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Abstract

TMPRSS2-ERG fusions are common genetic events in prostate cancer. Until now, this 
genetic alteration was modelled by ERG overexpression. In this short communication, 
we report the creation of mouse prostate organoids that have undergone gene fusion 
through a CRISPR/Cas9-based strategy. The genetic fusion of TMPRSS2 and ERG 
results in ERG overexpression. This effect is androgen receptor-mediated, as expression 
of the fusion transcript can be restored to wildtype ERG levels by treatment with the 
androgen receptor antagonist Nilutamide.

ABBREVIATIONS
AR: Androgen Receptor; ARE: Androgen Response Element; 

DHT: Dihydrotestosterone; ERG: ETS-Related Gene; PC: Prostate 
Cancer; TMPRSS2: Transmembrane Protease Serine 2 

INTRODUCTION
Gene fusions are genetic events occurring during 

tumorigenesis of both solid and blood-borne cancers [1]. The 
best known fusion events are those occurring in leukemia, the 
first disease in which these genetic events were discovered 
[2]. In prostate cancer (PC), 40-80% of tumors contain a gene 
fusion between the androgen receptor (AR) responsive gene 
Transmembrane protease serine 2 (TMPRSS2) and an ETS family 
transcription factor, most often the oncogene ETS-related gene 
(ERG) [3-5]. TMPRSS2 and ERG are located on chromosome 
21. A deletion of a region of approximately 3 million basepairs 
results in the fusion of these two genes, thereby driving AR-
induced overexpression of the ERG oncogene. A diverse range 
of TMPRSS2-ERG hybrids has been described [6,7]. In all cases, 
the open reading frame (ORF) of exon 1 of TMPRSS2 is included, 
thereby retaining the androgen response element (ARE) present 
in the ‘5 UTR of this gene [8]. For ERG, the fusion most often 
results in an N-terminal truncation of the transcript that retains 
the functional domains described for this transcription factor [7]. 

Since the discovery of this molecular alteration in 2005  [4], 
research studying this fusion has relied on mouse models or cell 
lines overexpressing ERG  [9-11] and human PC cell lines carrying 
this genetic alteration  [9]. Although these mouse models mimic 
the ERG overexpression observed in TMPRSS2-ERG tumors, they 

lack the correct genetic setting of TMRPSS2-driven expression, 
such as the loss of the genes that lie in between TMPRSS2 and ERG 
[12]. Furthermore, these models do not retain the transcription 
control of the fusion gene as it occurs in PC. PC cell lines that carry 
TMPRSS2-ERG fusions contain additional genetic alterations, 
often of unknown relevance, thereby obscuring the molecular 
effects of the gene fusion.

In 2013, the technique of CRISPR/Cas9-mediated genome 
engineering became available as a versatile tool [13,14]. Shortly 
thereafter, we showed that organoids, 3D structures grown from 
stem cells that resemble their respective tissue of origin, could 
be established from both murine and human prostate epithelial 
cells [15]. As we and others previously showed that CRISPR/
Cas9 can be applied in organoids [16-21], we set out to create a 
TMPRSS2-ERG gene fusion in mouse prostate organoids. These 
organoids recapitulate the overexpression of the ERG oncogene 
that is observed in tumors carrying this genetic alteration. 
The resulting ERG overexpression is AR-driven as described 
previously [4,22,23], and can be inhibited by blocking androgen 
signaling. To our knowledge, we are the first to report the use of 
CRISPR/Cas9 to create gene fusions in organoids. The TMPRSS2-
ERG organoids described here, can serve as an in vitro model to 
study the short and long term molecular consequences of this 
gene fusion in an otherwise wildtype background.

MATERIALS AND METHODS

Targeting construct cloning

Homology arms containing synonymous mutations to prevent 
cleavage by Cas9were ordered as g blocks from IDT. eGFP-puro 
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sequence was amplified using from an in-house construct created 
in the lab. PCR from genomic DNA was used to create the second 
homology arm for ERG. Short overhangs complimentary to the 
homology arms were added to these fragments by integrating 
them into the used primers. Individual fragments plus backbone 
(created by restriction digestion of cloning vector) were ligated 
using HiFi DNA Assembly Cloning kit (NEB). 

Organoid culture and transfection

Mouse prostate organoids were established and cultured as 
described previously [15,24]. To obtain mutant organoids, we 
used the psCas9 vector described by Wright et al. (Ran et al., 
2013), that encoded both our sgRNA and the Cas9 protein of S. 
pyogenes. Transfections were performed using Lipofectamin 
(Invitrogen). 500 ng DNA was used per construct and 
resuspended in 50 µLoptimum prior to transfection. 50 µl of a 
8% Lipofectamine in optimum solution was mixed with the DNA 
and incubated at room temperature for 20 minutes. 450 µL of 
cell suspension (in complete medium - antibiotics) was added to 
the DNA/Lipofectamine mix in a 48-well cell culture plate. Cells 
were centrifuged at 600x g for 1 hour to increase transfection 
efficiency. Subsequently, cells were incubated for 4-6 hours 
at 37°C 5% CO2. After that, cells were washed, centrifuged, 
resuspended in BME and plated as normal. After three days of 
recovery, selection on 1µg/ml puromycin-containing medium 
was started andTMPRSS2-ERG organoids were maintained 
on this medium. Five days prior to RNA isolation for RT-qPCR 
experiments, puromycin was removed from the medium, and - if 
applicable - Nilutamide (10 µM)was added. 

