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ABSTRACT

Circular RNAs (circRNAs) encompass a widespread
and conserved class of RNAs, which are generated
by back-splicing of downstream 5′ to upstream 3′
splice sites. CircRNAs are tissue-specific and have
been implicated in diseases including cancer. They
can function as sponges for microRNAs (miRNAs)
or RNA binding proteins (RBPs), for example. More-
over, some contain open reading frames (ORFs) and
might be translated. The functional relevance of such
peptides, however, remains largely elusive. Here, we
report that the ORF of circZNF609 is efficiently trans-
lated when expressed from a circZNF609 overexpres-
sion construct. However, endogenous proteins could
not be detected. Moreover, initiation of circZNF609
translation is independent of m6A-generating en-
zyme METTL3 or RNA sequence elements such as
internal ribosome entry sites (IRESs). Surprisingly,
a comprehensive mutational analysis revealed that
deletion constructs, which are deficient in produc-
ing circZNF609, still generate the observed pro-
tein products. This suggests that the apparent cir-
cZNF609 translation originates from trans-splicing
by-products of the overexpression plasmids and un-
derline that circRNA overexpression constructs need
to be evaluated carefully, particularly when functional
studies are performed.

INTRODUCTION

Large parts of the human genome produce non-coding
RNAs such as microRNAs (miRNAs), long non-coding
RNAs (lncRNAs) and various other classes (1). One of
these classes are circRNAs, which have been discovered
decades ago but attracted attention only recently when it
was found that these RNAs are abundantly and widely ex-
pressed, particularly in neuronal tissues (2–4). CircRNAs
are generated by splicing of a downstream splice donor to
an upstream splice acceptor resulting in a circularized RNA
lacking a 5′ and a 3′ end (5,6). This process is commonly
referred to as back-splicing (7,8). Depending on the splice
sites that are used, circRNAs can contain one or several ex-
ons and also intronic sequences. Although circRNA bio-
genesis is not yet fully understood, some aspects of this
process have been unraveled. Specific hallmarks of loci that
produce circRNAs are ‘back-folding’ of intronic sequences
that position upstream and downstream splice sites close to
each other allowing for back-splicing. Such structures can
be achieved by complementary intronic sequences that hy-
bridize to each other. In agreement with this model, inverted
repeats allowing for direct base pairing are often found
next to the splice sites that are engaged in back-splicing (9–
13). Alternatively, RNA binding proteins (RBPs) can con-
tribute to back-splicing by simultaneous binding to both
sites flanking the circularized exons. RBPs might dimerize
and thus loop out the pre-mRNA sequences that will be cir-
cularized. The tissue-specific RBPs Muscleblind (MBL) in
Drosophila and Quaking (QKI) in human have been shown

*To whom correspondence should be addressed. Tel: +49 941 943 2847; Fax: +49 941 943 2814; Email: gunter.meister@ur.de

C© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/18/10368/5909528 by guest on 05 M

arch 2021

http://orcid.org/0000-0003-2911-1559
http://orcid.org/0000-0001-9335-4227
http://orcid.org/0000-0002-2098-9923


Nucleic Acids Research, 2020, Vol. 48, No. 18 10369

to function as trans-acting factors promoting back-splicing
and circular RNA production (14,15).

The molecular functions of circRNAs appear to be rather
diverse and are in most cases only poorly understood. Ini-
tial studies on the circRNA ciRS-7 revealed that it contains
>70 conserved binding sites for the microRNA miR-7 and
it has been demonstrated that ciRS-7 functions as sponge
that negatively regulates miR-7-guided gene regulation in
the brain (2,3). Interestingly, ciRS-7 also contains a binding
site for miR-671, which is sufficiently complementary to al-
low for Ago2-mediated cleavage of ciRS-7. Thus, expression
of miR-671 liberates large quantities of miR-7 leading to a
robust regulatory output. ciRS-7 has recently been genet-
ically inactivated in mice and the regulatory network con-
taining miR-7, miR-671 and ciRS-7 was largely confirmed.
Mice lacking ciRS-7 show alterations in sensorimotor gat-
ing and synaptic transmission suggesting a role in neuronal
functions and a potential link to associated diseases (16).
Further analysis showed that ciRS-7 forms a highly sophis-
ticated RNA-centered regulatory network involving miR-
7, miR-671, ciRS-7 and the long non-coding RNA Cyrano,
highlighting the importance of balancing gene expression
programs in brain function (17). In addition to miRNA
sponges, circRNAs have evolved different functions, which
are not well understood, yet. For example, circRNAs may
serve as sponges for RBPs and thus negatively regulate their
functions. In addition, circRNAs may also engage in RNA-
RNA interactions although direct evidence for such a sce-
nario remains rather scarce (18).

Several circRNAs contain start AUGs followed by open
reading frames (ORFs) that could serve as templates for
translation. Indeed, it has been reported that circRNAs can
be translated and give rise to protein products (19,20). Since
circRNAs do not contain 5′ cap structures, cap-independent
initiation is required. Several studies have characterized in-
ternal ribosomal entry sites (IRES), which help recruiting
ribosomes to circRNAs. Other studies found highly special-
ized translation initiation factors such as eIF4G2 that re-
cruits YTHDF3, an m6A reader protein that directly inter-
acts with the modified circRNA sequences leading to trans-
lation initiation (21–23). Although a number of publica-
tions have reported on circRNA translation, endogenous
protein products clearly originating from a circRNA are
difficult to detect (24–26,27). Furthermore, a comprehen-
sive computational and experimental study concluded that
AUG-containing circRNAs are not generally templates for
translation (28). In contrast, a characterization of the trans-
latome of the human heart identified a large number of un-
characterized micropeptides and several of them originate
from circRNAs (29). These findings suggest that circRNA
translation might be more prevalent in primary tissues.

To better understand the molecular mechanism of cir-
cRNA translation, we used circZNF609 translation as a test
case. This circRNA appears physiologically important since
it is upregulated during primary neuron differentiation (4)
and aging (30) of the mouse brain. Furthermore, human cir-
cZNF609 (also called myocardial infarction-associated cir-
cular RNA or MICRA in this study) is lower in blood sam-
ples from patients with myocardial infarction compared to
healthy control samples, which could even be used for pre-
diction of left ventricular dysfunction (31). In human and

mice, circZNF609 is downregulated during muscle differen-
tiation and may encode for a protein (19). It was proposed
that circZNF609 and its putative protein products might
function in regulating myogenesis. In addition, it was re-
cently reported that it regulates the transition of G1 to S
phase in rhabdomyosarcoma (32).

