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SYNOPSIS

At diagnosis, over 70% of bladder cancers (BC) are at the non-muscle-invasive bladder cancer 

(NMIBC) stages which are usually treated with transurethral resection followed by intravesical 

instillation. For the remaining advanced cancers, systemic therapy is the standard of care with 

addition of radical cystectomy in case of locally advanced cancers. Because of the difference in 

treatment modalities, different models are needed to advance the care of NMIBC and advanced 

BC. This article gives a comprehensive review of both in vitro and in vivo BC models and 

compares the advantages and drawbacks of these preclinical systems in BC research.

Keywords
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Bladder cancer (BC) is the most common tumor in the urinary system, ranking at the 11th 

among all human malignancies worldwide. It is more common in males than females, with a 

ratio of 3:1 to 5:1 1. In 2017, approximately 430,000 new cases were diagnosed with BC 
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(330,000 males and 99,000 females) worldwide with 51,000 deaths in the European Union 

and 18,000 deaths in North America 2. Some of the risk factors include smoking, 

occupational chemical exposure, male gender and social economic status 2–4. Depending on 

whether cancer cells invade into the muscle layer of the bladder wall, BC is divided into 

non-muscle-invasive bladder cancer (NMIBC) and advanced BC which includes locally 

advanced and metastatic cancer. NMIBC includes Ta, T1 and CIS (cancer in situ), and 

accounts for approximately 75% of newly diagnosed BC cases 2. The standard of care for 

NMIBC is transurethral resection followed by intravesical therapy for high risk patients. 

With this treatment, over 70% patients develop cancer recurrence and one third of patients 

have cancer progression to advanced stages 5. For advanced BC, the standard of care for 

locally advanced muscle-invasive BC (MIBC) is neoadjuvant chemotherapy followed by 

radical cystectomy, and approximately 55% of MIBC patients survive at 5 years. The 

standard treatment for metastatic BC is systemic therapy and the median survival is less than 

two years 6.

There has been no significant improvement in BC treatment until recently with the approval 

of immunotherapy for both advanced and NMIBC, as well as one targeted therapy with a 

fibroblast growth factor receptor inhibitor erdafitinib and one antibody-drug conjugate 

enfortumab vedotin for advanced BC. The development for therapeutic interventions is still 

disappointing and advanced BC is generally incurable. For example, recurrent genomic 

alterations have been identified in BC7. But, so far, only erdafitinib has been approved and 

yields a modest incremental benefit and no cures. Immunotherapy using PD1/L1 inhibitors 

has shown promising activity, but the response rate is only around 20% in advanced BC 8. 

The purpose of this review article is to review various in vitro and in vivo models that can be 

used to advance BC research and care for both NMIBC and advanced BC.

IN VITRO TWO-DIMENSIONAL (2D) MODELS

1. Cancer cell lines

Compared to animal models, cancer cell lines are faster, cheaper, easier to manipulate, more 

widely available and have been extensively used in BC research. They are the most used 

models for cancer research.

BC is classified to low and high grade based on differentiation. Accordingly, human BC cell 

lines can also be classified into low-grade cancer cell lines, such as RT4 and RT112, and 

high-grade ones, such as T24, J82, 5637, UM-UC1, UM-UC3, HB-CLS-2, TCCSUP and 

EJ-1 9. Furthermore, the genetic characteristics and drug sensitivity information of cell lines 

can be found at some of the commonly used databases, such as Catalog of Somatic 

Mutations In Cancer (COSMIC) 10, Cancer Cell Line Encyclopedia (CCLE) 11, and the 

Genomics of Drug Sensitivity in Cancer 12. Based on gene expression profiling, BC cell 

lines can recapitulate the expression profiles of different molecular subtypes of human BC 
13.

Besides human BC, cell lines from dog, rat and mouse BC have also been developed 13–15. 

The advantage of rat and mouse BC cell lines is that they can be implanted into 

immunocompetent syngeneic hosts to allow studies in immunotherapy. When human and 
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canine cell lines are implanted in vivo, immunodeficient animals are usually used that do not 

permit studies in immunotherapy.

There are several major drawbacks associated cell lines. First, cell lines and human BCs may 

have different genetic and epigenetic alterations. Cancer cell lines have been cultured in 
vitro for a long time, leading to the acquisition and accumulation of additional genetic and 

epigenetic aberrations that can be dramatically different from that of the original cancers. 

Even after a few generations, there was a great irreversible genetic divergence between a 

primary tumor and a cell line derived from that tumor 16. Hence it is not surprising that 

prediction models based on cell lines frequently fail to predict drug efficacy in the clinic 17. 

Second, cell lines use synthetic artificial culture medium. Different culture environment, 

nutrition availability and different endo/para/autocrine growth factor support during cell 

culture apply selection pressure to cells, skew cancer cell composition and alter genetic and 

epigenetic alterations of the survived cancer cells. Furthermore, long-term culture in vitro 
enables tumor cells adapted to the culture environment, selects the fittest cells and loses the 

heterogeneity as seen in primary tumor tissues. Third, lack of 3D structure and supporting 

environment can alter cell behavior. In vivo cancer cells grow in a three-dimensional (3D) 

environment and communicate with other components, such as epithelial cells, stromal cells, 

immune cells, matrix, etc. The communication plays important roles in tumorigenesis and 

progression. Fourth, for in vivo studies, human and dog BC cell lines can only be implanted 

into mice or rats that are immunocompromised and, hence, are not suitable for research in 

immunotherapy.

2. Conditionally reprogrammed cell culture (CRC)

CRC has recently emerged as a promising primary culture of both normal and cancer cells 
18. To establish CRC, after specimens are reviewed by pathology, they are digested with 

enzymes to generate single cell suspension and co-cultured with irradiated 3T3-J2 mouse 

fibroblasts (serve as feeder cells) in a medium containing a Rho-associated kinase inhibitor 

Y-27632. Under this culture condition, cells rapidly convert to a stem-like state, are highly 

proliferative, but retain the original karyotype 19. After its development, this method has 

been used to establish CRC cultures of many normal epithelial tissues, including skin, 

prostate, lung, breast, kidney, salivary gland and liver cells, and cells across many species, 

such as mouse, rat, dog, ferret, horse, and cow. CRC can be established for all cancer types 

that have been tested so far.

CRC has been extensively studied in BC. CRC can be easily established using urine 

specimens with the overall success rate of 83.3% (50/60), including 85.4% for high grade 

BC (4¼8) and 75.0% (9/12) for low grade BC 20. This suggests that patient-derived CRC 

models can be established in most patients without requiring biopsy. CRC retains the genetic 

alterations and shares similar drug sensitivities of their corresponding in vivo parental cancer 

models 21.

There are several advantages associated with CRC. First, CRC cells can be propagated in 

long-term culture, yet retain cell lineage commitment with the capacity to fully differentiate 

into the original tissue types they are derived from 18. Second, CRC is highly efficient in 

establishing cultures. Epithelial colonies are readily observed at two days and proliferate 
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rapidly. Third, CRC maintains the heterogeneity of cells present in a biopsy. The drawbacks 

of CRC are similar to those of cell lines except that CRCs are directly derived from cancer 

tissues, retain genetic alterations and high concordance of drug sensitivity as the in vivo 
counterparts, and can differentiate into the original tissues that CRC was developed.

IN VITRO 3D MODELS

1. Organoid

An organoid is a miniaturized and simplified version of an organ produced in vitro from 

differentiated cells, embryonic stem cells or induced pluripotent stem cells that self-organize 

in a 3D structure and can self-renew and replicate. Compared to traditional 2D cell line 

culture models, organoids better retain the intrinsic characteristics of tumor and its 

microenvironment, including cell-cell interaction, cell-stroma interaction, tissue polarity and 

nutrition gradients, etc. With the development of culture matrix, a variety of organoid culture 

models are increasingly applied to BC research, such as BC stem cells and co-culture 

system. However, there is still a lack of unified quantitative standards in correlating primary 

BCs and cultured organoids. Genomic and transcriptomic sequencing have been widely used 

in analyzing the consistency between organoids and primary BCs while sensitivity to 

treatments have been used to correlate with and predict the response of primary BCs to the 

same treatments.

The most common sources of organoids include cell lines (murine and human BC cell lines), 

patient-derived organoids (PDOs) and cancer-tissue originated spheroid (CTOS) 22. To grow 

BC organoids, cell suspensions from cell lines or cancer specimens are implanted into a 

medium containing growth factors and cell matrix to grow into 3-D structures (Figure 1) 23. 