RNA isolation and reverse transcription 

RNA was extracted from the organoids using the QIAGEN RNA 
easy kit. Organoids were pelleted by centrifugation and dissolved 
in 300µl RLT, 300 µl 70% ethanol was added. The mixture was 
put on the RNA columns, which were subsequently centrifuged. 
Columns were washed once with RW1 buffer and twice with RPE 
buffer. To assure removal of all buffer, columns were spin down 
once more. RNA was eluted using 30 µl RNAase-free water. RNA 
was kept on ice at all times. 500 ng RNA was taken as starting 
material for the reverse transcription reaction. To 500 ng of RNA 
in 10 µl water, 1,5 µl of a oligo (dT)15primer (0,5 µg per reaction) 
was added on ice. The mixture was incubated for 5 min at 70°C 
and cooled on ice. 8,5 µl of GoScript buffer with 0,5 mM dNTPs, 
2,5 mM MgCL, 1 µl of GoScript reverse transcriptase and 20 units 
of RNase-inhibitor (all Promega) was added and the mixture was 
incubated for 5 min at 25°C, 15 min at 42°C and 15 min at 70°C. 
cDNA was stored at -20°C until use. 

qPCR reaction

25 ng of cDNA was used per reaction. Used primers are 
depicted in supplementary (Table 1). 25 µl of iQ SYBR Green 
supermix (Biorad) with a primer concentration of 500 nM was 
used for each reaction. Actin was used as housekeeping gene. PCR 
reaction was as follows: 2 minutes 95°C, followed by a repeat of 
the following incubations: 30 seconds at 95°C, 55°C, 72°C. 

Statistical analysis

For expression levels, ΔΔCT values were calculated by 
making al data relative to actin, and subsequently to wildtype 

values. For statistical analysis of the RT-qPCR experiments, we 
used Graphpad software and performed a two-way ANOVA. 
Subsequent bonferetti posttests revealed a statistically significant 
deviation of ERG expression in all three TMPRSS2-ERG clones.

RESULTS AND DISCUSSION 

Mouse prostate organoids can be genetically modified 
to carry TMPRSS2-ERG gene fusions

To create organoids carrying a TMPRSS2-ERG gene fusion at 
the endogenous genomic location, we used a targeting construct 
in which the genomic region encoding intron 2-3 of TMPRSS2 was 
connected to the region encodingintron 2-3 of ERG (Figure 1A). 
As such, fusion would result in a transcript containing exon 1 and 
2 of TMPRSS2 and exons3-11 of ERG. This fusion is comparable 
to the human transcript hybrid most commonly observed in 
PC [4,25,26], as it fuses the first coding exon of TMPRSS2 to 
the second coding exon of ERG. In addition, the construct also 
contained a puromycin selection cassette. This eGFP-puromycin 
cassette was flanked by two arms homologous to the genomic 
region downstream of exon 3 of ERG (Figure 1A). As such, the 
puromycin cassette would be integrated in a non-coding region 
of the gene. (See supplementary data for the complete sequence 
of the targeting construct.)

In addition, we developed constructs encoding Cas9 and 
individual sgRNAs targeting the region of both TMPRSS2 and ERG 
in the vicinity of the fusion site (Figure 1B). These constructs were 
created as previously described [27]. sgRNAs targeting intronic 
regions of TMRPSS2 and ERG were designed using the online 
CRISPR design tool at http://crispr.mit.edu(for used sequences 
see Figure 1C). To prevent Cas9-mediated cleavage, sgRNA target 
region were synonymously mutated in our targeting construct. 

 Subsequently, we transfected mouse prostate organoids with 
our targeting construct, one TMPRSS2-targeting sgRNA and one 
ERG-targeting sgRNA. After approximately one week on selection 
medium, single organoids growing in selection medium could 
be observed. We handpicked these organoids, dissociated them 
into single cells and expanded them as clonal lines.TMRPSS2-
ERG organoids appeared folded, dense and morphologically very 
different from their wildtype counterparts (Figure 2A). However, 
after approximately six to eight passages, the organoids regained 
the cystic appearance of wildtype organoids (Figure 2B). Ki67-
staining on paraffin-embedded sections revealed an increase in 
proliferation in the TMPRSS2-ERG organoids (Figure 2C). 

