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ABSTRACT

We have investigated the function of human topoiso-
merase 1 (TOP1) in regulation of G-quadruplex (G4)
formation in the Pu27 region of the IYC P1 promoter.
Pu27 is among the best characterized G4 forming se-
quences in the human genome and it is well known
that promoter activity is inhibited upon G4 formation
in this region. We found that TOP1 downregulation
stimulated transcription from a promoter with wild-
type Pu27 but not if the G4 motif in Pu27 was inter-
rupted by mutation(s). The effect was not specific to
the MYC promoter and similar results were obtained
for the G4 forming promoter element WT21. The other
major DNA topoisomerases with relaxation activity,
topoisomerases 2« and 3, on the other hand, did
not affect G4 dependent promoter activity. The cel-
lular studies were supported by in vitro investiga-
tions demonstrating a high affinity of TOP1 for wild-
type Pu27 but not for mutant sequences unable to
form G4. Moreover, TOP1 was able to induce G4 for-
mation in Pu27 inserted in double stranded plasmid
DNA in vitro. This is the first time TOP1 has been
demonstrated capable of inducing G4 formation in
double stranded DNA and of influencing G4 forma-
tion in cells.

INTRODUCTION

Non-canonical four stranded G-quadruplex DNA struc-
tures (G4) are believed to play important biological func-
tions (1-5). They have been the subject of intense studies
since they were identified in cellular DNA by in situ im-
munostaining using the G4 specific single chain variable
fragment (scFv), BG4 (6). However, their functions and reg-
ulations in living cells are far from fully elucidated.

G4 structures can form in specific G-rich sequences, the
so-called G4 motifs, and appear as dynamic yet stable struc-
tural elements (5,7). G4 motifs are present throughout the
human genome but are overrepresented in telomeric- and
gene regulatory regions, for example promoters and 5'-
UTRs (3,8). Of particular interest for human pathology,
potential G4 motifs are frequently found in promoters of
human proto-oncogenes such as MYC, WTI, KRAS and
TERT (9-17). G4 formation has been confirmed in most of
the promoters investigated (10-15) and available evidence
suggests that they play an important role in the regulation
of gene expression (10-13,15-17).

One of the best characterized G4 forming regions in hu-
man promoters is the Pu27 sequence that is part of the
proto-oncogene M YC promoter (12). It is often used to
study regulation of G4 formation in human cells (12,18,19).
MYC has multiple promoters. Pu27 is part of the P1 pro-
moter and more specifically located in the nuclease hyper-
sensitive element I1I; (NHEIII;) that controls 85-90% of
MYC expression. Pu27 contains five G tracts and can fold
into a parallel G4 structure that has an inhibitory effect on
promoter activity (12,19).
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Despite intense investigations during recent years, it is
still poorly understood how G4 formation and resolution
are controlled. From in vitro studies, it is known that G4
formation in at least single stranded DNA is influenced by
the chemical composition of the surroundings. For exam-
ple, G4 formation in synthetic oligonucleotides is destabi-
lized by Li* and stabilized by K* or Na* (5,20). In a cellular
context and in double stranded DNA, it is less clear how G4
formation is controlled. Cis-acting factors such as compo-
sition and sequence of bases clearly influence the transition
between the G4 and the double stranded conformation of a
given region (21,22). Consistently, several point mutations
that reduce the G4 forming capability of the Pu27 region in
the M YC promoter have been identified and verified in vitro
and/or in cells using a reporter system in which a luciferase
gene is placed under the control of the P1 promoter (12).
DNA superhelicity appears to be another important factor
in the regulation of G4 formation and footprinting stud-
ies have shown that G4 formation in double stranded DNA
is stimulated by negative supercoils (21,23). It is likely the
local unwinding of the DNA double helix associated with
negative supercoiling that supports G4 formation, since G4
formation has been linked to R-loops in cells (24,25).

Several trans-acting proteins have also been demon-
strated to influence G4 formation by the use of the above
mentioned luciferase reporter system (19) as well as other
methods. These proteins can roughly be separated into three
subgroups based on the effect on G4. Proteins such as Rapl
and thrombin are inducers of G4 formation (26,27), while
nucleolin and Ku are characterized as stabilizers (28,29). Fi-
nally, the RecQ helicases such as BLM, WRN, and SGS1
resolve G4 structures (30-32).

The nuclear enzyme human topoisomerase 1 (TOP1),
may belong to the group of G4 influencing proteins. TOP1 is
best known for its ability to regulate DNA topology during
DNA metabolic processes such as transcription and repli-
cation (33-35). It relaxes positive and negative supercoils
generated in front of and behind the tracking polymerase,
respectively (33). Relaxation is accomplished by the enzyme
introducing transient nicks in double stranded DNA, which
allow the cleaved strand to rotate around the intact strand
to remove torsional strain in the double helix. Hence, TOP1
may reduce G4 formation by removing negative supercoils.
Moreover, a handful of studies have shown that purified
TOP1 binds G4 structures with high affinity (36-39) and
that the enzyme may even stimulate intermolecular G4 for-
mation by a mechanism that depend on the active site tyro-
sine (39).