Here, we have investigated circZNF609 translation in
detail. Our work demonstrates that our circZNF609 con-
structs are indeed translated and encode for a larger panel
of proteins. This process appears to be independent of the
m6A-generating METTL3/METTL14 complex. In addi-
tion, comprehensive mutagenesis studies reveal that cir-
cZNF609 does not contain obvious IRES sequences. Sur-
prisingly, we finally find that these proteins are efficiently
produced even in the absence of circRNA production. Since
we did not find evidence for endogenous proteins origi-
nating from circZNF609, we conclude that the observed
translation results from linear splicing by-products and cir-
cZNF609 is most likely not translated from such constructs.

MATERIALS AND METHODS

Plasmids

pcDNA3.1(+) ZKSCAN1 MCS-WT Split GFP (Addgene
plasmid #69908) was a gift from Jeremy Wilusz (University
of Pennsylvania Perelman School of Medicine, Philadel-
phia, PA, USA). pcDNA3.1(+) ZKSCAN1 MCS-WT
Split GFP was used as backbone to clone pcDNA3.1(+)
ZKSCAN1-circZNF609 and its derivation. pcDNA3.1(+)-
circZNF609i and pcDNA3.1(+)-circZNF609i-3xFlag were
a gift from Irene Bozzoni (Sapienza University of Rome,
Rome, Italy). Briefly, pcDNA3.1(+)-circZNF609i were gen-
erated by cloning the sequence of murine ZNF609 circRNA
exon and its upstream 860 nts intron into pcDNA3.1(+)
vector. 200 nts intron downstream of ZNF609 circRNA
exon was added to the plasmids. Finally, the inverted se-
quence of the upstream 860 nts intron was cloned down-
stream of this 200 nts. pcDNA-Cas9-GFP and psg-RFP
were generated as described (33). Two gRNAs targeting
METTL3 were cloned into the psg-RFP resulting psg-
RFP-g1 and psg-RFP-g2. Flag/HA tagged METTL3 (FH-
METTL3) and Flag/HA-tagged (FH-METTL14) were
cloned and described previously (34). pGEM-3E5-T7t was
a gift from So Umekage (Toyohashi University of Technol-
ogy, Toyohashi, Aichi, Japan) as described previously (35).
pGEM-3E5-T7t was used as backbone to clone pGEM-
3E5-T7t-circZNF609 and its derivation for production of
circZNF609 RNA in vitro. All the sequence of the oligos
can be found at Supplementary Table S1.

Antibodies

Following antibodies were used for western blot: mouse-
anti-HA (monoclonal, 1:1000, Covance, clone HA.11),
rabbit-anti-GAPDH (polyclonal, clone FL-335, 1:500,
Santa Cruz Biotechnology), rabbit-anti-GAPDH (mono-
clonal, clone 14C10, Cell Signaling mAb #2118, 1:1000),
mouse-anti-beta-Actin (monoclonal, clone AC15, 1:10 000,
Abcam), Rat-anti-m6A (monoclonal, clone 9B7 (36)),
mouse-anti-Flag (monoclonal, clone M2, 1:1000, Sigma-
Aldrich), mouse-anti-beta-Tubulin (polyclonal, 1:1000,
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Abcam), rabbit-anti-METTL3 (polyclonal, 15073-1-AP,
1:1000, proteintech). Goat-anti-rabbit/mouse/rat IRDye
680RD or goat-anti-rabbit/mouse/rat/guinea pig IRDye
800CW antibodies (Li-Cor Biosciences) were used as sec-
ondary antibodies.

Cell lines, cell culture and generation of stable cell lines

HEK293T (ATCC), N2a (ATCC), C643 (CLS, RRID:
CVCL 5969) cells were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and Penicillin/Streptomycin (P/S) an-
tibiotics mix (all from Sigma).

METTL3-knockout cells were generated using the
CRISPR/Cas9 genome editing as previously described (33).
Briefly, C643 cells were transfected with pcDNA-Cas9-GFP
and two psg-RFP plasmids expressing guide RNAs by us-
ing Lipofectamine 2000, according to the manufacturer’s
instructions. Control clones were generated by transfecting
the Cas9 nuclease only. Forty-eight hours post-transfection
GFP- (control) and GFP/RFP-positive single cells were
sorted in 96 well-plates with a FACSAria II cell sorter (BD
Biosciences) and cultured. Knockout clones were tested
by western blotting. Positive clones were confirmed by se-
quencing of the genomic region targeted by the gRNAs. For
generation of stable C643 WT OE (C643 WT cells express-
ing FH-METTL3 and FH-METTL14) and C643 M3-KO
Rescue (C643-M3 KO cells expressing FH-METTL3 and
FH-METTL14) cell line expressing both FH-METTL3 and
FH-METTL14 constructs (34), cells were transfected with
plasmids in 6-well format. Cells were split one day post-
transfection into one 10 cm plate and selection was started
2 days post-transfection with 300 �g/ml Hygromycin B. Af-
ter verification of the positive clones, the stable clones were
maintained in the same medium as used for selection.

For generation of stable inducible Flp-In T-REx 293
cell lines, the cells were co-transfected with pOG44
and pcDNA5-FRT/TO in 6-well format. One day post-
transfection, the cells were split into one 10 cm plate. Se-
lection was started 2 days post-transfection using 15 �g/ml
Blasticidin and 200 �g/ml Hygromycin B (Life Technolo-
gies). Clones were picked two weeks later and tested for
expression levels of circZNF609 RNA by northern blot.
Expression was induced for 48 hours with final concentra-
tion of 1 �g/ml Doxycycline (Sigma–Aldrich). Stable clones
were maintained in the same medium as used for selection.

SDS-PAGE and western blotting

For performing a western blot, samples were shortly heated
at 95◦C for 5 min and then loaded onto a 10–15% SDS-
PAGE gel. After separation, the proteins were blotted onto
an Amersham Protran Premium 0.45 �m membrane (GE
Healthcare) using 1x Towbin buffer for 1 min/kDa constant
at 2 mA/cm2. The membrane was blocked in TBS contain-
ing 0.1% Tween-20 and 5% milk for 1h and subsequently
incubated with the primary antibody overnight at 4◦C. Af-
ter three washing steps with TBS containing 0.1% Tween-
20, the secondary antibody was added for 1 h at RT. After
three washing steps with TBS containing 0.1% Tween-20,
the membrane was scanned on a LI-COR reader.

