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Abstract

Chromosomal rearrangements encoding oncogenic fusion proteins are found in a wide variety of
malignancies. The use of programmable nucleases to generate specific double-strand breaks in
endogenous loci, followed by non-homologous end joining DNA repair, has allowed several of
these translocations to be generated as constitutively expressed fusion genes within a cell
population. Here, we describe a novel approach that combines CRISPR-Cas9 technology with
homology-directed repair to engineer, capture and modulate the expression of chromosomal
translocation products in a human cell line. We have applied this approach to the genetic
modelling of t(11;22)(q24;q12) and t(11;22)(p13;q12), translocation products of the EWSR1 gene
and its 3’ fusion partners FL/Z and WT1, present in Ewing's sarcoma and desmoplastic small
round cell tumour, respectively. Our innovative approach allows for temporal control of expression
of engineered endogenous chromosomal rearrangements, and provides a means to generate models
to study tumours driven by fusion genes.
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Introduction

Recent advances in sequencing technologies have accelerated the identification of recurrent
chromosomal rearrangements in several cancers [1]. In solid and haematological
malignancies, the chimeric protein products of these fusion genes have been shown not only
to be pathognomonic, but also to constitute the disease's primary drivers. The initiating event
for these dramatic genomic alterations is the occurrence of double-strand breaks (DSBs)
within chromosomal loci. Two concurrent DSBs at distinct loci, followed by illegitimate
joining and repair lead to the generation of a variety of oncogenic fusion drivers in a wide
array of cancers [2].

The development of designer programmable endonucleases has advanced our ability to study
the aetiology and effects of chromosomal rearrangements by allowing the generation of
faithful model systems of these genomic events. With programmable zinc finger nucleases,
transcription activator-like effector nucleases, and the recently described clustered regularly
interspaced short palindromic repeats (CR/ISPR)/ CRISPR-associated (Cas) system,
(CRISPR-Cas9) technology, it is possible to induce de novo translocations, deletions and
inversions with synchronous introduction of two DSBs at two genomic loci. As a result,
chromosomal rearrangements have been readily induced in human and mouse cell lines and
in vivo [3-10]. The benefit of this approach is in the generation of an endogenous
chromosomal rearrangement that recapitulates the properties of a genuine translocation
present in a tumour, bypassing the necessity for the use of conventional cell line engineering
approaches that are based upon introduction and subsequent over-expression of an
exogenous fusion cDNA.

Irrespective of the choice of DSB-inducing enzyme system, isogenic clones with an induced
translocation have not been readily identified. Moreover, generation of engineered genomic
rearrangements through non-homologous end joining (NHEJ) leads to immediate,
constitutive expression of the fusion products [11,12]. In this way, expression of the
engineered fusion transcript is immediate and uncontrolled, and can therefore dramatically
affect the biology of the targeted cell long before the correct clone could be identified and
validated. Consequently, experimental outcomes using such models are harder to control.
This obstacle is particularly troublesome for the engineering of oncogenic chimeric
transcription factors that rewire global regulatory networks.

Here we present an approach for the temporal regulation of expression of the engineered
endogenous genomic rearrangements. The strategy combines CRISPR-Cas9 technology,
homology directed repair (HDR), and inclusion of a gene-trap to allow for the inducible
expression of fusion transcripts. As proof of principle, we describe successful establishment
of de novo engineered chromosomal translocations of the defining drivers for Ewing's
sarcoma (ES), EWSR1-FL/11(11;22)(g24;912), and desmoplastic small round cell tumour
(DSRCT), EWSRI-WT11(11;22)(p13;q12), as conditional alleles in vitro.
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Material and Methods

CRISPR-Cas9 Genomic Editing

The sequences for candidate guide RNAs (gRNAS) in this study were selected using http://
crispr.mit.edu/. Oligonucleotides encoding the gRNA were cloned into the
pSpCas9(BB)-2A-GFP (PX458) vector (Addgene #48138) (Supplementary Table S1). The
EWSRI, FLI1and WTIgRNASs were transfected pairwise into HEK293T cells. After 72 h,
cells were assayed for expression of type 1 EWSRI-FLI1or EWSRI-WTImRNA by RT-
PCR.

