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Abstract

BACKGROUND.—The TRansgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model
remains one of the most widely used transgenic mouse models of prostate cancer. This is due to its
ability to recapitulate with ~100% penetrance multiple aspects of the human disease such as
prostatic intraepithelial neoplasia lesions, invasive carcinoma, progression to castration-resistant
prostate cancer including aggressive neuroendocrine prostate cancer and metastasis. Despite its
popularity, the use of TRAMP mice is limited/slowed by the inability to distinguish the zygosity of
the TRAMP transgene. This is especially true for breeding strategies implementing multiple
crosses and alleles and when the rapid generation of large animal cohorts with the desired
genotype is needed.

METHODS.—We developed a quantitative PCR (qPCR) approach to determine the relative
TRAMP transgene copy number of mice.

RESULTS.—This method was validated by three independent laboratories across two
institutions, which successfully identified the genotype of the mice 98.2% of the time (165/168) in
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the first attempt. The genotypes of the uncertain mice were correctly identified in the repeated
experiments.

CONCLUSIONS.—We develop the first straightforward, quantitative PCR (qPCR) approach to
reliably determine the TRAMP transgene zygosity. The development of this gPCR-based
genotyping method enables researchers to streamline breeding strategies when creating complex
genetic mouse models involving TRAMP mice; thus, ultimately reducing the required animal
numbers, cost, and investigator time.

Prostate cancer remains the second leading cause of death among men with 31,620
estimated deaths in 2019 (1). Conventional approaches and large-scale genomic studies in
both primary prostate tumors and metastatic castration-resistant prostate cancers (MCRPC)
have identified recurrent DNA copy-number changes, mutations, rearrangements, and gene
fusions (2). Many genetically engineered mouse models (GEMMs) in which the prostate
epithelium has been engineered to express oncogenic elements (e.g. Large T antigen, Myc,
ERG) and/or delete various tumor suppressors have been developed to model prostate cancer
progression in mice, elucidate molecular and cellular mechanisms underlying tumor
progression and therapy resistance, and serve as preclinical models for testing cancer
prevention and therapeutic approaches (2, 3). TRAMP (TRansgenic Adenocarcinoma of the
Mouse Prostate) is one of the most well-known prostate cancer mouse models. The TRAMP
model uses the minimal rat probasin promoter to drive the tissue-specific expression of the
large and small SV40 tumor antigens in the prostatic epithelium (4-6), resulting in the
inactivation of p53 and Rb1 as well as PP2A tumor suppressors in the prostate (7, 8). This
model recapitulates many features of human prostate cancer, such as different grades of
lesions, transition from androgen-dependence to androgen-independence upon hormone
therapy, and distant metastasis (8-10). Importantly, TRAMP mice, in a strain-influenced
manner, can also develop poorly differentiated neuroendocrine prostate cancer (NEPC) in
aged or castrated mice at a higher frequency than other models (8-10).

In recent years, due to the heightened use of highly potent, second-generation androgen
receptor pathway inhibitors (e.g., enzalutamide, apalutamide and abiraterone) in patients
with CRPC, treatment-induced, neuroendocrine prostate cancer (t-NEPC) is increasingly
observed in the clinic (11-13). Recent clinical and preclinical studies suggest that t-NEPCs
are enriched for RBand 7P53 mutations (14-16) and involve neuroendocrine
transdifferentiation (17-19). While many genes have been found to be amplified, mutated, or
deleted in NEPC, it remains to be determined which are the driver genes that may cooperate
with Rb1/p53 loss/mutations or are required for the Rb1/p53-deficient tumors. Further, even
though the complex multi-allele 7rp53/Rb1 prostate-specific knockout mouse model
develops NEPC (18), it is easier to model NEPC in GEMMs by crossing new alleles into
TRAMP mice, as shown in a recent report (20). Importantly, the availability of TRAMP
mice in pure C57BL/6 or FVVB/NJ backgrounds facilitates the study of the tumor
microenvironment in NEPC progression and resistance to immunotherapy. To facilitate the
use of TRAMP mice further, we sought to develop a method that could determine the
zygosity of the TRAMP transgene and therefore streamline breeding strategies.
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Current genotyping methods for TRAMP transgene (Tg) use melting curve analysis or
standard PCR followed by gel electrophoresis with primers from the Jackson Laboratory
protocol for Tg (TRAMP)8247Ng stock mice or prior reports (8). However, these methods
cannot differentiate heterozygous Tg from homozygous Tg. The incorrect determination of
TRAMP transgene copy number will confound interpretation of the results from any
complex GEMM model involving the TRAMP mice and limit the ability to use the TRAMP
model for preclinical studies. Because quantitative PCR (qPCR) is able to accurately
determine DNA copy number, we decided to perform qPCR to determine the copy number
of Tg by normalizing Tg Ct value to an internal control gene, Gabral, which we have found
to be a faithful internal control across diverse mouse genetic backgrounds (21). PerfeCTa
SYBR Green FastMix (Quantabio Inc.) was used for gPCR. To ensure the robust
performance of this assay, we performed genotyping in a single-blind fashion in two
laboratories. Except for the control wild type (WT), heterozygous (Het), and homozygous
(Homo) mouse samples, the persons who performed the genotyping did not know the
genotypes of the breeding pairs who gave rise to these litters. The genotypes for all
homozygous control mice used in the study were confirmed by breeding the putative
homozygous mice to wild type mice, which generated litters that were all positive for the Tg
confirmed by standard PCR genotyping method. The control heterozygous mice were litters
from the confirmed homozygous mice bred to wildtype animals. The detailed protocol was
described in Supplementary Materials and Methods.

