase-expressing lentivirus.

CAM supports the efficient engraftment of ccRCC
and bladder cancer patient-derived primary
cancer cells and tumor tissues

Current molecular cancer research is heavily reliant on
pre-existing cancer cell lines7. However, many of the
commonly used cancer cell lines have been cultivated in
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Figure 1. Schematic diagram of CAM xenograft implantation strategy.

petri dishes under in vitro growth conditions for decades.
This long-term maintenance under artificial settings
raises concern over whether these cancer cell lines can
still represent human cancer, and more importantly,
whether findings from these cancer lines are relevant
to the clinical disease43. Consequently, there is a strong
demand to generate new primary cancer cell lines
and xenografts from freshly harvested patient tumor
tissues for discovery and investigative experiments
44. With this concern in mind, recent studies have
utilized PDXs to evaluate responses to new therapies
for kidney cancer45. For instance, Sivanand et al. reported
intrarenal implantation of 94 tumor surgical specimens
that resulted in 16 stable patient-derived grafts to assess
drug response46. The engraftment rate of RCC PDXs in
mice in recent reports is below 30%.

In the last 2 years, we have attempted to establish
renewable sources of patient-derived tumor materials
from a total of 10 cases of freshly harvested ccRCC surgi-
cal samples from a single urological surgeon, Dr. Arnold
Chin. Our workflow included attempts to (i) cultivate pri-
mary tumor cell lines from dissociated tumor pieces, (ii)
to directly implant small tumor pieces on CAM, and (iii)
to implant established primary tumor cell lines on CAM.
Table 1 summarizes the successful results. To generate
primary cell lines, we disassociated tumor pieces to sin-
gle cells. As a representative example (Fig. 3A), the first
passage of cancer cells from one case displayed epithe-
lial morphology and contained abundant lipid droplets
in the cytoplasm, verified by the lipid Oil Red O stain
(Fig. 3B). We were able to establish 5 primary cell lines
from the 10 cases of ccRCC. These primary cell lines
remained stable for at least 5 passages in vitro. The CAM
tumor engraftment rate using the newly generated pri-
mary cells was very high, with a successful engraftment
of 4 out of the 5 primary lines. A representative case of
the primary ccRCC-derived CAM tumor was shown in
duplicate in Fig. 3C. Direct visualization of CAM tumor
growth from day 3 to 11 can inform on the tumor vascu-
larization process. For instance, the Matrigel (white oval
chunk) of CAM tumor #2 gained a pink hue from day 7
onward, coinciding with an increase of small capillaries
emanating from the tumor over time. Histological exam-
ination of the CAM tumor revealed the co-existence of

cells of different sizes, as well as the majority of cells con-
taining large nuclei, consistent with the characteristics of
proliferating cancer cells (Fig. 3D).

Next, we assessed the feasibility of engrafting CAM
xenografts from small pieces of fresh tumors (approxi-
mately 2 mm in diameter). Out of the 10 cases of ccRCC
tumors we have attempted, the success rate of engrafting
small fresh ccRCC tumor pieces was 70% (see Table 1).
Figure 4A shows a representative case of CAM xenograft
established from a fresh ccRCC tumor. Duplicate CAM
xenografts from the same case were shown, with the
left panels showing the xenografts in situ and the right
showing the isolated xenograft with its associated CAM
(Fig. 4A). A large nourishing artery can be seen coursing
right of the tumor in #1, while the nourishing artery
was coursing from below the CAM in tumor #2. Histo-
logical analyses of the patient’s tumor tissue by anti-
VHL (Fig. 4B) and H&E stain (Fig. 4C) revealed extensive
intratumoral heterogeneity amongst the 4 areas (a, b,
c, d) sampled in regards to cellular morphology as well
as VHL expression. Those areas contained cells with an
abundance of lipid in the cytoplasm and low level of VHL
expression that representing the clear cell morphology
(Fig. 4B and 4C). The CAM xenograft of this case con-
tained tumor cells that resembled those located in areas
c and d of the patient’s tumor (Fig. 4C, right panel).