In the present study, we have addressed the function of
TOPI as a potential regulator of G4 in human promoters
using Pu27 of the MYC promoter as a model G4 motif.
We demonstrated that TOP1 downregulation in HEK293T
cells stimulated transcription of a luciferase reporter gene
under the control of NHEIII; with a wildtype Pu27 G4
motif but not when G4 formation in Pu27 was prevented
by point mutation(s). Similar effects were not observed
upon downregulation of the other major DNA human
topoisomerases with relaxation activity, topoisomerase 2a
(TOP2a) and topoisomerase 23 (TOP2B). The obtained
data suggests that TOPI inhibits promoter activity by di-
rectly inducing or stabilizing G4 formation in Pu27. This

Nucleic Acids Research, 2022, Vol. 50, No. 11 6333

conclusion was supported by in vitro studies demonstrat-
ing a high affinity of TOP1 for the wildtype Pu27 sequence
but not for a Pu27 derived sequence prevented in G4 for-
mation by point mutations when inserted in single stranded
oligonucleotides, as well as the ability of TOP1 to stimulate
G4 formation in Pu27 inserted in double stranded plasmid
DNA. TOPI not only affected the M YC promoter but did
also influence the activity of the G4 dependent WT21 pro-
moter, suggesting a more general function of TOP1 in reg-
ulating G4 formation in human promoters.

MATERIALS AND METHODS
Oligonucleotides

All oligonucleotides were synthesized at Microsynth,
Switzerland. The sequences of the oligonucleotides were as
follows:

Pu275-TGG GGA GGG TGG GGA GGG TGG GGA
AGG-%¥

Pu27(1(G/A)) 5-TGG GGA GGG TGG GGA GAG
TGG GGA AGG-¥

Pu27(5(G/A)) 5-TGA GGA GAG TGA GGA GAG
TGG AGA AGG-¥

Pu27 Scr 5-AGA GTT GGG GGA TGG GGG GGG
GGG GAG-¥

Pu27 Scr complementary 5-CTC CCC CCC CCC CCA
TCC CCC AAC TCT-3

Pu27 forward PCR primer 5-TTT ATA CTC ACA GGA
CAA GG-3

Pu27 reverse PCR primer 5-GGA TGT AAA CAG AGT
AAG AG-¥

Reagents, strains and antibodies

The del4 wildtype (#16604) and the pSangl0-3F BG4
(#55756) plasmids were purchased from addgene, and the
pRL-TK Renilla (#E2241) plasmid was purchased from
Promega. The yeast S. cerevisiae strain RS190 lacking the
endogenous TOP1 gene was a kind gift from R. Sternglanz
(State University of New York, Stony Brook, NY). The
plasmid pHT143, used for expression of TOP1, was de-
scribed previously (40).

Rabbit anti-TOP1 (#A302-590A) and rabbit anti-TOP2«
(#A300-054A) were purchased from Bethyl, mouse anti-
TOP2B (#611493) from BD transduction, mouse anti-TBP
(#ab818) from Abcam, and mouse anti-Lamin B (#sc-
365214) were from Santa Cruz biotechnologies. All sec-
ondary antibodies were purchased from DAKO. siRNA tar-
geting TOP1 (#3510923), TOP2« (#342786) and TOP2pB
(#3389257) as well as scrambled siRNA (#1027281) were
from Qiagen, and the G4 drug PhenDC3 was from Sigma-
Aldrich ApS.

Cell cultures

HEK?293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin and 100 pg/ml strep-
tomycin (Sigma-Aldrich ApS). The cells were maintained
in a humidified incubator (5% CO,/95% air atmosphere at
37°C). When performing transfections, antibiotics were ex-
cluded from the medium.
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Electronic mobility shift assay

10 pmol of 5-Cy5 labelled oligonucleotide (OL_Pu27,
OL_Pu27(1(G/A)), OL_Pu27(5(G/A))) were incubated
with 0, 3, 9 or 18 pmol BG4 or 0, 1, 3 or 9 pmol TOPI in
G4 buffer (10 mM Tris—-HCI, pH 7.5, 1 mM EDTA and
100 mM KCl) in a total volume of 30 w1 for 30 min at 37°C.
5x DNA loading dye (20 mM Tris-HCI, pH 8, 60 mM
EDTA, 60% glycerol, bromophenol blue) was added and
the samples were loaded on a 12% native polyacrylamide
gel (acrylamide:bis 37:5) and run at 4°C in 1xXTBE (48 mM
Tris, 45.5 mM boric acid, 1 mM EDTA) for 5 h at 170 V.
The oligonucleotides were visualized on a Typhoon FLA
9500 scanner (GE Healthcare) at excitation 498 nm and
emission 715 nm.

SPRi

Biotin 5-end labelled oligonucleotides were diluted in
1x TBS (20 mM Tris, 150 mM NaCl) to 1 uM and immo-
bilized on a gold SensEye G-strep chip (SSENS) by con-
tinuous flow in a CMF 2.0 Microfluidics spotter (Wasatch
microfluidics) for 20 min, followed by a wash with TBST
(20 mM Tris, 150 mM NacCl, 0.05% Tween-20) for 5 min.
The sensor chip was transferred to the MX-96 SPR Imager
(IBIS technologies), and the system was primed with SPRi
buffer (10 mM Tris—HCI, pH 7.5, 1 mM EDTA, 100 mM
KCl, 0.05% Tween-20). Residual background was blocked
by injecting SPRi buffer supplemented with 20 mg/ml BSA
for 10 min. To measure association kinetics, five or six injec-
tions of a 2-fold titration series ranging from 1.5625 to 200
nM protein were injected in sequence from the lowest to the
highest concentration for 8 min, at a rate of 8 wl/s. Disso-
ciation kinetics were measured by passing SPRi buffer over
the chip for 6 min at a rate of 8 wl/s. The chip was regener-
ated with H3POy in between each protein concentration. A
calibration curve was created by measuring SPRi response
from dilutions of glycerol (ranging from 0 to 5%) in SPRi
buffer and pure water as defined by the automated calibra-
tion routine of MX-96 SPR Imager. The program was run
twice.