Generation of the Standard (NG1) and Conditional NG2 (TagRFP-Trap) HR Targeting Vector

Constructs

EWSRI, FLI1and WTI1homology arms (HA) (525 bp each) were PCR-amplified from
HEK?293T genomic DNA. The EWSR1 and FL /1 HA were cloned into the Footprint-Free™
Gene Editing Multivector™ (Transposagen), generating the pNG1-EWSR1-FLI1 (NG1)
plasmid (Supplementary Table S2). For the generation of the TagRFP-Trap-Puro-T2A-TK
(NG2) targeting plasmid, a 7agRFP gene-trap cassette (TagRFP-Trap) was generated and
inserted upstream of the Puro cassette of the NG1 construct. In brief, TagRFP (open reading
frame, ORF)-PolyA (Evrogen) was PCR-amplified using a TagRFP-specific forward primer,
modified to contain (from 5’ to 3’) a strong slice acceptor (SA) [13], and two additional
nucleotides immediately upstream of the ATG codon of TagRFP to ensure in-frame splicing
of EWSR1 into the TagRFP ORF. The reverse primer was designed to incorporate the PolyA
addition signal. Correct orientation of the SA-TagRFP-PAS in pNG2-EF-TagRFP and
pNG2-EW-TagRFP targeting vectors was confirmed by sequencing.

Mammalian Cell Culture and Cell Transfection

HEK?293T cells were purchased from ATCC (ATCC® Number CRL-3216). Cells were
maintained in high glucose Dulbecco's MEM with 10% fetal bovine serum and antibiotics.
Cells were routinely subjected to Mycoplasma testing. To induce cuts in separate genomic
loci, cells were transfected with 500 ng of each CR/SPR-Cas9 construct for a total of 1 pg of
vector. Transfections were carried out with FUGENEG (Promega) according to the
manufacturers’ instructions.

HDR Targeting and Selection of NG1 or NG2 Clones in HEK293T cells

For transfection of the HDR template, NG1 or NG2 targeting vectors were linearized with
Pcil enzyme (NEB), gel extracted and cleaned using a QIAquick Gel Extraction kit
(Qiagen). Linearized NG1 and NG2 (500ng each) constructs were co-transfected with gRNA
plasmids, for a total of 1.5 ug DNA per transfection. For NG1 targeting, cells were collected
72 h post transfection and reseeded at low density in puromycin containing medium (1.5 ug/
ml). Following puromycin selection over 6 d, individual clones were picked using cloning
discs (Sigma), expanded and analysed by genomic PCR, using primers listed in
Supplementary Table S1.

For isolation of the NG2-TagRFP clones, cells were transfected as above. Puromycin
resistant cells were FACs sorted using a BD FACSARIA cell sorter. TagRFP-positive cells
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were reseeded at low density in puromycin-containing medium as described above to obtain
single colonies, and analysed for correct targeting using genomic PCR with primer pairs
listed in Supplementary Table S2.

Genomic DNA Extraction and Standard PCR

The DNeasy Blood and Tissue Kit (Qiagen) was used for genomic DNA extractions
following the manufacturer's instructions. Standard genomic PCR was carried out using
either AmpliTaq Gold 360 Master Mix (Invitrogen) or Accuprime PFX (Invitrogen).
Standard amplification was as following: 95 °C for 5 min, 35 cycles of denaturation at 95 °C
for 15 s, annealing at 60 °C for 30 s and extension at 72 °C with duration depending upon
expected product size, with a final extension of 10 min at 72 °C. No-template reactions were
performed as negative controls. All PCR primer sequences are listed in Supplementary Table
S2.

RNA Extraction, cDNA synthesis and Reverse Transcription PCR

Total RNA was extracted from cells using the RNAqueous-Micro Total RNA Isolation kit
(Ambion). Samples of total RNA (500 ng) were reverse-transcribed using SuperScript VILO
cDNA Synthesis Master Mix (Invitrogen). For RT-PCR reactions, PCR amplification was
performed using either AmpliTag Gold 360 Master Mix (Invitrogen) or Accuprime PFX
(Invitrogen). Cycling conditions were the same as for standard genomic PCR (above),
without reverse transcriptase (—RT) and no-template reactions as negative controls.

Quantitative Reverse Transcription PCR (RT-gPCR)

RT-gPCR was performed using the TagMan® Gene Expression Master Mix and
“inventoried” TagMan® Gene Expression assays (all Applied Biosystems), using standard
reaction-mix setups and cycling protocol for a StepOne Real-Time PCR System (Applied
Biosystems). Quantification of gene expression was performed with the AACt method, using
GAPDH as an internal control.

Transient Expression of Cre Recombinase

For excision of the Puro-T2A-TK and of the TagRFP-Trap-Puro-T2A-TK cassettes from the
genomes of correctly targeted clones, Cre recombinase was transiently expressed from
PCAG-Cre:GFP (Addgene#13776), Ganciclovir (Invivogen, San Diego, USA) but was added
to the medium 72 h following transfection for negative selection of cells that retained the
TK.

DNA Sequencing

PCR amplicons were sequenced either directly, using specific primers, or sub-cloned into
TOPO vectors (Invitrogen) and then sequenced using universal vector primers.

