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Abstract 

Background  SARS-CoV-2 infection depends on the host cell factors angiotensin-converting enzyme 2, ACE2, 
and the transmembrane serinprotease 2, TMPRSS2. Potential inhibitors of these proteins would be ideal targets 
against severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) infection. Our data opens the possibility 
that changes within TMPRSS2 can modulate the outcome during a SARS-CoV-2 infection.

Results  We reveal that TMPRSS2 acts not only during viral entry but has also an important role during viral repli-
cation. In addition to previous functions for TMPRSS2 during viral entry, we determined by specific downregula-
tion of distinct isoforms that only isoform 1 controls and supports viral replication. G-quadruplex (G4) stabilization 
by chemical compounds impacts TMPRSS2 gene expression. Here we extend and in-depth characterize these obser-
vations and identify that a specific G4 in the first exon of the TMPRSS2 isoform 1 is particular targeted by the G4 ligand 
and affects viral replication. Analysis of potential single nucleotide polymorphisms (SNPs) reveals that a reported SNP 
at this G4 in isoform 1 destroys the G4 motif and makes TMPRSS2 ineffective towards G4 treatment.

Conclusion  These findings uncover a novel mechanism in which G4 stabilization impacts SARS-CoV-2 replication 
by changing TMPRSS2 isoform 1 gene expression.
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Background
Secondary DNA and RNA structures influence biological 
processes. Due to their potential in clinical application, 
the interests towards a specific secondary DNA and RNA 
structures named G-quadruplexes (G4s) increased in the 
last years. G4s are non-canonical DNA and RNA second-
ary structures originated by four repeats of at least two 
guanines [1, 2]. Since the first demonstration in vitro [1], 
growing evidence confirmed the formation and the bio-
logical function of G4s in vivo [3]. In humans, over 1 mil-
lion regions were identified that have a strong potential 
to fold into G4 structures [4–6]. G4 structure-forming 
sequences (G4 motifs) are enriched at distinct regions 
such as promoters, transcription factor binding sites, 
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and telomeres [4, 7–9]. Due to their location within the 
genome, a variety of critical cellular functions like tran-
scription, translation, DSB repair, and telomere mainte-
nance are impacted by G4 formation [10, 11]. The use of 
G4-specific antibodies (BG4, D1, Sty3) and probes has 
revolutionized the field and it was possible to detect and 
visualize G4 structures in  vivo by immunofluorescence 
(IF) microscopy, flow cytometry (FC), and ChIP-seq 
approaches [7, 12, 13]. Additional molecular, genetic, and 
different “omic” approaches have also provided convinc-
ing evidence for the formation of G4 structures during 
physiological and pathological processes in living cells, 
where they are discussed to possess regulatory poten-
tial [14–18]. In particular, the observation that multiple 
oncogenes have a G4 motif in the translated/untrans-
lated regions and, moreover, in their promoter regions 
[10] opened the possibility that specific stabilization of 
G4 can be used to target and modulate (positively and 
negatively) transcription. For multiple oncogenes, e.g., 
c-MYC [19], KRAS [20], VEGF [21], BCL2 [22], and 
hTERT [23], it was shown that G4 stabilization sup-
presses gene expression. In order to chemically induce/
stabilize G4 structures, a large variety of DNA/RNA G4 
ligands have been developed in the last 20  years [24]. 
These G4 ligands are currently tested as a novel anti-can-
cer treatment option [25, 26]. For example, the G4 stabi-
lizer, CX-3564 (Quarfloxin), has completed phase II trials 
as a candidate therapeutic agent against several tumors, 
including neuroendocrine tumors, carcinoid tumors, 
and lymphoma [27]. Also, the G4 ligand CX-5461 is cur-
rently at advanced phase II clinical trials for treatment of 
patients with BRCA1/2-deficient tumors [16].

In addition to eukaryotes, G4 structure-forming 
sequences have been identified in so far all virus 
genomes [28]. In these viral genomes, G4 structures 
have been shown to be important for the viral life cycle 
[28, 29]. Multiple approaches demonstrated that G4 
stabilization by G4 ligands can block viral replication, 
transcription, and/or translation [28, 29]. These obser-
vations led to a current approach to use G4 stabilization 
as a potential antiviral target against multiple viruses 
(e.g., hepatitis C virus (HCV), zika virus (ZIKV), and 
Ebola virus (EBOV)) [28].

At the end of 2019, a new infectious respiratory disease 
emerged in Wuhan, Hubei province, China [30]. A novel 
coronavirus, SARS-coronavirus 2 (SARS-CoV-2), closely 
related to SARS-CoV, was detected in patients and is the 
etiologic agent of the new lung disease COVID-19 [31]. 
It has previously been demonstrated that SARS-CoV-2 
infection depends on the host cell factors angiotensin-
converting enzyme 2, ACE2, and the cellular serine pro-
tease, TMPRSS2 [32]. TMPRSS2 is a transmembrane 
protein that belongs to the serine protease family. For 

its gene, different spliced variants have been found, each 
variant encodes different isoforms. Serine proteases are 
known to be involved in many physiological and patho-
logical processes [33]. TMPRSS2 proteolytically cleaves 
and activates the viral spike glycoproteins which facili-
tates virus–cell membrane fusions; spike proteins are 
synthesized and maintained in precursor intermediate 
folding states and proteolysis permits the refolding and 
energy release required to create stable virus–cell link-
ages and membrane coalescence. In detail, the viral spike 
(S) proteins are recognized by the SARS-CoV-2 cellular 
receptor ACE2. After internalization, the serine protease 
TMPRSS2 induces the S protein priming [32]. Knock-
down of TMPRSS2 prevented proteolytic activation and 
multiplication of influenza A, B viruses [34]. Modulation 
of TMPRSS2 expression increased or decreased the sen-
sibility to viral infections [34, 35].

Herein, we identify a novel role of TMPRSS2 during 
SARS-CoV-2 replication. We determine that a specific 
G4 structure within the TMPRSS2 gene impacts the 
fate of TMPRSS2 isoform expression which has a direct 
impact on viral replication. We characterize the forma-
tion of G4s in TMPRSS2 using a combination of in silico, 
in vitro, and cellulo assays. Using specific downregulation 
of TMPRSS2 isoforms, we could characterize the indi-
vidual functions of the two isoforms. In molecular and 
biochemical assays, we determine that stabilization of a 
specific G4 leads to a specific downregulation of isoform 
1 which impact viral replication. Known single nucleo-
tide polymorphisms (SNPs) were identified that destroy 
the G4 motif and prevent G4 formation within TMPRSS2 
which leads to altered TMPRRS2 expression. Together 
with our results that G4 stabilizing specifically attenu-
ate SARS-CoV-2 replication and that this is coupled to 
changes within TMPRRS2 gene expression, we postulate 
a novel mechanistic model in which G4 stabilization can 
be used to specifically target viral replication by modulat-
ing TMPRSS2 isoform expression.

Results
G4s are forming within the TMPRSS2 gene
Multiple experiments have demonstrated a regulatory 
role of G4 DNA structures during gene expression as 
well as during protein synthesis. It has been shown that 
G4s are targeted by proteins and that, depending on the 
location within the DNA, G4s can either block or stimu-
late gene expression [10]. Because TMPRSS2 is an essen-
tial factor for SARS-CoV-2 entry, we aimed to identify if 
there are potential G4-forming regions with the genomic 
region or mRNA of TMPRSS2.