Cells of different tissue and cancer types have different success rates. For BC, papillary BC 

is more likely to survive and has a success rate up to 80%, while non-papillary BC has a 

success rate of less than 30% 24,25. It is particularly important to optimize the medium and 

matrix. 26. After organoids are established, they are characterized phenotypically, such as 

immunohistochemistry (IHC), flow cytometry, western-blot and proteomics, and 

genomically, such as exome sequencing, transcriptome sequencing and methylation profile. 

Mullecci et al. 26 optimized the culture conditions and established a variety of organoid 

models, including murine bladder basal cell organoids, murine ureter and suprabasal bladder 

organoids, human urothelial organoids. By comparing various biomarkers in mouse BC 

tissues and in organoids, such as basal (keratin 5, Ck5), intermediate (p63), and suprabasal/ 

umbrella (keratin 20, Ck20, and UpkIII), it was found that organoids were able to retain the 

main features of mouse BC; by comparing different biomarkers of BC subtypes, such as 

basal (KRT5 and KRT6), luminal (KRT20, UPK1A, and UPK3A), and potential tumor-

initiating cells (CD44), human BC organoids were found to retain these features of the 

human BC subtypes. Okuyama 23 analyzed E-cadherin, Ki67, uroplakin III (differentiation 

marker) and p63 (basal cell marker) of BC CTOSs and found that CTOSs retained the 

differentiation status of the primary tumors.

The tumorigenesis and progression of BC always involve the interaction between BC cells 

and its tumor microenvironment (TME). TME contains cellular components, such as tumor 

cells, normal epithelial cells, immune cells, stromal fibroblasts, etc., and non-cellular 
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components, such as cytokines, fibers, collagen, etc. Though the traditional co-culture 

technology can increase the communication among cells, tumor cells are very active in 

communicating with other components in TME in a 3-D space. So the 3-D culture can better 

simulate TME, provide better communication for the interaction between BC and TME 27. 

For example, macrophages can be divided into tumor-suppressive (M1), a tumor-supportive 

(M2) andregulatory macrophages (Mreg) 28,29. Cancer-associated fibroblasts (CAFs) affect 

the microenvironment by secreting a series of cytokines, which play important roles in 

tumorigenesis, progression, and resistance. Miyake et al 30 found that co-cultured CAFs and 

TAMs (tumor associated macrophages) promoted cell adhesion and interaction between 

these cells and BC cells by secreting the chemokine CXCL1 in 3D models; Compared to 2D 

cultures, tumor cells in a 3D culture showed higher cell survival rate and cell proliferation 

rate.

So far, extensive studies in organoids have been performed in BC. Lee et al established a BC 

organoid bio-bank by 3D culturing of primary and recurrent BC tissues from operation and 

biopsy in vitro 31. These organoids highly retained the human BC mutational spectrum, 

tumor evolution, phenotypic stability, plasticity and some other characteristics. Xenograft 

models and organoids had similar resistance and mutational profiles. Mulves et al collected 

tissues from 53 BC patients and established an organoid bio-bank 26. Furthermore, they 

established primary murine basal cell organoids and found that organoids had high fidelity 

of primary cancer tissues through analysis of cellar surface molecules and functional 

validation. Different organoids differed in sensitivity to the same chemotherapy drugs, 

indicating the heterogeneity of BC organoids.

Goulet et al. 32extracted the urothelial cells, fibroblasts and endothelial cells from bladder 

biopsy tissues, and spread the fibroblasts on sheets to form 3D vesical stroma. Then non-

invasive or invasive BC cells were seeded and cultured as compact spheroids. Invasive BC 

cells crossed the basement membrane and invaded the stromal compartment whereas non-

invasive BC cells were confined to the urothelium. Thus the 3D culture model can possibly 

be used to study cancer behavior and drug effects.

Compared to the 2D cultures, organoids provide a 3D structure that partially retains the 

interaction of cancer cells with their TME. However, some of the drawbacks are obvious. 

First, even though vasculature can be established and maintained, organoids lack blood 

circulation and cells obtain nutrients mainly through concentration gradient and diffusion. 

Second, the culture medium supplemented with growth factors differs with that of the in 
vivo native TME and can change cancer cell behavior. Third, even though immune cells can 

be embedded, organoids lack the dynamic interaction of immune components in organoids 

with the immune system in the whole body.

2. 3D printing

3-D bioprinting deposits layers of bioinks, such as cells, extracellular matrix and supporting 

materials, in accordance with the specifications that are pre-designed and stored in a digital 

model to generate a spatially defined viable 3D constructs. In contrast to other 3D models 

that take advantage of the intrinsic properties of biological materials as seen in organoids, or 

that use extrinsic physical properties to aggregate biomaterials as seen in hanging drops, 
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ultra-low attachment plates and microchambers, 3D printing precisely deposits building 

materials, biological or synthetic, in spatially pre-defined manners.

Compared to other in vitro 2D and 3D models, there are several advantages of 3D printing. 

First, extracellular matrix properties are controllable. With pre-designed models, cellular 

composition and density, matrix stiffness, the concentration and gradients of bioactive 

molecules can all be controlled and adjusted to study cellular behavior in microenvironment. 

Extracellular mechanics plays important roles in cancer cell behaviors. Polyethylene glycol-

based photocrosslinked scaffold with tunable stiffness has been used to study cancer cell 

migration 33 while precisely controlled spatiotemporal gradients of bioactive molecules 

mimic the physiochemical microenvironment of cancer cells and allow the study of cancer 

cell behavior in desired manners 34.

Second, high-throughput fabrication of replicable cancer models. While other cancer models 

usually rely on the natural growth/expansion of cancer models and generate heterogenicity 

among individual models with the same origin, identical cancer models can be rapidly 

fabricated with 3D bioprinting which allows rapid drug screening and biological studies with 

high precision.

Third, perfusable vasculature can be fabricated. All three bioprinting modalities, extrusion-, 

droplet- and laser-based, have been explored to fabricate vasculature in cancer models 35. 

Both scaffold-based and scaffold-free bioprinting have been used to integrate vasculature in 

the models 36. With scaffold-based approach, cells are bioprinted in an exogenous 

biomaterial (i.e., hydrogel or decellularized matrix components) resembling the target tissue 

structure while cell assembly and fusion/re-modeling are the driving mechanisms of 

vasculature formation in the cancer models 37. Furthermore, to study cancer cell behavior 

including cancer invasion into vasculature, various biological factors, such as different cells, 

extracellular matrix and growth factors, can be programmed into cancer models 38.

Even though 3D bioprinting has been used to establish multiple cancer models 39, its 

application in BC research is very limited. While several reports on 3D printing of a bladder 

have been published 27,40, 3D printing in BC research is yet to be explored.

3. Other 3D Culture systems

In addition to organoids, several other in vitro 3D cultures have also been studied and 

reported. Amaral et al. 41,42 reported a hanging drop method and floating method using 

ultra-low attachment (ULA) plates. Drug sensitivity of BC cells using these methods is 

comparable to that using patient-derive xenografts.

Pump-less microfluid chambers or microchambers have recently been developed as a 

cheaper, convenient and highly efficient method to culture primary BC cells. Unlike most 

other in vitro culture methods of primary cells which usually need special medium 

supplemented with growth factors and/or feeding cells, microchambers culture cells in a 

restricted miniscule physical space with the height of 75 μm which prevents the dilution/

diffusion of auto- and paracrine growth factors and allows the culture of difficult-to-culture 

cells, such as hepatocytes and stem cells, without the need of special medium 43. 
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Hepatocytes can be maintained in these microchamber devices without perfusion for up to 

three weeks with minimal loss of phenotype or function. In BC, primary cancer cell 

microchamber culture was developed in all six specimens 44. Drug sensitivity to single drugs 

and combinations was comparable between microchambers and patient-derived xenografts, 

suggesting microchambers can possibly supplement patient-derived xenografts in screening 

for effective drug candidates.

IN VIVO MODELS

1. In vivo tumors from cell lines

In vivo tumors derived from cell lines are probably the most used models in cancer research. 

