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ABSTRACT

Correct cellular localization is essential for the function of many eukaryotic proteins and hence cell physiology. Here, we
present a synthetic genetic device that allows the control of nuclear and cytosolic localization based on controlled alter-
native splicing in human cells. The device is based on the fact that an alternative 3′′′′′ splice site is located within a TetR
aptamer that in turn is positioned between the branch point and the canonical splice site. The novel splice site is only rec-
ognized when the TetR repressor is bound. Addition of doxycycline prevents TetR aptamer binding and leads to recogni-
tion of the canonical 3′′′′′ splice site. It is thus possible to produce two independent splice isoforms. Since the terminal loop of
the aptamer may be replaced with any sequence of choice, one of the two isoforms may be extended by the respective
sequence of choice depending on the presence of doxycycline. In a proof-of-concept study, we fused a nuclear localization
sequence to a cytosolic target protein, thus directing the protein into the nucleus. However, the system is not limited to the
control of nuclear localization. In principle, any target sequence can be integrated into the aptamer, allowing not only the
production of a variety of different isoforms on demand, but also to study the function of mislocalized proteins. Moreover,
it also provides a valuable tool for investigating the mechanism of alternative splicing in human cells.
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INTRODUCTION

Eukaryotic cells are separated into different morphological
and functional compartments to efficiently carry out highly
diverse processes. For example, the spatial separation of
replication and transcription in the cell nucleus and protein
translation in the cytoplasm requires a strictly regulated
network to ensure the targeted transport of macromole-
cules required for these processes into and out of the
cell nucleus. Evidently, correct transport processes are es-
sential for cell physiology. Aberrant spatiotemporal local-
ization of proteins caused by mutation, altered expression
of cargo proteins or transport receptors or deregulation of
components of the trafficking machinery have been linked
to the onset of disease, tumorigenesis and metastasis
(Hung and Link 2011; Hill et al. 2014). Despite its impor-
tance, very few inhibitors that interfere with nuclear trans-
port have been identified to date. Due to the fact that the
nucleocytoplasmic transport machinery is rather generic,
pharmacological strategies currently available are limited
(Kim et al. 2017; Jans et al. 2019). Hence the development

of synthetic genetic devices enabling spatiotemporal regu-
lation of transport processes is of great benefit for pheno-
typic studies and therapeutic strategies that target protein
localization (Hung and Link 2011; Niopek et al. 2016).

Active nucleocytoplasmic shuttling is mediated by short
genetically encoded sequences, so-called nuclear locali-
zation/export sequences (NLS/NES) that determine the lo-
calization of a protein. Synthetic devices that control the
accessibility of these sequences can thus be applied to
pinpoint a protein to a specific location. Optogenetic tools
have been developed for light-induced nuclear import and
export (Niopek et al. 2014, 2016). For these tools, the im-
port/export sequences are concealed within a photosensi-
tive protein domain that unfolds upon illumination. In
contrast, we propose an alternative approach to control
the availability of the NLS by means of alternative splicing.

Alternative splicing is a crucial cellular process responsi-
ble for the diversity of the human proteome and the
coordination of physiological functions in different devel-
opmental processes (Baralle and Giudice 2017). The accu-
racyof the splicingprocess involves the recognitionof short
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sequenceswithin the pre-mRNA, that is, the 5′ and 3′ splice
sites (SS), that delimit the exon–intron boundaries (Will and
Lührmann 2011; Vigevani et al. 2017). In introns removed
by the major (U2-dependent) spliceosome, the 3′SS is en-
coded mostly by the dinucleotide AG, which is present in
the genome very frequently. In mammalian genes the
mechanism of 3′SS selection is complex and still not fully
understood (Chen et al. 2017). The spliceosome is assisted
in the 3′SS identification by a polypyrimidine (Py)-tract, a
sequence located between the branch point sequence
(BP) and the AG dinucleotide (Guth et al. 1999; Horowitz
2012; Pérez-Valle and Vilardell 2012). The Py-tract is recog-
nized by U2AF65, which acts in a complex with the splicing
factor SF1 and the spliceosomal subunit U2AF35 that rec-
ognize the upstream BP and the consensus AG dinucleo-
tide at the 3′SS, respectively. Moreover, it has been
demonstrated that AG selection depends on the BP-to-
AG and AG-to-AG distances (Chua and Reed 1999,
2001). All of this implies flexibility in the recognition of
3′SS, BP and Py-tract sequences and thus the possibility
of alternative splicing in mammalian introns. In the present
study, weexplored the targeted control of alternative splic-
ing by using an aptamer.
Our aptamer of choice was the TetR-binding RNA