Genomic DNA was isolated for each line and we performed 
a PCR reaction with a forward primer in the TMPRSS2 gene and 
a reverse primer in the ERG gene (for primer sequences, see 
Supplementary Table (1)). For+/- 85% of the clones we observed 
a band that upon Sanger sequencing (Figure 2D), revealed the 
successful fusion of the TMRPSS2 and ERG gene at the genomic 
level (Figure 2E). We also sequenced the sgRNA-targeted regions 
of the remaining wildtype alleles of both TMPRSS2 and ERG. 
We detected small insertions and deletions, caused by incorrect 
repair of the sgRNA-induced cuts (Supplemental Figure 1). 
However, as these are located in the intronic regions of the genes, 
they should not affect the transcript. 

By creating the TMPRSS2-ERG fusion at the endogenous 

http://crispr.mit.edu
http://jscimedcentral.com/Biotechnology/biotechnology-4-1076s.docx
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Figure 1 TMPRSS2-ERG fusion targeting construct. A. The developed targeting construct fuses intron 2-3 of TMPRSS2 to intron 2-3 of ERG, which 
are approximately 3 Mbp apart. In addition, a eGFP-puro cassette is integrated in intron 3-4 of ERG. B. Used sgRNAs target intronic regions of both 
TMPRSS2 and ERG. C. Sequences targeted by used sgRNAs and the primers used to construct the sgRNA constructs following the protocol of Ran et 
al., [27].

Figure 2 Transfection of mouse prostate organoids with the produced TMPRSS2-ERG targeting construct. A. Morphology of TMPRSS2-ERG organoids 
compared to WT organoids after clonal expansion of handpicked single organoids. B. Morphology of TMPRSS2-ERG organoid 10 passages after 
transfection. C. Ki67-staining on paraffin embedded organoids reveals increased proliferation in the fusion organoids compared to their wildtype 
counterparts. D. Conformation of TMRPSS2-ERG gene fusion on the DNA level. E. Sanger sequencing of the fusion-specific PCR on gDNA shown in D, 
reveals ligation of TMRPSS2 to ERG.

location, this model mimics the in vivo situation more specifically 
than ERG overexpression models that, for example, are driven 
by a probasin promoter. In our system, the genomic region 
between TMPRSS2 and ERG is deleted in one of the alleles. This 
is critical, as this region contains genes such as HMGN1 that is 
reported to increase N-cadherin expression [28] and alter the 
G2/M checkpoint [29] upon its loss. Increase of N-cadherin 
expression is observed in progressing PC [30]. This concomitant 
hemizygosity of a number of genes cannot be modeled by ERG 
overexpression.

In addition, this model can be used to better understand the 
molecular effects of this gene fusion, and more specifically, how it 
contributes to PC, without the confounding effect of other genetic 
alterations (which is an issue when using PC cell lines). This 
might aid the development of new therapies for tumors carrying 
this genetic alteration. In addition, TMPRSS2-ERG organoids 
might serve to aid the implementation of already existing 
targeted therapies for TMPRSS2-ERG tumors in the clinic. It was 
previously shown that patient-derived organoids can predict 
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tumor response in vivo [31]. Although the organoids described 
here are of murine origin, technically the described technique 
should be applicable to human prostate organoids. 

To our knowledge, this is the first study showing that 
CRISPR/Cas9 technology can be applied in organoids to create 
endogenous gene fusions.

TMRPSS2-ERG fusion organoids are functional and 
responsive to androgen inhibiting treatment 

Next, we investigated if the TMRPSS2-ERG organoids are 
functional. It was previously shown that tumor lines carrying this 
fusion over express ERG and, furthermore that this expression is 
androgen-driven [4]. Therefore, we performed gene expression 
analysis by RT-qPCR of both TMRPSS2 and ERG relative to 
β-actin. We observed an increase in ERG expression in TMRPSS2-
ERG when compared to wildtype. TMRPSS2 expression was not 
altered significantly (Figure 3A). Of note, the extent of increase 
in ERG expression varied between the different TMPRSS2-ERG 
organoid lines.

As our culture medium contains dihydrotestosterone (DHT), 
the active form of testosterone, we hypothesized that inhibition 
of AR signaling would result in decreased expression of ERG 
in the TMPRSS2-ERG organoid lines. To investigate this, we 
treated organoids for 24 hours with Nilutamide, a competitive 
antagonist of AR (Figure 3B) and subsequently collected RNA 
for expression analysis. As expected, we observed a restoration 
of ERG expression levels in the presence of Nilutamide, which 
was consistent for all three tested TMRPSS2-ERG organoid lines 
(Figure 3A). These data support the findings of others that ERG 
expression in PC carrying this gene fusion is AR-driven and 
can be inhibited by using AR-inhibiting agents. Our findings 

imply that AR-blocking treatments directly affect the molecular 
consequences of TMRPSS2-ERG fusion in PC. 

CONCLUSION
Here we demonstrated that CRISPR/Cas9 can be applied in 

organoids to create endogenous gene fusion in vitro through the 
creation of a very large intrachromosomal deletion. We generated 
mouse prostate organoids carrying a variant of TMRPSS2-
ERG gene fusion that is commonly found in PC. Our approach 
creates the unique opportunity to study the effect of this genetic 
alteration in an otherwise wildtype background. 
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