Fluorescence In Situ Hybridization (FISH)

Cells from the NG1-EF-16.2 and NG1-EF-57.4 clones, as well as the parental HEK293 cell
line, were harvested and fixed in Carnoy's fixative for FISH analysis. A dual-colour/dual-
fusion FISH assay was performed to verify EWSRI-FL/1 fusion, the t(11;22)(q24;912)
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translocation, using a customized EWSRI-FL /1 fusion probe set from Agilent Technologies
(Santa Clara, CA). The green fluorochrome-labelled probe hybridizes to chromosome band
11924 (Hg19 chr11:128274050-128867614) overlapping the entire FL/1 locus; the red
fluorochrome-labelled probe hybridizes to chromosome band 22g12 overlapping the entire
EWSRI1 locus (Hg19 chr22:29380432-29980251). DAPI was used as DNA counterstain.
FISH signals in both metaphase and interphase cells were analysed, and a minimum of 200
nuclei were scored.

Western Blot Analysis

Results

Cells were lysed in RIPA buffer (Cell Signaling) containing protease inhibitors (Complete,
Roche), and 20-40 g of protein was separated on 4-12 % Bis-Tris NuPage gels (Invitrogen).
Membranes were probed with the following antibodies: GAPDH (1:2000, Cell Signaling,
14C10), Fli-1 (1:500, Santa Cruz Biotechnology, C-19, sc-356), WT1 (1:1000, Santa Cruz
Biotechnology, C-19, sc-192).

Generation of the type | EWSR1-FLI1 translocation by CRISPR-Cas9 and NHEJ

It has been reported previously that CRISPR-Cas9 genomic editing in combination with
NHEJ produced a constitutively expressed type |l EWSR1-FL /1 translocation, characteristic
of Ewing's sarcoma [6]. Before engineering a conditional allele of the translocation, we
proceeded to confirm whether this method can be applied for generation of a type | EWSR1-
FL /1 fusion, the most frequently identified translocation event in patients with Ewing's
sarcoma [14].

We designed and evaluated 5 pairwise combinations of gRNAs that directed the Cas9
endonuclease to each of the two introns involved in the translocation - intron 7 of EWSR1
on chromosome 22 and intron 5 of ~L/Z on chromosome 11. The gRNAs were designed to
induce DSBs within the first 500 bp downstream of the exon/intron boundary (Figure 1A).
One gRNA combination in particular, E4-gRNA:F3-gRNA readily generated the fusion
mRNA (Figure 1B). The resulting rearrangement was confirmed by sequencing of the
corresponding amplicons at both mRNA and genomic DNA levels (Figure 1B and 1C).
Furthermore, sequencing of the genomic DNA PCR amplicon confirmed that the fusion
contained precise intronic end - joining, as well as microdeletions, a common by-product of
the error-prone NHEJ pathway (Supplementary Figure S1).

Importantly, the frequency of the translocation in this bulk cellular population was below the
level of detection by dual colour/dual probe FISH, as we were unable to detect any £WSR1-
FL /1 fusion positive nuclei from examination of 200 nuclei (data not shown). As further
validation, and supporting the postulated low frequency of the event, we screened 100 single
clones by RT-PCR and confirmed that none contained the £WSR1-FL/1 fusion product (data
not shown).

In summary, as previously reported, our data confirmed that the CRISPR-Cas9 genome
editing based on NHEJ can be used to generate constitutively active chromosomal
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translocations /n vitro within a cellular population [5,6]. However, we found the frequency
of the desired genomic rearrangement to be low.

Combination of CRISPR-Cas9 with Homology-directed repair (HDR) to generate hybrid
fusions containing a drug selectable cassette

Induction of DSBs can stimulate DNA repair by at least two distinct mechanisms - NHEJ
and HDR. As described above, the generation the £EWSR1-FL/1 translocation following
CRISPR-Cas9-induced DSBs was mediated by error-prone NHEJ. We thus hypothesized
that providing a donor DNA template that bridges the fusion partners could lead to HDR-
mediated generation of a chromosomal translocation following induction of CRISPR-Cas9
gRNA-specified DSBs (Figure 2A). We designed a HDR DNA donor template (NG1-
EWSRI-FL /1, henceforth “NG1-EF”) containing homology arms (525 bp) corresponding to
the respective 5” and 3’ chromosomal arms flanking the DSBs induced by CR/SPR-

Cas9. EWSR1 (E4)and FL/1 (F3) gRNAs. Between the homology arms, the donor template
includes a removable bi-functional cassette whose presence can be selected for or against - a
puromycin (Puro) resistance gene and a truncated thymidine kinase (TK) gene (Figure 2A).