aptamer identified by a combination of in vitro selection
for TetR binding and an in vivo screening for its ability to
activate TetR controlled transcription (Hunsicker et al.

2009). It folds into a stem–loop structure with an internal
asymmetric loop that displays the protein-binding site
(Fig. 1A; Hunsicker et al. 2009). The recently resolved crys-
tal structure of the RNA aptamer-TetR-complex shows that
the aptamer recognizes the helix-turn-helix motif of TetR
and consequently the same binding site that is recognized
by the operator DNA (Fig. 2A; Grau et al. 2020). We were
fortunate to happen to find that the occurring conforma-
tional changes of TetR upon tetracycline binding prevent
not only operator DNA but also RNA aptamer binding,
and in equal measures (Tiebel et al. 1999; Steber et al.
2011). Consequently, this allows reversible tetracycline-
dependent binding of TetR to both DNA and RNA and
thus opens up a wide range of possible applications of
the TetR aptamer as genetic device. While the original
publication focused on the control of transcription in
Escherichia coli (Hunsicker et al. 2009), portability and
broader applicability of the system was documented with
its successful use in the protozoon Plasmodium falciparum
and in yeast (Goldfless et al. 2012; Ganesan et al. 2016).
The TetR aptamer was then applied to control miRNA bio-
genesis in human cells (Atanasov et al. 2017). In this specif-
ic approach, the TetR aptamer replaces the natural
terminal loop of precursor miRNAs, which, upon binding
of TetR, leads to the inhibition of miRNA processing by
Dicer via steric hindrance. The inhibition is fully reversible
after addition of doxycycline, thus providing a system that

E

BA

C

D

FIGURE 1. TetR aptamer controls alternative 3′ splice site recognition. (A) Secondary structure of the TetR aptamer. Stems and loops are indi-
cated with P and L, respectively. Nucleotides involved in TetR binding are highlighted in bold, the A3′SS A7G8 is labeled in red. (B,D) Schematic
of the proposed model. In the absence of TetR, canonical AG is recognized by the spliceosome. When TetR binds to the aptamer, the A3′SS is
activated. The splicing pattern can be restored with the addition of doxycycline (dox) that leads to conformational changes of TetR and the release
of the aptamer. Controlled production of two splice variants is possible with this mechanism. Additionally, insertion of a nuclear localization se-
quence (NLS, in blue) between A3′SS and AG (D) allows to produce different splice variants with different subcellular localization on demand.
Exons are displayed as boxes and the intron with the TetR aptamer is shown as a line. (C,E) Splicing pattern visualized by RT-PCR. HeLa cells
were transiently transfected with the constructs A3′SS-T3 and A3′SS-TN2 and cotransfected with plasmid expressing TetR (+) and treated with
(+) or without (−) 50 µM doxycycline (dox) for 24 h. Total RNA was prepared and used for RT-PCR with primer pairs binding to both exons.
The upper band corresponds to usage of A3′SS and the lower band to distal AG. The experiment was repeated three times with similar results.
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allows control over intracellular miRNA levels and, conse-
quently, their gene-silencing properties. The latest ap-
proach (Mol et al. 2019) exploits the TetR-binding
aptamer for the control of translation initiation and pre-
mRNA splicing. For this, the TetR aptamer was inserted
into the 5′ untranslated region in such a way that it inter-
feres with ribosomal scanning when bound by TetR.
Moreover, upon insertion in proximity to the 5′SS, intron
retention was controlled via the binding of TetR to the
aptamer. Again, in both approaches TetR binding is fully
relieved by the addition of doxycycline (Mol et al. 2019).