Data analysis: The SPRi data was imported into SprintX
software (v. 2.1.1.0, IBIS technologies), calibrated, refer-
ence subtracted, and the baseline were zeroed. The starting
time point was aligned at the beginning of each new injec-
tion. The data was collected in Scrubber (v. 2.0c, Biolog-
ics Inc.). Binding curves for all chip positions where bind-
ing was observed were fitted to the integrated rate equation
to obtain association rate (K,), dissociation rate (Ky) and
equilibrium dissociation (Kp = K, /Kg) constants. The sim-
ulations were calculated using ClampXP (v. 3.5, Biosensor
Data Analysis). The data and simulations were exported in
R (v. 3.5.3) to plot the resulting binding curves using gg-
plot2 (v. 3.2.1).

Luciferase assay

HEK?293T cells were seeded in DMEM (10% FBS, no an-
tibiotics) in a six-well plate and incubated overnight. Af-
ter ~24 h, transfection with plasmid DNA and siRNA was
performed. Cells were transfected with 2 pg of del4 wild-
type or mutated plasmid, 0.5 pg pRL-TK Renilla plasmid

and a 1:1:1:1 mixture of siRNA against TOP1 (HS TOP1
#3510923 GeneSolution Qiagen), TOP2a (HS TOP2«
#342786 GeneSolution Qiagen), TOP23 (HS TOP2B
#3389257GeneSolution Qiagen) or scrambled siRNA (All-
Stars Negative Control siRNA #1027281, Qiagen). 72 h af-
ter transfection, dead cells and cell debris were removed by
two times wash with PBS before the remaining cells were
trypsinated. 4000 transfected cells were seeded in a 96-well
plate in 50 wl DMEM (10% FBS, no antibiotics). 50 wl
Dual-Glo Luciferase Reagent (Promega) was added and the
cells were incubated 10 min at room temperature before the
firefly luminescence of the cells was measured using Flu-
ostar Optima (BMG Labtech) with settings on 0.2 s posi-
tioning delay, 0.0 s measurement start time and 0.1 s as the
interval. This was followed by addition of 50 wl Dual-Glo
Stop & Glo (Promega), and the cells were left for additional
10 min of incubation at room temperature before the renilla
luminescence was measured using the same settings.

BG4 immunoprecipitation

83 fmol plasmid was mixed with 4150 fmol BG4 in G4
buffer (10 mM Tris—=HCI pH 7.5, 1 mM EDTA, 100 mM
KCl) in a total volume of 100 pl. The samples were in-
cubated 30 min at 37°C and added to His-Tag Isolation
and Pulldown Dynabeads (ThermoFisher) that were pre-
blocked with 1 mM dNTP overnight at 4°C. The samples
were incubated additional 10 min at room temperature. The
beads were collected and washed 4 times with 100 pnl G4
buffer. Bound plasmid was eluted by the addition of 1x TE
(10 mM Tris—HCI pH 7.5, 0.1 mM EDTA) supplemented
with 1% SDS and 10 mg/ml Proteinase K and incubated
at 37°C for 30 min. The samples were EtOH precipitated
overnight, and the pellet was resuspended in 1x TE and
used as a template for Taq PCR using Pu27 forward and
reverse PCR primers. The PCR samples were run on a 1.5%
agarose gel with SYBR safe for 1 h at 65 mA.

BG4 immunoprecipitation with TOPI. Supercoiled plas-
mid was linearized before addition of purified TOPI.

2 pg  deld_Pu27, del4_Pu27(1(G/A)), and
del4 Pu27(5(G/A)) was incubated individually with
20 units of the single cutter EcoRI in reaction buffer (50
mM K-acetate, 20 mM Tris-acetate, 10 mM Mg-acetate,
100 wg/ml BSA, pH 7.9). After 1 h incubation at 37°C the
samples were heat inactivated at 65°C for 20 min, and the
linearization was confirmed by running the DNA on a 1%
agarose gel. The linearized DNA was ligated overnight at
16°C by T4 ligase and subsequently EtOH precipitated.

300 ng relaxed plasmid was incubated with purified TOP1
or TOP1 storage buffer (10 mM Tris—HCI pH 7.5, | mM
EDTA, 313 mM NaCl, 50% glycerol) in G4 buffer in a total
volume of 100 pl. The samples were incubated at 37°C for
30 min before 4150 fmol BG4 was added. The samples were
then immunoprecipitated as described above.

Plasmid DNA relaxation

400 pmol oligonucleotide (OL_Pu27, OL_Pu27(1(G/A)),
OL_Pu27(5(G/A)) or OL_dsSCR) was mixed with 5x re-
laxation buffer (50 mM Tris—HCI, pH 7.5, 25 mM MgCl,,
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25 mM CacCl,, 685 mM KCI) followed by addition of 200
fmol supercoiled pUC18 plasmid. The samples were incu-
bated 5 min at 37°C. The relaxation was initiated by the ad-
dition of purified TOP1, and the samples were incubated at
37°C for increasing timepoints as indicated in the figure leg-
end. The reactions were stopped with 0.1% SDS and subse-
quently mixed with 10 mg/ml Proteinase K followed by in-
cubation for 1 h at 37°C. DNA loading buffer (24 mM Tris,
22.75 mM boric acid, 0.5 mM EDTA, 25% glycerol, xylene
cyanol, bromophenol blue) was added to the samples, and
they were run on a 1% agarose gel without dye for 12 h at
30V, 4°C. The gel was stained with EtBr for 30 min and sub-
sequently destained in 1 x TBE (48 mM Tris, 45.5 mM Boric
Acid, 1 mM EDTA) for 20 min.