HEK?293T cells were transfected with the E4:F3-gRNA combination of CR/SPR-Cas9
plasmids, along with the linearized NG1 donor template (Figure 2A). At 72 h post-
transfection, cells were reseeded in puromycin-containing medium. Following selection, 100
puromycin-resistant clones were isolated for genomic analysis. Genomic PCR confirmed
that two clones, NG1-EF-16 and NG1-EF-57, had undergone correct CRISPR-Cas9-
mediated genomic editing via HDR, resulting in the generation of the EWSRI-FL/1
genomic fusion bridged by the NG1 template. This was confirmed by positive PCR
amplicons from the insertion of the left and right arms of homology, and also a 3.4 kbp
product generated from PCR primers residing outside of the homology arms in the targeted
regions of EWSRI and FL/I (Figure 2B, Figure 2C and Figure 2D). Of note, inclusion of
the NG1 donor template between the EWSR1 and FLI1 genomic fusion partners was not
designed to inhibit the expression of the engineered fusion at the mRNA level. RT-PCR
confirmed expression of the EWSR1-FL /1 fusion mMRNA in the two positive clones, NG1-
EF-16 and NG1-EF-57, but not in the negative clones, includi ng NG1-EF-24
(Supplementary Figure S2), which did not contain the full NG1-EF targeting vector.

We used Cre recombinase to remove the Puro/TK selection cassette. NG1-EF-16 and NG1-
EF-57 cells were transiently transfected with a Cre recombinase expression plasmid and
selected in ganciclovir to remove cells that retained the TK gene and thus had failed to
undergo Cre-mediated recombination. Genomic PCR analysis of the ganciclovir-resistant
clones confirmed selective removal of the bi-functional drug resistance cassette. Using the
primer pairs that bind to sequences outside of homology arms, the original 3.4 kb hybrid
fusion reverted to a 1.5 kb product post- Cre (Fig. 2D). Sanger sequencing confirmed the
authenticity of this shorter PCR amplicon and demonstrated a CRISPR-Cas9-engineered
EWSRI-FL /1 genomic fusion retaining a single LoxPsite in the intron and no residual
Puro/TK (Supplementary Figure S3).

From the ganciclovir-resistant populations of NG1-EF-16 and NG1-EF-57 cells, we selected
two clones, NG1-EF-16.2 and NG1-EF-57.4, for dual-colour/dual-probe FISH analysis. This
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analysis revealed that, unlike the parental cells, which harboured separate red (EWSR1) and
green (FL/1) signals, NG1-EF-16.2 and NG1-EF-57.4 cells displayed juxtaposed red and
green signals, confirming the presence of the EWSR1-FL /1 fusion at the genomic level
(Figure 3A). Moreover, RT-PCR (Figure 3B) and Western blot (Figure 3C) analyses of the
NG1-EF-16.2 and NG1-EF-57.4 clones demonstrated that the chimeric EWSRI-FL/1
transcript and the EWSR1-FLI1 protein were expressed.

The EWSR1-FLI1 protein is a potent oncogenic transcription factor that drives Ewing's
sarcoma tumourigenesis by reprogramming of the cellular gene expression profile [14]. To
assess whether the engineered EWSR1-FLI1 in the NG1-EF-16.2 and NG1-EF-57.4 clones
are biologically active, we performed RT-gPCR analysis of validated transcriptional targets
of EWSR1-FLI1 [15-17]. Our analysis demonstrated robust up-regulation of several target
transcripts, including NROBI, in NG1-EF-16.2 and NG1-EF-57.4 cells as compared to
parental HEK293 cells (Figure 3D).

Thus, by combining CRISPR-Cas9 genomic editing and HDR, a DNA donor template can
be used to bridge an interchromosomal translocation and simultaneously include a selectable
cassette that allows for enhanced capture of the engineered genomic editing event.

Generation of a conditional inducible endogenous EWSR1-FLI1 chromosomal
translocation product

We have shown that through combination of CRISPR-Cas9 genomic editing and HDR, a
DNA donor template can be used to bridge and capture an interchromosomal translocation.
In regards to EWSR1-FL 11, generation of the fusion by either CRISPR-Cas9/NHEJ or
CRISPR-Cas9/HDR results in immediate expression of the genomic rearrangement (Figure
1B and Supplementary Figure S2). This phenomenon is particularly troublesome with
engineered oncogenic transcription factors, such as EWSR1-FLI1, due to their hijacking of
the gene expression networks in target cells, resulting in a dramatic change of the cellular
phenotype [14,18,19]. To overcome this issue, temporal regulation of the engineered
genomic rearrangements could provide the type of experimental control that would allow us
to gain further insights into the gene networks controlled by these oncogenic drivers. To
achieve this, we introduced a reversible gene-trap into the HDR donor template to enable
conditional expression of the fusion mMRNA (Figure 4A).