In the present study, we further extended the applica-
tion spectrum of the TetR aptamer as a synthetic device.
We engineered a system that allows us to activate an alter-
native 3′SS. Depending on whether TetR is bound or not,
the canonical or an alternative 3′SS (A3′SS) is used, thus
producing two splice variants. If the sequence of a specific
protein domain is then inserted between the two 3′SS, it
becomes a matter of deliberate choice whether this pro-
tein domain is incorporated into the protein or not.
Moreover, we have successfully demonstrated the proof-
of-concept for a nuclear localization sequence by trans-
porting a 110 kDa cytoplasmic GFP-fusion protein into
the nucleus, depending on doxycycline. Our results prom-
ise a robust and reliable option for a wide range of
applications.

RESULTS
As a first step toward creating a device for the control of al-
ternative 3′ splicing, theMINX intronwith flanking exon se-
quences was placed in front of a GFP reporter gene. The
small intron derives from the adenovirus genome and is ef-
ficiently spliced in human cells (Supplemental Fig. S1;
Zillmann et al. 1988). The TetR aptamer (Fig. 1A) was
then placed upstream of the canonical 3′SS (Fig. 1B). It is
important to mention that the TetR aptamer itself contains
several potential sequences that can be recognized as
A3′SS and we expected one of these to be used. The splic-
ing patterns of the constructs were analyzed in transiently
transfectedHeLa cells in the absence and presence of dox-
ycycline. A plasmid expressing TetR equipped with a NLS
was cotransfected. The splicing pattern was visualized by
RT-PCR using primer pairs binding to both exons (Fig.
1C). In the absence of TetR, solely the canonical 3′SS
was used. However, usage of an A3′SS occurred when
TetR was coexpressed (see Fig. 1C, middle lane).
Interestingly, the sequence analysis of the splice products
confirmed that exclusively the first A3′SS of the aptamer
(A7G8) was activated and primarily used in comparison
with the canonical 3′SS (Supplemental Fig. S2). Other po-
tential A3′SS were not used at all. After addition of doxycy-
cline and the resulting detachment of TetR from the
aptamer, usage of the canonical 3′SS was restored.
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FIGURE 2. Crystal structure of the RNA aptamer-TetR-complex (PDB 6SY4, Grau et al. 2020). (A) Cartoon representation of dimeric TetR (in blue
and gray) in complex with the TetR aptamer. Amino- and carboxyl termini and 5′ and 3′ ends are labeled, helix-turn-helix motifs formed by the
helices α2 and α3 of eachmonomer are colored in dark blue. Stick representation of the nucleotides A7 and G8 are displayed in red. (B) Close up
view of the TetR aptamer interface. (C ) Stick representation of G8, G33, Tyr42′, and Lys46′.
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Since RNA-based synthetic devices are highly depen-
dent on genetic context and stability of the regulatory
RNA element (Vogel et al. 2018; Groher et al. 2019; Mol
et al. 2019), the TetR aptamer was optimized for both
the lengths of the closing stem P1 and of the Py-tract
(Supplemental Fig. S3; B Suess, unpubl.), resulting in
A3′SS-T3 as the construct with the best switching behavior.
qRT-PCR was performed to quantify the observed effect
on regulation (Supplemental Fig. S4). A mutation in the
aptamer that suspends TetR binding completely prevent-
ed alternative splicing (A3′SS-T3∗, Supplemental Fig.
S3F), thus demonstrating that the observed effect is in
fact caused by TetR binding. In sum, we have developed
a system that can efficiently and reliably switch between
two splice isoforms dependent on the ligand doxycycline.
Inspired by the cell cycle-regulated Nek2 kinase (Wu

