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ABSTRACT

Circular RNAs (circRNAs) are a class of non-coding RNAs featuring a covalently closed ring structure
formed through backsplicing. circRNAs are broadly expressed and contribute to biological processes
through a variety of functions. Standard gain-of-function and loss-of-function approaches to study gene
functions have significant limitations when studying circRNAs. Overexpression studies in particular suffer
from the lack of efficient genetic tools. While mammalian expression plasmids enable transient circRNA
overexpression in cultured cells, most cell biological studies require long-term ectopic expression. Here
we report the development and characterization of genetic tools enabling stable circRNA overexpres-
sion in vitro and in vivo. We demonstrated that circRNA expression constructs can be delivered to
cultured cells via transposons, whereas lentiviral vectors have limited utility for the delivery of circRNA
constructs due to viral RNA splicing in virus-producing cells. We further demonstrated ectopic circRNA
expression in a hepatocellular carcinoma mouse model upon circRNA transposon delivery via hydro-
dynamic tail vein injection. Furthermore, we generated genetically engineered mice harbouring circRNA
expression constructs. We demonstrated that this approach enables constitutive, global circRNA over-
expression as well as inducible circRNA expression directed specifically to melanocytes in a melanoma
mouse model. These tools expand the genetic toolkit available for the functional characterization of
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circRNAs.

Introduction

The last decade of RNA research revealed a myriad of non-
coding RNAs that support fundamental biological processes
and whose deregulation may contribute to the development of
diseases such as cancer. Circular RNAs (circRNAs) are among
the most recent additions to the non-coding RNA compen-
dium and represent a peculiar class of RNA molecules.
Generated from pre-mRNA via a process termed backsplicing
where the 3’ end of a downstream exon is spliced to the 5’ end
of an upstream exon, circRNAs form covalently closed ring
molecules lacking 5° CAP and 3’ polyA tail features. The
circular structure protects also from exonuclease cleavage,
rendering circRNAs extraordinarily stable. Advances in RNA
sequencing led to the identification of thousands of circRNAs
in humans and other species. Interestingly, circRNA expres-
sion is cell type- or differentiation state-dependent and often
uncoupled from the expression of their cognate linear RNAs
from which they derive [1-10]. This suggests that circRNA
formation is a regulated process and that circRNAs must serve
important functions in the cell. Indeed, circRNAs have been
shown to act as natural microRNA sponges [3,11], associate
with RNA-binding proteins [12-16] and chromatin [17], and
regulate the transcription of their parental genes [18-20].
Some circRNAs even contain internal ribosome entry site-
like structures or N6-methyladenosine modifications to

recruit the translation machinery and encode proteins [21-
27]. Thus, circRNA functions are diverse and unpredictable
based on their sequence alone, requiring functional character-
ization to reveal the underlying mode of action.

Functional analyses of circRNAs have been hindered by
technical challenges. Knock-down experiments using RNAi
require that the siRNA or shRNA is targeted to the backsplice
junction to avoid simultaneous silencing of the cognate linear
mRNA. This limits the possibilities for designing potent
siRNA/shRNA and may lead to off-target effects on the cog-
nate linear mRNA or other unrelated transcripts. Recently,
a CRISPR approach using an engineered type VI-D Casl3d
enzyme, CasRx, was developed to silence RNA transcripts
[28]. Using an extended guide RNA placed over the backsplice
junction, this CRISPR approach demonstrated superior
circRNA silencing in terms of efficiency and specificity [29].
The overexpression of a circRNA of interest may be even
more difficult than silencing. Circularization requires the pre-
sence of flanking introns containing repeat elements, which
upon their alignment bring the appropriate splice sites into
close proximity to aid in the backsplicing reaction.
Mammalian expression plasmids have been generated where
circRNA exons are flanked by introns derived from genes that
efficiently produce circRNAs, for instance the D. melanogaster
Laccase2 introns or the human ZKSCANI1 introns [30,31].
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With these expression plasmids efficient ectopic circRNA
expression can be achieved in mammalian or
D. melanogaster cells [30]. However, such plasmids do not
integrate into the genome and ectopic circRNA expression is
therefore only temporary. This significantly limits long-term
phenotypic analyses of cell biological effects. In addition,
whether similar approaches are amenable to circRNA over-
expression in genetically engineered mice for functional
circRNA studies in vivo is not known.

Here, we tested stable, long-term circRNA overexpression
approaches. While lentiviral circRNA delivery performed
poorly, we found that using a transposon for delivery and
genomic integration of circRNA expression constructs enables
long-term circRNA expression in cells and a hepatocellular
carcinoma mouse model. Moreover, we generated genetically
engineered mice that overexpress a circRNA either constitu-
tively and ubiquitously or inducibly in a cell-type specific
manner in a melanoma model. These tools and approaches
will enable more in-depth analyses of circRNA functions
in vitro and in vivo.