Genome-wide gene-trap insertional mutagenesis is a powerful approach for loss-of-function
studies [13,20]. Typically, a promoterless reporter and/or selectable marker flanked by an
upstream 3' splice acceptor (SA) and a downstream transcriptional termination sequence
(polyadenylation sequence signal; PAS) is randomly inserted into the genome to disrupt
gene expression. In our work, we employed a fluorescent reporter, TagRFP. The cassette was
adapted for in-frame expression of the TagRFP reporter under the control of the endogenous
EWSR1 promoter, thereby producing EWSR1-TagRFP mRNA that replaces the expression
of the full-length EWSR1-FL/I mRNA (Figure 4A). We inserted the TagRFP cassette into
the NG1 donor template, to generate the NG2-EWSR1-TagRFP-FLI1 (NG2-EF-TagRFP)
targeting vector. Strategic positioning of LoxP sites allows for the Cre-mediated excision of
the gene trap, eliminating expression of EWSRI1-RFPand fully restoring EWRSI-FL /1
transcriptional activity (Figure 4A)
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We co-transfected the NG2-EF-TagRFP donor template with the combination of E4 and F3
gRNA and selected in puromycin. Fluorescence-activated cell sorting (FACS) on the pool of
puromycin-resistant cells was used to assay for expression and isolation of TagRFP+ cells
(Figure 4B). TagRFP+ cells were diluted into plates, and 100 single cell clones were picked,
expanded and analysed for correct targeting of the NG2-EF-TagRFP template. Genomic
analysis by PCR (Figure 4C, Top panel) confirmed that 4 clones - NG2-EF-TagRFP-39,
NG2-EF-TagRFP-53, NG2-EF-TagRFP-67 and NG2-EF-TagRFP-73 - contained the NG2-
TagRFP vector correctly targeted to the CRISPR-Cas9-engineered EWSRI-FL /1 locus
(Figure 4C, bottom panel).

To determine whether the SA site in the gene-trap cassette efficiently disrupts expression of
EWSRI-FLI1, we employed an RT-PCR screen on the individual positive clones. Using a
forward primer in the 5’ region of EWSRI and a reverse primer in 7agRFP, we detected
efficient splicing of EWSRI into TagRFP, with concomitant reduction of the EWSR1-FL /1
transcript (Figure 4D). Thus, our gene trap-based approach efficiently abrogates expression
of EWSR1-FLI1 mRNA from the engineered locus in favour of an EWSR1-TagRFP reporter
transcript.

To remove the TagRFP-Trap and release expression of the engineered EWSR1-FL /1 fusion
MRNA, we transiently transfected Cre recombinase into the four positive clones. Following
selection with ganciclovir, RT-PCR and RT-qPCR analysis confirmed transcriptional
activation of EWSRI-FL /1 in all four clones (Figure 4E and Supplementary Figure S4),
demonstrating the effectiveness of the conditional allele methodology.

Modelling of the EWSR1-WT1 t(11;22)(p13;q12) translocation as a conditional allele

To demonstrate the generic adaptability of our approach, we generated an additional HDR
donor template and gRNAs for establishment of a second translocation, EWSRI-WT],
which is the molecular hallmark of desmoplastic small round cell tumour (DSRCT). This
sarcoma is defined by the presence of the chromosomal translocation t(11;22)(p13;912),
which results in the fusion of the N-terminal portion of EWSR and the C-terminal DNA-
binding domain of WT1. The resulting hyperactive chimeric transcription factor, EWSR1-
WT1, drives the oncogenesis of this very aggressive tumour in children and young adults
[21-23].

For de novo generation of the DSRCT translocation, we designed and validated a series of
gRNAs targeting intron 7 of W71, and combined them with the EWSRI-E4 gRNA
described previously. We identified a gRNA, W2, that in combination with E4, generated the
desired fusion of exon 7 of EWSRIto exon 8 of WTI (Supplementary Figure S5). We
adapted the NG2-EF-TagRFP HDR template described above to contain a right homology
arm compatible with W71 (NG2-EW-TagRFP) (Figure 5A). We then co-transfected it with
the EWSR1/WTI1gRNAs and isolated TagRFP+ cells via FACS following puromycin
selection. A genomic PCR screen of 25 clones identified one clone, NG2-EW-TagRFP-4,
with the correct integration of the NG2-EW-TagRFP targeting cassette into the CRISPR-
Cas9/HDR engineered EWSRI-WT1 translocation (Figure 5B). RT-PCR confirmed
expression of the EWSR1-RFP reporter transcript, but not the EWSRI-WT1 fusion mRNA
(Fig. 5C). Following transient expression of Cre recombinase and ganciclovir selection, RT-

J Pathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Spraggon et al.