It is easy to manipulate, cheap and fast. Almost all cell lines can be used to generate in vivo 
models in BC. If cell lines are of human and dog origins, they are implanted in 

immunocompromised animals, such as nude mice, SCID (severe combined immune 

deficient) mice or nonobese diabetic (NOD).Cg- PrkdcscidIL2rgtm1Wjl/Sz (null; NSG) mice. 

If cell lines are of mouse and rat origins, they can be implanted in immunocompetent 

syngeneic mice or rats which have been widely used for research in immunotherapy as well 

as other researches.

Cells are usually implanted subcutaneously as it is easily accessible for measurement and 

manipulation. However, BC is unique in that over 70% of cases at diagnosis are at the 

NMIBC stages and are treated locally including intravesical instillation. Hence, 

subcutaneous models may not be applicable for research in NMIBC. Furthermore, the 

microenvironment of BC at the bladder may be different from that at the subcutaneous 

space. Hence, orthotopic cancer models are needed for BC research.

There are several approaches to establish orthotopic BC models. The most intuitive approach 

is to instill bladder cancer cells through urethra directly into the bladder cavity. Because of 

the tight junction of urothelial cells, cancer cells rarely attach to and develop orthotopic 

cancer. To increase cancer cell attachment to the urothelial layer and engraftment, the 

bladder is usually treated with another agent, such as trypsin, poly-L-lysine, HCl or even 

electrocautery 45,46. Because of the structure of the urethra and bladder in mice and rats, 

female animals are preferred for easier access. Another approach is to expose the bladder 

through a lower abdominal incision and directly inject BC cells into the bladder with a 

needle 47,48. To minimize surgical trauma, a minimally invasive ultrasound-guided 

intramural inoculation was used to establish orthotopic models with high success 49.

As BC is a wide spectrum of cancer, ranging from low-grade non-invasive cancer, to high-

grade, locally advanced and metastatic cancer, orthotopic BC models provide unique 

opportunities to study and monitor cancer progression. Huebner et al. established a BC in-

situ model by using fluorescein labeled highly invasive BC cell line UM-UC-3, and tracked 

the migration and invasion of BC cells in real time with bioluminescence imaging (BLI), 

magnetic resonance imaging (MRI), positron emission tomography (PET) and other 

technologies 50. Lorenzatti et al labeled human BC cells with a variety of fluorescein 

markers to observe the invasion of BC in orthotopic models 48. Erman et al used 

nanoparticles, immuno-fluorescein, and electron micrograph labeling technologies to 
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observe the early stage BC, and clearly observed the interaction and adhesion between BC 

cells and normal urinary epithelial cells 51.

2. Carcinogen-induced model

BC develops from urothelial cells that have direct contact with carcinogens in urine. Hence, 

chemicals, either carcinogenic directly or indirectly through in vivo metabolism, have been 

widely used to induce BC. After the initial report of carcinogen-induced BC in rats 52, BC 

has been induced with carcinogens in several other species (reviewed in 53). N-butyl-N-(4-

hydroxybutyl) nitrosamine (BBN) is one the first and most commonly used carcinogens. 

Several other carcinogens have been identified and used, including amines(such as N-

nitrosamine ) 54,55, anthracenes (such as 20-methylcholanthrene 56, and formamide 

FANFT(N-57-formamide) 57. Most of the carcinogens have aromatic amine components. 

They are genotoxic that induces DNA damage in bladder urothelial cells 58,59.

BBN is clinically relevant as it can be detected in tobacco smoke, environment and 

infectious metabolites 60, and BC is induced through chronic feeding/exposure of BBN, 

similar to chronic exposure of carcinogens in human patients. Pathologically, BBN exposure 

induces progressively pathological changes from hyperplasia, dysplasia, cancer in situ, 
invasive cancer as well as metastasis, similar to the BC progression in human patients 60.

Genomically, carcinogen-induced BC has similar genetic alterations found in human BC. 

TP53, KMT2D and KDM6A are the most common mutated genes in human BC 61. 

Yamamoto et al. analyzed mutational events of BBN-induced BC and found that BBN 

caused mutations of the p53 gene heterogeneity at the early stage, and clonal p53 mutations, 

commonly with C →T to G→A mutations, at the late stage 62. Fantini et al. showed that the 

most common mutations were Trp53 (80%), Kmt2d (70%), and Kmt2c (90%), which were 

similar to the mutation spectrum of human BC 63.

Gene expression profiling analysis suggests that the gene expression spectrum of BBN 

induced BC is similar to that of the human basal subtype 63,64. Pathways that are 

consistently affected in human BC and carcinogen-induced rodent BC include cell cycle 

regulation, apoptosis, angiogenesis and MYC 65. In human, BC can be classified into several 

subtypes based on the gene expression profiles 66. Comparing genes with corresponding 

homologs across the species of humans and mice, most BBN-induced BCs can be clustered 

into the basal-like tumors of The Cancer Genome Atlas (TCGA; n=408) 13.

In summary, carcinogens can consistently induce BC across species. Carcinogen-induced 

BC resembles that of human BC based on the mechanisms of carcinogenesis, pathological 

features, genetical alterations and gene expression profiles. Since these cancers develop in 

immunocompetent mice, they can be used to study BC immunotherapy in addition to other 

aspects of cancer research.

Genetically Engineered Mouse Models (GEMM)—In GEMMs, mice that carry a 

cloned oncogene(s) or are knocked out a tumor suppressor gene(s) allow the investigation of 

the effects of an individual gene(s) or gene combinations on oncogenesis. Mice with germ 

line knock-in or knock-out can be used to study how alterations of a specific gene(s) affect 
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cancer development of the whole body and this study may not be feasible if perturbation of 

the gene(s) causes premature death or embryonic lethality. In order to study the effects of a 

gene(s) on specific organs/tissues, a tissue specific promoter is used to drive the expression 

of the target gene. In BC GEMM, the most used promoter that drives the bladder-specific 

expression of a target gene is the mouse Uroplakin II (UpkII) promoter. Uroplakins are 

membrane integral proteins expressed in urothelial cells. Multiple oncogenes under the 

control of the UpkII promoter has been widely studied in BC oncogenesis, such as SV40 T, 
RAS, cyclin D1 (CCND1), fibroblast growth factor receptor (FGFR) and epidermal growth 

factor receptor (EGFR). For example, expression of SV40 T antigen under the control of the 

UpkII promoter leads to the development of cancer in situ with low copy numbers and 

invasive to metastatic transitional carcinoma with high copy numbers 67. Expression of H-
Ras leads to urothelial hyperplasia to low-grade papillary non-invasive BC 68. Nevertheless, 

double transgenic mice carrying both SV40 T and H-Ras develop high-grade invasive 

urothelial carcinoma within one month and succumb to this disease around 7 weeks of age 
69.

To further increase the flexibility of gene manipulation, such as temporal and spatial control 

of gene expression and introduction of mutation, the Cre-LoxP system is widely used in 

generating GEMM. Cre is a recombinase that acts on palindromic sequences called LoxP 

sites that have been genetically engineered at specific sites in the mouse genome. Hence, 

when the expression of Cre is under the control of a tissue-specific promoter or an inducible 

promoter, the Cre-LoxP system can control gene expression or introduce mutation in target 

tissues/cells or when an inducer molecule is introduced. More recently, instead of 

controlling Cre expression with a tissue-specific promoter, adenovirus expressing Cre 

recombinase is delivered directly into the bladder cavity to temporally and spatially control 

gene expression 70.

GEMM has been making tremendous contribution in BC research, especially in studying 

how perturbation of specific genes and gene combinations affects the oncogenesis of BC. 

The major drawback of GEMM is that it does not recapitulate highly complicated oncogenic 

process. Cancers developed in GEMME lack heterogenicity seen in clinical BC. Because of 

the unique location and exposure of urothelium to carcinogens and their metabolites in 

urine, BC oncogenesis is a highly complicated process with integrated genetic and 

epigenetic alterations that cannot be replicated in GEMM. In fact, BC has the third highest 

mutation rate among all cancer types after skin melanoma and lung cancers 71.

3. Patient-derived xenograft (PDX) models

The PDX technique originated in the 1980s. Through continuous improvement, the success 

rate of transplantation gradually increases and the establishment time has also shortened 72. 

Compared to other models, PDXs can better retain the characteristic of BC cells and its 

microenvironment in vivo, and have been widely used in the BC mechanism study, drug 

screening etc. 73,74.

The establishment and characterization of BC PDXs have been published (Figure 2) 74. 