RESULTS

Downregulation of TOP1 influences G4 regulated MYC ex-
pression

As mentioned in the introduction, TOP1 has been shown to
bind G4 structures in synthetic oligonucleotides with high
affinity (37-39), and it was even suggested that the enzyme
introduces intermolecular G4 structures in synthetic DNA
in vitro (39). It can therefore be speculated that TOP1 may
play an in vivo role in regulating G4 formation. Thereby it
may affect transcription from promoters with confirmed G4
forming sequences.

To address this possibility, we have used a previously de-
veloped luciferase reporter assay (12) to monitor the pro-
moter activity of the M YC NHEIII,, since the activity of
this promoter element is known to be inhibited by G4 for-
mation in the G4 motif, Pu27 (12,19). As negative controls
we used promoter elements with mutations that destabi-
lize G4 formation. The utilized reporter plasmids, termed
del4, with wildtype or mutated Pu27 regions are illustrated
in Figure 1A. They all contain a truncated M YC promoter
containing the promoter elements P1 (including NHEIII;)
and P2 inserted in front of the luciferase reporter gene fire-
fly. Promoter activity was monitored by measuring the ac-
tivity of firefly relative to the activity of luciferase renilla.
The renilla gene was inserted under the control of a con-
stitutive promoter in a plasmid co-transfected with del4 to
allow for normalization of different transfection efficiencies
as described in (12).

Based on the literature, we chose as one negative con-
trol to use a del4 variant with a single base substitution
(G257A) in the Pu27 region, named del4_Pu27(1(G/A))
(previously termed del4 dual (12)). This mutation has pre-
viously been demonstrated to inhibit G4 formation and in-
crease transcription from the NHEIII; promoter element
(12). However, our circular dichroism (CD) analysis indi-
cated that the mutation G257A in Pu27 is insufficient to
prevent G4 formation in single stranded oligonucleotides
(Supplementary Figure S1A). We therefore included an ad-
ditional del4 negative control with five base substitutions
in Pu27 (G252A, G257A, G262A, G266A, G271A) named
del4 _Pu27(5(G/A)), to fully prevent G4 formation. The in-
ability of an oligonucleotide with this sequence to form a
G4 structure was confirmed by CD analysis (see Supple-
mentary Figure S1A). Also, the G4 forming capability of
the oligonucleotides OL_Pu27 and OL_Pu27(1(G/A)) but

Nucleic Acids Research, 2022, Vol. 50, No. 11 6335

not OL_Pu27(5(G/A)) was confirmed by their relative gel-
electrophoretic mobility with the two formers showing an
increased mobility relative to OL_Pu27(5(G/A)). The in-
creased mobility is an indication of a more compact struc-
ture consistent with G4 formation (Supplementary Figure
S1B).

To further address the G4 forming capacities of the wild-
type, 1(G/A), and 5(G/A) Pu27 sequences, we investigated
the affinity of the purified anti-G4 scFv, BG4, (6) (see
Supplementary Figure S2 for purity of BG4) for synthetic
oligonucleotides with these sequences. This was done by
electrophoretic mobility shift assays (EMSA) and by sur-
face plasmon resonance imaging (SPRi). EMSA analysis
demonstrated the retardation (marked with an asterisk) of
5’-Cys5 labelled oligonucleotides with the wildtype Pu27 se-
quence (OL_Pu27) or with a single G257A base substitu-
tion in the Pu27 sequence (OL_Pu27(1(G/A))) upon incu-
bation with BG4 (Figure 1B, compare lanes 2—4 with lane
1 and lanes 6-8 with lane 5). The mobility of the oligonu-
cleotide with all five base substitutions in the Pu27 se-
quence (OL_Pu27(5(G/A))) was unaffected by addition of
BG4 (compare lanes 10-12 with lane 9). This result fur-
ther supports the G4 forming capacity of OL_Pu27 and
OL_Pu27(1(G/A)) but not OL_Pu27(5(G/A)). Next, we an-
alyzed BG4 binding to the different Pu27 derived sequences
with SPRi. For these studies, 5'-biotin labeled OL_Pu27,
OL_Pu27(1(G/A)) and OL_Pu27(5(G/A)) were coupled to
a streptavidin functionalized sensor chip. The exposure to
increasing concentrations of BG4 ranging from 6.25 nM to
200 nM were analyzed (Figure 1C). The resulting binding
curves demonstrated a pronounced decrease in binding of
BG4 to OL_Pu27(5(G/A)), which is in agreement with the
results of EMSA. This was also reflected by the calculated
KD values of 166 and 246 nM for BG4 binding to OL_Pu27
and OL_Pu27(1(G/A)), and 7948 nM for BG4 binding to
OL_Pu27(5(G/A)). Taken together, the in vitro experiments
demonstrated the capability of Pu27 and Pu27(1(G/A)),
but not Pu27(5(G/A)) to form a G4 structure when inserted

in single stranded DNA.
The effect of TOP1 on transcription controlled
by NHEIII; with wildtype Pu27, Pu27(1(G/A), or