Page 9

PCR and RT-gPCR analysis confirmed potent induction of EWSRI-WTI mRNA (Figure 5D
and Supplementary Figure S6). Sanger sequencing of the RT-PCR product confirmed
authenticity of the EWSR1-WTI1 fusion mRNA, with exon 7 of EWSR1 fused to exon 8 of
WT1 (Figure 5D, bottom panel).

We then isolated a single clone following ganciclovir selection, NG2-EW-4.1. Genomic PCR
and Sanger sequencing confirmed the presence of a CRISPR-Cas9/HDR engineered
EWSRI-WT1 locus with retention of a single LoxPsite in the chimeric intron, corroborating
that the translocation was generated by CRISPR-Cas9/HDR and not by NHEJ
(Supplementary Figure S7). Western blot analysis confirmed translation of the EWSRI-
WT1mRNA, with detectable induction of EWSR1-WT1 fusion protein following Cre-
mediated activation (Figure 5E). Finally, we assessed the biological function of the
engineered EWSR1-WT1 oncogene by assaying for induction of ASCL1, a recently
validated downstream transcriptional target of EWSR1-WT1 [24]. RT-gPCR confirmed that
ASCL 1was up-regulated following Cre-mediated activation of EWSRI-WTIin NG2-EW-4
cells (Figure 5F).

Discussion

Faithful models of genomic rearrangements are a prerequisite for the study of their
pathogenic roles in tumourigenesis. The ability to combine various programmable nucleases
with NHEJ to generate endogenous genomic rearrangements in human cell lines has
previously been documented [3-6,11,12]. Whilst this approach successfully generates de
novo genomic rearrangements, expression of the resultant fusion gene is immediate and
sustained, and isolation of fusion-positive clones remains challenging.

Here we have described a strategy for de novo genomic engineering of chromosomal
translocations as conditionally expressed fusions in a single targeting step. We have
successfully applied this methodology to generate conditionally inducible EWSR1-FL /1 and
EWSRI-WTI translocations in a human cell line. The novelty of our method resides in the
generation of de novo engineered chromosomal translocations with the combination of
CRISPR-Cas9 and HDR, allowing temporal control of their expression.

We first demonstrated that it is possible to introduce a DNA donor template containing a
drug selection cassette (puromycin) to bridge the EWSRI and FL/1 fusion partners to form
an endogenous engineered EWSRI-FL /1 locus. This process allowed the addition of a drug
selection step in the isolation of translocation-positive clones, selectively enriching for the
desired event. To further enhance this methodology and generate conditional activation of
our genomic editing, a gene-trap cassette was incorporated into the HDR donor template.
This cassette allows for selective trapping of the 5’ fusion partner mMRNA (EWSRI), thereby
preventing the expression of the full-length engineered transcript (EWSRI-FLI1 or EWSRI-
WT1I). By designing the gene-trap to allow for in-frame expression of 7agRFP under the
control of the 5 fusion partner (EWSRI), the expression of the EWSR1-TagRFP allowed us
to enrich for targeted cells via FACS. Finally, temporal activation is provided by Cre-
mediated excision of the gene-trap from the engineered locus, releasing the expression of the
full-length EWSRI-FLI1or EWSRI-WTImRNA.
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Establishment of these model systems is of principal importance for rare translocation-
driven malignancies such as Ewing's sarcoma and DSCRT - diseases in which identification
of effective therapeutic options has been hampered by the paucity of available models,
especially for DSCRT. EWSRI represents one of the most commonly translocated gene
partners in bone and soft tissue sarcomas [25,26]. The fusion of EWSR1 and its 3’ partner
often joins the N-terminal transcription-activating domain of £EWSR1 and the C-terminal,
DNA-binding domain of the 3’ partner, yielding an oncogenic chimeric transcription factor.

Our system provides temporally controlled expression of these drivers in an isogenic,
chemotherapy-naive, cellular context. These features set our engineered models apart from
conventional patient-derived cell lines, which are often complicated by additional alterations
acquired during therapeutic intervention and/or prolonged culture. In fact, the low secondary
mutation burden of these tumours highlights the need to avoid such alterations for faithful
modelling of these malignancies [27]. Therefore using our approach in a physiologically
relevant context, such as human mesenchymal stem cells, will permit the development of an
isogenic /in vitro platform for future studies.

However, the paucity of models is not restricted to rare tumour types. In fact, several subsets
of common cancers are driven by fusion genes. For instance, non-small cell lung cancers
harbouring fusion genes involving ALK, ROSI1 or RET have no or few cell lines for
functional studies, and the models currently available are not entirely representative of the
spectrum of lesions harbouring these genomic events [28]. Therefore, our system has broad
applicability beyond orphan malignancies and can be customized to a wider variety of
chromosomal rearrangements, including intra-chromosomal rearrangements.