Briefly, fresh clinical BC tissues from patients are collected and minced into 3–5 mm3 

fragments, then transplanted subcutaneously into 4–5 weeks old NOD.Cg-Prkdcscid 
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Il2rgtm1Wjl/SzJ (aka, NSG) mice. Cancer tissues can also be digested into cell suspension 

and implanted into the bladder wall to establish orthotopic models. Mice are then monitored 

for tumor growth. For the first PDX establishment (P0), it usually takes 2–6 months. It takes 

much shorter time for subsequent implantation. The engraftment rate for P0 PDXs is around 

40%. To improve the engraftment rate, Jager et al 75 implanted human BC tissue under the 

renal capsule of immunocompromised mice. All seven tumor tissues developed PDXs, and 

six out of seven could be successfully expanded in more mice. After PDXs are established, 

immunohistochemical, molecular and genomic characterizations should be performed. We 

found that both subcutaneous and orthotopic PDXs retained the morphological fidelity of 

their parental patient cancers, and that PDXs retained 92–97% of genetic alterations of 

parental patient cancers 74. Occasionally, instead of PDXs, lymphoid tissue may grow out 

and need to be ruled out before using PDXs for further research. Use of the anti-CD20 

antibody rituximab has decreased the development of lymphoid implant.

In addition to direct development from patient cancer tissues, PDXs and other patient-

derived models of cancer can be inconvertible. For example, PDXs can be developed from 

CRC, microchamber cultures, hanging drop cultures and organoids, and PDXs and their 

corresponding models had comparable response to the same drugs 21,41,42,44. Lee et al. also 

showed that drug response in organoids was recapitulated with their corresponding in vivo 
organoid-derived orthotopic BC PDXs 31. Furthermore, PDXs and their derived CRC 

cultures shared similar genetic alterations 21, suggesting some of the in vitro patient-derived 

cultures can possibly complement PDXs in BC research.

Because PDXs morphologically and genomically recapitulate patient cancers, there are 

many potential applications in translational research in BC. First, PDXs can potentially be 

used to screen and select effective chemotherapy. In BC, the GC (gemcitabine and cisplatin/

carboplatin) regimen is one of the two first-line chemotherapy regimens. It is assumed that 

these two drugs contribute to anti-cancer activity. However, when their activity is analyzed 

individually in PDXs, in six out of eight PDXs, one drug contributes most of the anti-cancer 

activity while the other one has very little activity, and the remaining two PDXs are resistant 

to both drugs 74. To study the mechanisms of chemoresistance, Wei et al. 76 found that 

cisplatin resistance is associated with alterations in genes including MLH1, BRCA2 and 

CASP8 in BC PDXs derived from BC patients who are resistant to chemotherapy. Moreover, 

these samples highly expressed SLC7A11, TLE4, and IL1A. Martin et al. established that 

the levels of methionine adenosyltransferase 1a (MAT1A) gradually increased during GC 

treatment and overexpression of MAT1A increased tolerance to gemcitabine 77. Instead of 

studying individual genes, novel biomarkers of chemotherapy-induced DNA adduct levels 

for chemosensitivity have been translated from preclinical studies in PDXs into clinical trials 
78–84. For example, platinum drugs (cisplatin, carboplatin and oxaliplatin) kill cancer cells 

mainly through induction of platinum-induced DNA damage/adducts while gemcitabine 

kills cancer cells through incorporation into DNA and termination of DNA replication. 

Hence measurement of platinum/gemcitabine-DNA adduct levels can potentially predict 

chemoresistance. PDX studies showed that platinum/gemcitabine-DNA adduct levels indeed 

correlate with drug sensitivity to platinum/gemcitabine chemotherapy which is further 

supported by clinical trials.
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PDXs can also be used to screen for effective molecularly targeted therapy (MTT). Based on 

the BC TCGA (The Cancer Genome Atlas Program) database, over 70% of BCs harbor 

actionable genetic alterations 7. However, in many cancers, targeted therapies matching to 

the underlying genetic alterations have low response rates 85,86. The major reason is that 

many of the genetic alterations are not molecular drivers and current computational biology 

cannot distinguish drivers from passenger mutations. Similar findings can be observed in 

BC. PDXs can potentially be used to screen for effective therapies 74. Cirone et al 87 used 

PI3K inhibitor PF-04691502 and MEK inhibitor PD-0325901 to inhibit the growth of BC 

PDXs, and the efficiency was similar to that of cisplatin at the maximum clinical dose, 

providing an experimental basis for preclinical targeted drug testing. FGFR3 and EGFR are 

commonly altered in BC 61. Mahe et al. 88 treated BC PDXs with FGFR3 and PI3K 

inhibitors, and these inhibitors significantly prevented the growth and progression of the BC 

cells highly expressing FGFR3. Similarly, our previous research results showed that EGFR/

HER2 dual inhibitor lapatinib was also effective in preventing the growth of BC PDXs. The 

combination of a PI3K/AKT inhibitor and MAPK/ERK inhibitor was still effective on BC 

PDXs even if they developed secondary resistance to an EGFR/HER2 inhibitor 74. 

Furthermore, Serial biopsies with deep sequencing can be used to decipher resistance 

mechanisms. For example, it was found that downregulation of lymphocyte-specific protein 

1 (LSP1) was associated with resistance to a PI3K small molecule blocker pictilisib 89.

Another potential use of PDXs is for drug development. Traditionally drug development 

uses cell lines and their derived tumor implants. It has been shown that even a few passages 

of in vitro culture leads to irreversible genetic alterations 16. Hence, it is not surprising that 

only 11% of drugs entering Phase I clinical trials are eventually approved by the Food and 

Drug Administration and it was less than 10% for oncology drugs 90. The unique advantage 

of PDXs is that they are directly derived from clinical patient specimens and retain the 

morphology and genomic fidelity of their parental patient cancers 74. Hence PDXs are being 

increasingly studied for drug development. While extensive data on how PDXs affect drug 

development are still missing, several PDX co-clinical trials showed promising results 

(reviewed at 91,92). For example, Stebbing et al. showed a strong correlation between PDX 

model responses and clinical outcomes (81%, 13/16) 93. In BC, PDXs have been used in 

several studies of drug development which has reached the pre-IND/IND (Investigational 

New Drug) stage 47,94–99.

Even though the PDX platform holds tremendous promise in translational research and drug 

development, there are several shortcomings. Compared to some of the in vitro models, 

PDXs are costly, difficult to manipulate cancer cells in vivo, take a long time to develop (4–6 

months), and have altered tumor microenvironment. Some of the supporting cells and stroma 

are retained during the establishment of PDXs, but replaced with mouse ones during 

subsequent passaging. Another important factor, especially at the immunotherapy era, is lack 

of human immune system.

HUMANIZED MODELS

Lack of competent immune system in the host animals makes the PDX platform unsuitable 

for study of immunotherapy, a cornerstone therapy for cancer at modern era. Several 
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approaches have been taken to overcome this drawback. One approach is to combine PDX 

studies with immunocompetent mouse models. For example, based on the TCGA database, 

approximately 80% of BCs have alterations along the cyclin-dependent kinase (CDK) 4/6 

pathway which can possibly be targeted for the treatment of BC 100. After accomplishment 

of the PDX studies, a CDK 4/6 inhibitor was tested in an immunocompetent syngeneic 

mouse model with a mouse BC cell line and showed the synergistic anti-tumor activity with 

immunotherapy targeting the programmed cell death-1 (PD-1)/programmed cell death ligand 

1 (PD-L1) pathway. Another approach is to generate transgenic mice expressing human 

immune-oncology target molecules, such as human PD-1, PD-L1, CTLA4, TIGIT, etc. Even 

though triple and even tetra humanized immune-checkpoint transgenic mice have been 

generated and these mice respond to immunotherapeutic interventions against human 

targets, these mice and their syngeneic tumors are mouse origin and the findings in these 

mice may not apply to human patients.

To better recapitulate human cancer immune response, truly humanized mice have been 

studied in which both the immune cells and cancer cells are derived from humans. The first 

generation of humanized mice is established via direct transfusion of human peripheral 

blood mononuclear cells (PBMCs) into immunodeficient mice 101,102. This humanized 

mouse model recapitulates the anti-cancer immune response when anti-human PD-1 

antibody nivolumab is administrated. However, robust human xenograft versus host disease 

(xGVHD) develops within a few weeks that prevents long-term studies. To address this 

issue, humanized mice using human CD34+ hematopoietic progenitor and stem cells 

(HPSCs) were developed 103. In this project, HPSCs are infused into 3-wk-old female NSG 

mice four hours after 140 cGy total body radiation 104,105. B lymphocytes usually develop 

around 9 weeks after HPSC infusion followed by T cells three weeks later. The unique 

advantage of humanized mice from HPSCs is that xGVHD is usually mild, and we have kept 

those mice for over one year.