Using the algorithm G4 hunter [36], we identified 80 
putative G4-forming sequences (PQSs) within TMPRSS2 
gene. These PQS have, based on G4 hunter, a G score 
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higher than 2.0, marking those as stable  G4 structures 
(Additional file 1). Based on the presence of a PQS, it is 
not known whether, why, and when the given PQS form 
into G4 within TMPRSS2 in living cells. Direct compari-
son of our PQS with previously experimentally deter-
mined G4s [5] identified two PQS that were present in 
both analysis (Additional file 1). They are located at the 
fifth intronic region, 29.1 and 37.4 (G4_int5_1 and G4_
int5_2, respectively; Additional files 1 and 2). For subse-
quent analysis, we selected four PQS, the two determined 
both in silico and in vitro, and two additional ones. The 
two additional were selected in the coding regions of 
TMPRSS2, based on the highest G score. One at the 
beginning of the gene (exon 1; G4_ex1) and the second in 
the exon 3 (G4_ex3; Fig. 1a, Additional files 1 and 2).

Next, we determined in  vitro the formation of these 
four selected PQS. We designed DNA oligonucleotides 
harboring the G4 motifs as well as control sequences con-
taining mutations within the PQS that are predicted, in 
silico, to prevent G4 formation. For the intronic regions, 
several point mutations were introduced to disrupt the 
G4 motif. For the exonic regions, redundant single point 
mutations were introduced in order to keep the informa-
tion of the single codons (Additional file 2). G4 structure 
formation can be determined by circular dichroism (CD) 
by specific maxima and minima peaks: parallel G4s have 
a 264-nm maximum and a 245-nm minimum, antipar-
allel G4s have a 295 maxima and 260 minima peak [37]. 
These analyses showed that both intronic G4 structures 
form a typical parallel G4 structures as identified by the 
typical maximum peak at 264  nm (Fig.  1b, G4_int5_1; 
G4_int5_2). The mutated sequences (light gray lanes) did 
not fold into G4 motifs (Fig.  1b). For the G4 on exon 1 
(Fig. 1b, G4_ex1), CD analysis revealed a specific pattern 
for both parallel (264 nm) and anti-parallel G4 structures 
(295  nm), suggesting a mixed G4 conformation. A spe-
cific point mutation (G4_ex1_mut_1) disrupt the paral-
lel G4 structure. Double point mutations in the second 
mutant (G4_ex1_mut_2) prevented the formation of both 
parallel and anti-parallel G4 conformations (Fig. 1b). The 
G4 on exon 3 (Fig. 1b, G4_ex3) also formed into a mixed 
G4 structure. A single point mutation in the first mutant 
(G4_ex3_mut_1) disrupted the anti-parallel G4 struc-
ture, but the parallel conformation remained. Double and 
triple point mutations in the second and third mutant, 
respectively (G4_ex3_mut_2 and G4_ex3_mut_3), pre-
vented the formation of both parallel and anti-parallel 
conformations (Fig.  1b). In summary, these analyses 
confirmed that the predicted G4 motifs can fold into G4 
structures and that single point mutations prevent G4 
formation.

To strengthen this conclusion, we visualized G4 for-
mation by performing a gel-based assay in  vitro. Here, 

fluorescent dyes, thioflavin T (ThT) and N-methyl 
mesoporphyrin IX (NMM specific for parallel G4s), that 
specifically detect G4 structures were used to monitor 
G4 structure formation [38, 39]. Gel-based assays con-
firmed the CD analysis that all selected PQS can form 
into G4 structures in vitro (Fig. 1c). An ethidium bromide 
staining was used to monitor the amount of DNA loaded 
in each well (Additional file  1). Similar to CD analysis, 
mutations of the original sequence prevented the forma-
tion of a G4 structures, as indicated by the absence of a 
distinct band in the ThT gel (Fig. 1c). These results con-
firmed that all four selected regions can form G4s in vitro 
and that mutations of the consensus G4 motif eliminates 
formation of G4s (Fig. 1b,c). Based on these findings, it is 
likely, due to similarity in the G4 motifs, that among the 
predicted G4s within TMPRSS2, additional will form into 
G4 structures.

G4 stabilization by PDS and CX‑5461 downregulates 
expression of TMPRSS2 isoform 1
G4s can influence gene expression by either forming in 
the promoter or at transcription factor binding sites 
[10, 14]. G4 ligands have been developed to specifically 
manipulate gene expression (e.g., oncogenes) [26, 40]. 
In addition, G4 stabilization by G4 ligands has been 
extensively tested as a possible anti-viral treatment for 
different viruses [28]. For subsequent analysis, we have 
selected two well characterized G4 ligands: CX-5461, 
currently at advanced phase II clinical trials [16], and 
PDS which is in depth characterized in vitro and in cel-
lulo [9]. Both compounds have been tested in different 
cell systems and lead to an increase of overall G4 levels 
in these cells [8, 9, 13, 41]. We characterized the impact 
G4 formation for TMPRSS2 expression using a breast 
cancer cell line (MCF-7) and a colorectal cancer cell line 
(Caco-2), because both cell lines were described to sta-
bly express TMPRSS2 even in unchallenged (i.e., without 
viral infection) conditions (data: Human Protein Atlas, 
accessed at http://​www.​prote​inatl​as.​org). The working 
concentration of G4 ligands is dependent on the cell type 
and the length of the treatment. High concentrations of 
G4 ligands may also cause growth changes and may even 
induce cell death [8]. To determine the working concen-
tration that induce G4s but is not toxic for the cells, we 
tested the cytotoxic effects of both selected drugs (PDS 
and CX-5461) both in Caco-2 and MCF-7. MTT analy-
ses, which assess the metabolic rate of cells as a sign of 
survival, were performed. We tested different concen-
trations of PDS (range 1–100  µM) and CX-5461 (range 
0.1–20  µM) at different time points, 24, 48, and 72  h 
(Additional file  3). For both cell lines, longer treatment 
increased the sensitivity of the drug. However, the reac-
tion towards different treatments varied between the 

http://www.proteinatlas.org
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Fig. 1  G4s are forming within the TMPRSS2 gene. a Schematic illustration of the TMPRSS2 gene and the location of the four G4 motifs identified 
by G4 Hunter [36]. b Circular dichroism of the selected oligonucleotide harboring G4s. In the four panels, the absorbance was calculated 
in a range between 220 and 330 nm. The black lanes are representative of the original sequence, gray or light gray lanes represent oligonucleotide 
with mutations in order to disrupt the G4 motifs. c NMM (left panel) and ThT (right panel) staining of the selected oligonucleotide harboring G4s, 
run in a 15% TBE native gels
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cell lines (Additional file  3). In detail, Caco-2 cells were 
more sensitive towards CX-5461 while PDS had almost 
no effect on viability (Additional file 3). Contrary, MCF-7 
cells were very sensitive towards PDS, while CX-5461 
had almost no effect on viability (Additional file 3). Those 
results are in line with current models that suggest that 
different ligands target different G4s and differ in their 
specificity, binding surface, and cell permeability in a cell 
type-dependent manner [26]. Taken together, our results 
suggest a difference tolerance of different cells to G4 sta-
bilization which may indicate that overall different G4 are 
targeted by the different G4 ligands.

To verify that both PDS and CX-5461 enhance G4 for-
mations in the cells, G4 structures were visualized by 
IF using the G4 specific antibody, BG4 [12]. IF was per-
formed at different G4 ligand concentrations (CX-5461 
(from 0.05 to 2  µM); PDS (from 2 to 50  µM)) and time 
intervals 24, 48, and 72  h. Note, due to the previously 
determined high sensitivity of MCF-7 cells towards PDS 
treatment, in MCF-7 IF, only samples were analyzed after 
24 h. Overall, after G4 stabilization, G4 signal increased 
1.2- to 1.5-fold for both MCF-7 and Caco-2 cells (Addi-
tional files 3 and 4). The most expected results would be 
a dose-dependent G4-induction in cells. However, the 
behavior at several time points/concentrations could be 
explained in two different ways: lower doses of ligands 
target already all available G4 motifs or G4 ligands lead to 
changes in proteins that counter balance ligands-induced 
G4 formations like helicases (e.g., DHX36, BLM,WRN, 
etc. [42]). Taken together, these data confirmed that in 
both cell lines, the formation of G4 structures can be 
modulated by treating cells with either PDS or CX-5461.