Preparation of RNA

RNA extraction from mammalian cells has been done with
TRIzol reagent (Life Technologies) or NucleoSpin RNA
Kit (Macherey-Nagel) following the manufacturer’s proto-
col.

mRNA (poly(A)+ RNA) was isolated using Oligo d(T)25
Magnetic beads (NEB) according to manufacturer’s proto-
col. The flow-through was collected and served as poly(A)-
RNA. After the first isolation, the poly(A)+ RNA was
used for the second round of isolation with new beads
to deplete most ribosomal RNA. The RNA after iso-
lation was collected and cleaned up from the magnetic
beads using NucleoSpin RNA Kit (Macherey-Nagel). The
quality of poly(A)+ RNA was confirmed using TapeS-
tation (Agilent) before subsequent HPLC analysis of
nucleosides.

RNase R treatment was performed using RNase R
(Biozym) according to manufacturer’s protocol. The re-
action was cleaned up using NucleoSpin RNA Kit
(Macherey-Nagel).

RNA in vitro transcription (IVT) using T7 polymerase

The reaction requires a DNA template containing the T7
promoter upstream of the sequence as indicated in Fig-
ure 5A. In order to perform the in vitro transcription, the
DNA templates were first amplified using PCR. 2 �g of the
PCR product was then used in a 500 �l transcription re-
action containing final concentration of 30 mM Tris, pH
8.0, 10 mM DTT, 0.01% Triton X-100, 25 mM MgCl2,
2 mM spermidine, 5 mM ATP, 5 mM CTP, 5 mM UTP,
5 mM GTP (all from Thermo Scientific), 0.4 U/ml ther-
mostable inorganic pyrophosphatase (NEB) and 0.1 mg/ml
T7 polymerase (produced from our lab) at 37◦C for at
least 3 h. For increasing self-splicing reaction of circRNA,
the reaction was shifted to 55◦C for 30 min. Afterwards,
the reaction was digested with 1 �l of 1 U/�l DNase I
(Thermo Scientific) for 15 min at 37◦C. The RNA extraction
from in vitro transcription was collected in 750 �l TRIzol-
LS reagent (Life Technologies, Carlsbad, USA) following
TRIzol-LS manual. After isolation, the RNA was loaded
on 4–6% UREA gel or 1% MOPS Agarose gel for seper-
ation. Of note, we have never obtained good separation
of IVT RNA (for big RNA as circZNF609) using UREA
gel. Only in 1% MOPS Agarose gel, we obtained good
separation of the IVT RNA. Desired RNA was isolated
from MOPS Agarose gel using Zymoclean Gel RNA Re-
covery Kit (Zymo Research) following the manufacturer’s
protocol.

Quantitative real-time PCR (qPCR)

qPCR was done with Sso Fast Eva Green Mix (Bio-Rad,
Hercules, USA) using 0,5 �M forward and 0,5 �M reverse
primer and cDNA from 10 ng RNA as template. qPCR was
run on a CFX96 cycler (Bio-Rad, Hercules, USA) using the
standard program as given in the SsoFast EvaGreen Super-
Mix manual. Data were evaluated using the ��Ct method
and normalized to control sample.
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Digestion of RNA and subsequent HPLC analysis of nucleo-
sides

After Poly(A)+ purification of total RNA using oligo d(T)25
Magnetic beads (NEB), the RNA (total RNA, poly(A)+
RNA and poly(A)- RNA) was digested into single nucle-
osides by incubating with an enzyme mix of Benzonase
(Sigma No. E8263), Phosphodiesterase I (Worthington
Cat. No. LS003926) and FastAP (Thermo Scientific) for 3
h at 37◦C (37).

Subsequently, the digested RNA-sample was loaded onto
a Superdex Peptide column (GE Healthcare, 0.4 M Am-
moniumacetate, 1 ml/min) to remove the enzymes and the
pyrimidines. The adenosine (+m6A) containing fraction,
which eluted between 36.7 min and 40.5 min, was collected
and evaporated to dryness in a speedvac. The remaining
pellet was then dissolved in H2O and directly applied to a
HPLC system (WellChrom from Knauer) equipped with a
Hypercarb-column (5 �m, 100 × 2.1; Thermo Scientific),
Pump K-1001, Diode Array Detector K-2800, column oven
and a Vacuum Degasser from Techlab GmbH (Germany).

For the separation of the nucleosides a gradient of the
buffers A (50 mM NH4Ac, pH 5.0) and B (20% 50 mM
NH4Ac, pH 5.0/80% acetonitrile) was applied at a flow rate
of 0.25 ml/min and a column temperature of 55◦C.

The detection of the nucleosides was performed simul-
taneously at two different wavelengths 260 nm and 280
nm and the resulting chromatograms were analysed with
the software ChromGate Client/Server Version 3.1.7. Af-
ter normalizing the m6A peak-area to the corresponding
adenosine peak-area, the relative m6A-amount between the
different samples was used.

M6A meRIP (Methylated RNA Immunoprecipitation)

Total RNA was isolated from C643 WT and C643 M3-KO
cells by TRIzol. 20 �g of anti-m6A antibody (Clone 9B7
(36)) was pre-bound to protein G magnetic beads (Pierce-
Thermo Scientific) in 500 �l IP buffer (25 mM Tris pH 7.5,
150 mM KCl, 0.5% NP-40, 2 mM EDTA) for 1 h at room
temperature or at least 2 h at 4◦C. Afterward, the beads were
washed two time with IP buffer before adding 10 �g of total
RNA in a final volume of 500 �l of IP buffer. The mixture of
RNA and Protein G beads was incubated for 2 hours at 4◦C.
Samples were washed twice with IP buffer. After the first
wash, the beads were transferred to a new eppendorf tube.
Then the beads were washed four times with wash buffer (20
mM Tris pH 7.5, 300 mM KCl, 0.5% NP-40, 1mM MgCl2).
After the final wash, the beads were transferred to a new ep-
pendorf tube and RNA was isolated from the beads using
TRIzol. After purification, RNA was reverse-transcribed
using First strand cDNA synthesis kit (Thermo Scientific)
with random hexamers, and enrichment of m6A-containing
transcripts was determined by quantitative PCR.

Digestion of plasmids with restriction enzymes

5 �g of plasmids was digested in a 50 �l reaction containing
FastDigest Green Buffer (Thermo Scientific), 3 �l FastDi-
gest restriction enzyme (Thermo Scientific) and 1 �l FastAP
Thermosensitive Alkaline Phosphatase (Thermo Scientific)
(1 U/�l) for 30 minutes at 37◦C. After separation on 1%

agarose gel, the desired fragments were isolated using Nu-
cleoSpin Gel and PCR Clean-up (Macherey-Nagel).

Transfection of RNA to HEK293T cells

2 ml of 400 000 HEK293T cells/ml were seeded into six-
wells plates. 500 ng of in vitro transcribed RNA was trans-
fected into six-well plates using Lipofectamine 2000. Four
hours post-transfection, the medium was removed and re-
placed with 2 ml of fresh complete medium. The cells were
incubated for 16 h. The cells were harvested 4 and 20 h post-
transfection for northern blot and western blot analysis.