After human T and B lymphocytes have developed in humanized mice, PDXs can then be 

implanted for immune-oncology research. It has been shown that anti-human PD1 antibody 

pembrolizumab elicited anti-tumor response in the humanized NSG mice carrying human 

BC PDXs and induced CD8 T cell infiltration into PDXs 105. Different responses are 

observed in the same batch of humanized mice that were developed from the same CD34 

HPSCs and PDXs, similar to the heterogenous response observed among metastatic cancers 

in the same patients.

Some of the major drawbacks of humanized mice is that it is expensive and takes a long time 

to develop, almost 20 weeks from the time of HPSC infusion to the time of study. 

Furthermore, it is difficult to have HLA matched HPSCs and PDXs unless both of them are 

obtained from the same patients. However, it seems that HLA match is not needed from the 

published study 105. Another major concern is whether immune cells in humanized mice are 

fully functional as the immune cells in human patients. One major reason is that NSG mice 

may not have a fully functional thymus which is needed for proper T cell development.
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CONCLUSION

There are many in vitro and in vivo BC models. Each one has its own unique features. Here 

we summarize the pros and cons of each model (Table 1). For example, traditional BC cell 

lines and their derived in vivo models are economical and easy to operate and manipulate, 

and remain the most commonly used models in BC research, but may differ dramatically 

from human cancers in clinic; carcinogen-induced models and GEMM have competent 

immune system for research in immunotherapy, but the findings at the mouse background 

may not be applicable to that in human patients; patient-derived organoids and PDXs 

recapitulate patient cancers better than other models, but lack of immune system means that 

they have limited applications for research in immunotherapy; humanized mice carrying 

PDXs have both human cancer and immune system, but it is not clear how much the 

immune system in those mice differ from that in human beings. In summary, there is no 

single model that fits all the research needs. Researchers need to take into account their 

research needs to select the appropriate model(s).

Acknowledgments

Work was supported in part by U54 grant (Grant No: U54CA233306; Multi-PI: Pan), R01 grant (Grant No: 
1R01CA176803; PI: Pan), Merit Review (Award # I01 BX003840, PI: Pan) from the United States (U.S.) 
Department of Veterans Affairs Biomedical Laboratory Research and Development Program. The contents do not 
represent the views of the U.S. Department of Veterans Affairs or the United States Government.

Reference

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: 
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA 
Cancer J Clin. 2018;68(6):394–424. [PubMed: 30207593] 

2. Cumberbatch MGK, Jubber I, Black PC, et al. Epidemiology of Bladder Cancer: A Systematic 
Review and Contemporary Update of Risk Factors in 2018. Eur Urol. 2018;74(6):784–795. 
[PubMed: 30268659] 

3. Chavan S, Bray F, Lortet-Tieulent J, Goodman M, Jemal A. International variations in bladder 
cancer incidence and mortality. Eur Urol. 2014;66(1):59–73. [PubMed: 24451595] 

4. Steinmaus C, Ferreccio C, Acevedo J, et al. Increased lung and bladder cancer incidence in adults 
after in utero and early-life arsenic exposure. Cancer Epidemiol Biomarkers Prev. 2014;23(8): 
1529–1538. [PubMed: 24859871] 

5. Chamie K, Litwin MS, Bassett JC, et al. Recurrence of high-risk bladder cancer: a population-based 
analysis. Cancer. 2013; 119(17):3219–3227. [PubMed: 23737352] 

6. James ND, Hussain SA, Hall E, et al. Radiotherapy with or without chemotherapy in muscle-
invasive bladder cancer. N Engl J Med. 2012;366(16):1477–1488. [PubMed: 22512481] 

7. Robertson AG, Kim J, Al-Ahmadie H, et al. Comprehensive Molecular Characterization of Muscle-
Invasive Bladder Cancer. Cell. 2017;171(3):540–556 e525. [PubMed: 28988769] 

8. Bellmunt J, de Wit R, Vaughn DJ, et al. Pembrolizumab as Second-Line Therapy for Advanced 
Urothelial Carcinoma. N Engl J Med. 2017;376(11):1015–1026. [PubMed: 28212060] 

9. DeGraff DJ, Robinson VL, Shah JB, et al. Current preclinical models for the advancement of 
translational bladder cancer research. Mol Cancer Ther. 2013;12(2): 121–130. [PubMed: 23269072] 

10. Forbes SA, Tang G, Bindal N, et al. COSMIC (the Catalogue of Somatic Mutations in Cancer): a 
resource to investigate acquired mutations in human cancer. Nucleic Acids Res. 2010;38(Database 
issue):D652–657. [PubMed: 19906727] 

11. Barretina J, Caponigro G, Stransky N, et al. The Cancer Cell Line Encyclopedia enables predictive 
modelling of anticancer drug sensitivity. Nature. 2012;483(7391):603–607. [PubMed: 22460905] 

Zhu et al. Page 13

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 June 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



12. Garnett MJ, Edelman EJ, Heidorn SJ, et al. Systematic identification of genomic markers of drug 
sensitivity in cancer cells. Nature. 2012;483(7391):570–575. [PubMed: 22460902] 

13. Saito R, Smith CC, Utsumi T, et al. Molecular Subtype-Specific Immunocompetent Models of 
High-Grade Urothelial Carcinoma Reveal Differential Neoantigen Expression and Response to 
Immunotherapy. Cancer Res. 2018;78(14):3954–3968. [PubMed: 29784854] 

14. Dhawan D, Ramos-Vara JA, Stewart JC, Zheng R, Knapp DW. Canine invasive transitional cell 
carcinoma cell lines: in vitro tools to complement a relevant animal model of invasive urinary 
bladder cancer. Urol Oncol. 2009;27(3):284–292. [PubMed: 18562222] 

15. Cohen SM, Yang JP, Jacobs JB, Arai M, Fukushima S, Friedell GH. Transplantation and cell 
culture of rat urinary bladder carcinoma. Invest Urol. 1981; 19(3): 136–141. [PubMed: 7298281] 

16. Daniel VC, Marchionni L, Hierman JS, et al. A primary xenograft model of small-cell lung cancer 
reveals irreversible changes in gene expression imposed by culture in vitro. Cancer Res. 
2009;69(8):3364–3373. [PubMed: 19351829] 

17. Johnson JI, Decker S, Zaharevitz D, et al. Relationships between drug activity in NCI preclinical in 
vitro and in vivo models and early clinical trials. Br J Cancer. 2001;84(10): 1424–1431. [PubMed: 
11355958] 

18. Liu X, Krawczyk E, Suprynowicz FA, et al. Conditional reprogramming and long-term expansion 
of normal and tumor cells from human biospecimens. Nat Protoc. 2017; 12(2):439–451. [PubMed: 
28125105] 

19. Palechor-Ceron N, Krawczyk E, Dakic A, et al. Conditional Reprogramming for Patient-Derived 
Cancer Models and Next-Generation Living Biobanks. Cells. 2019;8(11).

20. Jiang S, Wang J, Yang C, et al. Continuous culture of urine-derived bladder cancer cells for 
precision medicine. Protein Cell. 2019;10(12):902–907. [PubMed: 31347094] 

21. Mondal AM, Ma AH, Li G, et al. Fidelity of a PDX-CR model for bladder cancer. Biochem 
Biophys Res Commun. 2019;517(1):49–56. [PubMed: 31303270] 

22. Said N. Establishing and characterization of human and murine bladder cancer organoids. Transl 
Androl Urol. 2019;8(Suppl 3):S310–S313. [PubMed: 31392155] 

23. Okuyama H, Yoshida T, Endo H, et al. Involvement of heregulin/HER3 in the primary culture of 
human urothelial cancer. J Urol. 2013;190(1):302–310. [PubMed: 23313199] 

24. Yoshida T, Singh AK, Bishai WR, McConkey DJ, Bivalacqua TJ. Organoid culture of bladder 
cancer cells. Investig Clin Urol. 2018;59(3):149–151.