G4 stabilization by G4 ligands (e.g., PDS) was dem-
onstrated to impact gene expression of specific genes, 
e.g., c-MYC [43]. Due to the G4s within TMPRSS2 gene 
(Fig. 1), we aimed to address how these two G4 ligands 
affect the levels of TMPRSS2. For this, both cell types 
were treated with PDS (0–50 µM for 24, 48, and 72 h) or 
CX-5461 (0.05–2  µM for 24, 48, and 72  h). To monitor 
gene expression changes specific for TMPRSS2, RNA was 
isolated, transcribed into cDNA, and qPCR analysis was 
performed using primers specifically targeting TMPRSS2.

TMPRSS2 has two isoforms, both isoforms contain 
identical transmembrane and extracellular domains but 
isoform 1 exhibits an extended N-terminal cytoplas-
mic domain, harboring 37 amino acids (aa) compris-
ing sequence which are not present in isoform 2. We 
designed specific primer pairs that allowed us to distin-
guish between expression changes of isoform 1 and 2. 
Caco-2 cells treated with PDS (0–50 µM for 24, 48, and 
72 h) showed a 10 to 60% reduction of both isoforms at, 
almost, all time points (Fig. 2a), whereas in MCF-7 cells, 
treatment for 24 h with PDS (0–50 µM) showed a 20 to 

60% reduction of isoform 1 and a 50 to 100% increase of 
isoform 2 after 24  h (Fig.  2b). As described above, due 
to the previously determined high sensitivity of MCF-7 
cells towards PDS, we selected two lower concentra-
tions of PDS in MCF-7 cells to avoid toxic side effects 
(1–2 µM). In agreement with above findings, also lower 
PDS doses (1–2 µM) reduced (20 to 50%) TMPRSS2 lev-
els in MCF-7 cells (Additional file 4). Similar, in Caco-2 
cells, treatment with CX-5461 (0.05–2  µM for 24, 48, 
and 72 h) led to a 10 to 60% reduction of isoform 1 and 
a 10 to 100% increase of isoform 2 (Fig.  2c). In MCF-7 
cells, CX-5461 (0.05–2 µM) led to a 10 to 40% reduction 
of isoform 1 (opposite trend was obtained at 24  h) and 
a 10 to 120% increase of isoform 2 (Fig. 2d). The obser-
vation that PDS in Caco-2 decreased expression of both 
isoforms agrees with previous publications in H1299 cells 
[44] that endogenously expressed ACE2 and TMPRSS2. 
Contrary, we identified that CX-5461, as well as PDS in 
MCF-7 cells, decreased only the expression of isoform 1. 
In summary, we demonstrated that G4 stabilization nega-
tively affects the expression of mainly isoform 1.

It is known that changes on mRNA levels not always 
correlate with changes in protein levels [45]. Therefore, 
in the next experiments, we addressed if TMPRSS2 pro-
tein levels change also in response to G4 stabilization. 
Based on viability (Additional file  3), induction of G4 
levels (Additional files 3 and 4) and expression changes 
(Fig. 2a-d), specific time points, and G4 ligand concentra-
tions were selected. We selected for both cell lines 24 h, 
10  µM for PDS and 24  h, 1  µM for CX-5461 (Fig.  2e). 
Western blot analysis using an antibody directed against 
TMPRSS2 confirmed gene expression analysis. We 
monitored a specific downregulation of isoform 1 after 
treatment with either PDS or CX-5461 in Caco-2 cells 
(Fig.  2e). In MCF-7, treatment with PDS and CX-5461 
resulted in a, slight, downregulation of both isoforms 
(Fig.  2e). In summary, we demonstrated that both 
TMPRSS2 mRNA expression as well as protein levels are 
affected due to G4 stabilization. In particular, G4 stabi-
lization affects mRNA and protein level of isoform 1 of 
TMPRSS2.

TMPRSS2 isoform 1 downregulation induces SARS‑CoV‑2 
replication arrest
Previous work demonstrated that high levels of TMPRSS2 
correlate with strong viral infections because TMPRSS2 
supports viral entry into the host cell [32, 35]. Based on 
our previous observations, we predicted that by target-
ing G4 structures, we can control the expression of the 
different isoforms of TMPRSS2 and by this modulate the 
strength of SARS-CoV-2 infection. Formation of viral G4 
structures were shown to impact viral life cycle for exam-
ple by blocking viral replication [46, 47]. SARS-CoV-2 
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has multiple G4s within their genome and it was shown 
that G4 stabilization by ligands can impact SARS-CoV-2 
infection [48–51]. However, it is not fully understood if 
the ligand impacts only viral G4s during SARS-CoV-2 
infection or if G4 ligand stabilize and impact multiple 
G4s from the host cell and the virus. We tested if G4s sta-
bilization by PDS or CX-5461 can modulate SARS-CoV-2 

replication. To study viral replication in cells, we used an 
engineered SARS-CoV-2 replicon, with the capacity of 
self-replicating without producing infectious virus [52]. 
This replicon has a luciferase reporter gene instead of the 
viral spike protein (Fig. 3a), which can be used in lumi-
nescence assays. In order to mimic SARS-CoV-2 infec-
tion, SARS-CoV-2 specific RNA was in vitro transcribed 

Fig. 2  G4 stabilization by PDS and CX-5461 downregulates expression of TMPRSS2 isoform 1. a Expression levels of TMPRSS2 isoform 1 (left 
graph) and isoform 2 (right graph) in Caco-2 cell line treated 24, 48, and 72 h with different concentrations of PDS (0–50 μM). b Expression 
levels of TMPRSS2 isoform 1 and isoform 2 in MCF-7 cell line treated 24 h with different concentrations of PDS (0–20 μM). c Expression levels 
of TMPRSS2 isoform 1 (left graph) and isoform 2 (right graph) in Caco-2 cell line treated 24, 48, and 72 h with different concentrations of CX-5461 
(0–2 μM). d Expression levels of isoform 1 (upper graph) and isoform 2 (bottom graph) in MCF-7 cell line treated 24, 48, and 72 h with different 
concentrations of CX-5461 (0–2 μM). mRNA levels in the graphs from a to d were normalized to the level of U6 snRNA and GAPDH. WT mRNA levels 
were scaled to 100%. Error bars represent SEM of at least n = 3 biological independent experiments. e Western blot analysis of protein extracts 
from Caco-2 (left panel) and MCF-7 (right panel) cells untreated or treated 24 h with 1 μM CX-5461 or 10 μM PDS. Below quantification of n = 3 
biological independent experiments ± SEM. Membrane was stained with anti-Tmprss2 and anti-Histone 3 antibodies. The original gels are reported 
in Additional file 9
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Fig. 3  TMPRSS2 isoform 1 downregulation induces SARS-CoV-2 replication arrest. a Schematic illustration of the SARS-CoV-2 non-infectious 
replicon [52] used in the following experiments. b Time course experiments of Caco-2 cells pre- treated 24 h with 1 μM CX-5461 or 10 μM PDS 
and electroporated with the SARS-CoV-2 non-infectious replicon [52]. Luciferase plate was read at time points 0, 12, 18, and 24 h. As a readout 
were obtained relative lights units (RLU) that reflect the replication of the replicon. c SARS-CoV-2 replication in Caco-2 cells transfected with siRNAs 
against TMPRSS2 isoform 1 and 2, only isoform 2 and scramble siRNA or treated 24 h with 10 and 25 μM camostat. Luciferase activity was measured 
24 h after electroporation with the SARS-CoV2 non-infectious replicon [52]. d BG4-ChIP-qPCR experiment performed in Caco-2 cells untreated 
(light gray bars) or treated 24 h with 10 μM PDS (dark gray bars) or 1 μM CX-5461 (black bars). The values in the graph represent the ration 
between immunoprecipitated chromatin and DNA input. Significance was determined using an ordinary one-way ANOVA multiple comparison. 
Asterisks indicate statistical significance; in detail, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. e Caco-2 cells transfected with psiCHECK™-2 
vector containing DNA oligonucleotides harboring the predicted G4 motifs at the exon 1 of the isoform 1, the G-rich sequence in the isoform 2 
as well as control mutated sequences cloned upstream of the reporter gene. Expression of psiCHECK™-2 was normalized to the G4_exon1_Iso1 
sample. f Luciferase assay in Caco-2 cells transfected with psiCHECK™-2 containing the predicted G4 motif at the exon 1 upstream of the reporter 
gene and either treated for 24 h with 1 μM CX-5461 or 10 μM PDS or left untreated. Expression of psiCHECK™-2 was normalized to the G4_exon1_
Iso1 sample
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from the replicon plasmid and electroporated in cells. 
For subsequent analysis, we focused on Caco-2 cells 
because in MCF-7 cells, the replicon system was unable 
to replicate (Additional file 5). Upon electroporation, we 
monitored viral replication by the change in luciferase 
expression over time (0, 12, 18, and 24 h). Increased viral 
replication was detected already 12  h after electropora-
tion, with a maximum between 18 and 24  h (Fig.  3b). 
Upon G4 stabilization, either by PDS (10  µM) or by 
CX-5461 (1 µM), a complete replication arrest was docu-
mented 12 h after treatment (Fig. 3b).