Northern blotting

Northern blot for circRNAs was prepared with 1% MOPS
agarose gel. 2× RNA loading dye (45% Formamide, 1x
MOPS, 2% Formaldehyde, 5% Glycerol, 0.01% Bromophe-
nol Blue) was added to 20 �g of RNA samples. After incu-
bating at 65◦C for 10 min, samples were chilled on ice. 2.3
�l of EtBr (400 �g/�l) were added directly into the samples
before loading into the gel. Once the gel was checked under
UV light, it was soaked and shaked into Milli-Q water for 5
minutes followed by 50 mM NaOH for 30 min, 50 mM Tris
pH 7.5 for 30 min and 20× SSC for 30 min at room tempera-
ture. Afterwards, the transfer was set up by disposing a glass
plate on top two square dishes filled with 20× SSC. Two
strips of Whatman paper were soaked into 2× SSC and laid
on a plate in order to hang both ends into the 20× SSC of
the dishes. After removing bubbles, the gel was placed face-
down. The area around the gel was sealed with parafilm to
prevent 20× SSC from ‘short-circuiting’. The nitrocellulose
membrane (Amersham Hybond-N) of the size of the gel
was soaked into Milli-Q water and 2x SSC and it was then
placed on the gel. After removing all bubbles, three 2× SSC-
soaked pieces of Whatman paper were placed on the mem-
brane. A stack of towel papers was put on top with a second
glass plate and an additional weight of 500 g. The transfer
was set at room temperature overnight, preferably for 18 h,
after which the success of transfer was verified by visualizing
the membrane under UV light. The RNA was crosslinked
to the membrane using the UV Stratalinker at 254 nm. Af-
terward, 20–30 ml hybridization solution (5x SSC, 20 mM
NaPi pH 7.2, 7% SDS, 0.02% Albumin fraction V, 0.02%
Ficoll 400, 0.02% Polyvinylpyrrolidone K30) was put into a
cylindrical glass bottle, in which the membrane was already
put into with the RNA facing inwards, and then placed in
a hybridization oven at 50–60◦C for 60 min.

The oligo sequence for northern blot was listed in Sup-
plementary Table S1. Probe labeling was done using 20 �M
DNA oligonucleotide with 20 �Ci of � 32P-ATP (Hart-
mann Analytics) using T4 PNK enzyme (Life Technologies)
according to the manufacturer’s protocol. The reaction was
incubated for 60 min at 37◦C. The reaction was mixed with
30 �l 30 mM EDTA to stop PNK reaction.

The membrane was washed twice with wash solution 1
(5× SSC, 1% SDS) and once with wash solution 2 (1× SSC,
1% SDS), incubating each wash step for 10 min on a turning
wheel at the same temperature as hybridization. After the
last step, the liquid was discarded and the membrane was
wrapped in saran for exposure to a phosphor screen and
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then signals were scanned by Personal Molecular Imager
System (Bio-Rad).

Statistical analyses

Statistical analyses have been performed for the data pre-
sented in Figure 2C using Graphpad Prism 5. Two-sample
assuming equal variances t-test was used for testing the sig-
nificant of the graphs. P values less than 0.05 were consid-
ered to be significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
ns: P > 0.05. Graphs and error bars reflect means ± s.d.
(standard deviation).

RESULTS

Apparent translation of overexpressed circZNF609

CircZNF609 shares the start codon with its cognate mRNA
ZNF609 and contains a stop codon generating an ORF
upon circularization that includes one additional amino
acid which is not present in the full-length protein trans-
lated from the ZNF609 mRNA (Figure 1A, Supplemen-
tary Figure S1A). During the course of this study, it was re-
ported that circZNF609 associates with ribosomes and can
be translated (19,22). We therefore used circZNF609 as a
test case to study the underlying mechanisms.

We used two different circRNA overexpression systems
allowing for the in frame fusion to a C-terminal 3× FLAG
tag that can be detected by western blotting (Figure 1B, I,
(2); II, (38)). Northern blotting confirmed the presence of
endogenous circZNF609 in N2a cells treated with RNase
R (Figure 1C, lane 2), which serves as size standard for our
overexpression experiments. Plasmids from both expression
systems (I, II) were transfected into HEK293T cells and the
generated products were analyzed by northern blotting. In
both cases, a number of potentially linear transcripts but
also the circular RNAs were detected (Figure 1C, Supple-
mentary Figure S1B). To further confirm the circular na-
ture of circZNF609, we digested the overexpressed RNAs
with RNase R at different time points and observed that cir-
cZNF609 remained stable while other RNA products were
digested (Figure 1D, Supplementary Figure S1C).

To investigate translation from our constructs, we trans-
fected plasmids encoding linear (N-terminal Flag/HA
(FH) tagged) and circular forms of the circZNF609 ORF
into HEK293T cells and performed anti-FLAG western
blotting (Figure 1E). While the ORF in its linear form pro-
duced a protein band migrating at the expected size, all
circular variants generated two protein bands. The expres-
sion system II appeared to be more efficient and was thus
used for all following studies. Interestingly, a closer exam-
ination of the ORF revealed that the two bands (A and
B) could be readily explained by the alternative use of two
start codons present on the circular RNA (Figure 1E). To
validate this hypothesis, we mutated the first AUG as well
as the second AUG independently of each other (Figure
1F). Indeed, when the first start codon was mutated, only
the second band appeared and vice versa the larger pro-
tein was made only when the second AUG was mutated.
Northern blotting indicated that all constructs produced
equal amounts of circular RNA (Supplementary Figure
S1D). Close examination of the western blots identified a

third albeit less strong band migrating much faster than
the other two protein products (band C). Strikingly, a third
AUG can be found within the ORF and mutating this AUG
abolishes production of this very short peptide (data not
shown). However, protein C appears to be stronger when
the first AUG is mutated suggesting potential competition
between the start codons. Of note, the protein bands were
also detectable when the linear forms of the circZNF609
ORF are transfected as C-terminal Flag/HA tagged ver-
sions that use the circZNF609 AUGs for translation initi-
ation instead of the AUGs from the expression vector (Sup-
plementary Figure S1E-F). Taken together, circZNF609
can be translated and produces at least three different
proteins.