Materials and methods
Plasmids and cloning

To generate spGFP-pLenti, pcDNA3-ZKSCANI1-spGFP
(Addgene) was digested with BamHI (New England Biolabs,
Cat. # R3136) and Xhol (New England Biolabs, Cat. # R0146)
and the spGFP-ZKSCANI cassette ligated into BamHI/Sall-
digested pLenti-EF1a-GFP_miRE to replace GFP_miRE (Sall,
New England Biolabs, Cat. # R3138). The EFla-spGFP-
ZKSCAN1-Blast transposon was generated by digesting the
ATP1 transposon (provided by Roland Rad) with BstXI (New
England Biolabs, Cat. # R0113) to remove the CAGS promo-
ter, polyadenylation signals, and splice acceptor/donor sites
and replace them with a multiple cloning site containing
Mlul-NotI-BglIl sites by oligo cloning (New England
Biolabs, Cat. #s R3198, R3189, R0144 respectively). A SV40
polyA-PGK promoter-BlasticidinR ¢cDNA-bGH polyA cas-
sette was then synthesized by GeneArt (Thermo Fisher),
PCR amplified, and InFusion (Clonetech/Takara, Cat. #
638911) cloned into NotI/BglII digested ATP1-MCS, generat-
ing ATP1-Blast. Finally, EFla-spGFP-ZKSCAN1 was PCR
amplified from spGFP-pLenti and InFusion cloned into
Mlul/Notl digested ATP1-Blast. To generate the EFla-
spGFP targeting vector, a EFla-LSL-GFP targeting vector
was digested with Xhol/EcoRI (EcoRI, New England Biolabs,
Cat. # R3101). The spGFP-ZKSCANI1 cassette was PCR
amplified from spGFP-pLenti to introduce restriction sites,
the PCR product was digested with Xhol/EcoRI, and ligated
into the targeting vector. To generate the TRE-spGFP target-
ing vector, the spGFP-ZKSCANI cassette was PCR amplified
and InFusion cloned into Xhol/EcoRI digested ¢TRE-CHC
targeting vector (provided by Lukas Dow). The circPMS1
and circDNAJC2 transposons were cloned by synthesizing
the circRNA exons by GeneArt, followed by PCR amplifica-
tion and InFusion cloning into SnaBI/Pstl (New England
Biolabs, Cat. #s R0130 and R3140, respectively) digested
EFla-spGFP-ZKSCAN1-Blast transposon plasmid.

Cell culture

Human melanoma cell lines were cultured in RPMI-1640
(Lonza, Cat. # BW12-702 F) containing 5% FBS (VWR, Cat
# 76236-284), NIH3T3 in high-glucose DMEM (VWR, Cat. #
45000-304) containing 10% bovine calf serum (VWR, Cat #
16777-206), and HEK293T-LentiX in high-glucose DMEM
(VWR, Cat. # 45000-304) containing 10% FBS in a 5% CO,
incubator at 37°c. For Crystal Violet staining (VWR, Cat. #
97061-850), cells were washed in phosphate-buffered saline
(PBS) (VWR, Cat # 95042-492) and stained with 0.1% Crystal
Violet in 20% methanol. The dye was extracted with 100 uL of
10% acetic acid and absorbance was measured at 600 nm.

Transfection and virus production

For transposon transfection, 0.9 pg of spGFP transposon and
0.1 pg of either pCMV-HSB5 (Sleeping Beauty transposase),
pCDNA-mPB (piggyBac transposase), or empty pCDNA3.1
were transfected into HEK293T-LentiX or melanoma cells at
80-90% confluence using JetPrime (Polyplus, Cat. # 89129-
924) according to the manufacturer’s recommendations.
pCMV-HSB5 and pCDNA-mPB were provided by David
Adams. Where indicated, transfected cells were selected with
10 ug/mL Blasticidin (Invivogen, Cat # ant-bl-1) for 10 days
starting 24 hours following the transfection. For lentivirus
production, HEK293T-LentiX cells were transfected at 90%
confluence with 6 ug of lentiviral vector, 0.66 pug of VSVG
envelope vector, and 5.33 pg of A8.2 packaging vector using
JetPrime according to the manufacturer’s recommendations.
Viral supernatant was collected after 48 hours, filtered
through 0.45 um syringe filters (VWR, Cat # 28145-505),
and used to transduce melanoma cells in the presence of
8 pg/mL polybrene (Sigma-Aldrich, Cat # 107689). Viral
titre was determined using the NucleoSpin RNA Virus
(Takara, Cat. # 740956.10) for RNA isolation and Lenti-X RT-
qPCR Titration Kits (Takara, Cat. # 631235) for titre measure-
ment following the manufacturer’s recommendations

RNA isolation, cDNA synthesis, and quantitative real-time
PCR

For RNA isolation from cell lines, cells were washed with PBS
and collected by scraping and centrifugation. Cell pellets were
resuspended in TRI reagent (Zymo Research, Cat. # R2050-
1-200) and RNA was isolated as per the manufacturer’s
instructions. For RNA isolation from organs and tumours,
tissue pieces were physically disrupted in 600 puL of TRI
reagent in high-impact zirconium beads (Benchmark, Cat. #
D1032-30) using a microtube homogenizer (BeadBug, Cat. #
SKU:BS-BEBU-3). RNA was then isolated from lysate diluted
1:2-1:3 in TRI reagent according to the manufacturer’s
recommendations. RNA was treated with RQ1 RNase-free
DNase (Promega, Cat. # M6101) following the manufacturer’s
instructions. cDNA was synthesized using the 5X PrimeScript
RT Master Mix (Clontech/Takara, Cat. # RR036A), following
the manufacturer’s instructions. RT-qPCRs were performed
using PerfeCTa SYBR Green FastMix (Quantabio, Cat. #
101414-278) and results were analysed using the ACt method