et al. 2007) that controls its cellular localization by alterna-
tive splicing, we aimed to apply our system to conditionally
control localization. For this purpose, a localization se-
quence had to be inserted between the two 3′SS.
Fortunately, the upper stem–loop of the aptamer (P2/L2)
is not relevant for TetR binding and can therefore be mod-
ified as long as the stability of stem P2 is preserved
(Hunsicker et al. 2009). This allows the insertion of any
new sequence including, for example, an NLS. Conse-
quently, we exchanged a part of the stem–loop with the
sequence of the c-MYC NLS (Fig. 1D; Supplemental Fig.
S5) resulting in the constructs A3′SS-TN1 and -TN2 that
only differ in the length of the closing stem P1. In addition,
we carefully adjusted the distance between aptamer and
3′SS to maintain NLS and GFP in an open reading frame
(Supplemental Fig. S5). The construct A3′SS-TN2 proved
to be the construct with the best splicing behavior with
similar efficiency as the parental construct A3′SS-T3 (com-
pare Fig. 1C with 1E). qRT-PCR was performed to quantify
the observed effect on regulation (Supplemental Fig. S4)
and confirmed that the insertion of the NLS does not influ-
ence the switching properties. Sequencing analyzes veri-
fied that the resulting splice variants differ in the
presence or absence of an NLS.
Next, we examined the potential of the construct A3′SS-

TN2 for controlled cellular localization. To avoid passive
diffusion of the rather small GFP (Supplemental Fig. S6),
we fused it to a larger cytosolic protein (CP) resulting in
the construct A3′SS-TN2-CP. The resulting fusion protein
GFP-CP (about 110 kDa) was expected to be primarily lo-
cated within the cytoplasm. As cytosolic protein we used
SERPINE1 mRNA-binding protein 1 (SERBP1), an RNA-
binding protein with predominantly cytoplasmic localiza-
tion. We stably integrated A3′SS-TN2-CP into the HeLa
cell line HF1-3 using the Flp-In system. The generated
cell line expressing A3′SS-TN2-CP was subsequently tran-
siently transfected with a TetR-mCherry expressing plas-
mid. After transfection, cells were treated with or without
50 µM doxycycline for 24 h, then fixed, stained with DAPI

and analyzed for both GFP and mCherry expression. The
microscopic images of a control cell carrying only GFP
showed a homogenous distribution throughout the cell
with a tendency to accumulate in the nucleus due to pas-
sive diffusion (Supplemental Fig. S6). Constitutively ex-
pressed A3′SS-TN2-CP showed predominant cytoplasmic
localization (Fig. 3A), thus confirming that only the canoni-
cal 3′SS was used in the production of the isoform without
NLS. In the presence of TetR, GFP-CP expression in the cy-
tosol decreased and GFP-CP accumulated primarily in the
nucleus (Fig. 3B). This indicates that the A3′SS was activat-
ed and the alternative splice isoform carrying the NLS was
produced. Additionally, cells expressing TetR and incubat-
ed with doxycycline showed mostly cytoplasmic distribu-
tion (Fig. 3C), indicating that doxycycline lead to the
release of TetR from the pre-mRNA.

DISCUSSION

In this study, we succeeded in the development of a syn-
thetic control device that allows the deliberate and revers-
ible activation of an alternative 3′SS. It is therefore possible
to selectively produce two independent splice isoforms.
We have used the system to attach a specific transport se-
quence to one splice isoform and thus directed a cytosolic
protein into the nucleus. In consequence, our system rep-
resents an alternative to the recently developed optoge-
netic tools that also allow a targeted nuclear transport
(Niopek et al. 2014, 2016). These systems, however, are
limited to proteins that will tolerate the attachment of a
photosensitive domain. Where this is not feasible, our sys-
tem may offer a convenient alternative since there is only
the NLS attached to the target protein and no major mod-
ifications are necessary. Moreover, our system is not limit-
ed to nuclear import; in principle, any sequence can be
attached to the isoform. Thus, in addition to the applica-
tion demonstrated here, the system technically allows
the targeted transport of proteins to any compartment
for which transport tags have been described. Moreover,
it is also possible to switch between different splice iso-
forms in a doxycycline-dependent manner to study their
function.
Although the system described here is very reliable, the