25. Yoshida T, Okuyama H, Nakayama M, et al. High-dose chemotherapeutics of intravesical 
chemotherapy rapidly induce mitochondrial dysfunction in bladder cancer-derived spheroids. 
Cancer Sci. 2015;106(1):69–77. [PubMed: 25363302] 

26. Mullenders J, de Jongh E, Brousali A, et al. Mouse and human urothelial cancer organoids: A tool 
for bladder cancer research. Proc Natl Acad Sci U S A. 2019;116(10):4567–4574. [PubMed: 
30787188] 

27. Kim MJ, Chi BH, Yoo JJ, Ju YM, Whang YM, Chang IH. Structure establishment of three-
dimensional (3D) cell culture printing model for bladder cancer. PLoS One. 
2019;14(10):e0223689. [PubMed: 31639124] 

28. Mantovani A, Sica A. Macrophages, innate immunity and cancer: balance, tolerance, and diversity. 
Curr Opin Immunol. 2010;22(2):231–237. [PubMed: 20144856] 

29. Perdiguero EG, Geissmann F. The development and maintenance of resident macrophages. Nat 
Immunol. 2016;17(1):2–8. [PubMed: 26681456] 

30. Miyake M, Hori S, Morizawa Y, et al. CXCL1-Mediated Interaction of Cancer Cells with Tumor-
Associated Macrophages and Cancer-Associated Fibroblasts Promotes Tumor Progression in 
Human Bladder Cancer. Neoplasia. 2016;18(10):636–646. [PubMed: 27690238] 

31. Lee SH, Hu W, Matulay JT, et al. Tumor Evolution and Drug Response in Patient-Derived 
Organoid Models of Bladder Cancer. Cell. 2018;173(2):515–528 e517. [PubMed: 29625057] 

32. Ringuette Goulet C, Bernard G, Chabaud S, et al. Tissue-engineered human 3D model of bladder 
cancer for invasion study and drug discovery. Biomaterials. 2017;145:233–241. [PubMed: 
28888113] 

Zhu et al. Page 14

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 June 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



33. Soman P, Kelber JA, Lee JW, et al. Cancer cell migration within 3D layer-by-layer microfabricated 
photocrosslinked PEG scaffolds with tunable stiffness. Biomaterials. 2012;33(29):7064–7070. 
[PubMed: 22809641] 

34. Gupta MK, Meng F, Johnson BN, et al. 3D Printed Programmable Release Capsules. Nano Lett. 
2015;15(8):5321–5329. [PubMed: 26042472] 

35. Datta P, Ayan B, Ozbolat IT. Bioprinting for vascular and vascularized tissue biofabrication. Acta 
Biomater. 2017;51:1–20. [PubMed: 28087487] 

36. Norotte C, Marga FS, Niklason LE, Forgacs G. Scaffold-free vascular tissue engineering using 
bioprinting. Biomaterials. 2009;30(30):5910–5917. [PubMed: 19664819] 

37. Jakab K, Norotte C, Marga F, Murphy K, Vunjak-Novakovic G, Forgacs G. Tissue engineering by 
self-assembly and bio-printing of living cells. Biofabrication. 2010;2(2):022001. [PubMed: 
20811127] 

38. Meng F, Meyer CM, Joung D, Vallera DA, McAlpine MC, Panoskaltsis-Mortari A. 3D Bioprinted 
In Vitro Metastatic Models via Reconstruction of Tumor Microenvironments. Adv Mater. 
2019;31(10):e1806899. [PubMed: 30663123] 

39. Datta P, Dey M, Ataie Z, Unutmaz D, Ozbolat IT. 3D bioprinting for reconstituting the cancer 
microenvironment. NPJ Precis Oncol. 2020;4:18.

40. Yoon WH, Lee HR, Kim S, et al. Use of inkjet-printed single cells to quantify intratumoral 
heterogeneity. Biofabrication. 2020;12(3):035030. [PubMed: 32428886] 

41. Amaral RLF, Miranda M, Marcato PD, Swiech K. Comparative Analysis of 3D Bladder Tumor 
Spheroids Obtained by Forced Floating and Hanging Drop Methods for Drug Screening. Front 
Physiol. 2017;8:605. [PubMed: 28878686] 

42. Amaral R, Zimmermann M, Ma AH, Zhang H, Swiech K, Pan CX. A Simple Three-Dimensional 
In Vitro Culture Mimicking the In Vivo-Like Cell Behavior of Bladder Patient-Derived Xenograft 
Models. Cancers (Basel). 2020;12(5).

43. Guild J, Haque A, Gheibi P, et al. Embryonic Stem Cells Cultured in Microfluidic Chambers Take 
Control of Their Fate by Producing Endogenous Signals Including LIF. Stem Cells. 2016;34(6): 
1501–1512. [PubMed: 26865369] 

44. Gheibi P, Zeng S, Son KJ, et al. Microchamber Cultures of Bladder Cancer: A Platform for 
Characterizing Drug Responsiveness and Resistance in PDX and Primary Cancer Cells. Sci Rep. 
2017;7(1):12277. [PubMed: 28947782] 

45. Chan ES, Patel AR, Smith AK, et al. Optimizing orthotopic bladder tumor implantation in a 
syngeneic mouse model. J Urol. 2009;182(6):2926–2931. [PubMed: 19846165] 

46. Lee JS, Bae MH, Choi SH, et al. Tumor establishment features of orthotopic murine bladder cancer 
models. Korean J Urol. 2012;53(6):396–400. [PubMed: 22741047] 

47. Lin TY, Zhang H, Luo J, et al. Multifunctional targeting micelle nanocarriers with both imaging 
and therapeutic potential for bladder cancer. Int J Nanomedicine. 2012;7:2793–2804. [PubMed: 
22745542] 

48. Lorenzatti Hiles G, Cates AL, El-Sawy L, et al. A surgical orthotopic approach for studying the 
invasive progression of human bladder cancer. Nat Protoc. 2019;14(3):738–755. [PubMed: 
30683938] 

49. Jager W, Moskalev I, Janssen C, et al. Ultrasound-guided intramural inoculation of orthotopic 
bladder cancer xenografts: a novel high-precision approach. PLoS One. 2013;8(3):e59536. 
[PubMed: 23555699] 

50. Huebner D, Rieger C, Bergmann R, et al. An orthotopic xenograft model for high-risk non-muscle 
invasive bladder cancer in mice: influence of mouse strain, tumor cell count, dwell time and 
bladder pretreatment. BMC Cancer. 2017;17(1):790. [PubMed: 29169339] 

51. Erman A, Kapun G, Novak S, et al. How cancer cells attach to urinary bladder epithelium in vivo: 
study of the early stages of tumorigenesis in an orthotopic mouse bladder tumor model. Histochem 
Cell Biol. 2019;151(3):263–273. [PubMed: 30280243] 

52. Druckrey H, Preussmann R, Ivankovic S, Schmidt CH, Mennel HD, Stahl KW. [Selective 
Induction of Bladder Cancer in Rats by Dibutyl- and N-Butyl-N-Butanol(4)-Nitrosamine]. Z 
Krebsforsch. 1964;66:280–290. [PubMed: 14331516] 

Zhu et al. Page 15

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 June 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



53. Cohen SM. Urinary bladder carcinogenesis. Toxicol Pathol. 1998;26(1): 121–127. [PubMed: 
9502394] 

54. Okada M, Suzuki E, Hashimoto Y. Carcinogenicity of N-nitrosamines related to N-butyl-N-(4-
hydroxybutyl)nitrosamine and N,N,-dibutylnitrosamine in ACI/N rats. Gan. 1976;67(6):825–834. 
[PubMed: 191321] 

55. Althoff J, Kruger FW. Carcinogenicity of 4-hydroxybutyl-butylnitrosamine in Syrian hamsters. 
Cancer Lett. 1975;1(1):15–19. [PubMed: 1235053] 

56. Campobasso O, Pecora M, Palestro G, Cozzani C. [Induction of bladder tumours in the mouse by 
direct implantation of 20-methylcholanthrene. (author’s transl)]]. Tumori. 1975;61(1): 17–28. 
[PubMed: 1226570] 

57. Daskal Y, Soloway MS, DeFuria MD, Crooke ST. Morphological effects of mitomycin C 
administered intravesically to normal mice and mice with N-[4-(5-nitro-2-furyl)-2-thiazolyl]-
formamide-induce bladder neoplasms. Cancer Res. 1980;40(2):261–267. [PubMed: 7356509] 