and Actin was used as a normalization control. The following
primers  were  used:  spGFP  forward 5-ATG
GCAACATCCTGGGCAAT-3’, reverse 5-TTCACATCGC
CATTCAGCTC-3; circPMS1 forward 5-TCCAAGATCT
CCTCATGAGC-3, reverse 5-TACAACACTGACCACCG
AAG-3’; circDNAJC2 forward 5-AGAAGCTGCTCGGTTAG
CTA-3, reverse 5-GTGCTCTTGTTGCTCTGTTC-3’; Actin
forward 5-TTGCTGACAGGATGCAGAAG-3, reverse 5-
ACATCTGCTGGAAGGTGGAC-3’.

Western blot

Cells were lysed in RIPA buffer and 20 pg of protein lysate
were separated on NuPAGE 4-12% Bis-Tris Midi Gels (Life
Technologies, Cat. # WG1402BOX). Proteins were transferred
onto nitrocellulose membrane and stained with Ponceau Red
to confirm complete transfer. Membranes were blocked in 5%
non-fat dry milk in TBS-T and incubated over night at 4°C
with anti-GFP (1:1,000; Cell Signalling Technologies, Cat. #
2956) or anti-Actin (1:4,000; Invitrogen, Cat. # AM4302)
antibodies diluted in 5% non-fat dry milk in TBS-T. The
membranes were washed with TBS-T and incubated with
HRP-conjugated secondary anti-rabbit antibody (1:20,000;
Jackson ImmunoResearch, Cat. # 115-035-003) for 1 hour.
The signal was detected with SuperSignal West Pico PLUS
Chemoluminescent Substrate (Thermo Scientific, Cat.
#34577) following the manufacturer’s instructions.

Southern blot

A375 cells were transfected with 0.9 pg of spGFP transposon
and 0.1 pg of pCDNA-mPB (piggyBac transposase) and
selected with 10 ug/mL Blasticidin for 3 weeks. Clones derived
from single cells were picked using cloning cylinders and
expanded. Genomic DNA was isolated with Proteinase
K lysis buffer and 15 pg of DNA were digested overnight
with 40 units of Mspl (New England Biolabs, Cat. # R0106).
Digested DNA was separated on a 0.8% agarose gel, followed
by in-gel depurination, denaturation, and neutralization.
DNA was capillary transferred in 10xSSC onto nitrocellulose
membrane and crosslinked by baking at 70°C for one hour.
A Blasticidin probe was PCR amplified, labelled with
a->*P-dCTP using DECAprime II random prime labelling
kit (Invitrogen, Cat. # AMI1456) and purified with
MicroSpin G-50 columns (Cytiva, Cat. # 27533001) using
the manufacturers’ recommendations. The membrane was
incubated with labelled probe and 250 pg/mL salmon sperm
DNA (Roche, Cat. # 10223638103) at 65°C overnight in
Perfecthyb Plus Hybridization Buffer (Millipore, Cat. #
H7033-125ML), washed in 2xSSC plus 0.5% SDS, and exposed
to X-ray film for 4 days.

Embryonic stem cell targeting and mouse generation

C10 v6.5 ES cells were obtained from Rudolf Jaenisch. BPP ES
cells were generated in our laboratory [32]. ES cells were electro-
porated with 15 ug targeting vector and 7.5 ug pCAGGS-FLPe
and selected with 120 pg/mL Hygromycin (Invivogen, Cat # ant-
hg-1). Clones were picked after 7-10 days, expanded, and
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verified by PCR genotyping of the targeted allele. The primers
used for genotyping were PGK-forward 5-GAGCAGCTGAA
GCTTATGGA-3’ and Hygro-reverse 5-CTGAATTCCCCAA
TGTCAAG-3’. A genomic region in the Nras gene was used as
internal control  (Nras-forward 5-AGACGCGGAGACT
TGGCGAGC-3> and Nras-reverse 5-GCTGGATCGTC
AAGGCGCTTTTCC-3’). Targeted ES cells were injected into
Balb/c blastocysts and transferred into pseudopregnant CDI1
females. ES cell targeting and blastocyst injections were per-
formed by the Moffitt Gene Targeting Core.

Mouse husbandry and hydrodynamic tail vein injection

All animal experiments were conducted in accordance with an
IACUC protocol (R-IS00005420) approved by the University
of South Florida. For hydrodynamic tail vein injection, C57Bl/
6 mice (Jackson Laboratory) were injected with a volume of
sterile 0.9% saline solution (Fisher Scientific, Cat. # Z1376)
equivalent to 10% of their body weight. The saline solution
contained 10 pg spGFP transposon plasmid, 2.5 ug CMV-
SB13, 10 pg pT3-EFla-Myc-IRES-Luc, 10 pg sgp53-px330.