CircZNF609 is translated in a METTL3 knockout cell line

How translation is initiated on circRNAs remains largely
elusive. For example, it has been suggested that m6A methy-
lation of circRNAs helps to recruit the translation ma-
chinery (21–23). To address this possibility in more de-
tail, we deleted METTL3, the catalytic enzyme generating
internal m6A modifications on mRNAs, from the thyroid
carcinoma cell line C643 (Figure 2A, Supplementary Fig-
ure S2A). The knockout was confirmed by western blot-
ting using anti-METTL3 antibodies and by HPLC analy-
sis of total, poly(A)+ and poly(A)- RNA (Figure 2A, B).
Of note, the m6A peak is only reduced in the poly(A)+
fraction because our RNA preparation still contained non-
coding RNAs that are m6A modified by other enzymes.
In addition, a shorter protein band is recognized in the
knockout cells, which might represent a truncated version
of METTL3 but in case this is true, is most likely non-
functional because m6A levels on poly(A)+ RNA are clearly
reduced (Figure 2B). Next, we confirmed m6A modifica-
tion of endogenous circZNF609 in C643 WT and METTL3
KO cells (C643 M3-KO) (Figure 2C). m6A-modified RNA
was immunoprecipitated from total RNA using anti-m6A
antibodies and circZNF609 relative enrichment was ana-
lyzed by qPCR (Figure 2C). CircZNF609 enrichment in
anti-m6A immunoprecipitation was moderately decreased
in C643 M3-KO cells compared to C643 WT cells. Inter-
estingly, the full length ZNF609 mRNA was also decreased
in METTL3 KO cells suggesting that it was m6A modified
as well. Similarly, the positive controls SON and CREBBP
(39) were also reduced. 28S rRNA served as negative con-
trol and was not reduced since m6A modification on rRNA
is not catalyzed by METTL3. Our data is therefore in agree-
ment with reports showing that circZNF609 is efficiently
m6A methylated (19,22).

To further corroborate these observations, we performed
rescue experiments (Figure 2D–H). We generated stable
cell lines overexpressing FH-METTL3 and its essential co-
factor FH-METTL14 (Figure 2D). Simultaneous expres-
sion of FH-METTL3 and FH-METTL14 in C643 WT
(C643 WT OE) and C643 M3-KO (C643 M3-KO Rescue)
cells resulted in increased m6A levels indicating successful
functional rescue (Figure 2D–F).

To assess the requirement of METTL3 activity for cir-
cZNF609 translation, the circZNF609 construct was trans-
fected into C643 WT, C643 M3-KO, C643 WT OE and
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Figure 2. circZNF609 is translated independently of METTL3 activity. (A) Western blot of the METTL3 knockout C643 cell line (C643 M3-KO) using
an anti-METTL3 antibody. (B) HPLC analysis of the relative expression of m6A expression of total RNA, poly(A)+ and poly(A)-RNA from the C643
M3-KO cell line compared to C643 WT cells. (C) m6A meRIP of total RNA from C643 WT and C643 M3-KO cells using anti-m6A antibody. Relative
enrichment of different transcripts after m6A meRIP was first calculated to input and then normalized to WT. 28S served as negative control while SON
and CREBBP served as positive controls. The experiment was performed with three biological replicates. Graphs and error bars reflect means ± s.d.
(standard deviation). ns: P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (D) Western blot of C643 wildtype (C643 WT), METTL3 knock out cells (C643
M3-KO), C643 WT cells overexpressing FH-METTL3/14 (C643 WT OE) and C643 METTL3 knock out cells overexpressing FH-METTL3/14 (C643
M3-KO Rescue). (E) HPLC analysis of m6A level from poly(A)+ RNA of C643 WT (black), C643 M3-KO (blue), C643 WT OE (red) and C643 M3-KO
Rescue (dark green). m6A standard nucleoside is indicated (green). The m6A peak is detected after about 19.1 minutes of the HPLC run. (F) Relative m6A
level of poly(A)+ RNA of C643 WT (black), C643 M3-KO (blue), C643 WT OE (red) and C643 M3-KO Rescue (dark green). The ratio of m6A to A was
used for the graph. The experiment was performed with two biological replicates. (G) Northern blot of the C643 cell lines (C643 WT, C643 M3-KO, C643
WT OE, C643 M3-KO Rescue) transfected with plasmids for overexpression of circZNF609-Flag. The signal was detected with a probe spanning the splice
junction of circZNF609. (H) Western blot experiments of C643 cell lines (C643 WT, C643 M3-KO, C643 WT OE, C643 M3-KO Rescue) transfected with
circZNF609-Flag constructs for analysis of circZNF609 translation.
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C643 M3-KO Rescue cells (Figure 2G, H). Northern blot-
ting revealed similar expression of circZNF609 in all cell
lines (Figure 2G). Western blotting using antibodies against
the FLAG-tag detected similar expression levels in all cell
lines tested (Figure 2H). Because we did not observe a re-
duced expression of the two circZNF609-generated proteins
A and B in METTL3-lacking cells, we conclude that at least
METTL3-generated m6A modification might be rather dis-
pensable for circZNF609 translation in the used cell line.
Nevertheless, it is still possible that other m6A-modification
pathways could be involved.

CircZNF609 peptides are not produced from cis-spliced by-
products

Translation of circRNAs could also be caused by linear
splicing by-products, which is often not sufficiently con-
trolled for. Therefore, we designed a series of experiments to
assess whether overexpressed circZNF609 is indeed trans-
lated from the circular RNA. We first addressed potential
cis-splicing events (Figure 3A). When the transfected plas-
mid containing the circZNF609 overexpression cassette is
transcribed, it is conceivable that the polymerase may oc-
casionally read-through termination signals and produces
a rolling circle RNA. Such an RNA would be capped
and contain multiple copies of the circZNF609 overexpres-
sion cassette (concatemers). Since 5′ and 3′ splice sites are
present, such RNAs could undergo splicing and generate a
transcript that could be translated in a cap-dependent man-
ner (Figure 3A). To rule out such a scenario, we cut the
plasmid in two halves using different restriction enzymes
and transfected the linear DNA, which cannot result in
rolling circle transcription (Figure 3B and C). Moreover,
DNA fragments were de-phosphorylated to prevent poten-
tial re-ligation of the fragments occurred. As expected, cir-
cZNF609 was still generated since circRNA splicing of the
circRNA expression cassette is still possible from the lin-
earized templates (Figure 3D, Supplementary Figure S3A).
Consistently, western blotting against the FLAG-tag clearly
shows that the two protein bands are produced also from
the plasmid fragments containing the circRNA expression
cassette, ruling out rolling circle transcription and potential
cis-splicing events (Figure 3E). When a digestion strategy
that removes the promoter of the circRNA cassette (K-X)
was chosen as negative control, neither a circRNA nor the
corresponding proteins were detected (Figure 3B-E, Sup-
plementary Figure S3A).