58. Cohen SM, Ohnishi T, Clark NM, He J, Arnold LL. Investigations of rodent urinary bladder 
carcinogens: collection, processing, and evaluation of urine and bladders. Toxicol Pathol. 
2007;35(3):337–347. [PubMed: 17455081] 

59. Oliveira PA, Vasconcelos-Nobrega C, Gil da Costa RM, Arantes-Rodrigues R. The N-butyl-N-4-
hydroxybutyl Nitrosamine Mouse Urinary Bladder Cancer Model. Methods Mol Biol. 
2018;1655:155–167. [PubMed: 28889385] 

60. Vasconcelos-Nobrega C, Colaco A, Lopes C, Oliveira PA. Review: BBN as an urothelial 
carcinogen. In Vivo. 2012;26(4):727–739. [PubMed: 22773588] 

61. Hurst C, Rosenberg J, Knowles M. SnapShot: Bladder Cancer. Cancer Cell. 2018;34(2):350–350 
e351. [PubMed: 30107181] 

62. Yamamoto K, Nakata D, Tada M, et al. A functional and quantitative mutational analysis of p53 
mutations in yeast indicates strand biases and different roles of mutations in DMBA- and BBN-
induced tumors in rats. Int J Cancer. 2000;85(6):898. [PubMed: 10709115] 

63. Fantini D, Glaser AP, Rimar KJ, et al. A Carcinogen-induced mouse model recapitulates the 
molecular alterations of human muscle invasive bladder cancer. Oncogene. 2018;37(14): 1911–
1925. [PubMed: 29367767] 

64. Williams PD, Lee JK, Theodorescu D. Molecular credentialing of rodent bladder carcinogenesis 
models. Neoplasia. 2008;10(8):838–846. [PubMed: 18670642] 

65. Lu Y, Liu P, Wen W, et al. Cross-species comparison of orthologous gene expression in human 
bladder cancer and carcinogen-induced rodent models. Am J Transl Res. 2010;3(1):8–27. 
[PubMed: 21139803] 

66. Choi W, Porten S, Kim S, et al. Identification of distinct basal and luminal subtypes of muscle-
invasive bladder cancer with different sensitivities to frontline chemotherapy. Cancer Cell. 
2014;25(2): 152–165. [PubMed: 24525232] 

67. Zhang ZT, Pak J, Shapiro E, Sun TT, Wu XR. Urothelium-specific expression of an oncogene in 
transgenic mice induced the formation of carcinoma in situ and invasive transitional cell 
carcinoma. Cancer Res. 1999;59(14):3512–3517. [PubMed: 10416618] 

68. Zhang ZT, Pak J, Huang HY, et al. Role of Ha-ras activation in superficial papillary pathway of 
urothelial tumor formation. Oncogene. 2001;20(16):1973–1980. [PubMed: 11360181] 

69. Garcia-Espana A, Salazar E, Sun TT, Wu XR, Pellicer A. Differential expression of cell cycle 
regulators in phenotypic variants of transgenically induced bladder tumors: implications for tumor 
behavior. Cancer Res. 2005;65(4):1150–1157. [PubMed: 15734997] 

70. Seager C, Puzio-Kuter AM, Cordon-Cardo C, McKiernan J, Abate-Shen C. Mouse models of 
human bladder cancer as a tool for drug discovery. Current protocols in pharmacology. 
2010;Chapter 14:Unit14 14.

71. Lawrence MS, Stojanov P, Polak P, et al. Mutational heterogeneity in cancer and the search for new 
cancer-associated genes. Nature. 2013;499(7457):214–218. [PubMed: 23770567] 

72. Inoue T, Terada N, Kobayashi T, Ogawa O. Patient-derived xenografts as in vivo models for 
research in urological malignancies. Nat Rev Urol. 2017;14(5):267–283. [PubMed: 28248952] 

73. John BA, Said N. Insights from animal models of bladder cancer: recent advances, challenges, and 
opportunities. Oncotarget. 2017;8(34):57766–57781. [PubMed: 28915710] 

Zhu et al. Page 16

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 June 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



74. Pan CX, Zhang H, Tepper CG, et al. Development and Characterization of Bladder Cancer Patient-
Derived Xenografts for Molecularly Guided Targeted Therapy. PLoS One. 2015;10(8):e0134346. 
[PubMed: 26270481] 

75. Jager W, Xue H, Hayashi T, et al. Patient-derived bladder cancer xenografts in the preclinical 
development of novel targeted therapies. Oncotarget. 2015;6(25):21522–21532. [PubMed: 
26041878] 

76. Wei L, Chintala S, Ciamporcero E, et al. Genomic profiling is predictive of response to cisplatin 
treatment but not to PI3K inhibition in bladder cancer patient-derived xenografts. Oncotarget. 
2016;7(47):76374–76389. [PubMed: 27823983] 

77. Martin KA, Hum NR, Sebastian A, et al. Methionine Adenosyltransferase 1a (MAT1A) Enhances 
Cell Survival During Chemotherapy Treatment and is Associated with Drug Resistance in Bladder 
Cancer PDX Mice. Int J Mol Sci. 2019;20(20).

78. Henderson PT, Li T, He M, et al. A microdosing approach for characterizing formation and repair 
of carboplatin-DNA monoadducts and chemoresistance. Int J Cancer. 2011;129(6): 1425–1434. 
[PubMed: 21128223] 

79. Cimino GD, Pan CX, Henderson PT. Personalized medicine for targeted and platinum-based 
chemotherapy of lung and bladder cancer. Bioanalysis. 2013;5(3):369–391. [PubMed: 23394702] 

80. Scharadin TM, Zhang H, Zimmermann M, et al. Diagnostic Microdosing Approach to Study 
Gemcitabine Resistance. Chem Res Toxicol. 2016;29(11): 1843–1848. [PubMed: 27657672] 

81. Zimmermann M, Wang SS, Zhang H, et al. Microdose-Induced Drug-DNA Adducts as Biomarkers 
of Chemotherapy Resistance in Humans and Mice. Mol Cancer Ther. 2017;16(2):376–387. 
[PubMed: 27903751] 

82. Scharadin TM, Malfatti MA, Haack K, et al. Toward Predicting Acute Myeloid Leukemia Patient 
Response to 7 + 3 Induction Chemotherapy via Diagnostic Microdosing. Chem Res Toxicol. 
2018;31(10):1042–1051. [PubMed: 30152692] 

83. Wang S, Scharadin TM, Zimmermann M, et al. Correlation of Platinum Cytotoxicity to Drug-DNA 
Adduct Levels in a Breast Cancer Cell Line Panel. Chem Res Toxicol. 2018;31(12): 1293–1304. 
[PubMed: 30381944] 

84. Zimmermann M, Li T, Semrad TJ, et al. Oxaliplatin-DNA Adducts as Predictive Biomarkers of 
FOLFOX Response in Colorectal Cancer: A Potential Treatment Optimization Strategy. Mol 
Cancer Ther. 2020;19(4): 1070–1079. [PubMed: 32029633] 

85. Tsimberidou AM, Wen S, Hong DS, et al. Personalized medicine for patients with advanced cancer 
in the phase I program at MD anderson: validation and landmark analyses. Clin Cancer Res. 
2014;20(18):4827–4836. [PubMed: 24987059] 

86. Andre F, Bachelot T, Commo F, et al. Comparative genomic hybridisation array and DNA 
sequencing to direct treatment of metastatic breast cancer: a multicentre, prospective trial 
(SAFIR01/UNICANCER). Lancet Oncol. 2014;15(3):267–274. [PubMed: 24508104] 

87. Cirone P, Andresen CJ, Eswaraka JR, Lappin PB, Bagi CM. Patient-derived xenografts reveal 
limits to PI3K/mTOR- and MEK-mediated inhibition of bladder cancer. Cancer Chemother 
Pharmacol. 2014;73(3):525–538. [PubMed: 24442130] 

88. Mahe M, Dufour F, Neyret-Kahn H, et al. An FGFR3/MYC positive feedback loop provides new 
opportunities for targeted therapies in bladder cancers. EMBO Mol Med. 2018;10(4).