Our present study has its limitations. In generating a conditional chromosomal translocation,
the insertion of the gene-trap into the 5’ fusion partner to interrupt expression may not be
functionally neutral. A potential consequence would be expression of a non-physiological,
truncated isoform of the 5 fusion partner and/or reduced dosage of the full-length protein in
the engineered cell. For EWSR1 in particular, heterozygous EWSR1 mice are viable and
grossly normal, with no reported incidence of tumourigenesis [29]. However, in a 7p53-null
zebrafish model, it has been demonstrated that reduction in £WSRI expression can lead to
tumourigenesis [30]. Secondly, although effectively silencing the fusion, engineered
translocations result in the alteration in the chromosomal architecture within the nucleus via
juxtaposition of chromosomal regions, which may perturb gene expression through
topological changes in 3D genome structure by displacing non-proximal regulatory
elements.

Despite these limitations, our approach represents a significant advance in modelling
chromosomal translocations by allowing for precise and rapid generation of /in vitro systems
that afford temporal control of fusion genes resulting from chromosomal rearrangements of
interest.
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Figure 1. Generation of a de novo EWSR1-FLI1 t(22;11)(q12:q24) chromosomal translocation via

CRISPR-Cas9 and NHEJ

A. Schematic of the t(22;11)(q12:924) rearrangement mediated by CRISPR-Cas9 genomic
editing and non-homologous end-joining (NHEJ). gRNAs were designed to target intron 7
(E4) and intron 5 (F3) of EWSR1and FL/1 loci, respectively.

B. RT-PCR confirming specific expression of the EWSRI-FL /1 fusion transcript between
exon 7 of EWSRI and exon 6 of FL/1 (top panel). TC71: fusion positive Ewing's sarcoma
patient derived cell line. NT: non-transfected control. Sanger sequencing trace encompassing

the fusion event is shown (lower panel).

C. Confirmation of the translocation at the genomic level. NT: non-transfected control.
Sanger sequencing traces encompassing the genomic fusion event are shown (lower panel).
Asterisk denotes the insertion of one additional nucleotide by NHEJ.
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Figure 2. Generation of the EWSR1-FLI1t(11;22)(q24;12) chromosomal translocation via
CRISPR-Cas9 using homology-directed repair (HDR)
A. Schematic of the generation of the t(11;22)(g24:912) translocation using CR/SPR-Cas9

genomic editing and homology-directed repair (HDR). The introduction of a NG1-EWSRI-
FL /1 (NG1-EF) targeting vector, which bridges the Cas9-gRNA directed double-strand
breakpoints in £EWSR1 and FL/1 loci, leads to the formation of a chimeric translocation,
NG1-EWSRI-FL/1t(11;22)(g24;12). The NG1-EF targeting vector contains arms of
homology matching to EWSRI and FL/I (shaded, LHA and RHA).

B. Schematic representation of the 2-step PCR screening strategy. The external £EWSR1 and
FL/1 primers are specific for genomic DNA outside of the sequence retained in the left and
right homology arms of the NG1-EF targeting vector (LHA and RHA, shaded areas).
Treatment with Cre recombinase removes the selectable cassette leaving a single LoxPat the
engineered locus.
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C. A 2-Step PCR screening protocol on genomic DNA isolated from puromycin resistant
clones identifies correctly targeted NG1-EF clones. Positioning of the primers is depicted in
B. Combinational PCR screening using primers: (1) EWSRI1-FW with Puro-RV (2) TK-FW
with FL/1-RV identifies correctly targeted clones that contain both the left and the right
homology arm and hence the NG1-EWSRI-FL/1 hybrid translocation.

D. Following Cre recombination and ganciclovir selection, genomic DNA was assayed to
demonstrate the loss of the selectable cassette and the generation of the EWSR1-LoxP-FL/1
translocation by using a EWSRI-FW primer and a FL/I-RV primer.
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Figure 3. Faithful expression of a biologically active EWSR1-FL |1 translocation product
engineered with CRISPR-Cas9 and HDR

A. Verification of the EWSR1-FL /1 fusion by FISH. The EWSR locus-specific probe
labelled in red, and the FL/1 locus-specific probe labelled in green. In the parental cells,
distinct separate green and red signals were observed. In cells from the NG1-EF-16.2 and
NG1-EF-57.4 clones, green/red fusion signals (appearing as partial or complete yellow dots)
that represented EWSR1-FL /1 fusions were identified. DNA was counterstained with DAPI
(Blue).

B. RT-PCR confirming specific expression of the EWSRI-FL /1 fusion transcript in the
NG1-EF16.2 and NG1-EF57.4 engineered clones, but not in the parental cell line. Sanger
sequencing trace encompassing the fusion event is shown (lower panel) confirming the
EWSRI-FL /1 fusion mRNA. TC71: Fusion positive patient-derived Ewing's sarcoma cell
line.