Mouse melanoma cell line generation

Melanoma cells were isolated from two tumours from a TRE-
spGFP BPP chimera, expanded in vitro for one week, and
transplanted subcutaneously into athymic nude mice (The
Jackson Laboratory, J:NU Stock #007850), followed by the
establishment of cell lines from the secondary tumours.
Melanoma cell isolation was performed as previously
described [32]. The CAGS-LSL-rtTA3 allele was unrecom-
bined in the established cell lines and to induce rtTA3 expres-
sion, cell lines were transduced with Ad5CMV Cre adenovirus
purchased from the University of Iowa Viral Vector Core
(https://vector-core.medicine.uiowa.edu/). To induce spGFP
expression, cells were cultured in the presence of 0.5 ug/mL
Doxycycline for 48 hours.

Statistical analysis

Statistical analysis was performed using the unpaired two-
tailed t-test. All in vitro experiments were performed with
three biological and three technical replicates. Unless other-
wise noted, the mean + SEM of one representative experiment
is shown. A p-value below 0.05 was considered statistically
significant.

Results
Limited utility of lentiviruses for circRNA overexpression

To identify efficient approaches that enable long-term, stable
expression of ectopic circRNAs, we first tested the utility of
lentiviruses. To this end, we cloned a split-GFP (spGFP)
reporter into the pLenti-Blasticidin lentiviral vector under
the control of the CMV promoter (spGFP-pLenti). The
spGFP reporter [30] contains a split enhanced GFP cDNA
and an internal ribosome entry site (IRES) which allows for
the production of GFP protein only when the mRNA is
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backspliced and a circular GFP RNA is generated.
Circularization is mediated by the introns flanking the
human ZKSCANI circRNA (Fig. 1A). We transfected the
spGFP-pLenti vector along with VSVG envelope and A8.2
packaging plasmids into HEK293T cells for lentivirus produc-
tion. We also transfected a pLenti-Blasticidin version carrying
a regular GFP ¢cDNA whose mRNA is not circularized (GFP-
pLenti, Fig. 1A) into HEK293T cells for side-by-side compar-
ison of lentiviral vectors carrying constructs that are back-
spliced (spGFP) or not spliced (GFP). GFP-pLenti-transfected
HEK293T cells expressed GFP protein (Fig. 1B), which is
expected due to translation of the viral transcript. Notably,
HEK293T cells transfected with spGFP-pLenti also were GFP-
positive, albeit at lower levels (Fig. 1B). In addition, circular
GFP RNA was detected in spGFP-pLenti-transfected
HEK293T cells by RT-qPCR using divergent primers that

specifically detect backspliced GFP RNA (Fig. 1C). Circular
GFP was not detected in GFP-pLenti-transfected HEK293T
cells, while using convergent primers that do not distinguish
between circular and linear transcripts detected GFP RNA in
cells transfected with spGFP-pLenti or GFP-pLenti (Fig. 1C).
We also detected GFP protein in spGFP-pLenti-transfected
HEK293T cells by Western blot (Fig. 1D). These results indi-
cate that the spGFP-pLenti viral transcript is backspliced prior
to packaging into viral capsids, which may interfere with
efficient virus production. Alternatively, a spliced viral RNA
lacking the circRNA could be packaged into viral capsids.
This spliced viral RNA would consist of the circRNA-
flanking sequences connected via the branch point in the
ZKSCANI 5'intron and therefore would be ‘kinked’ and likely
dysfunctional. To test this, we first estimated the viral titre by
measuring viral RNA by standard curve RT-qPCR in the viral
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Figure 1. Lentiviral delivery of a circRNA expression construct. (A) Schematic outline of the circular spGFP (spGFP-pLenti) and linear GFP (GFP-pLenti) expression
constructs. Red arrows indicate divergent, spGFP-specific primers, while blue arrows indicate convergent primers that detect both backspliced spGFP and linear GFP.
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spGFP-pLenti measured by RT-gPCR. (F) Transduction of 501Mel and WM164 human melanoma cell lines with GFP-pLenti or spGFP-pLenti viral supernatants.
Transduced cells were selected with 10 ug/mL Blasticidin for 1 week and then stained with Crystal Violet (left panels). The quantification of the extracted dye is
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divergent (red triangles) and convergent (blue triangles) primers used for the RT-qPCRs are indicated. Expression of spGFP was not detected (ND) with divergent
primers. Untransduced parental cell lines are included as GFP-negative controls. **** p < 0.0001.
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supernatant. The viral titre produced by spGFP-pLenti was because of the undesired splicing of viral mRNA in virus-
comparable to that produced by GFP-pLenti (Fig. 1E), indi- producing cells.