In Caco-2, as well as in MCF-7 cells, we revealed that 
G4 stabilization by G4 ligands leads to a robust down-
regulation of isoform 1 (Fig.  2) and that G4 stabiliza-
tion impact SARS-CoV-2 replication (Fig.  3b). To test 
if SARS-CoV-2 replication depends on TMPRSS2 and 
in particular on one of the isoforms, we downregulated 
TMPRSS2 by siRNA. For this, we used a pre-designed 
specific siRNA against both TMPRSS2 isoforms (si_
iso1/2). Further we designed one siRNA against only iso-
form 2 (si_iso2). Note, due to the high GC content in the 
3´-overhang of the isoform 1, it was not possible to design 
a specific siRNA targeting only isoform 1. Efficient down-
regulation of TMPRSS2 protein levels were detected 
48 h post siRNA transfection by western blot (Additional 
file 5). Note, after transfection with siRNA against both 
isoforms, mainly, the isoform 1 levels were decreased, 
whereas siRNA against only isoform 2 revealed a robust 
downregulation of only isoform 2 (Additional file 5). Lev-
els were compared to cells transfected with a scramble 
siRNA (scr siRNA). Next, SARS-CoV-2 replication was 
monitored after TMPRSS2 downregulation by siRNA 
by luminescence assay. These analyses revealed a strong 
decrease in replication after depletion of mainly isoform 
1 using si_iso1/2 (Fig.  3c). Downregulation of only iso-
form 2 alone did not affect viral replication. Same results 
were obtained in Calu-3 cells, another cell line permissive 
to SARS-CoV-2 infection (Additional file 5). These results 
demonstrated that TMPRSS2 activity is not, as previ-
ously shown, limited to act during viral entry but also 
plays a role in the replication of the virus. In particular, 
this novel function of TMPRSS2 is specific for only the 
isoform 1 (Fig.  3c). It further drives the hypothesis that 
G4 stabilization by ligands leads to reduction in viral rep-
lication potentially via changing levels of TMPRSS2 iso-
form 1. Using the full-length virus, knock-down of both 
isoforms led to a clear decrease in infectious titer. How-
ever, also siRNA against isoform 2 alone had a moderate 
negative effect. This may reflect the necessity of both iso-
forms for the full viral life cycle (Additional file 10).

It is already known that TMPRRS2 is a viral primase 
with protease activity [32]. The host cell protease activ-
ity of TMPRSS2 can be blocked by the protease inhibitor 

called camostat mesylate [53]. Upon inhibition of pro-
tease activity during SARS-CoV-2 infection, SARS-CoV-2 
infection is reduced [53]. We speculated that if TMPRSS2 
impacts on viral replication is protease activity depend-
ent, we would also detect a downregulation of viral repli-
cation after camostat treatment. To test this speculation, 
using a SARS-CoV-2 replicon, we monitored viral rep-
lication in Caco-2 cells before and after treatment with 
camostat mesylate (10 and 25  µM). Small changes in 
viral replication were detected only after 25  µM camo-
stat treatment (Fig.  3c). These experiments confirmed 
that the protease activity is required for viral entry, 
whereas viral replication is supported by other functions 
of TMPRSS2. All together, these results propose a novel 
role for TMPRSS2 isoform 1 in the SARS-CoV-2 replica-
tion, and this activity is independent from the TMPRSS2 
protease activity (Fig. 3c). This isoform specificity opens 
the scenario in which G4 formation can be used to spe-
cific target isoform 1.

In order to pinpoint G4 mediated effects on TMPRSS2 
isoform expression to a distinct G4, we in-depth re-ana-
lyzed G4 motifs in the junction sites of isoform 1 and 2. 
The difference between isoform 1 and 2 is very small; iso-
form 1 present a 116 bp in the 3´-overhang and isoform 
2 only a 78  bp 3´-overhang. We determined a unique 
G4 region in the exon 1 of the isoform 1 (future tran-
scribed in the 5´-UTR regulatory region) as well as one 
G-rich region within the isoform 2 with a low G-score. 
We designed oligonucleotides harboring the predicted 
G4 motif in the exon 1 of the isoform 1 and in a G-rich 
region of isoform 2. Control sequences containing muta-
tions within the G4s that prevent G4 formation were 
used for all subsequent assays (Additional file  6). By 
using, as before, ThT in gel staining to confirm G4 struc-
tures, we demonstrated that the G4 motif within the 
exon 1 of the isoform 1 can form a G4 structure in vitro 
(Additional file  5). Loading was controlled by an eth-
idium bromide staining (Additional file  5). Mutations 
of the G4 motif prevented the formation of a G4 struc-
tures (Additional file  5). A light band was also detected 
for G4 within the exon 1 of the isoform 2, but no changes 
were detected when the G4 motif was disrupted by muta-
tions (Additional file 5). In addition, a second G4 specific 
probe, NMM, was used in gels, but no parallel G4s were 
detected in these sequences (Additional file 5). To under-
stand if this G4 is also forming in cells, we performed 
chromatin immunoprecipitation (ChIP) by targeting G4 
structures using the G4 specific antibody BG4. BG4-
ChIP followed by qPCRs was performed in Caco-2 cells 
before and after PDS 10 µM or 1 µM CX-5461 (24 h). As 
controls, we selected a known G4 positive region (RPA5) 
and a G4 negative region (TMCC1) as previous published 
[54]. qPCR analysis showed that the exon 1 of the isoform 
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1 is significantly enriched and can be co-immunopre-
cipitated by the G4 antibody (ratio IP/input: 2.5). After 
G4 stabilization by PDS or CX-5461, this region is even 
more enriched in the qPCR analysis (CX-5461: ratio IP/
input: 4.4, PDS: ratio IP/input: 5.2) (Fig.  3d). Similarly, 
also a second G4 (studied in Fig.  1: G4_int5_1) located 
within TMPRSS2 intron folds in cells as this region can 
be detected by qPCR analysis using specific primer pairs, 
before (ratio IP/input: 3.9) and after G4 stabilization by 
either PDS (ratio IP/input: 13) or CX-5461 (ratio IP/
input: 8.3) (Fig. 3d).