underlying mechanism has not yet been fully understood
in detail. Our initial assumption was that one or more of
the potential 3′ SS of the TetR aptamer are used and its rec-
ognition can then be blocked by TetR. A similar approach
has been described using a theophylline aptamer (Kim
et al. 2005, 2008; Gusti et al. 2008). Here, a proximal
3′SS was embedded within the theophylline aptamer
that was—in contrast to our system—preferentially used.
Addition of theophylline then promoted splicing at the dis-
tal 3′SS, thus changing the ratio of distal-to-proximal 3′SS
usage by about twofold. In our approach, however, we ob-
served the exact opposite behavior. In the absence of
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TetR, only the canonical/distal 3′SS is recognized while all
alternative/proximal 3′SSs are sequestered in the aptamer
structure. The results are in line with an analysis for 3′SS se-
lection in Saccharomyces cerevisiae that examines the im-
portance of RNA secondary structures within the intronic
region between the BP and the 3′SS. Here, the usage of
the 3′SS is higher if it is not concealed within a stem struc-
ture (Meyer et al. 2011).

In mammalian introns, the Py-tract plays an essential role
in the splicing process. It acts at an early stage of spliceo-
some assembly and is required for the first step of the
catalytic process. The length of the Py-tract and its compo-
sition are important in 3′SS recognition (Hallegger et al.
2010; Jenkins et al. 2013). We also observed this. The lo-
cation of the Py-tract relative to the aptamer position as
well as their nucleotide composition highly influences
the selection of the 3′SS and significantly affects the
switching properties (B Suess, unpubl.). Interestingly, the
presence of the aptamer structure between a Py-tract
and the 3′SS does not interfere with the splicing process.
Instead, the aptamer appears to be required to reduce
the distance between the BP and the 3′SS. The Py-tract
can also be divided by the aptamer (see A3′SS-T1;
Supplemental Fig. S3). Presumably, the Py-tract sequenc-
es are merged here by the aptamer to facilitate the recog-
nition of splicing factors. However, unexpectedly, an
A3′SS is activated upon TetR binding to the aptamer. A
possible explanation here could be that the second step
of splicing may be blocked by interference of the RNA
aptamer-TetR-complex with the SF1–U2AF65 and
U2AF65–U2AF35 binding to the canonical 3′SS. The accu-

mulation of splicing factors next to the aptamer may then
lead to A3′SS recognition.

Alternatively, TetR bindingmayopen up the binding site
and thus in some way expose the CAG sequence. If at all,
the crystal structure could explain this only for the first of
the three possible alternative splice sites (A7G8, see
Figs. 1A, 2). The second and third A3′SS are tightly embed-
ded into the aptamer structure as part of the terminal loop
L2 (A27G28) and A32G33 as part of a purine stack. The first
A3′SS is located directly next to the closing stem P1, which
is flanked by a noncanonical base pair classified as A7:A39
(A37crystal) transWatson-Crick/Watson-Crick (Fig. 2, please
note: A39 in Figure 1A corresponds to A37 in the crystal
structure due to a different loop L2 size used for crystalliza-
tion). A7 is stacking on the neighboring base of the helix
P1, whereas G8 is flipped outwards and points toward
the protein with torsion angles adopting nonstandard val-
ues (Fig. 2B). However, the flipped-out base G8 stacks
directly with Tyr42′ of TetR. There is also an additional lay-
er of π-π stacking betweenG8 and the likewise flippedG35
(G33crystal, Fig. 2C). In addition, the ε-amino group of
Lys46′ is located within hydrogen-bonding distance of
both G8 and G35 (G33crystal). However, it was not possible
to accurately determine the exact orientation of the side
chain in the crystal structure due to a lack of well-defined
electron density. This indicates that the hydrogen bond
is only formed in some molecules in the crystals and that,
overall, this hydrogen bond does not contribute signifi-
cantly to the free binding energy of the complex forma-
tion. Consequently, a certain flexibility in this region may
be assumed. With both bases not enclosed in a helical
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FIGURE3. Microscopic visualization of inducible control of nuclear import with a TetR aptamer. (A) A3′SS-TN2-CP stably integrated into anHF1-3
cell line using the Flp-In system. (B,C ) The generated cell line expressing the A3′SS-TN2-CP construct was transiently transfected with mCherry-
tagged TetR (+) and treated with (+) or without (−) 50 µM doxycycline (dox) for 24 h. Cells were fixed and stained with DAPI. Scale bar, 10 µm.
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region andG8 actually flipped out, it could explain why the
splice site may be recognized in the presence of TetR. So
far, we do not know the shape of the aptamer in the ab-
sence of the protein. In inline probing, we only see very
weak signals for both positions indicating a low flexibility
(Hunsicker et al. 2009). For instance, for the flipped-out
G8, a stronger signal should be expected from this assay.
This might indicate that the aptamer in the free form may
adopt a different conformation that prevents splice site
recognition. For the second and third A3′SS, no protein-
dependent changes could be detected by inline probing.
However, to finally resolve this, the structure of the free
aptamer would have to be determined including the dy-
namics of the individual bases.
In sum, we developed a system that allows ligand-de-