cating that backsplicing does not impair the generation of
particles containing viral RNA per se. We then transduced
two human melanoma cell lines, WM164 and 501Mel, with
the spGFP-pLenti and GFP-pLenti viral particles and selected
the cells in 10 pg/mL Blasticidin for 10 days. Notably, despite  Backsplicing of the viral transcript in virus-producing
the comparable viral titres, melanoma cells transduced with HEK293 cells may interfere with the production of viral
the spGFP-pLenti virus preparation died significantly more particles carrying an intact, non-spliced circRNA transgene.
during Blasticidin selection than cells transduced with GFP- We therefore decided to test a non-viral circRNA transgene
pLenti (Fig. 1F). WM164 and 501Mel cells transduced with delivery method using a transposon. We modified the ATP1
spGFP-pLenti that survived Blasticidin selection were negative  transposon [33] harbouring inverted repeats for the Sleeping
for GFP by Western blot (Fig. 1G) and fluorescence imaging Beauty and piggyBac transposases to contain the spGFP
(Fig. 1H). Moreover, we could not detect circularized spGFP  reporter under the control of the EFla promoter and
by RT-qPCR using divergent primers and only very minor a Blasticidin selection cassette (Fig. 2A). We transfected
amounts of GFP using convergent primers that detect circu- HEK293 cells with the spGFP transposon along with expres-
larized and non-circularized GFP (Fig. 1I). Overall, these sion plasmids encoding the Sleeping Beauty or piggyBac
findings suggest that lentiviruses are not conducive to the transposases. Both combinations resulted in robust expression
generation of stable cell lines overexpressing circRNAs of circularized spGFP, as determined by RT-qPCR with

Stable circRNA overexpression using a transposon
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expression as measured by RT-qPCR and transposon copy number in the A375 clones shown in (G). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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divergent primers (Fig. 2B). In addition, we observed expres-
sion of GFP by Western blot in these cells (Fig. 2C). Next, we
tested whether circular spGFP expression is maintained over
multiple passages, which would indicate that copies of the
spGFP transposon are integrated into the genome. To this
end, we transfected HEK293 cells with the spGFP transposon
and either Sleeping Beauty or piggyBac expression vectors or
empty pCDNA3 and determined the expression of circular
spGFP at 2 and 10 passages post-transfection. Both in the
presence and absence of Blasticidin, circular spGFP expression
declined after 10 passages (Fig. 2D). However, in the presence
of Sleeping Beauty and especially piggyBac, spGFP levels were
maintained at higher levels compared to the empty pCDNA3-
transfected control (Fig. 2D). We next tested whether
a similar effect is observed in human melanoma cells by
transfecting A375 cells with the spGFP transposon and either
Sleeping Beauty or piggyBac expression vectors or empty
pCDNA3. The transfected A375 cells were cultured for 10
passages in the absence of Blasticidin and then placed on
Blasticidin selection. Significantly more cells survived selec-
tion when Sleeping Beauty or piggyBac were expressed
(Fig. 2E), suggesting the transposon was maintained long-
term in the absence of selection. Accordingly, the presence
of piggyBac or Sleeping Beauty mediated increased expression
of circular spGFP in Blasticidin-selected A375 cells (Fig. 2F).
Interestingly, spGFP expression levels were stable when these
A375 cells were maintained for another 10 passages in the
presence of Blasticidin (Fig. 2F), demonstrating that long-
term circRNA expression is stable.

To test whether transposon maintenance was due to
genomic integration, we isolated six Blasticidin-selected
single cell A375 clones that were transfected with the
spGFP transposon and piggyBac expression plasmid and
isolated genomic DNA. We digested the DNA with Mspl
to cut within the transposon and in juxtaposed genomic
regions and subjected the DNA to Southern blot analysis
using a Blasticidin probe. This strategy detected multiple
bands of different sizes in most clones (Fig. 2G), validat-
ing that the transposon was integrated in the genome. We
also assessed the levels of circular spGFP in these six A375
clones and observed that circular spGFP levels strongly
correlated with the number of integrated transposons
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(Fig. 2H). To confirm that the transposon is amenable
for delivering other circRNA transgenes, we replaced the
spGFP  construct with the exons of the human
circDNAJC2 and circPMS1 circular RNAs. We delivered
these circRNA transposon constructs along with piggyBac
to WM164 cells and selected in Blasticidin. This resulted
in significant overexpression of circDNAJC2 and circPMS1
as determined by RT-qPCR using divergent primers
(Fig. 3A,B). To test if circRNAs can be delivered also to
murine cells using the transposon approach, we co-
transfected NIH3T3 fibroblasts with piggyBac and the
spGFP transposon. Circular spGFP expression was
detected in NIH3T3 cells co-transfected with piggyBac
and the spGFP transposon compared to cells transfected
with piggyBac alone, and the spGFP expression was
further increased wupon selection with Blasticidin
(Fig. 3C). Finally, we compared spGFP expressed achieved
with the transposon in HEK293 cells to spGFP expression
from the pCDNA3 plasmid used for transient transfection.
While spGFP expression was significantly lower from the
transposon, replacing the EFla promoter with a CMV
promoter increased spGFP expression approximately 15-
fold (Fig. 3D). Taken together, stable circRNA overexpres-
sion is readily achieved in human and murine cells using
a transposon as delivery vehicle.