In order to characterize the impact of this unique G4 
within the exon 1 on TMPRSS2 isoform 1 transcription 
or translation, we performed a plasmid-base reporter 
assay that allows us to monitor transcription and trans-
lation changes. For this, we selected a psiCHECK™-2 
vector. This system allows us to monitor changes in 
transcription/translation of a target gene fused to the 
reporter gene Renilla luciferase. DNA oligonucleotides 
harboring the predicted G4 motifs of exon 1 isoform 1, 
the G-rich sequence of isoform 2 as well as the mutated 
sequences were cloned upstream of the renilla luciferase 
gene. Caco-2 cells were transfected with these different 
vector constructs harboring the sequence of interests 
(SOIs). In Caco-2 cells, we revealed that the G4 of exon 
1 decreased expression dramatically, upon mutation of 
the G4 a 2.5-fold increase in expression was detected 
(Fig.  3e). As expected, no changes between the origi-
nal and mutated SOIs were detected after insertion of 
the G-rich sequence of isoform 2 (Fig. 3e). Same results 
were obtained in another cell line (HeLa) in the same 
conditions (Additional file 5). We then examined if PDS 
or CX-5461 treatment further effects the expression of 
the reporter construct if the G4 from exon 1 of isoform 
1 is used. PDS (10 µM, 24 h) as well as CX-5461 (1 µM, 
24  h) treatments led to a twofold decrease in expres-
sion (Fig. 3f ). All the results suggest that the specific G4 
within the exon 1 of isoform 1 has the potential to down-
regulate gene expression.

SNPs in the exon 1 (5´UTR) of TMPRSS2 isoform 1 influence 
protein expression
In the here presented data, we revealed that isoform 1 of 
TMPRSS2 impacts SARS-CoV-2 replication (Fig. 3, Addi-
tional file 5). To shed light if TMPRSS2 function during 
viral replication is restricted to members of the family 
Coronaviridae or if it also modulates replication of other 
viral families, we have selected a replication system of 
flaviviruses. Flaviviruses are a large viral family includ-
ing relevant human pathogens like the dengue virus 
(DENV), yellow fever virus (YFV), and zika virus (ZIKV) 
[55]. We used a YFV reporter replicon system to monitor 
viral replication [56] after downregulation of the specific 

isoforms of TMPRSS2 (see above) (Fig.  4a). Lumines-
cence assay confirmed a 5.4-fold decrease in replication 
upon treatment with si_iso1/2 that reduced mainly iso-
form 1 (Fig. 4a); no changes were determined after down-
regulation of only isoform 2.

After demonstrating that the isoform 1 of TMPRSS2 
not only impacts replication of SARS-CoV-2 but also 
this of YFV, we raised the hypothesis that changes in 
viral replication of human individuals after infection 
might depend on different expression of TMPRSS2 iso-
forms. We determined if and where SNPs in TMPRSS2 
have been observed in the human population and if 
they are destroying the G4 potential. Using dbSNP 
(NCBI), we identified four SNPs that are located in the 
exon 1, all of which are predicted, based on G4 hunter, 
to reduce the potential of G4 formation: rs1430156730 
(SNP1); rs565468881 (SNP2), rs2091471351 (SNP3), and 
rs2091471316 (SNP4). DNA oligonucleotides harboring 
the predicted G4 motifs within the exon 1 of the isoform 
1 as well as all 4 sequences containing one of the selected 
SNPs were designed (Fig.  4b; Additional file  7). G4 for-
mation was monitored, by ThT gel analysis, in the control 
G4 as well as in SNP1-4. These data confirmed that all 
selected SNPs can partially destabilize the G4 structure 
in vitro (Fig. 4b,c). DNA loading was controlled by eth-
idium bromide staining (Additional file 8). These results 
demonstrated that a single nucleotide change, introduced 
by a SNP, can impact G4 formation. In order to reveal the 
direct impact of the selected SNPs on gene expression, 
we cloned SNP1-4 upstream of the reporter gene in the 
psiCHECK™-2 vector and checked the expression levels 
in Caco-2 cells. We predicted, if the selected SNP is rel-
evant for G4 mediated gene expression changes, it will 
lead to enhanced gene expression of the target region as 
gene expression is no longer blocked by the G4s. Lumi-
nescence assay showed for SNP3 and 4 a 1.5- and a 1.3-
fold increase in TMPRSS2 expression, compared to the 
original G4 sequence of isoform 1 (G4_Iso1) (Fig. 4d). No 
changes in gene expression were obtained after insertion 
of SNP1 and SNP2. Similar results were observed in Hela 
cells; a 2- and a 1.3-fold increase in TMPRSS2 expres-
sion were determined for SNP3 and SNP4, respectively 
(Additional file  8). These results suggest that G4 desta-
bilization, induced by SNPs, can lead to an increase of 
TMPRSS2 expression. Based on these data, we conclude 
that selected SNPs in the exon 1 of TMPRSS2 will impact 
G4 formation.

Discussion
In the last decade, increased attention arose around G4 
DNA structures because of their roles in key biological 
processes, e.g., replication, transcription, and translation 
[10]. Small molecules able to stabilize DNA/RNA G4s 
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have been developed [24]; these G4 ligands are currently 
tested as a novel anti-viral treatment option [57]. Here 
in this work, we aimed to deepen our understanding on 
TMPRRS2 regulation and how G4 stabilization impacts, 
via TMPRSS2, SARS-CoV-2 infection. We determined 
that G4s are forming in cellulo and in  vitro within 
TMPRSS2 gene (Fig. 1, Fig. 3). Stabilization of those G4s 
by either PDS or CX-5461 directly affected the TMPRSS2 
expression, mainly of isoform 1 (Fig. 2). We conclude that 
G4 stabilization leads to changes within TMPRSS2 by two 

pathways, first influencing the transcription by not only 
modulating promoter activity but also initiating different 
splicing variant by modulating the expression of, mainly, 
isoform 1 (Fig. 2, Fig. 5). Our molecular and biochemical 
experiment identified a new role of TMPRSS2, independ-
ent of its known protease activity, during SARS-CoV-2 
and YFV viral infection. In particular, we showed that 
TMPRSS2 supports viral replication (Fig.  3). This new 
TMPRSS2 function is restricted to isoform 1 (Figs.  3b, 
4a) which impacts directly viral replication (Fig.  3b). 

Fig. 4  SNPs in the exon 1 (5´UTR) of TMPRSS2 isoform 1 influence protein expression in Caco-2. a Yellow fewer virus (YFV) replication in Caco-2 
cells transfected with siRNAs against TMPRSS2 isoform 1 and 2 and only isoform 2. Luciferase plate was read 24 h after electroporation with the YFV 
replicon [56]. b Schematic illustration of the G4 at exon 1 of TMPRSS2 gene and the four SNPs that partially disrupt the G4 motifs obtained by NCBI. 
c ThT staining of the oligonucleotide harboring the G4 in the exon1 of the isoform 1 as well as oligonucleotide contained four SNPs that partially 
disrupt the G4 motifs obtained by NCBI. d Caco-2 cells transfected with psiCHECK™-2 containing the G4 at exon 1 of TMPRSS2 gene and the four 
SNPs that partially disrupt the G4 motifs obtained by NCBI, cloned upstream of the reporter gene. Expression of psiCHECK™-2 was normalized 
to the G4_ Iso1 sample
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Those results are in line with previous publications that 
identified a specific role of the TMPRSS2 isoform 1 in 
the activation of the influenza A virus hemagglutinin 
[58]. We identified that the replication inhibition by G4 
ligands in Caco-2 cells leads to a stronger repression of 
viral replication than down-regulation of TMPRSS2 by 
siRNA (Fig. 3) These results together suggest a comple-
mentary activity of the G4 ligands, first in directly block-
ing viral replication by inducing G4s as a roadblock [10] 
and by negatively affecting viral replication by reduc-
ing the expression of TMPRSS2 isoform 1. In detail, 
the presence of G4 regions in various viral genomes has 
been observed: e.g., ZIKV [59], tick-borne encephalitis 
virus (TBEV) [60], herpes simplex virus 1 (HSV-1) [61], 
Epstein–Barr virus (EBV) [62], human immunodefi-
ciency virus 1 (HIV-1) [63], Ebola virus (EV) [64], hepa-
titis C virus (HCV) [65] as well as SARS-CoV-2 [66]). In 