Bladder cancer is the second tumor type we attempted
to establish primary cancer cell lines and PDXs on CAM.
We have only collected fresh surgical samples of bladder
cancer for 4 months as compared to over 2 years with
RCC. Out of the 4 cases of surgical samples of bladder
cancer harvested in the interim, we were unable to estab-
lish any primary cell lines using DMEM or RPMI-1640
media supplemented with fetal bovine serum. Previous
reports have documented the need to supplement with
additional growth factors, such as fibroblast growth fac-
tor (FGF)47,48. At this juncture, we have not optimized
the culturing conditions to establish a primary bladder
cancer cell line. However, establishing bladder cancer
PDXs on CAM from small pieces of a tumor had been
straightforward, without needing any supplement. We
were able to reproducibly generate CAM PDXs from all
4 out of 4 bladder cancer cases we collected. The engraft-
ment of PDX on CAM from a representative case was
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Figure 2. Establishment of CAM xenograft from pre-existing urological cancer cell lines. CAM tumor developed by implantation of 2 × 106 murine
ccRCC RENCA cells. A. A gross view of CAM tumor on embryonic day 21. B. The development of the RENCA CAM tumor over the 10 days period
after the implantation of the matrigel cell suspension. C. H&E stain of the RENCA CAM xenograft in parallel with the RENCA tumor established
in the mouse kidney. D. H&E and FLAG IHC staining in both the RENCA CAM tumors and the CAM tumors re-transplanted subcutaneously in
the nude mice. E. Gross view and F. H&E and anti-panCK IHC staining of CAM xenograft from human ccRCC cell line ACHN. Dash circled areas
are tumors. G. Gross view of CAM xenograft and H&E stained tumor section from human bladder cancer cell line HT-1376 and T24. H. Gross view
and I. H&E staining of CAM xenograft from human prostate cancer cell line CWR22Rv1 and C4-2, and murine prostate cancer cell line Myc-CaP. J.
With lentiviral mediated transduction of firefly luciferase gene into CWR22Rv1 cells, their CAM xenograft can be visualized by bioluminescence
imaging (BLI).

shown in triplicate in Fig. 4D. As an indication of tumor
vascularization, the number of fine blood vessels cours-
ing to and from the CAM tumor increased from day 3 to

day 11 after implantation (Fig. 4D). Moreover, the size of
the CAM tumor grew from 2-3 mm in diameter at the
time of implantation to about 5-7 mm in diameter on
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Figure 3. CAM can support engraftment of primary cancer cells derived from patient’s ccRCC tumor. A. The morphology of primary cancer cells
derived from freshly harvested patient ccRCC tumor under phase contrast microscope. B. Oil Red O stain of tumor cells. C. The development of
the primary ccRCC-derived CAM tumor from day 3 to 11 after the implantation of early passage (within 10 passages) primary cells on CAM at
2 × 106 cells/egg. D. H&E stain of a CAM xenograft developed from primary ccRCC tumor cells.

day 11 (Fig. 4E). Histological examination revealed that
the CAM tumor contained extensive fibrous tissues in
conjunction with small foci of tumor cells that resemble
the cellular morphology of the patient’s bladder tumor
(Fig. 4F). In the second case of slower growing bladder
cancer PDXs, we used a human cytokeratin 8/18 IHC to
identify the tumor cells (Fig. 4G).

PDXs engrafted directly from patients’ tumors are
extremely valuable sources of living tumor tissue for fur-
ther investigation of cancer biology and pilot therapeutic
studies. Although our current experience of establishing
new CAM PDXs of ccRCC and bladder cancer is still
quite limited in number, 10 and 4 cases, respectively, the
success rate of CAM engraftment of 70%-100% is much
higher than recently reported engraftment rate of PDX in
mice45,46. The high success rate could be attributed to the
richness and naïve nature of the CAM vasculature that
readily vascularizes the implanted tumor cells and tis-
sues. Furthermore, the visible nature of CAM and its short
growth period are very helpful in saving time and labor
in the generation of PDXs. Here, we showed CAM PDXs
retained some of the cellular morphology and histologi-
cal features of patients’ tumors. Confirmation that CAM
PDX fully retains the characteristics of patients’ tumors
will require detailed genetic and expression profiling.
We are actively pursuing this line of investigation. We
have found that primary ccRCC cell line and CAM tumor
generated as described here retained the same genetic
mutations as the patient’s tumor they were derived from
(data not shown). The use of CAM PDXs as a platform
to pursue a pilot therapeutic evaluation is extremely
attractive, especially to fulfilling the tenet of personal-
ized medicine. Although Vu et al.49 demonstrated the fea-

sibility of nanoparticle-mediated drug delivery in CAM
tumors, the short 10-12 day window of tumor growth
and treatment on CAM would post a significant challenge
to assess the traditional therapeutic endpoints such as
tumor volume. We are actively investigating this critical
topic.