In vivo delivery of a circRNA construct using transposons

Following the establishment of a circRNA transposon
expression system in cultured cells, we assessed whether
the transposon approach 1is suitable for delivering
circRNA overexpression constructs in vivo. Specifically, we
examined whether a circRNA construct can be delivered to
the liver of mice via hydrodynamic tail vein injection. To
enrich for cells that contain the circRNA construct, we used
a hepatocellular carcinoma model in which tumorigenesis is
driven by delivering a Sleeping Beauty transposon harbour-
ing a c-Myc cDNA [34]. We combined the spGFP transpo-
son plasmid with a Sleeping Beauty transposase expression
plasmid, the c-Myc transposon, and a plasmid encoding
Cas9 and a sgRNA targeting p53 [34] and performed
hydrodynamic tail vein injections in wildtype C57BL/6
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Figure 3. Delivery of human circRNAs using the transposon approach. (A) Expression of circPMST in WM164 melanoma cells transfected with the circPMS1 transposon
and a piggyBac expression plasmid. (B) Expression of circDNAJC2 in WM164 melanoma cells transfected with the circDNAJC2 transposon and a piggyBac expression
plasmid. (C) Expression of circular spGFP in NIH3T3 fibroblasts transfected with piggyBac (PB) alone or piggyBac and the spGFP transposon (PB+spGFP). PB+spGFP
cells were analysed before (-Blast) and after (+Blast) Blasticidin selection. (D) RT-gPCR showing the expression of spGFP in HEK293 cells transfected with the EF1a-
spGFP or CMV-spGFP transposons and piggyBac or with spGFP-pCDNA3. *, p < 0.05; **** p < 0.0001.
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Figure 4. Ectopic circRNA expression in a hepatocellular carcinoma model with transposon-based delivery. (A) Outline of the hydrodynamic tail vein injection to
generate a hepatocellular carcinoma model. (B) gPCR copy number analysis on genomic DNA isolated from liver tumours to detect Blasticidin as a surrogate for the
presence of the spGFP transposon. Normal liver from uninjected mice was used as negative control. (C) RT-gPCR analysis on RNA isolated from liver tumours using
divergent primers to quantify the expression of circular spGFP. Normal liver from uninjected mice was used as negative control.

mice (Fig. 4A). After ageing the mice for 4 weeks we
isolated the livers and out of the 5 mice injected, 2 mice
had developed hepatocellular carcinomas. We first isolated
genomic DNA from 4 liver tumours and performed qPCRs
using a primer pair designed over the Blasticidin cassette.
This demonstrated that the spGFP transposon DNA was
present in the tumours (Fig. 4B). Next, we isolated RNA
from the same liver tumours and performed a RT-qPCR for
circular spGFP using divergent primers. All tumours tested
exhibited expression of circular spGFP, albeit at varying
levels (Fig. 4C). These data demonstrate that circRNAs
can be ectopically expressed in mouse liver by delivering
circRNA transgene-containing transposons via hydrody-
namic tail vein injection.
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Global circRNA overexpression in genetically engineered
mice

While the in vivo delivery of transposon DNA is readily
achievable in livers, it is far more difficult to accomplish in
other organs and cell types. To study gene functions
in vivo, overexpression constructs are typically inserted
into the mouse germline of genetically engineered mice.
However, to our knowledge this approach has not been
used for in vivo overexpression of circRNAs. Thus, we
tested whether an ectopic circRNA knock-in allele is func-
tional in mice. To this end, we cloned a targeting vector for
recombination-mediated cassette exchange (RMCE) into
embryonic stem cells (ESCs) harbouring a homing cassette
(CHC) downstream of the collagenlal locus (Fig. 5A). This
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Figure 5. Global ectopic circRNA expression in genetically engineered knock-in mice. (A) Schematic outline of the recombination-mediated cassette exchange (RMCE)
approach. Genotyping primers in the PGK promoter (forward) and Hygromycin (reverse) are indicated. (B) Top: schematic outline of the constitutive and ubiquitous
circular spGFP targeting vector (EF1a-ZKSCAN1-spGFP). 5'int, human ZKSCANT 5’ intron; 3'int, human ZKSCAN1 3’ intron; IRES, internal ribosome entry site; pA,
polyadenylation signal. Bottom: genotyping PCR to confirm successful targeting of ES cells by RMCE. PGK-Hygromycin primers indicated in (A) were used to detect
the targeted allele. (C) Images of the three EF1a-ZKSCAN1-spGFP chimeras. The estimated percentage of chimerism based on coat colour is indicated. (D) RT-gPCR
showing circular spGFP expression in organs from EF1a-ZKSCAN1-spGFP chimeras. Sal. gland, salivary gland.
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targeting vector contains the spGFP circRNA reporter
under the control of the constitutive EFla promoter as
well as a FRT site and a PGK promoter to render it
compatible with RMCE (Fig. 5B). We targeted C10 v6.5
ESCs [35] with this spGFP expression construct and vali-
dated correct transgene integration by PCR (Fig. 5B). We
then injected one positively targeted ESC clone into Balb/c
blastocysts followed by transfer into pseudopregnant CD1
females. Three chimeras were born with ESC contribution
based on coat-colour ranging from 25-80% (Fig. 5C). We
euthanized the chimeras at 4 weeks of age and collected all
major organs, isolated RNA, and performed RT-qPCR to
detect spGFP expression with divergent primers. Notably,
spGFP expression was detected in all organs (Fig. 5D).
Thus, using a ubiquitous promoter and the human
ZKSCANTI1 introns enables expression of circRNAs in var-
ious organs of knock-in mice.