most of these viruses, G4 stabilization by G4 ligands led 
to reduced virus production which is connected (depend-
ent on the ligand) to reduced viral replication [67]. We 
concluded that G4 stabilization modulates viral repli-
cation, at least for SARS-CoV-2 and YFV, by a specific 
reduction of isoform 1 of TMPRSS2. Based on this find-
ing, we speculate that during other virus infections, G4 
stabilization has two consequences. First blocking of viral 
replication by direct G4 formation in the virus genome 
and second by downregulation of additional host factors 
that impact viral replication. It has been observed for 
multiple ligands including PDS and CX-5461 that G4 sta-
bilization block DNA replication both in eukaryotes [46, 
47] and viruses, e.g., HCV [68] and ZIKV [69]. Our work 
extends this model that G4 stabilization leads to a spe-
cific downregulation of the host cell factor TMPRSS2, in 
particular isoform 1, which is important for SARS-CoV-2 

Fig. 5  Model. PDS and CX-5461 treatments stabilize G4s in the promoter and gene body inducing a partial downregulation of the TMPRSS2 
mRNA, especially of the isoform 1. Furthermore, G4 stabilizers treatment induces stabilization of the G4 in the 5´-UTR (exon 1) of the isoform 
1 with a consequent downregulation of the TMPRSS2 isoform 1 protein. TMPRSS2 isoform 1 downregulation will be crucial for inhibiting 
the replication of the already internalized SARS-CoV-2 replicon
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replication. It is known that treatment with G4 ligands 
has a strong impact on gene expression of multiple genes 
and can also impact splicing events [70] We anticipate 
that also during other viral infection, G4-induced down-
regulation of specific host cell factors will impact directly 
viral infection. This observation highlights the poten-
tial of using G4 stabilization to reduce viral replication 
via two pathways and by this reduce the severeness of 
viral infection. However, currently, most G4 ligands tar-
get multiple G4s, which also induce within the host cell 
genome instability events and affect gene expression 
changes and stress responses [8, 41, 71]. We predict that 
G4 specific ligands for specific G4-forming regions, e.g., 
the G4 located within the exon 1 of isoform 1, which we 
characterized, might be an attractive anti-viral tool that 
will block viral replication but will not impact genome 
stability events in the host cell.

Conclusions
Based on our work, we propose that the potential to form 
G4s within TMPRSS2 can be used as a tool to identify 
and characterize a risk group that will be more vulnerable 
for severe SARS-CoV-2 infections. We identified that the 
two isoforms of TMPRSS2 differ for the 5´-UTR region, 
where we determined a strong G4 motif that can be tar-
geted by PDS or CX-5461 (Fig. 3e,f ). We identified that 
two putative SNPs in the 5´-UTR of the TMPRSS2 iso-
form 1 can partially disrupt the G4 motif (Fig. 4c). As a 
consequence of this SNP, the G4 can no longer form and 
TMPRSS2 expression increases significantly (Fig.  4d). 
SNPs and G4s have been previously correlated genome 
wide [72, 73] or at specific loci [74].

In summary, our data show that G4 stabilizing by 
ligands has two effects, first on viral replication and sec-
ond by modulating the expression of TMPRSS2 isoforms 
(Fig.  5). To target both viral entry and viral replication, 
a potential future strategy against viral infection (e.g., 
SARS-CoV-2) maybe is to treat simultaneously patient 
with inhibitor of the proteolytic activity (e.g., camostat 
mesylate) as well as regulators of the TMPRRS2 gene 
transcription/translation (e.g., G4 stabilizing ligands). 
Further, the here presented work leads to a future 
model where the characterization of SNPs that alter the 
G4-forming potential within genes, e.g., TMPRSS2 may 
give insights into the risks of patients during SARS-
CoV-2 infection, as our data showed that due to changes 
in G4 formation, potential viral replication is significantly 
modified.

Methods
Circular dichroism
Fifty micrograms of oligonucleotides (Sigma) were 
diluted in 1 × G4 folding buffer (10  mM Tris–HCl pH 

7.5, 0.1 M KCl). The samples were incubated at 95 °C for 
5  min and let slowly renatured ON at RT. Absorbance 
was acquired using a Jasco spectropolarimeter with the 
following setting:

Measurement range: 220–330 nm
Data pitch: 1 nm
Band width: 2 mm
Sec response: 0.5
Standard sensitivity
Scanning speed: 200 nm/min

NMM and ThT gel
2.5  μg oligonucleotides (Sigma) were diluted in 1 × G4 
folding buffer (10  mM Tris–HCl pH 7.5, 0.1  M KCl). 
The samples were incubated at 95  °C for 5  min and let 
slowly renatured ON at RT; 10 μL were mixed with 2.5 
μL 5 × native loading dye and the samples loaded on 15% 
TBE native gel for about 90  min at 80  V. Note, the gel 
was pre-run for 15 min at 80 V and the wells rinsed thor-
oughly. The gel was incubated with 10  μg/mL NMM or 
ThT in 1 × G4 folding buffer for 15  min under agitation 
and protected from light. The NMM or ThT signal was 
detected with a ChemiDoc (Biorad). Then the gel was 
incubated with 0.5  μg/μL ethidium bromide in 1 × G4 
folding buffer for 15  min in agitation to stain the total 
DNA. The ethidium bromide was detected with a Chemi-
Doc (Biorad).

Cell lines and cell culture
HeLa cells were purchased from ATCC. Caco-2 and 
MCF-7 were kindly provided by the Bartok and Feldmann 
lab (both University Hospital Bonn), respectively. Calu-3 
cells were kindly provided by Stefan Pöhlmann (German 
Primate Center, Göttingen, Germany) through Florian 
I. Schmidt lab (University of Bonn, Germany). Caco-2, 
Calu-3, HeLa as well as MCF7 cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco™) 
supplemented with 10% (v/v) fetal bovine serum (FBS, 
Gibco™) 100 U ml − 1 penicillin–streptomycin (Gibco™). 
All cell lines were passaged 2–3 times a week and incu-
bated at 37 °C in 5% CO2.

Cell survival—MTT assay
Cytotoxicity of PDS and CX-5461 was determined with 
a MTT assay. Seeding was performed in 96-wells plates. 
After treatment with different concentrations of PDS 
and CX-5461, cells were washed with PBS and fresh 
medium containing 500  μg  ml-1 of thiazolyl blue tetra-
zolium bromide solution (Sigma) was added to each well 
and incubated for 4 h in an incubator at 37 °C in 5% CO2. 
Medium was subsequently removed, and precipitated 
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formazan crystals were solubilized in 100  μl dimethyl-
sulfoxide (DMSO). Absorbance at 570 nm was measured 
using a multiplate reader. Cell survival directly correlated 
with the absorbance values at 570  nm. Absorbance was 
then normalized against untreated cells (negative con-
trol) and used to obtain a compound concentration with 
a cell viability ≥ 80%.

BG4 purification
The plasmid expressing an engineered antibody specific 
to G4 (BG4) [12] was kindly provided by S. Balasubra-
manian (University of Cambridge, UK). The plasmid was 
transformed into BL21(DE3) competent cells. BG4 anti-
body was purified as described in [75]. BG4 antibody was 
quantified on a NanoDrop spectrophotometer (Thermo 
Scientific) and stored at − 80 °C. Purity of the BG4 prepa-
ration was monitored by SDS-PAGE and ELISA.