pendent activation of an alternative 3′SS. In a proof-of-
concept study, we were able to fuse a transport tag to
a cytosolic target protein, thereby directing it into the nu-
cleus. However, our system is not limited to the control of
nuclear localization. In principle, any target sequence can
be integrated into the aptamer, allowing not only the
production of a variety of different isoforms on request,
but also to study the function of mislocalized proteins.
Moreover, it also provides a valuable tool for in-
vestigating the mechanism of alternative splicing in hu-
man cells.

MATERIALS AND METHODS

Cell culture

HeLa cells (DSMZ, no. ACC-57) and HF1-3 cells “Flp-In Host Cell
Line” (Berens et al. 2006) were maintained at 37°C in a 5% CO2

humidified incubator and cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Sigma Aldrich) supplemented with 10%
fetal bovine serum (FBS Superior, Biochrom), 100 U/mL penicillin
(PAA, the Cell Culture Company), 100 µg/mL streptomycin (PAA,
the Cell Culture Company) and 1 mM sodium pyruvate (PAA, The
Cell Culture Company). For HF1-3 cells, 150 μg/mL zeocin
(Invitrogen) was additionally supplemented to the medium,
whereas the medium of the HF1-3 cells with the integrated con-
structs GFP control and A3′SS-TN2-CP contained 200 μg/mL
hygromycin (Invitrogen).

Plasmid construction

Plasmids were constructed by standard cloning techniques using
overlap extension PCR with Q5 Polymerase (NEB) and restriction
and ligation reactions with HF restriction enzymes (NEB) and
T4-DNA ligase (NEB), respectively. All vectormaps and PCR prim-
ers are available upon request. Custom oligonucleotides were
synthesized by Sigma Aldrich. All constructs were cloned into
pcDNA5/FRT vector under the CMV promoter (Mol et al. 2019).
TetR protein was expressed from CMV promoter and modified
at the N-terminus with a nuclear localization signal from c-MYC
(5′-CCGGCCGCGAAACGCGTGAAACTGGAT-3′). The construct

expressing TetR-mCherry was cloned by insertion of the mCherry
gene by unique restriction sites for KpnI and AgeI.

Genomic integration

HF1-3 cells were transfected with the plasmids pcDNA5/FRT and
pOG44 (recombinase expression plasmid, Invitrogen) at a molar
ratio of 1:9 using Lipofectamine 2000 (Life Technologies) accord-
ing to manufacturer instructions. The medium was changed 24 h
after transfection to DMEM. The cells were selected for stable in-
tegration by adding 200 µg/mL hygromycin. After 2 wk of selec-
tion with hygromycin, cells were sorted by the S3e Cell Sorter
(Bio-Rad) for GFP positive cells and analyzed for stable integration
by genomic PCR and sequencing.