Tissue-specific and inducible circRNA expression in
a mouse melanoma model

Having achieved global expression of the spGFP reporter
circRNA in mice, we assessed whether ectopic circRNA
expression can be induced and directed to a specific cell
type in vivo. To this end, we used our ESC-genetically engi-
neered mouse modelling (ESC-GEMM) melanoma platform
[32] consisting of ESCs derived from GEMMs harbouring
alleles to efficiently induce melanoma formation, integrate
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transgenes by RMCE, and control transgene expression with
the Tet-ON system. Specifically, we used the BPP model,
which harbours LSL-Braf'®°F and Pten™™Fl driver alleles,
a melanocyte-specific, 4OH-Tamoxifen (4OHT)-inducible
Tyr-CreERt2 recombinase allele, the Cre-dependent CAGs-
LSL-rtTA3 transactivator, and the CHC homing allele.
When chimeric mice generated with the BPP model are topi-
cally treated with 4OHT on their back skin, melanomas form
within 6 weeks. Moreover, expression of inducible transgenes
is activated specifically in melanoma cells by switching chi-
meras to a Dox-containing diet. This model is thus ideal to
rapidly test if ectopic circRNA expression can be directed to
melanoma cells.

To generate an inducible spGFP circRNA reporter target-
ing vector, we replaced the EFla promoter with
a Doxycycline-inducible TRE promoter (Fig. 6A). We tar-
geted BPP ESCs with the TRE-spGFP construct by RMCE
(Fig. 6A) and produced chimeric mice via blastocyst injec-
tion (Fig. 6B). At weaning, we topically applied to the shaved
back skin either several 1 pL drops of 25 mg/mL 4OHT in
DMSO or enough 40HT solution (2.5 mg/mL) to cover the
back skin. After 5-6 weeks when melanomas had formed, we
switched chimeras from a regular diet to a 200 mg/kg Dox
diet for one week. We then harvested melanomas (Fig. 6C)
and isolated RNA. As there is no selective pressure to
recombine the CAGs-LSL-rtTA3 allele in contexts where
the inserted transgene does not accelerate melanomagenesis
[32], we first validated CAGs-LSL-rtTA3 recombination. To
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Figure 6. Melanoma cell-specific ectopic circRNA expression in a genetically engineered melanoma mouse model. (A) Top: schematic outline of the Dox-inducible
circular spGFP targeting vector (TRE-ZKSCAN1-spGFP). TRE, Tetracycline-response element promoter; 5'int, human ZKSCAN1 5" intron; 3'int, human ZKSCAN1 3’
intron; IRES, internal ribosome entry site; pA, polyadenylation signal. Bottom: genotyping PCR to confirm successful targeting of ES cells by RMCE. PGK-Hygromycin
primers indicated in Fig. 5A were used to detect the targeted allele. (B) Outline of the ESC-GEMM approach. BPP ES cells are targeted with the circRNA expression
construct by RMCE. Targeted ES cells are used to generate chimeras, which are treated with 4-OH Tamoxifen (4-OHT) to activate melanocyte-specific Cre
recombinase. Cre induces expression of Braf'°® and rtTA3 and deletes Pten. Subsequent administration of Doxycycline activates the Tet-ON system and induces
expression of the circRNA expression construct. (C) Image of a BPP chimera harbouring the TRE-ZKSCAN1-spGFP construct. Melanomas are indicated by arrows. (D)
RT-gPCR showing the expression of rtTA3 in melanomas. Tumours in which the CAGs-LSL-rtTA3 allele is recombined express the rtTA3 transactivator. (E) RT-qPCR
showing the expression of circular spGFP in melanomas. Melanomas that express rtTA3 also express spGFP. (F) Expression of spGFP was analysed by RT-qPCR in TRE-
spGFP BPP melanoma cell lines in the absence or presence of 0.5 pg/mL Doxycycline. ND, not detected; ****, p < 0.0001.



do so, we assessed expression of rtTA3 in melanomas by RT-
gqPCR. Of the 9 isolated tumours, 5 had the CAGs-LSL-
rtTA3 allele recombined and expressed rtTA3, while 4
tumours did not (Fig. 6D). We then determined if circular
spGFP was expressed in melanomas by RT-qPCR using
divergent primers. Notably, circular spGFP was detected in
Dox-treated tumours that also express rtTA3 (Fig. 6E) while
circular spGFP expression was not detected in Dox-treated
tumours that lacked rtTA3 expression or in livers (Fig. 6E).
To further test the inducibility of circRNA expression, we
established two melanoma cell lines from TRE-spGFP chi-
meras. When cultured in the presence of 0.5 ug/mL Dox,
circular spGFP expression was induced in both cell lines
(Fig. 6F). Thus, ectopic circRNA expression can be spatio-
temporally controlled in vivo by using the appropriate Cre
strain and the Tet-ON system.