BG4 immunofluorescence
BG4 immunofluorescence was performed as previously 
described [13]. Briefly, cells were seeded in 6- or 24-mul-
tiwell plates; 24  h post seeding cells were treated with 
PDS and CX-5461 and pre-fixed with a 50/50 solution of 
DMEM and methanol/acetic acid (3:1) at RT for 5 min. 
After a brief wash with methanol/acetic acid (3:1), the 
cells were fixed with methanol/acetic acid (3:1) at RT for 
10  min. Cells were then permeabilized with 0.1% (v/v) 
Triton X-100 in PBS at RT for 3 min under gentle rocking 
and incubated with blocking solution (2% (w/v) dry milk 
in PBS, pH 7.4) for 1 h at RT under gentle rocking. After-
wards, cells were incubated in blocking solution contain-
ing 0.5/1 μg of BG4 antibody per slide and kept 2 h at RT. 
Cells were then incubated with blocking solution con-
taining 1:800 rabbit polyclonal antibody against the DYK-
DDDDK epitope (Cell Signalling ref #2368) for 1 h at RT 
under gentle rocking. Next, cells were incubated at RT 
with blocking solution containing 1:1000 fluorescent sec-
ondary anti-rabbit IgG (Life technologies ref #A10520) 
for 1 h at RT under gentle rocking. After each step, cells 
were washed three times with 0.1% (v/v) Tween-20 in 
PBS for 10 min. The cover glasses were mounted with a 
drop of Fluoroshield mounting media solution (Merck) 
containing the DNA staining fluorophore DAPI.

BG4 ChIP
BG4 immunoprecipitation was performed as previously 
described [54].

Western blot analysis
For standard protein analysis, protein lysates were 
obtained by lysing the cells in NP-40 lysis buffer or crude 
1 × laemmli buffer supplemented with Benzonase. Pro-
teins were running on SDS-PAGEs (8–15%) and blotted 

on a nitrocellulose membrane (GE Healthcare). After sat-
urating free binding sites with 5% non-fat milk powder in 
1X TBS-T, the membrane was incubated with TMPRSS2 
(Santa Cruz ref# sc-515727) and Histone 3 (abcam ref# 
ab1791) antibody overnight at 4 °C under rotation. After 
three times 10  min washing with 1 × TBS-T, membrane 
was incubated with matching HRP-coupled second-
ary antibodies (anti-mouse or anti-rabbit (Santa Cruz 
Biotechnology) for 1  h at RT followed by another three 
washing steps. Signals were detected by chemilumines-
cence of HRP-coupled secondary antibodies (Santa Cruz 
Biotechnology) on a Gel Doc (Biorad). Uncropped blots 
are provided in the Source Data file instructions.

Quantitative PCR
Quantitative PCR (qPCR) was performed using the iQ 
SYBR Green Supermix (Biorad ref # 1708887).

TMPRSS2 Transcript 1 Fw GAG​TTC​AAA​GCC​ATC​TTG​CTG​

Rv GTG​AAA​GCG​GGT​GTG​AGG​

TMPRSS2 Transcript 2 Fw GGT​CCT​ACT​CAC​CAG​GCA​GA

Rv GCT​CCC​CAA​GAC​ACA​TCC​TA

Fold enrichment of the specific transcript of inter-
est was normalized over housekeeping transcript RNU6 
and GAPDH used in a previous publication [41]. Micro-
soft Excel and GraphPad Prism 6.2 were used to plot the 
graphs.

siRNA transfection
Twenty-four hours after seeding, HeLa and Caco-2 
cells were forward transfected with 100  pM siRNA 
specific for both isoforms of TMPRSS2 (Thermo ref 
#SASI_Hs01_00072211) and a custom-made only for 
the isoform 2 (sense—AGC​UAA​GCA​GGA​GGC​GGA​
GGCdTdT) as well as scramble siRNA using Lipo-
fectamine™ RNAiMAX Transfection Reagent (Thermo 
Fisher ref #13778075). Protein knockdown was assessed 
by western blot of nuclear proteins extracted from cells 
48 h post transfection.

In vitro transcription
pSMART-T7-scv2-replicon was linearized with NotI 
(NEB) and purified by phenol:chloroform extraction and 
ethanol precipitation. In vitro transcription and capping 
were performed using the mMESSAGE mMACHINE T7 
transcription kit (Thermo Fisher), according to manufac-
turer’s instructions; 4 μg of linearized DNA and 15 μL of 
GTP in a total reaction volume of 100 µl was incubated at 
37 °C for 2.5 h. Next, 5 μL of TURBO DNase was added 
and incubated at 37  °C for 15  min to remove the tem-
plate. The RNA was then purified by phenol: chloroform 
extraction and isopropanol precipitation at RT to remove 
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unincorporated nucleotides. The pellet was dissolved in 
RNAse-free water and quantified by Nanodrop.

SARS‑CoV‑2 replicon transfection and luciferase assay
One million cells were electroporated with 2 μg of retro-
transcribed RNA originated from the SARS-CoV-2 rep-
licon in the presence of ATP and glutathione in a Gene 
Pulser Xcell Electroporation System (Biorad) with the 
preinstalled setting for HeLa cells; 24  h post-electropo-
retion, cells were resuspended in lysis buffer provided 
in the luciferase assay kit (Promega). Cells were trans-
ferred to 96-well plate and mixed with an equal amount 
of luciferase reagent. Following incubation of 10 min to 
achieve full enzymatic activity, firefly luminescence was 
measured using a plate reader. Samples were measured in 
technical duplicates.

Vector cloning
Oligonucleotides were cloned into the psiCHECK™-2 
reporter plasmid using the restriction free cloning 
method. The template was inserted into the vector down-
stream of the HSV-TK promoter in front of a firefly 
luciferase gene. The cloning insert was composed of the 
sequence of interest (SOI) flanked by sequences comple-
mentary to the plasmid’s desired cloning site. Using two 
rounds of polymerase chain reaction (PCR), the insert 
primer was amplified and extended. The PCR reactions 
were performed using the Phusion High-Fidelity DNA 
Polymerase (Thermo Scientific ref # F548L). Finally, 
the template plasmid was digested by the restriction 
enzyme DpnI followed by vector transformation into 
DH5a competent cells. Positive clones were confirmed by 
sequencing.

Luciferase assay
Caco-2, HeLa, and MCF-7 cells were seeded into 24-mul-
tiwell plate; 24  h post seeding, the psiCHECK™-2 
reporter plasmid containing the SOI was transfected 
using the Lipofectamine 2000 Reagent (Thermo Scientific 
ref #11668019) according to the manufacturer protocol; 
24  h post-transfection, cells were resuspended in lysis 
buffer provided in the luciferase assay kit (Dual-Glo® 
Luciferase Assay System Promega ref #E1910). Cells were 
transferred to 96-well plate and mixed with an equal 
amount of Dual-Glo Luciferase Reagent (Dual-Glo Lucif-
erase Buffer substituted with Dual-Glo Luciferase Sub-
strate (1:50)). Following incubation of 10 min to achieve 
full enzymatic activity, firefly luminescence was meas-
ured using a plate reader. Afterwards, Dual-Glo Stop & 
Glo Reagent (Dual-Glo Stop & Glo Buffer substituted 
with Dual-Glo Stop & Glo Substrate (1:50)) was added to 
the equal volume of the original sample volume. Follow-
ing additional 10 min of incubation, Renilla luminescence 

was measured. The ratio of firefly luminescence to Renilla 
luminescence was calculated and normalized to the ratio 
of a control sample. Samples were measured in technical 
duplicates.