C. Expression of EWSR1-FLI1 fusion protein in the NG1-EF16.2 and NG1-EF57.4 clones
as detected by an anti-FLI11 C-terminal antibody (top panel). The TC71 Ewing's sarcoma cell
line was used a positive control. GAPDH was used as loading control (bottom panel). * non-
specific band

D. Expression of EWSR1-FLI1 regulated transcripts in NG1-EF16.2 and NG1-EF57.4
clones as established by RT-gPCR. Significant upregulation of expression of NROB1, Cyclin
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D1and NKX2.2in NG1-EF16.2 and NG1-EF57.4 clones compared to the parental cell line.
Data are presented as relative expression of a target transcript compared to the parental cell
line. The data are derived from a total of 3 independent experiments (mean + SD).
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Figure 4. Generation of conditional endogenous EWSR1-FLI1 t(11;22)(q24;q12) chromosomal
trandocation via CRISPR-Cas9, HDR and inclusion of a gene-trap

A. Schematic representation of a conditional chromosomal translocation with the
incorporation of a gene-trap ( 7agRFP-Trap) in the engineered hybrid intron.

B. Isolation of TagRFP positive clones by FACS following HDR targeting with the NG2-
EWSRI-FL /1 HDR template and co-transfection of EWSR1 and FLI1 gRNA and 6 days of
puromycin selection.

C. Schematic representation of the primer positions used in the 2-step PCR screen (Top
panel). The external EWSRI and FL/1 primers are specific for genomic DNA outside of the
sequence retained in the left and right homology arms of the NG2-EF- 7agRFP targeting
vector (shaded areas), whilst the internal primers were specific for 7agRFP (RFP) and
thymidine kinase (TK). Combinational PCR screening using primers in: (1) EWSR1-FW
with a TagRFP-RV specific primer and (2) TK-FW primer with a FL/Z-RV primer identifies
correctly target clones that contain both the left and the right homology arm and hence the
NG2- EWSRI-FL /1 hybrid translocation.

D. RT-PCR analysis confirms that the NG2-EF- 7agRFP clones express the EWSRI1-TagRFP
transcript at the expense of the full-length EWSR1-FLI1I mRNA,

E. RT-PCR analysis confirms expression of the £EWSR1-FL /1 fusion transcript in NG2-EF-
TagRFP clones only in the presence of transiently expressed Cre recombinase, which excises
the 7agRFP-Trap, allowing for the transcription of the full-length fusion EWSRI-FL/1
mRNA.
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Figure 5. Generation of an conditional de novo EWSR1-WT1 t(11;22)(p13;q12) translocation, the
hallmark of desmoplastic small round cell tumour (DSRCT)

A. Schematic representation of the generation of a conditional EWSR1-WT1 chromosomal
translocation using the incorporation of a gene-trap ( 7agRFP-Trap) at the engineered
intronic junction between the CRISPR-Cas9-mediated translocation of EWSR1to WT1.
gRNAs were directed against Intron 7 of EWSRI and Intron 7 of WT1.

B. Schematic representation of the primer positions used in the 2-step PCR screen (top
panel). The external EWSRI-FW and WTI-RV primers are specific for genomic DNA
outside of the sequence retained in the left and right homology arms of the NG2-EWSRI-
WT1targeting vector (shaded areas), whilst the internal primers were 7agRFP and
thymidine kinase ( 7K). Combinational PCR screening using primers in: (1) EWSRI-FW
with a 7agRFP-RV specific primer and (2) 7K-FW with a WT7I1-RV primer combination
identifies a correctly targeted clone that contains both the left and the right homology arm
and hence the EWSR1-NG2- WT1 hybrid translocation (lower panel);

C. RT-PCR analysis confirms that the NG2-EW-TagRFP-4 clone expresses the EWSR1-
TagRFP transcript at the expense of the full-length EWSRI-WT1 mRNA.

D. RT-PCR analysis confirms expression of the EWSR1-W/T1 fusion transcript in NG2-EW-
TagRFP-4 clone only in the presence of transiently expressed Cre recombinase, which
excises the 7agRFP-Trap, releasing transcription of the full-length EWSR1-WT1 fusion
mRNA. Sanger sequencing (lower panel) confirms authenticity of the EWSRI-WT1 fusion
mMRNA.

E. Western Blot analysis confirms expression of EWSR1-WT1 protein following transient
expression of Cre recombinase.

F. RT-gPCR confirms up-regulation in expression of ASCL 1 following Cre-mediated
activation of EWSR1-WTL1. Data are presented as relative expression of a target transcript
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compared to the parental cell line. The data are derived from a total of 3 independent
experiments (mean £ SD).
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