CAM xenograft recapitulates the metastatic
behavior of mouse ccRCC model

Metastasis to lungs is a frequent and deadly manifes-
tation of ccRCC in the clinic. Unfortunately, the lack of
clinically relevant spontaneous metastatic ccRCC models
has slowed the understanding and the development of
effective treatment for this disease. We created a novel
metastatic ccRCC model by CRISPR-mediated VHL gene
deletion in the murine RENCA line26,27, and established
the parental VHL wildtype (VHL-WT) and VHL knockout
(VHL-KO) RENCA cells. We have observed that VHL dele-
tion leads to epithelial-mesenchymal transition (EMT) of
VHL-KO cells and dramatic slowing in proliferation in
vitro 26,27. As shown in Fig. 5A, VHL-WT cells grew well
after implanted into the kidney but did not produce
metastasis in distant organs. Replicating their in vitro
phenotype, the EMT+ VHL-KO cells grew poorly in the
kidney (Fig. 5A). Strikingly, a 1:1 mix of VHL-WT and
VHL-KO cell-implanted tumors not only grew well in the
kidney, but also produced rampant metastasis in the lung
and, to a lesser degree, in the liver (Fig. 5A). These results
suggested that an intriguing cooperative mechanism of
metastasis is at play, in which the poorly-proliferative
EMT+ VHL-KO cells induce the metastatic potential of
non-EMT VHL-WT cells26,27.
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Figure 4. CAM ccRCC and bladder cancer xenografts derived from small pieces of patient’s tumor. A. The gross view of a representative CAM
xenograft established from small pieces of a surgical sample of human ccRCC tumor. Duplicate CAM tumors of the same case at embryonic day
20 (post fertilization) was shown. Left view: in situ CAM with tumor above and embryo below. Right view: isolated CAM with implanted tumor.
Dash circled areas indicate tumors. B. The patient’s original ccRCC tumor section assessed by anti-VHL IHC. C. H&E stain of patient’s ccRCC
tumor and the corresponding CAM tumor (right panels). D. CAM xenografts from a case human bladder cancer, viewed on 3, 7 and 11 days after
implantation. Triplicate engraftment of the same case was shown. E. The gross view of dissected CAM bladder cancer xenograft from D. showed
the tumor size has expanded from 2-3 mm at implantation to ∼ 6 mm in diameter on day 11. F. H&E stain of the patient’s bladder cancer tissue
and the CAM PDX derived from it. Small foci within the CAM PDX retain cancer cell morphology similar to the patient’s tumor. G. In a different
case of bladder cancer from that shown in D-F, the CAM PDX established (left panel) were subject to anti-CK8/18 human cytokeratin IHC staining
(right upper panel) to identify human epithelial cells within the PDX, with its corresponding H&E stain (right lower panel).
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Figure 5. CAM xenografts recapitulate the metastatic behavior of an engineered murine ccRCC model. A. Mice were implanted orthotopically in
the left kidney with either VHL wildtype (VHL-WT) RENCA cells, VHL knockout (VHL-KO) RENCA cells or a 1:1 mixture of both cells (with a total
cell count of 2 × 106). At 4 weeks after tumor implantation, bioluminescence imaging (BLI) was performed on each group of mice and the major
organs harvested from each mouse. The enlarged gross view of the organs in the mixed tumor bearing mouse was shown in right lower panel.
B. Immunofluorescence staining of VHL-WT RENCA cells (labeled with mStrawberry) and VHL-KO cells (labeled with EGFP). C. The gross in situ
views of CAM tumor and isolated CAM tumor from each group were shown (n = 7 per group). D. The average tumor weight of the 3 groups of
CAM tumors was shown. E. Flow cytometric analysis of circulatory tumor cell showed that mixed CAM tumor produced more (mStrawberry+)
cancer cells in the blood of chick embryo. F. RT-PCR analysis confirmed that VHL-WT (mStrawberry+) cells were the predominant circulating
tumor cells. G. Immunofluorescence stain of the FLAG-tagged tumor cells (green) that invaded into vasculature. The CAM tumor cells (green)
could be distinguished from avian stromal cells and nucleated red blood cells. The areas within the white dash line indicate the blood vessels
and the white arrow indicates a nucleated chicken red blood cell. H. CAM tumors were established with a 1:1 mixed of VHL-WT cells (HA tagged)
and VHL-KO cells (FLAG tagged) and embryos were allowed to hatch and grow for additional 2 weeks. Immunohistochemical analyses of lung
sections from the 2-week old chick were shown. Arrows indicate two metastatic lesions in lung and # indicates a big blood vessel in the chicken.
(∗∗: p < 0.01)
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Table 1. A summary of CAM xenograft engraftment from different cell or tissue sources of kidney, bladder or prostate cancer.