SARS‑CoV‑2 infection and plaque assay
CaCo2 cells transfected with siRNA for 48  h were 
infected with SARS-CoV-2 (Wuhan/6145) at an MOI of 
0.01. After 48 h, 10-fold dilutions of the supernatant were 
used to determine infectious titers by plaque assay in 
Vero E6 cells overlaid with 1.5% methyl cellulose media. 
At 3 days post infection, cells were fixed and crystal violet 
staining was performed to visualize plaques [76].

Statistical analyses
Significance was calculated using one-sided Student’s 
t-test and ordinary one-way ANOVA multiple com-
parison tests. Asterisks indicate statistical significance 
in comparison with wild-type cells: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. Plotted results were based 
on the average of N = 3 biologically independent 
experiments. 
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Additional file 1. Putative G4-forming region in TMPRSS2 gene. a) G4 
Hunter analysis output. The input was the TMPRSS2 gene (threshold 2.0). 
b) IGV browser screenshot containing the TMPRSS2 genomic region, the 
G4 motifs obtained by G4 seq and, in the bottom part, the four G4 region 
from the G4 Hunter analysis (red arrows). c)  Ethidium bromide (EtBr) 
staining of the selected oligonucleotide harboring G4s run on a 15% TBE 
native gel.
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Additional file 2. DNA oligonucleotides harboring the G4 motifs as 
well as control sequences containing mutations within the PQS that are 
predicted, in silico, to prevent G4 formation.

Additional file 3. Treatments with PDS and CX-5461 induce increase in 
cell mortality and G4s stabilization. a) Vitality assay (MTT) in Caco-2 (left 
graph) and MCF-7 (right graph) cell lines treated 24, 48 and 72 h with dif-
ferent concentrations of PDS (0 – 100μM). b) Vitality assay (MTT) in Caco-2 
(left graph) and MCF-7 (right graph) cell lines treated 24, 48 and 72 h with 
different concentrations of CX-5461 (0 – 20μM). c) IF staining of Caco-2 
cells, treated 24, 48 and 72 h with different concentrations of PDS (0 – 
50μM), and stained with BG4 antibody (green), and DAPI (Nucleus border 
is defined by white borders). Scale bar, 10 µm. Below, quantification of BG4 
signal in the nucleus of the cells. d) IF staining of MCF-7 cells, treated 24 
h with different concentrations of PDS (0 – 50μM), and stained with BG4 
antibody (green), and DAPI (Nucleus border is defined by white borders). 
Scale bar, 10 µm. Below, quantification of BG4 signal in the nucleus of 
the cells. The graphs in c) and d) show mean fluorescence intensity (MFI) 
levels normalized over untreated cells of n=3 biological independent 
experiments. Horizontal line represents the mean value. Significance was 
determined using an ordinary one-way ANOVA multiple comparison. 
Asterisks indicate statistical significance; in detail, *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001.

Additional file 4. Treatments with CX-5461 induce G4s stabilization. a) IF 
staining of Caco-2 cells, treated 24, 48 and 72 h with different concentra-
tions of CX-5461 (0 – 2μM), and stained with BG4 antibody (green), and 
DAPI (Nucleus border is defined by white borders). Scale bar, 10 µm. 
Below, quantification of BG4 signal in the nucleus of the cells. b) IF stain-
ing of MCF-7 cells, treated 24, 48 and 72 h with different concentrations 
of CX-5461 (0 – 2μM), and stained with BG4 antibody (green), and DAPI 
(Nucleus border is defined by white borders). Scale bar, 10 µm. Below, 
quantification of BG4 signal in the nucleus of the cells. The graphs in a) 
and b) show mean fluorescence intensity (MFI) levels normalized over 
untreated cells of n=3 biological independent experiments. Horizontal 
line represents the mean value. Significance was determined using an 
ordinary one-way ANOVA multiple comparison. Asterisks indicate statisti-
cal significance; in detail, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
c) Expression levels of isoform 1 and 2 in MCF-7 cell line treated 48 and 72 
h with 1 or 2μM PDS. mRNA levels in the graphs were normalized to the 
level of U6 snRNA and GAPDH. WT mRNA levels were scaled to 100%. Error 
bars represent SEM of at least n=3 biological independent experiments.

Additional file 5. G4s modulate TMPRSS2 expression and SARS-CoV-2 
replication. a) Time course experiments of MCF-7 cells pre- treated 24 h 
with 1μM CX-5461 or 10μM PDS and electroporated with the SARS-CoV-2 
non-infectious replicon [52]. Luciferase plate was read at time points 0, 
12, 18 and 24 h. b) Western blot analysis of protein extracts from Caco-2 
cells transfected with siRNAs against TMPRSS2 isoform 1 and 2 and only 
isoform 2. Membrane was stained with anti-Tmprss2 and anti-Histone 3 
antibodies. The original gel is reported in Additional file 9 c) SARS-CoV-2 
replication in Calu-3 cells transfected with siRNAs against TMPRSS2 
isoform 1 and 2, only isoform 2 and scramble siRNA or treated 24 h with 
PDS (10 μM), CX-5461 (1 μM), and Camostat Mesylate (25μM). Luciferase 
activity was measured 24 h after electroporation with the SARS-CoV2 
non-infectious replicon [52]. d) ThT (left panel) and EtBr (right panel) 
staining of the oligonucleotide harboring G4s in the exon1 of the isoform 
1 and 2 as well as oligonucleotide with mutations in order to disrupt the 
G4 motifs run in a 15% TBE native gels. e) NMM (left panel) and EtBr (right 
panel) staining of the oligonucleotide harboring G4s in the exon1 of the 
isoform 1 and 2 as well as oligonucleotide with mutations in order to 
disrupt the G4 motifs run in a 15% TBE native gels. f ) HeLa cells transfected 
with psiCHECK™-2 vector containing DNA oligonucleotides harboring the 
predicted G4 motifs at the exon 1 of the isoform 1, the G-rich sequence 
in the isoform 2 as well as control mutated sequences cloned upstream 
of the reporter gene. Expression of psiCHECK™-2 was normalized to the 
G4_exon1_Iso1.

Additional file 6. DNA oligonucleotides harboring the G4 motifs in the 
exon 1 of the isoform 1 and in a G-rich region of isoform 2. as well as con-
trol sequences containing mutations within the PQS that are predicted, in 
silico, to prevent G4 formation.

Additional file 7. DNA oligonucleotides harboring the predicted G4 
motifs within the exon 1 of the isoform 1 as well as all 4 sequences con-
taining one of the selected SNP.

Additional file 8. SNPs in the exon 1 (5´UTR) of TMPRSS2 isoform 1 influ-
ence protein expression in HeLa cells. a) EtBr staining of the oligonucleo-
tide harboring the G4 in the exon1 of the isoform 1 as well as oligonu-
cleotide contained four SNPs that partially disrupt the G4 motifs obtained 
by NCBI. b) HeLa cells transfected with psiCHECK™-2 containing the G4 at 
exon 1 of TMPRSS2 gene and the four SNPs that partially disrupt the G4 
motifs obtained by NCBI, cloned upstream of the reporter gene. Expres-
sion of psiCHECK™-2 was normalized to the G4_ Iso1.

Additional file 9. Original gels. a) original gels from Fig. 2e. b) original gel 
from Additional file 5.

Additional file 10. Infectious virus production and TMPRSS2 expression. 
Comparison of virus production (plaque-forming units (PFU)/ml) and 
knock-down efficacy of TMPRSS2 isoforms (iso1 and iso2) upon treatment 
with siRNA targeting both isoforms (siISO 1+2) or only isoform 2 (siISO 2). 
All values were normalized to siCtrl.

Additional file 11. Individual data values.

Additional file 12. Individual data values.
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