Discussion

In this study we established new genetic tools for the stable,
long-term overexpression of candidate circRNAs in cultured
mammalian cells in vitro and in mice. We used a transposon
approach to deliver a circRNA expression cassette to cell lines,
where it is integrated into the genome upon transient co-
expression of a transposase. We further show that circRNA
expression cassettes can be delivered to the livers of mice via
hydrodynamic tail vein injections. In addition, using
a recombination-mediated cassette exchange approach, we
inserted a circRNA expression cassette in the genome of
mouse ESCs, enabling the generation of mice that ubiqui-
tously express an ectopic circRNA. We used the same
approach to generate a melanoma mouse model in which
ectopic circRNA expression can be induced specifically in
melanoma cells. These tools and approaches will pave the
way for functional analyses of circRNA function and over-
come some of the limitations of current circRNA expression
systems. In particular, we are unaware of any attempts to
overexpress circRNAs in vivo and our work demonstrates
the feasibility of generating circRNA transgenic mice. This
will stimulate further research of circRNA function in normal
physiology and disease.

We observed that circRNA expression cassettes in lentiviral
constructs are backspliced in the virus-producing cells. This may
interfere with packaging the viral transcript into viral particles.
Moreover, viral transcripts that have undergone backsplicing
and are packaged into viral particles would lack the circRNA
expression cassette. These considerations offer possible explana-
tions as to why we observed a high viral titre with the spGFP-
pLenti lentiviral construct but failed to obtain appreciable
Blasticidin resistance or circular spGFP expression in melanoma
cells transduced with the viral supernatant. The extent of back-
splicing in virus-producing HEK293cells is likely dictated, at
least in part, by the introns used to mediate circularization.
The human ZKSCANT1 introns used in our construct efficiently
promote circularization [30], which in this case is a detriment.
The ZKSCANI introns could be replaced by introns that less
efficiently mediate circularization to prevent backsplicing in
HEK293 cells. However, this would also reduce the extent of
circularization in transduced cells and increase the abundance of
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unspliced linear viral transcript containing the circRNA exons
and flanking introns. It may therefore be challenging to discern
whether any observed phenotype is elicited by the circRNA or
the linear transcript. One could use RNAI or inhibitors targeting
the splicing machinery to transiently reduce splicing in virus-
producing cells. However, this may negatively affect HEK293
cells and thereby lower the quality of the produced virus. We
found the transposon approach to be an easy-to-use alternative
to lentiviruses for stable circRNA overexpression.

Given that the transposon is not delivered to target cells
via an RNA intermediate, this approach is not hindered by
the shortcomings of lentiviral circRNA delivery. However, as
the transposon and transposase expression plasmids are co-
transfected, this approach may be limited in difficult-to-
transfect cell types. Nevertheless, we observed long-term
expression of the circular spGFP reporter in melanoma cell
lines using two different transposases, Sleeping Beauty and
piggyBac. Interestingly, we observed that circular spGFP
expression decreased in the first 10 passages post-
transfection. This is likely explained by the presence of
donor plasmids that have retained the transposon. Such
plasmids contribute to spGFP expression but are lost from
the cells over time. The modular nature of the transposon
allows for the easy exchange of the promoter, the circulariz-
ing introns, or the selection marker, allowing for the gen-
eration of custom-built transposons that fit one’s need. For
instance, we showed that replacing the EFla promoter with
a CMV promoter increased spGFP expression 15-fold. One
may also wish to optimize the DNA delivery and transposon:
transposase plasmid ratios to control for the number of
integrated transposons per cell in a polyclonal cell popula-
tion. As the transposon copy number correlates with the
extent of ectopic circRNA expression, normalizing integra-
tion events would lead to more homogeneous expression
levels. As an alternative, individual single cell clones may
be selected that exhibit the desired transposon copy number
and/or circRNA expression levels. Finally, to ensure that any
observed phenotypes are not due to insertional mutagenesis
but rather expression of the circRNA of interest, strategies to
activate or inactivate ectopic circRNA expression using Tet-
ON/OFF or Cre/loxP approaches could be used in combina-
tion with transposon-mediated delivery. Thus, the
approaches and controls for generating stable cell lines
with lenti- or retroviruses must also be applied when using
transposons as a delivery method.

We successfully generated genetically engineered mice in
which an ectopic circRNA was expressed constitutively in all
cells or inducibly in melanocytes/melanoma cells. Given that
ectopic circRNA expression was possible with both approaches,
we surmise that most, if not all, gene targeting approaches to
produce overexpression mouse strains are compatible with
circRNA expression constructs. circRNA depletion via genetic
knock-out, as has been done for CDRlas [36], is feasible and
useful for transcripts that are primarily circularized like CDR1as
[3,37]. However, most circRNAs are encoded by genes that also
encode protein-coding mRNAs. The knock-out of circRNA
exons in those genes will therefore also affect the encoded
protein, which complicates the analysis of the observed pheno-
types. Sophisticated methods that target the flanking introns to
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prevent circularization without affecting linear splicing could be
developed. For instance, one could employ a CRISPR approach
to mutate or delete Alul sites or other repeat sequences that
mediate circularization. Similarly, binding sites of RNA-binding
proteins that facilitate backsplicing could be mutated using the
same approach. The efficiency of these approaches remains to be
tested and is likely going to be locus dependent. Thus, circRNA
overexpression in genetically engineered mice to study circRNA
function in vivo is currently the more practical approach. In
summary, the tools and approaches developed in this study
expand the genetic toolkit to overexpress circRNAs in vitro
and in vivo and will stimulate studies to functionally characterize
circRNAs.
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