89. Zeng SX, Zhu Y, Ma AH, et al. The Phosphatidylinositol 3-Kinase Pathway as a Potential 
Therapeutic Target in Bladder Cancer. Clin Cancer Res. 2017;23(21):6580–6591. [PubMed: 
28808038] 

90. Takebe T, Imai R, Ono S. The Current Status of Drug Discovery and Development as Originated in 
United States Academia: The Influence of Industrial and Academic Collaboration on Drug 
Discovery and Development. Clin Transl Sci. 2018;11(6):597–606. [PubMed: 29940695] 

91. Koga Y, Ochiai A. Systematic Review of Patient-Derived Xenograft Models for Preclinical Studies 
of Anti-Cancer Drugs in Solid Tumors. Cells. 2019;8(5).

92. Gao H, Korn JM, Ferretti S, et al. High-throughput screening using patient-derived tumor 
xenografts to predict clinical trial drug response. Nat Med. 2015;21(11):1318–1325. [PubMed: 
26479923] 

Zhu et al. Page 17

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 June 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



93. Stebbing J, Paz K, Schwartz GK, et al. Patient-derived xenografts for individualized care in 
advanced sarcoma. Cancer. 2014;120(13):2006–2015. [PubMed: 24705963] 

94. Zhang H, Aina OH, Lam KS, et al. Identification of a bladder cancer-specific ligand using a 
combinatorial chemistry approach. Urol Oncol. 2012;30(5):635–645. [PubMed: 20888272] 

95. Lin TY, Zhang H, Wang S, et al. Targeting canine bladder transitional cell carcinoma with a human 
bladder cancer-specific ligand. Mol Cancer. 2011;10(1):9. [PubMed: 21272294] 

96. Lin TY, Li YP, Zhang H, et al. Tumor-targeting multifunctional micelles for imaging and 
chemotherapy of advanced bladder cancer. Nanomedicine (Lond). 2013;8(8): 1239–1251. 
[PubMed: 23199207] 

97. Lin TY, Li Y, Liu Q, et al. Novel theranostic nanoporphyrins for photodynamic diagnosis and 
trimodal therapy for bladder cancer. Biomaterials. 2016;104:339–351. [PubMed: 27479049] 

98. Li Y, Lin TY, Luo Y, et al. A smart and versatile theranostic nanomedicine platform based on 
nanoporphyrin. Nat Commun. 2014;5:4712. [PubMed: 25158161] 

99. Pan A, Zhang H, Li Y, et al. Disulfide-crosslinked nanomicelles confer cancer-specific drug 
delivery and improve efficacy of paclitaxel in bladder cancer. Nanotechnology. 
2016;27(42):425103. [PubMed: 27640312] 

100. Long Q, Ma AH, Zhang H, et al. Combination of cyclin-dependent kinase and immune 
checkpoint inhibitors for the treatment of bladder cancer. Cancer Immunol Immunother. 2020.

101. Fisher TS, Kamperschroer C, Oliphant T, et al. Targeting of 4–1BB by monoclonal antibody 
PF-05082566 enhances T-cell function and promotes anti-tumor activity. Cancer Immunol 
Immunother. 2012;61 (10): 1721–1733. [PubMed: 22406983] 

102. Sanmamed MF, Rodriguez I, Schalper KA, et al. Nivolumab and Urelumab Enhance Antitumor 
Activity of Human T Lymphocytes Engrafted in Rag2−/−IL2Rgammanull Immunodeficient 
Mice. Cancer Res. 2015;75(17):3466–3478. [PubMed: 26113085] 

103. Yang SM, Wen DG, Hou JQ, He J, Cen JN, Chen JH. [Establishment and application of an 
orthotopic murine bladder cancer model]. Ai Zheng. 2007;26(4):341–345. [PubMed: 17430648] 

104. Shultz LD, Lyons BL, Burzenski LM, et al. Human lymphoid and myeloid cell development in 
NOD/LtSz-scid IL2R gamma null mice engrafted with mobilized human hemopoietic stem cells. 
J Immunol. 2005;174(10):6477–6489. [PubMed: 15879151] 

105. Wang M, Yao LC, Cheng M, et al. Humanized mice in studying efficacy and mechanisms of 
PD-1-targeted cancer immunotherapy. FASEB J. 2018;32(3): 1537–1549. [PubMed: 29146734] 

Zhu et al. Page 18

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 June 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



KEY POINTS

• Cell lines and their derived in vivo models are readily available and easy to 

manipulate, but may behave differently from human bladder cancer in clinic

• Carcinogen-induced models recapitulate the nature oncogenesis of human 

cancer;

• Genetically engineered mouse models have more uniform and defined genetic 

alterations, but lack of tumor heterogeneity

• Patient-derived models of cancer (organoids, conditionally reprogrammed cell 

cultures and xenografts) retains most of the genetic alterations of their parent 

cancers and have high concordance of drug response

• Humanized mice have human immune system in mice and can be implanted 

with human cancers for research in immunotherapy
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Figure 1. Organoid models:
Organoids can be developed from clinical cancer specimens, cell lines, or other models. 

After the initial pathology review and process (mincing and/or digestion), cells or tissues are 

seeded into culture dishes with supporting materials, such as Matrigel, which then grows in 

3D structures and form spheroids. Organoids retain some of the 3D cancer structure and 

tumor microenvironment and recapitulate some of the cancer behaviors in vivo.
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Figure 2. The establishment and identification of PDX.
BC tissues are collected from BC patients, and implanted into immune deficient mice to 

generate Passage 0 (P0) PDXs. After characterization and validation, P01 PDXs are re-

implanted and expanded for cryopreservation and for research use.
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Table 1

Preclinical systems to develop BC therapeutics

Source Advantage Deficiency

In vitro 
2D models

Cell lines from 
human, mouse, 

rat and dog.

• Easy to culture;
• Economic;
• Readily available;
• Easy to manipulate;
• Mouse and rat cell lines can be implanted into 
immunocompetent host to study immunotherapy;
• The most widely used model in BC research.

• Different genetic and epigenetic compositions 
from those of human cancers because of long term 
in vitro culture;
• Relatively pure cancer cell population
• Lack of supporting cells and TME
• Human cancer lines can only be implanted into 
immunocompromised mice and are not suitable to 
study immunotherapy

Conditionally 
reprogrammed 

cell culture 
(CRC)

• Retention of genetic alterations of the parental 
cancer cells;
• Capability to differentiate into the tissue that 
CRC is originally developed from;
• High concordance of drug sensitivity with 
parental cancers;
• Relatively high success rate in establishing 
CRC culture.

• Co-culture with feeding cells
• Need to irradiate feed cells
• Lack of 3D structure and tumor microenvironment
• Lack of immune system

In vitro 
3D models

Organoids • 3D structure with supporting cells and TME
• Similar genetic alterations as the parental 
cancer cells;
• Relatively high concordance of drug sensitivity 
with parental cancers
• Cheaper and easier than in vivo
• models

• Lack of in vivo factors, such as blood circulation
• Lack of dynamic immune system
• Special medium with growth factor support

3D printing •3D structure with supporting cells and TME
• Precise control of cancer cells, stromal cells and 
stroma
• Rapid production of large numbers of tumor 3D 
printings

• Need for special 3D printer
• Lack of in vivo factors
• Difference of 3D structure in 3D printing 
compared to native cancers
• Lack of dynamic immune system as in vivo

In vivo 
models

Carcinogen 
induced model

•Similar carcinogenesis process as human BC
• Similar genetic alterations
• Native cancer microenviroment
• Competent immune system

•Time-consuming and expensive
• Difficult to do large-scale tests
• Random events
• Unique cancer in each mouse

GEMM • Relative uniform cancers/mice
• Generation of large identical mice
• Native cancer microenviroment
• Competent immune system

• Time-consuming and expensive
• Lack of heterogenicity of cancer
• Different carcinogenic mechanisms as human 
cancers

PDX • Closest replication of human cancers
• Morphological and genetic fidelity of human 
cancers
• High concordance of drug sensitivity with 
human cancers
• 3D structure and TME

• Expensive, time-consuming
• Lack of immune system
• Difficulty to manipulate
• Replacement with mouse stroma during 
establishment and passaging

Humanized 
models

• Combination of human immune system with 
human cancer implants
• Capability to study immunotherapy and other 
therapies

• Complicated, expensive and time-consuming
• Possibly partially defective immune system with 
lack of fully functional thymus
• Difficulty to obtain HLA-matched immune system 
and PDXs.
• xGVHD
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