RT-PCR

A total of 120,000 HeLa cells per well were seeded into a 12-well
plate. The cells were transfected with 100 ng reporter DNA and
300 ng TetR plasmid using 2 µL of Lipofectamine 2000 (Life
Technologies) per well according to manufacturer instructions.
Then, 2 h after transfection, the medium was changed to
DMEM with or without 50 µM doxycycline, and the cells were in-
cubated at 37°C and 5% CO2 for 24 h. RNA was isolated using
TRIzol (Life Technologies) according to the manufacturer’s proto-
col. Contaminating DNAwas removed with the TURBODNA-free
kit (Life Technologies), and the RNAwas quality-checked on a 1%
(w/v) agarose gel. Next, 1 µg RNA was reverse-transcribed by
MuLV (Applied Biosystems) using random hexamers (Fermentas)
with the supplied buffers (10 min at 20°C, 15 min at 42°C,
5 min at 99°C). Then, 50 ng cDNA was PCR amplified using Taq
polymerase (New England Biolabs, initial denaturation 2 min at
96°C, 30 sec at 96°C, 30 sec at 54°C, 30 sec at 72°C, 35 cycles)
and analyzed on a 3% (w/v) agarose gel. The amplified products
were cloned (CloneJET PCR Cloning Kit, Thermo Scientific) and
sequenced for verification. Each RT-PCR was repeated in three in-
dependent experiments
Primers are listed below.

Exon-1-f AACCCGTCGGCCTCCGAAC

Exon-2-r CGCCGGACACGCTGAACTTG

qPCR analysis

For qPCR analysis, the Fast SYBR Green Master Mix (Applied
Biosystems) was used and the samples were analyzed on a
StepOnePlus Real-Time PCR machine (Applied Biosystems). The
total volume of 20 μL of a standard mix for one reaction was
10 μL SYBRGreenMasterMix (2×), 5 μL cDNA and 1 μL of a primer
mix of the respective two gene-specific primers (10 μM). The PCR
program for SYBR Green-based qPCR was 20 sec at 95°C, 3 sec at
95°C, 30 sec at 60°C, 40 cycles and for the melting curve: 15 sec
at 95°C, 60 sec at 60°C, 15 sec at 95°C. Primers are listed below.
Analyses were performed with samples from three independent
experiments in technical replicates. Results were calculated ac-
cording to the ΔΔCt method (Pfaffl 2001).
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pre-mRNA-f CGGCCTCCGAACGATGGTAAGAGCC

A3′SS-f CGGCCTCCGAACGATGCATGTTATG

3′SS-f CGGCCTCCGAACGATGCTCGCGGTT

GFP-r TCGCCGGACACGCTGAACTTG

Actin-f CGGGACCTGACTGACTACCTC

Actin-r CTTCTCCTTAATGTCACGCACG

TetR-f CGCTCAAAAGCTGGGAGTTG

TetR-r GCCTGTCCAGCATCTCGATT

GFP-total-f GTGCCCATCCTGGTCGAG

GFP-total-r GTCAGGGTGGTCACGAGG

Microscopic images

HeLa or HeLa HF1–3 cells expressing GFP or A3′SS-T2-CP were
grown on glass coverslips for 24 h and transfected with 300 ng
TetR-mCherry plasmid using 2 µL of Lipofectamine 2000 (Life
Technologies) according to manufacturer instructions. Two hours
after transfection, the medium was changed to DMEM with or
without 50 µM doxycycline and further incubated at 37°C and
5% CO2 for 24 h. Next, cells were fixed in 3.7% formaldehyde
at room temperature (RT) for 10 min followed by permeabilization
with 0.5% triton X-100 in 1×PBS for 10 min at RT. Cells were then
washed three times with 1× PBS and stained with 4′,6-diamidino-
2-phenylindole (DAPI) dye (1 µg/mL in water; Thermo Scientific)
and washed three times with 1x PBS. Finally, coverslips were
mounted with mounting medium (Thermo Scientific). All experi-
ments were carried out on a Zeiss Axiovert 200 M inverted micro-
scope using a 63×/1.4 NA oil objective lens (Zeiss). Excitation was
done using themercury arc lamp (Zeiss). The following filters were
used: 350/50 (excitation) and 460/50 (emission) for DAPI, 482/18
(excitation) and 520/28 (emission) for GFP, and 565/30 (excitation)
and 620/60 (emission) for mCherry. Images were repeated three
times. Data processing was performed using ImageJ.
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