Genomic integration of the circRNA cassette into the
genome would also rule out cis-splicing from rolling cir-
cle transcripts. Therefore, we next generated an inducible
Flp-In-T-rex 293 cell line that contains this construct stably
integrated into the genome (Figure 3F). Comparing tran-
sient expression from overexpressed plasmids with stably in-
tegrated constructs showed that both systems produce cir-
cZNF609 equally well. Of note, stable integration seems to
produce less additional RNA bands (Figure 3G, Supple-
mentary Figure S3B). When analyzing the produced pro-
tein bands by western botting against the FLAG-tag, we ob-
served translation and production of the two circZNF609
peptides A and B (Figure 3H), demonstrating that rolling
circle transcription, cis-splicing and translation from a lin-

ear transcript is not the basis for the observed circZNF609
translation.

circZNF609 lacks a classical IRES structure and various
AUGs are pervasively used

During cap-independent translation initiation, specific
IRES elements help to position the ribosomal subunits to
the correct start codon (40). To search for potential IRESs,
we investigated sequences upstream of the first AUG (re-
ferred to as 5′ UTR) of circZNF609 since this is the region
where IRES elements are often located (Figure 4A). The se-
quence was systematically shortened and the plasmids were
transfected into HEK293T cells (Figure 4A–C). The trans-
fected constructs were equally expressed (Supplementary
Figure S4A-B) and deletion of 89 nts of the 121 nts 5′ UTR
did not result in any reduction of the two protein bands
(lanes 3–6). Complete deletion of the 5′ UTR (Del 121) led
to the loss of the higher molecular weight protein (protein
A), which is initiated from the first AUG. The second, down-
stream AUG, however, is still efficiently used (lane 7) sug-
gesting that fusing the stop codon directly to the first AUG
inhibits initiation but the 5′ UTR does not contain a spe-
cific IRES element. We next reasoned that an IRES might
form within the CDS and therefore systematically deleted
the CDS (Figure 4D–F). All deletion constructs (Figure
4D) were transfected into HEK293T cells and RNA and
the translated proteins were analyzed by northern blotting
(Figure 4E) and western blotting (Figure 4F). All truncated
constructs resulted in proteins of the expected size initiated
from the first and the second AUG and therefore, an IRES
element within the CDS is also unlikely. Of note, deletion
of the 3′ terminal fragment (Del-CDS 507–747) resulted in
only a single peptide starting from the first AUG. The pro-
tein produced from the second AUG gave a very faint band.
Whether this sequence indeed affects initiation from the sec-
ond AUG, however, needs to be further investigated.

The puzzling observation that the complete deletion of
the 5′ UTR (Del 121, Figure 4B) inhibits initiation from the
first AUG prompted us to further investigate the sequence
environment upstream of the first start codon. We gener-
ated several mutant constructs (Figure 4A) and northern
blotting was performed to verify the equal expression of
all mutant circZNF609 (Supplementary Figures S4A and
B). We started with construct Del 121 and shortened it by
one nt (Del 122, Figure 4A, C). Unexpectedly, this construct
did not efficiently translate protein A or B (Figure 4B and
C). Further truncations led to even more surprising results.
Deleting one nucleotide more resulted in the generation of
four peptides with higher molecular weights than peptide
A (Del 123, Figure 4C, peptides G, H, I, K). A closer ex-
amination of this construct revealed that the triple FLAG-
tag that we inserted contains four additional AUGs and
the 5′ UTR of circZNF609 contains a stop codon in frame
with the FLAG-AUGs (Figure 4G, H). This upstream ORF
(uORF) is most likely translated in all constructs but due to
its short product escaped detection in western blots (Figure
4H). In construct Del 121, a stop codon in the ORF is used
and products from the FLAG-AUGs are not visible (Figure
4G, H). When we now change the frame by deleting single
nt, this stop codon becomes out of frame and FLAG-AUG-
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performed using anti-Flag antibodies. GAPDH served as loading control.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/18/10368/5909528 by guest on 05 M

arch 2021



Nucleic Acids Research, 2020, Vol. 48, No. 18 10377

A B

35

AUGCAAUGA

Del 30  

Del 60  

Del 89  
Del 121  

1    2     3    4     5     6     7 circZNF609

kDa

D
el

 1
21

D
el

 8
9

D
el

 6
0

D
el

 3
0

ci
rc

ZN
F6

09
-F

la
g

FH
-c

irc
ZN

F6
09

-O
R

F 
lin

ea
r

H
E

K
29

3T

5‘UTR = 121 nts

40

35

25
α-Flag

α-GAPDH

U
G

A
A

U
G

A
U

G

Del-CDS 1-150 

Del-CDS 150-300

Del-CDS 300-450

circZNF609-Flag

Del-CDS 450-600

Del-CDS 507-747

  1   2   3   4  5   6  7   8   9

α-Flag

α-GAPDH

  1    2     3     4     5     6    7 

G,H,I,K   

D
el

 1
24

D
el

12
3

D
el

 1
22

H
E

K
29

3T
pc

D
N

A
3.