Pu27(5(G/A)) was investigated using the luciferase reporter
system as described (12). HEK293T cells with or without
siRNA mediated downregulation of TOPI1 expression
were transfected with either one of the reporter plasmids
(del4_Pu27, del4d_ Pu27(1(G/A)), deld_Pu27(5(G/A)))
and the luciferase expression was measured following
manufactures protocol (Figure 2). It was not possible to
perform sequential transfection of reporter plasmids and
siRNA due to substantial cell death after two transfections.
Therefore, the cells were transfected simultaneously with
plasmids and siRNA. Downregulation of TOP1 was
confirmed by Western blotting to ~85% reduction of TOP1
protein level at the timepoint (72 h post transfection) where
promoter activity was measured (Supplementary Figure
S3A), and already 48 h post transfection we observed a
>50% downregulation of TOP1 (Supplementary Figure
S3A). Hence, we were able to confirm markedly reduced
TOP1 protein levels well before and at the time where
the experiment was performed. The luciferase reporter
assay shows that the 1(G/A) mutation enhanced promoter
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A Pu27 wildtype Pu27(1(G/A))

Pu27(5(G/A))

TGGGGAGGGTGGGGAGGGTGGGGAAGG \TGGGGAGGGTGGGGAGAGTGGGGAAGG/ {GAGGAGAGTGAGGAGAGTGGAGAAGG B

// \\\\ // ’
Myc f// M)\’E‘\} /
del4_Pu27 Firefly del4_Pu27(1(G/A)) Firefly
Luciferase Luciferase
B OL_Pu27 OL_Pu27(1(G/A)) OL_Pu27(5(G/A))
BG4 (pmol) 0 3 9 18 0 3 9 18 0 3 9 18
* -
1 2 3 4 5 6 7 8 9 10 11 12

deld_Pu27(5(G/A))

Response (RU)

I
o
=]

n
(=1
[=]

Firefly
Luciferase
OL_Pu27 OL_Pu27(1(G/A)) OL_Pu27(5(G/A))
600 600. 600
5 =)
3 3
3 400 3 400
2 2
/ 2 200 2 200
& &
0 0 0
0 200 400 600 0 200 400 600 0 200 400 600
Time (s) Time (s) Time (s)

Concentration (nM) @200 @100 @50 @25 9125 ©6.25 0
Oligo KD (nM)
OL_Pu27 166
OL_Pu27(1(G/A))| 246
OL_Pu27(5(G/A)) | 7948

Figure 1. (A) The reporter plasmids, named del4, containing a wildtype or mutated Pu27 region. The mutated del4 plasmids contained either a single or five
G to A base substitutions and are named del4 _Pu27(1(G/A)) or del4 _Pu27(5(G/A)). (B) EMSA showing the mobility of the wildtype Pu27 oligonucleotide
(OL_Pu27) (lanes 1-4) or the two mutant oligonucleotides, (OL_Pu27(1/G/A)) (lanes 5-8) and OL_Pu27(5(G/A)) (lanes 9-12)) after incubation with 0,
3,9 or 18 pmol of BG4. Gel electrophoretic retarded products are marked by an asterisk. (C) The top panel shows a representative example of the SPRi
binding curves obtained when presenting increasing concentration of BG4 for OL_Pu27, OL_Pu27(1(G/A)), or OL_Pu27(5(G/A)). The lower panel shows
the equilibrium dissociations constants (Kp) calculated from three independent experiments.

activity compared to transcription under control of the
wildtype NHEIII; sequence in cells with normal TOP1
expression (shown as grey bars). This result is consistent
with the literature (12) suggesting that the G257A base
substitutions in Pu27 is sufficient to destabilize G4 forma-
tion in cells leading to an increase in transcription activity.
The promoter activity in del4_Pu27(5(G/A) that contains
five base substitutions in the Pu27 region sufficient to
destabilize G4 formation even in single stranded DNA
(see above), was not enhanced compared to the promoter
activity in del4_Pu27. This may reflect that the five base
substitutions in top of preventing G4 formation, inhibited
binding to positive acting transcription factors such as
SP1, heterogenous nuclear ribonucleoprotein K (hnRNP
K) and CCHC-type zinc finger nucleic acid binding protein
(CNBP), leading to a reduced transcription level (41).
TOP1 downregulation was associated with a dramatic
increase in the promoter activity of the NHEIII; with
wildtype Pu27, to a level even above the activity of G4
compromised NHEIII; Pu27(1(G/A)). Transcription un-

der the control of NHEIII; Pu27(1(G/A)) or NHEIII,;
Pu27(5(G/A)), on the other hand, was unaffected by TOP1
downregulation (compare the blue bars of Figure 2). Con-
sistent with the ability of the wildtype but not the mu-
tated NHEIII; promoter elements to form G4 structures,
the G4 stabilizing ligand PhenDC3 inhibited transcription
only from the wildtype NHEIII; and not from the mu-
tated variants hereof (Supplementary Figure S4). Hence,
the increased transcription from NHEIII; Pu27 and not
NHEII, Pu27(1(G/A)) or NHEIII, Pu27(5(G/A)) upon
TOP1 downregulation is in concordance with TOPI1 play-
ing a central role in stabilizing or inducing G4 formation
in the M YC promoter in cells. This was further supported
by the finding that downregulation of TOP1 resulted in in-
creased transcription of endogenous M YC as demonstrated
by qPCR analysis (Supplementary Figure S5). Moreover,
the ability of TOP1 to influence transcription from promot-
ers with G4 forming regions was not restricted to the M YC
promoter. Hence, TOP1 downregulation resulted in a pro-
nounced stimulation of transcription from the previously
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Figure 2. Quantitative depiction of the Pu27 promoter activity measured
in terms of luciferase expression after treatment with equal concentrations
of scrambled siRNA (grey bars) or TOP1 targeting siRNA (blue bars).
Plotted data represent average +/— standard error of the mean, n = 9. ***
indicates significant difference, P < 0.001; ns, non-significant difference.
Unpaired #-test with Welch’s correlation.

described G4 forming WT21 promoter region (13,42) when
the G4 motif of this region was intact but not when G4 for-
mation was prevented by mutations (Supplementary Figure
S6).