To test whether our gPCR approach could accurately determine the TRAMP Tg copy
number, we first extracted gDNA prepared from tail tip or ear punch using the DNeasy
Blood & Tissue Kits (Qiagen Inc.) and performed gPCR analysis of control mice using 2-10
ng gDNA as templates in 10 pl reaction volumes. Our gPCR assay correctly identified the
genotypes of the control mice: no PCR product was detected from the PCR reactions using
WT mice and the copy number of TRAMP transgene in the Homo mice was 2-fold of the
Het mice when Gabral was used as a control for normalization (Fig. 1A). We then
performed gPCR using purified gDNA to determine the copy humber of 14 TRAMP Tg
positive mice and 1 TRAMP negative mouse that were from various litters and kept for
experimental or breeding cohorts and were previously genotyped by standard PCR method
from the Wang laboratory. Genotypes for these mice were correctly identified based on the
normalized results, with copy numbers close to 0, 1, and 2 for WT, Het, and Homo
respectively (Fig. 1B). We then determined whether crude gDNA prepared by NaOH
extraction (22) worked in our qPCR assay. Consistent with the results using purified gDNA,
gPCR using crude gDNA correctly identified the genotypes of the control mice (Fig. 1C). In
addition, gPCR using crude gDNA from 31 mice (n = 3 replicates) from the Wang
laboratory correctly identified (WT, Het, Homo) the first time in all but two of the unknown
samples (Fig. 1D). The two uncertain mice were re-genotyped and conformed to be Het
(Fig. 1E). Although the mendelian ratio was slightly skewed towards more Het (Het:
Homo=1.54: 1), it could be due to the small litter size or due to the breeding of TRAMP
mice to the Probasin4-Cre and a conditional allele that the Wang lab was working on.
Moreover, this gPCR assay (n = 2 replicates) was able to correctly identify the genotypes of
a total of 93 mice from the Frigo laboratory (45 WT, 44 Het, and 4 Homo; 4 gDNA samples
from Homo mice confirmed through breeding were seeded in a single-blind manner amongst
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the 45 WT and 44 Het gDNA samples) and 12 mice which were previously confirmed by
breeding in the Foster laboratory (4 WT, 4 Het, and 4 Homo). Furthermore, to test the
robustness of this assay, gPCR analysis of 5 WT, 8 Het, and 4 Homo mice, whose genotypes
have been previously confirmed by experimental breeding in the Foster lab, was performed
in the Wang lab in a single-blind fashion. The results correctly identified the genotypes the
first time for all except two mice (data not shown). Of these two mice, one Homo mouse
and one Het mouse were identified as Het and WT, respectively. Of note, no WT or Het mice
were misidentified as Homo indicating mice identified as Homo were correct every time. A
repeated PCR correctly identified the genotypes for the two uncertain mice. Thus, this
protocol was tested in three different laboratories across two institutions to screen 168 mice
and was able to successfully identify the genotype of the mice 98.2% of the time (165/168).

Taken together, this gPCR genotyping assay for the TRAMP transgene is robust and useful
for genotyping compound mutant mice involving the crossing of TRAMP mice with other
alleles. Further, we anticipate that this approach can be easily adapted to determine the copy
number of other Tg mice by substituting the primers for the TRAMP transgene with primers
specific for other transgenes. Moreover, a small reaction volume of 10 ul combined with the
use of crude genomic DNA will significantly reduce the cost and time for genotyping.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) TRAMP Tg copy number was confirmed by gPCR of 3 mice with known genotypes
(confirmed by breeding) (WT, Het, Homo) using various amounts of purified gDNA. (B)
gPCR genotyping of purified gDNA from 14 TRAMP Tg+ mice from multiple litters and 1
WT mouse. Mice were genotyped using a conventional PCR method and used in
experimental cohorts or breeding cohorts in the Wang lab. (C) gPCR of 3 mice with known
genotypes (WT, Het, Homo) using crude gDNA. (D) gPCR genotyping of 31 mice with
unknown genotypes from 5 litters: 4 of the breeding pairs were TRAMP Homo crossed with
TRAMP Het except litter 4, which was TRAMP Het crossed with WT. The copy number for
the mouse denoted with “?” is 0.0000608 and 1.4, respectively. (E) The genotypes of the
mice marked with “?” in D were re-tested and found to be heterozygous with copy number
of 0.914 and 1.007, respectively.
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