1+

D
el

 1
21

ci
rc

ZN
F6

09
-F

la
g

Del 122
Del 123
Del 124 

C

D

GACUACAAAGACCAUGACGGUGAUUAUAAAGAUCAUGACAUCGAUUACAAGGAUGACGAUGACAAGUGA      

Del 121  
                                                                           

Del 122                                                                             

Del 123  

Del 124  

 AUGUCCUUGA

UGUCCUUGAGCAGUGGAGCCUGCGGAGGGAAAGGAGUGGAUGCAAACCCGGUUGA

UCCUUGA

E F

G

35

40

35

25

kDa

28S
18S

circZNF609

H

ci
rc

ZN
F6

09
-F

la
g

D
el

-C
D

S 
1-

15
0

D
el

-C
D

S 
15

0-
30

0

D
el

-C
D

S 
30

0-
45

0

D
el

-C
D

S 
45

0-
60

0

D
el

-C
D

S 
50

7-
74

7

D
el

 1
21

ci
rc

ZN
F6

09

H
E

K
29

3T

WT

G-----Rolling ORF= 873 nts 

A
U

G

35
25

kDa

α-Flag

α-GAPDH

ci
rc

ZN
F6

09
-F

la
g

D
el

-C
D

S 
1-

15
0

D
el

-C
D

S 
15

0-
30

0

D
el

-C
D

S 
30

0-
45

0

D
el

-C
D

S 
45

0-
60

0

D
el

-C
D

S 
50

7-
74

7

35

D
el

 1
21

ci
rc

ZN
F6

09

H
E

K
29

3T

 1   2   3   4   5   6  7   8   9

3xFlag sequence
 AUG

5‘UTR 

3xFlag

CAAUGA

CAAUGA

CAAUGA

CAAUGA

CAAUGA

CAAUGA

CAAUGA

AUG

AUG

AUG

AUG

 UG

G

1st AUG

2nd AUG

3rd AUG

uORF= 150 nts 

circZNF609-Flag

G
H
I
K

3x
Fl

ag

Del 121

uORF=66 nts 

G
H
I
K

3x
Fl

ag

uORF= 113 nts 

Del 122

G
H
I
K

3x
Fl

ag

3x
Fl

ag

Rolling ORF= 873 nts 

Del 123

G
H
I
K

3x
Fl

ag

Del 124

uORF= 63 nts 

G
H
I
K

3x
Fl

ag

Figure 4. Analysis of circZNF609 UTR and ORF sequences. (A) Schematic overview of the 121 nts of the circZNF609 5′ UTR in between the stop codon
UGA and the first start codon AUG. Truncated mutants of circZNF609 5′ UTR are indicated. (B and C) Western blot of HEK293T cells transfected with all
5′ UTR deletion mutants. Anti-Flag antibody was used to detect the proteins while GAPDH served as loading control. (D) Schematic overview of different
coding sequence (CDS) mutants of the circZNF609-Flag construct. (E) Northern blot of HEK293T cells transfected with the different CDS mutants. The
signal was detected with a probe targeting Flag and therefore circZNF609 without Flag was not detected (lane 2). (F) Western blot of HEK293T cells
transfected with the different CDS mutants. (G) The 3xFlag sequence contains 4 AUGs, which can be presumably used for translation of an upstream
open reading frame (uORFs). (H) circZNF609-Flag WT contains an uORF from AUGs of 3xFlag sequence. Deletion of circZNF609 UTR could lead to
disruption of these uORF and eventually results in a panel of different products. Scheme of circZNF609 5′ UTR mutagenesis of each one nucleotide from
Del 121 to Del 124 for understanding the usage of uORFs.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/18/10368/5909528 by guest on 05 M

arch 2021



10378 Nucleic Acids Research, 2020, Vol. 48, No. 18

driven initiation is now terminated at a stop codon further
downstream (Figure 4G, Del 122). Deleting one more nt,
this stop codon becomes out of frame and the entire circle
is translated until it reaches a stop right after the FLAG tag
(Figure 4G and H). Further shortening by one nt changed
the frame again but now a stop codon immediately down-
stream of the first AUG is used and again the very short
and invisible product is generated. Thus, due to this uORF
only the second AUG is used and peptide B is made. This
was observed for all mutants in this frame (Del 121 and Del
124). Of note, these two start codons are independent of the
frames of the uORF and peptides A and B are therefore al-
ways present. However, they are less prominent when the
longer peptides G–K are synthesized, probably due to ri-
bosome occupancy that might interfere with initiation (Del
123). This might explain why neither A nor B was made any-
more for Del 122 (Figure 4C, G and H).

Taken together, our systematic investigations demon-
strate that translation from exogenous circZNF609 is a mul-
tifaceted process and many different AUGs are probably
even randomly utilized. Thus, we conclude that our con-
structs may attract ribosomes rather pervasively.

In vitro transcribed circZNF609 is not translated in cells

To further corroborate our finding that circZNF609 can
be translated from several AUGs and to control that the
observed translation is caused by the overexpression con-
struct, we transcribed circZNF609 in vitro using a self-
splicing expression system (35) (Figure 5A, Supplementary
Figure S5A). We cloned untagged and FLAG-tagged cir-
cZNF609 into the vector containing all necessary elements
of a group I intron for self-splicing. As control, we deleted
the 3′ part of the flanking intron, which should abrogate ex-
pression of the circRNA (Figure 5A). RNA from in vitro
transcription reaction was loaded on an agarose gel (Sup-
plementary Figure S5B, lane 1–3). This revealed a number
of different bands corresponding to the predicted products
from self-splicing reactions (Supplementary Figure S5A).
Northern blotting using probes against the 5′ intron and cir-
cZNF609 (Supplementary Figure S5B) indicated that cir-
cZNF609 migrates at the size of product 3 (Supplemen-
tary Figure S5A-B). This band was cut out and purified.
Northern blot using a probe spanning circZNF609 junc-
tion (Figure 5B, lanes 1–3) and a probe targeting the 5′
intron (Figure 5B, lanes 4–6) confirmed that we obtained
pure circZNF609 from the in vitro transcription reaction.
Furthermore, RNase R digestion confirmed that the puri-
fied bands were circular (Supplementary Figure S5C). The
purified circZNF609 was transfected into HEK293T cells
(Figure 5C, D). However, protein bands A and B were only
detectable when the overexpression construct but not the
RNA was transfected (Figure 5D). To test whether cir-
cZNF609 is indeed transfected, we extracted RNA 4 h and
20 h after transfection and performed northern blotting. In-
deed, circZNF609 can be readily detected after 4 h and is
efficiently degraded after 20 h suggesting that circZNF609
is not trapped in unsolved or aggregated lipid structures
caused by transfection that are inaccessible for cellular pro-
teins and enzymes (Figure 5C). These findings are consis-

tent with previous observations (19) and we suggest that
in vitro transcribed circZNF609 is not translated. In agree-
ment, we also did not observe translation in a reticulocyte-
based in vitro translation system (data not shown).

circZNF609 protein products are generated from splicing by-
products

Since we did not find evidence for IRES sequences and
translation initiation appears rather random and in vitro
transcribed circZNF609 is not translated, we further exam-
ined protein and RNA products generated from our over-
expression constructs.

Splicing and thus the presence of 5′ and 3′ splice sites
flanking circZNF609 are essential for circRNA biogene-
sis. To test whether splicing is also required for the trans-
lated proteins, we deleted the 3′ splice site from our FLAG-
tagged and untagged constructs and expressed them in
HEK293T cells (Figure 6A). As expected, when the splice
site is deleted, circZNF609 is not generated (Figure 6B). Of
note, also other RNA bands and by-products are strongly
reduced suggesting that splicing of these constructs gener-
ates several unwanted RNAs in addition to the circRNA.
When analyzing translation by western botting against the
FLAG-tag, we did not observe FLAG-tagged protein prod-
ucts when the splice site is deleted (Figure 6C).