The effect of TOP1 on G4 formation in Pu27 and mutants
hereof

To address if the TOPI dependent activity of the NHEIII,;
promoter could be ascribed to regulation of G4 formation,
we investigated if the effect of TOP1 could be correlated
to the ability of Pu27 or its mutants to form G4 structures
when inserted in plasmid DNA.

First, we addressed if the del4 plasmid harbors G4 mo-
tifs in other regions than Pu27. For this purpose, we per-
formed an in silico analysis using the G4 hunter tool pre-
viously described by Brazda et al. (43). Setting the window
size at 25 nucleotides and the threshold score at 1.2 (based
on (43)), we identified 12 putative G4 motifs in the del4
plasmid backbone outside the NHEIII; region. However,
none of these sequences could form G4 structures when
present in single stranded synthetic DNA as demonstrated
by CD analysis (Supplementary Figure S7). We therefore
went on and investigated G4 structure formation in the
wildtype Pu27, Pu27(1(G/A)) or Pu27(5(G/A)) of the del4
plasmids by using immunoprecipitation with BG4. Each of
the three plasmids were incubated with 6xHis tagged BG4
in a K* containing buffer before pulldown by BG4 with
6xHis affinity magnetic beads functionalized with Co®*.
Figure 3A shows a representative example of the prod-
ucts formed after 20 cycles of PCR amplification of the
del4_Pu27, del4_Pu27(1(G/A)), or del4_Pu27(5(G/A)) that
co-immunoprecipitated with BG4 from equal concentra-
tions of input plasmids. Only del4_Pu27 and neither of the
mutated plasmids co-immunoprecipitated with BG4 (see
lanes 1, 3 and 5). This indicates the presence of a G4 struc-
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ture in the del4_Pu27 plasmid but not in the two mutated
plasmids. Since the three plasmids were identical except for
the Pu27 region, the result is consistent with the plasmids
being unable to form G4 in sequences outside the Pu27. The
precipitation of del4_Pu27 was clearly dependent on the ad-
dition of BG4. Only trace amount of PCR products, prob-
ably resulting from a weak unspecific plasmid-to-bead in-
teraction, were generated in samples without added BG4
(lanes 2, 4 and 6). The results of the immunoprecipitation
experiments demonstrate the presence of a G4 structure in
the del4_Pu27 and the absence of such structure in the two
mutated plasmids. This result correlates with the differences
between del4_Pu27 and the two mutated plasmids observed
in Figure 2 and supports the notion that G4 formation in-
hibits the promoter activity of NHEIII;.

A putative direct effect of TOP1 on G4 formation was ad-
dressed in a co-immunoprecipitation experiment as the one
described under Figure 3A with or without added purified
TOP1 (see Supplementary Figure S2 for purity of TOP1).
Plasmids purified from bacteria are negatively supercoiled,
and negative supercoils support G4 formation (21,22). The
addition of TOP1 will rapidly relax plasmids, which in turn
may affect G4 formation and influence the result. To avoid
putative artifacts caused by the relaxation activity of TOP1,
the plasmids were relaxed by linearization with a restriction
endonuclease (Supplementary Figure S8). Subsequently,
they were incubated with TOP1 and 6xHis tagged BG4.
Co-immunoprecipitation showed that significantly more
PCR product was obtained after co-immunoprecipitation
of del4_Pu27 in the presence of TOP1 compared to the nega-
tive control without added TOP1 (Figure 3B). This suggests
that TOP1 may induce G4 formation in Pu27. The same ten-
dency was observed when precipitating del4_Pu27(1(G/A))
in the absence or presence of TOPI (lanes 3 and 4), al-
though less pronounced as for del4_Pu27. The amount of
immunoprecipitated deld_Pu27(5(G/A)) appeared to be at
background levels both when precipitated from samples
with or without added TOP1 (lanes 5 and 6), and we ob-
served no significant differences between the two samples
(see the graphical depiction). Hence, at the utilized assay
conditions TOP1 appears capable of inducing G4 formation
in del4_Pu27 and to a lesser extent in del4_Pu27(1(G/A))
but not in del4_Pu27(5(G/A)). Since the only difference be-
tween del4_Pu27(5(G/A)) and the two other plasmids is the
sequence of Pu27, this result strongly suggests that the G4
structure induced by TOP1 is the one formed in Pu27.

TOP1 binds G4 structures

The results shown in Figure 3B indicate that TOPI can in-
duce G4 structures in relaxed double stranded DNA. This
may explain the inhibitory effect of TOP1 on transcription
from the G4 forming M YC promoter element NHEIII; as
shown in Figure 2. TOP1 may be directly involved in reg-
ulating G4 formation. The enzyme may also play a more
indirect role since G4 structure formation is largely affected
by topological tension in the DNA and since TOP1 is an
important cellular regulator of DNA topology (33-35). To
address this possibility, we measured NHEIII; promoter
activity (as described under Figure 2) in HEK293T cells
with or without downregulation of either of the two other
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Figure 3. (A) The del4 plasmids, del4_Pu27 (lanes 1-2), deld_Pu27(1(G/A)) (lanes 3-4) and del4_Pu27(5(G/A)) (lanes 5 and 6) were incubated with or
without 6xHis-tagged BG4 and pulled down with Co?* functionalized magnetic beads as indicated in top of the gel-picture. The gel picture shows the
result of 20 cycles PCR amplification of pulled down plasmids analyzed in a 1% agarose gel. (B) Linearized del4 plasmids, del4_Pu27 (lanes 1 and 2),
del4_Pu27(1(G/A)) (lanes 3 and 4) and del4_Pu27(5(G/A)) (lanes 5 and 6) were incubated with or without TOP1 as indicated in top of the gel picture and
subsequently immunoprecipitated with BG4 as described under A. The gel picture shows the result of PCR amplification of pulled down plasmid DNA
as described under A. The right panel is a graphical depiction of quantifying the PCR products obtained in five independent experiments. Plotted data
represent average =+ standard error of the mean, n = 5. * indicates significant difference, * P < 0.05; ** P < 0.005; ns, non-significant difference. Unpaired
t-test with Welch’s correlation. Band intensities were quantified by using Imagel.