Kidney cancer (ccRCC) Bladder Cancer Prostate Cancer

Cell line RENCA, ACHN HT-1376, T24 CWR22v1, C4-2, Myc-CaP
Primary tumor cells YES, 4 out of 5 cases Not yet tried∗ Not yet tried
Tissue chunks YES, 7 out of 10 cases YES, 4 out of 4 cases Not yet tried
Xenograft integrity Good Moderate, small foci of tumor

with extensive fibroblasts
Good for cell lines

Advantages as
compared to mouse
model

1. Shortened period of vascularization (∼2 days)
2. Shortened period of overall tumor growth with comparable size
3. In general, CAM tumor with ∼2x10∧6 tumor cells can grow to 1 cm in diameter in 10-11 days
4. Great saving in cost (∼$1 for each fertilized egg) in comparison to mouse (>$100 for each

immunocompromised mouse)
5. Tumor growth visible to naked eye

Disadvantages as
compared to mouse
model

1. Difficult to achieve significant tumor expansion with slow growing tumor cells or tumor tissues in
the short 10-11 days growth period allowed in CAM

2. Challenging to assess treatment response in 11 days
3. Difficult to detect metastasis in chick embryo organs due to the short time period of growth and

different circulation pattern

∗Unable to recover primary tumor cells from surgical tissues with RPMI-1640 or DMEM media supplemented with 10% FBS.

Here, we strive to assess whether the CAM xenograft
can also recapitulate the growth and metastatic behavior
of our VHL-KO and VHL-WT RENCA model26,27. To facil-
itate the tracking of these two clonal purified cell lines
in vivo, we marked them by lentiviral transduction, VHL-
WT cells with the mStrawberry fluorescence protein and
VHL-KO cells with the EGFP (Fig. 5B). These two cancer
cell lines were also tagged with FLAG antigen to aid their
identification by histological analyses. The CAM of 21
fertilized eggs were implanted with either VHL-WT cells
only or VHL-KO cells only or a 1:1 mixture of these two
(n = 7 per group). The growth rate of the CAM tumors was
similar to their mouse counterparts26 (Fig. 5A). The VHL-
WT and mixed cell group of CAM tumors grew well, while
the CAM tumors of VHL-KO group grew poorly. These
findings were confirmed by measurement of tumor size
(Fig. 5C) and weight (Fig. 5D). To assess tumor cell escape
into circulation, the first intravasation step of metastasis,
we analyzed circulatory tumor cells by flow cytometry.
As shown in Fig. 5E and 5F, the presence of VHL-KO cells
in the mixed tumor greatly enhanced the number of
VHL-WT cells in circulation. Also, it confirms that the
number of cancer cells that escaped into circulation in
the mixed CAM tumor was much higher than that in the
CAM tumors with VHL-WT cells only (Fig. 5E), and the
majority of circulatory tumor cells was mStrawberry+
VHL-WT RENCA cells (Fig. 5F). To examine the vascular
invasion of tumor cells in the CAM xenograft, we used
immunofluorescent staining with an anti-FLAG antibody
to identify tumor cells at the tumor and vessel junction.
Figure 5G shows the presence of tumor cells (FLAG+)

interspersed with chicken nucleated red blood cells
(white arrow) within a blood vessel (demarcated by the
dashed line).

Due to the short growth period on CAM before
hatching and the decreased blood perfusion to the
uninflated chicken embryo lung, detecting metastasis
in the lungs of chicken embryo was expected to be
very challenging. To overcome these limitations, we
obtained approval from the Institutional Animal Care
and Use Committee (IACUC) to extend the analyses of
distant metastases in hatched chickens. In a separate
experiment, we implanted a CAM tumor with 1:1 mixed
VHL-WT and VHL-KO RENCA cells that were marked
by HA-tag and flag-tag, respectively. The hatched chicks
that bore CAM tumors were grown for 2 additional weeks
before euthanasia and tissue analyses (Fig. 1). This time
extension enabled the cancer cells to establish small
metastatic nodules in the chicken lung, as visualized by
H&E stain (Fig. 5H). A majority of the tumor cells in the
metastatic lesion was the HA-tagged VHL-WT cells. The
flag-tagged VHL-KO cells were difficult to locate (Fig. 5H).
This finding is highly consistent with what we observed
in the mouse model (data not shown). Importantly, the
avian CAM tumor model can reproduce the preferential
homing of ccRCC tumor cells to the lungs, which is
observed in clinical disease and our mouse model50.

In this study, we demonstrated that CAM is an
efficient system to establish xenografts from either
pre-existing cancer cell lines, primary cancer cell lines
or small tumor pieces from patient-derived ccRCC or
bladder tumors. Table 1 summarizes successful CAM
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xenografts we have attempted in the last 2 years, as
well as the advantages and disadvantages of CAM
in comparison to the mouse model. The CAM tumor
model is now well-accepted by the scientific research
community, supported by the fact that the number of
publications involving CAMs has increased 10 folds from
2000, and the findings are often published in the most
prestigious journals 5,24,51. Given the high efficiency of
PDXs engraftment on CAM in a short 10-day period, it
holds great promise as an in vivo platform to pursue
pilot drug screening on individual patient’s tumor.
Although many challenges remain unsolved to achieve
the ultimate goal of precision individualized medicine
with CAM, it is proven to be a convenient in vivo system to
accelerate the discovery of critical molecular mechanism
in cancer biology, such as the lethal metastatic disease.
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