Next, we reasoned that complementary Alu sequences
within the constructs are essential as well since they need
to fold back on each other to allow for back-splicing. We
deleted the Alu sequence downstream of circZNF609 and
analyzed circRNA generation by northern blotting (Figure
6D and E). CircZNF609 is not expressed anymore, when
the downstream Alu element is deleted (Figure 6E, lane 4).
Surprisingly, when we analyzed protein synthesis from these
constructs by western blotting, we can still readily detect
protein bands A and B (Figure 6F, lane 4). This was fully
unexpected since circZNF609 is not present as the northern
blots clearly indicate. These findings suggest that the protein
A and B might be expressed from a linear splicing concate-
mer. To test this, we simultaneously deleted the splice sites
and the Alu element and found that protein A and B are not
translated anymore (Figure 6F, lane 5). These results lead to
the conclusion that circZNF609 proteins A and B are not
produced from a circular RNA. Although unlikely, our re-
sults cannot exclude that peptides A and B are simultane-
ously produced from circZNF609 and linear splicing prod-
ucts. Thus, although circZNF609 expression is lost, proteins
generated from the linear transcripts are still detected.

Since we had observed that circZNF609 construct can
randomly initiate and pervasively translate (Figure 4C), we
tested whether these effects are also present in the Alu-
deleted constructs (Figure 6G). All Alu deletion mutants do
not produce circRNAs but protein products are still read-
ily detected (Figure 6H). Notably, all protein products are
not detectable when we deleted further the splice site (Sup-
plementary Figure S6A–C). Thus, we conclude that the pro-
teins are not produced from the circular RNAs but from lin-
ear transcripts and circRNA overexpression systems need
to be treated with caution when functional studies are per-
formed and interpreted.
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self-splicing group I intron of the T4 phage Td gene. All constructs include splice acceptors (SA, CUACC) and splice donors (SD, GGGU). These sequences
(9 nts) are necessary for the self-splicing reaction and will be included into the sequence of circZNF609 after ligation. The construct circZNF609-Del lacks
the 3′ half-intron and serve as a negative control for the self-splicing reaction. (B) Northern blot for confirmation of IVT circZNF609. 10 ng of isolated
IVT circZNF609 was loaded on 1% MOPS Agarose gel. Northern blot was performed with a probe spanning the circZNF609 splice junction (lanes 1–3)
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transfection.

DISCUSSION

CircRNAs have been described decades ago (41,42) but a
potential role as regulatory RNAs have only been recog-
nized recently, when RNAseq was combined with bioinfor-
matics strategies to identify reads from back-splicing of 5′
and 3′ ends of exons on a transcriptome-wide scale (3,9,43).
Since then, circRNAs have been profiled in various tissues
including several types of cancer (44,45). CircZNF609 has
initially been found in human myoblasts where it controls
cell proliferation (19). Interestingly, circZNF609 is upregu-

lated in rhabdomyosarcoma, a skeletal muscle-derived pe-
diatric cancer where it regulates cell cycle progression from
G1 to S phase and thus is important for cancer cell pro-
liferation (32). circZNF609 is highly abundant circRNA in
brain and associated with neuronal differentiation and ag-
ing (4,30). Moreover, circZNF609 expression is correlated
with several cancers and might play important roles in tu-
mor development and metastasis (46). In agreement with
these reported functions, we identify circZNF609 as a po-
tential oncogene important for colorectal cancer progres-
sion (data not shown).
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Although many circRNAs have been identified, their in-
dividual functions are often only poorly understood. Since a
large number of circRNAs contain ORFs, it has been shown
that circRNAs possess coding potential and can indeed
be translated (19,20,29). Some of these peptides have even
been implicated in diseases such as cancer (24,25,47,48).
In contrast, a comprehensive study on AUG-containing
circRNAs did not find evidence for circRNA translation
(28). Since circRNAs do not contain 5′ m7G caps, poten-
tial translation initiation is cap-independent. In such cases,
IRES elements can be utilized that recruit ribosomal sub-
units to the cognate AUG. Our truncation studies, however,
revealed that all sequences can be deleted and translation
is still detectable suggesting an IRES-independent alterna-
tive initiation mechanism. It has been shown that circR-
NAs are m6A-modified (49) and this modification is criti-
cal for translation initiation (21,22). The m6A reader pro-
tein YTHDF3 interacts with circular RNAs and recruits
the initiation factor variant eIF4G2, which facilitates ini-
tiation (21,22). Although circZNF609 is m6A-modified in
our assays, knock out of METTL3 did not lead to re-
duced translation suggesting an METTL3-independent ini-
tiation mechanism in our cellular system. Alternatively,
other m6A-generating enzymes could be involved in cir-
cZNF609 methylation, which cannot be ruled out in our
assays.

Since endogenous protein products are difficult to find,
it is not clear if circZNF609 is mainly a non-coding or
a functional protein coding RNA. To shed more light on
the proposed mechanisms of translation of circZNF609,
we extensively tested numerous constructs and conditions
and concluded that translation of our overexpressed con-
structs can start at various AUGs. A major concern about
circRNA overexpression systems is the generation of linear
transcripts as well as cis and trans splicing events that are
rarely controlled for in cell biological experiments. Thus,
we attempted to carefully delineate circZNF609 translation
from our overexpression constructs. Using restriction diges-
tion and integration of the plasmid into the genome, we
found that circZNF609 is apparently translated and thus
not produced from concatemers generated by cis-splicing
of rolling circle transcripts. Moreover, splicing plays an
important role in producing circZNF609 proteins because
splice site deletion results in a complete loss of the pro-
tein products. However, when one Alu element was deleted
and circRNA splicing was completely abolished, the pro-
tein products were still readily detectable suggesting a trans
splicing event leading to a linear transcript that is trans-
lated. The molecular basis for the observed trans splicing
is unclear and needs to be investigated further. Translation
from a linear by-product is also corroborated by the find-
ing that in vitro transcribed and transfected circRNAs do
not lead to detectable protein products (Figure 5) (19). On
the other hand, it is also conceivable that circRNAs need
to go through cellular biogenesis in order to be licensed for
efficient translation as has been suggested (19). Taken to-
gether, it is tempting to speculate that circRNA overexpres-
sion constructs may undergo trans-splicing and thus such
tools need to be evaluated carefully. Although not tested
yet, it is likely that similar systems such as using other flank-
ing introns might result in similar trans-splicing effects and
should be controlled carefully as well.

What could be the reasons for the association of cir-
cZNF609 with ribosomes as has been observed previously
(19) if it is not translated? Ribosome-associated lncRNAs
are more sensitive to nonsense-mediated decay and are of-
ten less stable and degraded at ribosomes (50,51). It is con-
ceivable that ribosome binding to circRNAs could also lead
to enhanced turnover of circRNAs or to the initiation of
nonsense-mediated decay, which has not been studied so far.
On the other hand, circZNF609 was not detected on ribo-
somes in HEK293T cells (52). This suggests condition- or
cell type-specific effects that need to be considered.
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