major DNA relaxing human topoisomerases, TOP2« and
TOP2B. TOP2a and TOP2p protein levels were reduced by
approximately 80% and 90%, respectively, by siRNA treat-
ment (Supplementary Figure S9) measured 72 h post trans-
fection at which time the promoter activity was measured
using the luciferase reporter system (Figure 4). Note, that at
these conditions a substantial part of cells with knockdown
of the life essential TOP2a enzyme died. However, these
were removed before promoter activity was measured as de-
scribed under materials and methods. As evident from Fig-
ure 4A, downregulation of TOP2a had no effect on the ac-
tivity of neither the wildtype NHEIII; nor the G4 compro-
mised NHEIII; promoter elements. This is consistent with
previous studies, which suggest that TOP2« is primarily in-
volved in decatenation of interlinked sister chromatids dur-
ing replication termination rather than relaxation of super-
coils per se (44). Downregulation of TOP2B, on the other
hand, resulted in an increased promoter activity of both the
wildtype and the mutated NHEIII; promoter elements (see
Figure 4B). The NHEIII; promoter element contains sev-
eral strong TOP2 cleavage sites (45). To our knowledge it
is not investigated if these sites are preferentially cleaved
by TOP2B, and we have no knowledge of evidence that
can explain the increased transcription from the NHEIII;
promoter upon TOP2B downregulation. However, the al-
tered expression pattern upon TOP2B downregulation is
markedly different than after TOP1 downregulation and
appears independent on the G4 capability of NHEIII,.
Since TOP2B and TOP1 combined represent the major cel-
lular DNA relaxation activities, the results argue against G4

regulated transcription being affected primarily by dysreg-
ulated DNA topology upon TOP1 downregulation and for
a more direct role of TOP1 in G4 formation.

It has been reported that TOP1 has a high affinity for
G4 structures (37-39) and it is possible that the enzyme in-
duces G4 formation via direct interaction (39). The binding
of TOP1 to the wildtype or mutated Pu27 sequences used
in the present study was investigated in a standard competi-
tion experiment. This was done by measuring the relaxation
activity of TOP1 in the absence or presence of equal concen-
trations of competitor oligonucleotides with the relevant se-
quences. The sequences of the competitor DNAs are shown
in Figure SA and include three 27-mers with the sequence
of wildtype Pu27, Pu27(1(G/A)), Pu27(5(G/A)) as well as
a 27 bp double stranded DNA fragment with a scrambled
sequence (OL_dsSCR) with the same G content as Pu27 in
one strand. In the experimental setup, TOP1 was incubated
with negatively supercoiled pUCI18 and 400 pmol of each
of the competitors for increasing time intervals as indicated
in Figure 5B, before the reactions were terminated and an-
alyzed in a 1% agarose gel. The unreacted supercoiled plas-
mid (marked SC) that act as a substrate for TOP1 relaxation
is highly condensed and migrates fast in the gel, while the re-
laxed product (marked R) migrates slower. As evident from
the gel picture, TOP1 converted all supercoiled plasmid to
relaxed forms within 7 s without added competitor (com-
pare lanes 1 and 2). The same relaxation pattern was ob-
served upon addition of the OL_Pu27(5(G/A)) competitor
(compare lanes 18-22 with lanes 2-6), while a modest re-
duction in the TOPI1 relaxation rate was observed upon ad-
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Figure 4. (A) Quantitative depiction of the Pu27 promoter activity measured in terms of luciferase expression after treatment with scrambled siRNA (grey
bars) or siRNA targeting TOP2a (green bars). (B) same as (A), except that the green bars represent cells treated with siRNA targeting TOP2B. Plotted
data represent average =+ standard error of the mean, n = 15. * indicates significant difference, ***P < 0.001, **** P < (0.0001; ns, non-significant difference.

Unpaired #-test with Welch’s correlation.

dition of OL_Pu27(1(G/A)) or OL_dsSCR (compare lanes
13-17 and 23-27 with 2-6). In contrast, the addition of the
wildtype Pu27 competitor resulted in a pronounced inhi-
bition of TOPI relaxation and full relaxation of the plas-
mid was not achieved within the duration of the experiment
(lanes 7—-12). This result is in accordance with previous stud-
ies (36-38) and indicates a high binding affinity of TOP1 for
the G4 forming Pu27 sequence compared to the dsSCR that
represent a natural double stranded substrate of TOPI.

The high affinity of TOP1 for G4 was confirmed by
EMSA obtained by incubating 5'-CyS5 labeled OL_Pu27,
OL_Pu27(1(G/A)) or OL_Pu27(5(G/A)) with 0-9 pmol
TOP1 before analysis in a 12% native polyacrylamide gel.
The result shown in Figure 5C demonstrates retardation
of OL_Pu27, and OL_Pu27(1(G/A)) (marked with aster-
isk) and not OL_Pu27(5(G/A)). Likewise, TOP1 bound
OL_Pu27 and OL_Pu27(1(G/A)) with high affinity when
analyzed by SPRi, while no binding to OL_Pu27(5(G/A))
was observed (Figure 5D).

DISCUSSION

Using the luciferase reporter system (12), we demonstrated
that TOP1 downregulation in HEK293T cells resulted in a
significantly increase in the activity of a truncated MYC
promoter containing a NHEIII; region with a wildtype
Pu27 G4 motif, but not when the G4 motif was altered
by one or five G to A base substitutions (Pu27(1(G/A))
or Pu27(5(G/A))). In agreement with previous studies (12)
these results supported that the change in promoter activ-
ity was G4 dependent. This is consistent with the finding
that the G4 stabilizing ligand PhenDC3 inhibited the activ-
ity of NHEIII; with wildtype Pu27 but not NHEIII; with
Pu27(5(G/A)). The results suggest a role of TOP1 in stim-
ulating or stabilizing G4 formation in cells. This was fur-
ther supported by another G4 forming promoter element
(WT21) being regulated by TOP1 in a similar manner as
Pu27, and by TOP1 downregulation stimulating expression
of the endogenous M YC gene.

BG4 immunoprecipitation of negatively supercoiled
del4_Pu27, del4 Pu27(1(G/A)) and del4 Pu27(5(G/A)) re-
porter plasmids demonstrated pulldown of the plasmid
containing wildtype Pu27 but not of plasmids contain-
ing the mutated forms of Pu27. This result strongly in-
dicates the presence of a G4 structure in del4_Pu27 but
not in deld Pu27(1(G/A)) and deld_Pu27(5(G/A)). Inter-
estingly the ability of plasmid DNA and oligonucleotides
with the wildtype or mutated Pu27 G4 motifs to form G4
varied markedly as evident when comparing the results
of EMSA and CD analysis with the results of immuno-
precipitation of plasmid DNA. Hence, the oligonucleotide
with the Pu27(1(G/A)) sequence that was unable to form
G4 in the supercoiled plasmid, showed a G4 characteris-
tic CD spectra similar to the oligonucleotide with a wild-
type Pu27 sequence and was retarded by BG4 in EMSA.
Only the Pu27(5(G/A)) sequence was prevented from G4
formation when present in a single stranded oligonucleotide
form. When present in relaxed double stranded DNA, on
the other hand, neither of the Pu27 derived sequences ap-
peared capable of forming G4 structures as evident from the
result of immunoprecipitation of linearized del4 plasmids
with BG4. This supports the stimulatory effect of negative
supercoils on G4 formation in double stranded DNA. The
observed differences highlight the different abilities of sin-
gle or double stranded DNA, with different superhelicity, to
support G4 formation. This emphasizes the importance of
considering the composition of DNA model systems when
addressing biological relevant questions involving G4 struc-
tures.

BG4 immunoprecipitation experiments of relaxed plas-
mid DNA with or without addition of purified TOPI
demonstrated the ability of the enzyme to induce G4 for-
mation in the wildtype Pu27 sequence in vitro. G4 was not
induced by TOPI in the Pu27(5(G/A)) sequence and to a
lesser extend in the Pu27(1(G/A)) sequence. This result sug-
gests that the single point mutation in the Pu27 G4 motif
is not sufficient to completely block the G4 forming po-
tential of the sequence, which is in agreement with the G4
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Figure 5. (A) Sequences of OL_Pu27, OL_Pu27(1(G/A)), OL_Pu27(5(G/A)) and OL_dsSCR. (B) The result of DNA relaxation for increasing time in-
tervals with 2 pmol TOP1 in the absence of added oligonucleotide competitor DNA (lanes 2-6) or in the presence of 400 pmol of OL_Pu27 (lanes 7-12),
OL_Pu27(1(G/A)) (lanes 13-17), OL_Pu27(5(G/A)) (lanes 18-22) or OL_dsSCR (lanes 23-27). Lane 1 is a control containing plasmid DNA incubated
without TOP1. The identity of the products is indicated to the left of the picture. SC; supercoiled plasmid, R; relaxed plasmid. PR; partly relaxed plas-
mid. (C) EMSA showing the mobility of the wildtype Pu27 oligonucleotide (OL_Pu27) (lanes 1-4) or the two mutants (OL_Pu27(1/G/A)) (lanes 5-8)
and OL_Pu27(5(G/A)) (lanes 9-12)) after incubation with 0, 1, 3 or 9 pmol of TOPI. Retarded products are marked by an asterisk. (D) The top panel
shows a representative example of SPRi binding curves obtained when presenting increasing concentration of TOP1 for OL_Pu27, OL_Pu27(1(G/A)) or
OL_Pu27(5(G/A)). The lower panel shows the equilibrium dissociations constants (Kp) calculated from three independent experiments.

characteristic CD spectra observed when analyzing a single
stranded oligonucleotide with this sequence.

The ability of TOPI to induce G4 formation in re-
laxed del4_Pu27 is consistent with the enhanced activity
of the wildtype NHEIII; promoter element observed in
HEK?293T cells upon TOP1 downregulation. In contrast,
the activities of NHEIII; with either of the mutated Pu27

sequences were unaffected by TOP1 downregulation, sug-
gesting that TOP1 may be unable to stimulate G4 forma-
tion in both Pu27(1(G/A)) and Pu27(5(G/A)) when present
in a cellular context. The reason for this discrepancy re-
mains unclear. However, one explanation may be the pres-
ence of G4 resolving transacting factors such as for ex-
ample RecQ helicase family members (WRN and BLM)
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(30,31) present in cells but not in the cell free experimental
setup.

The pulldown of linearized del4 plasmids with BG4 sug-
gested that TOPI1 induces G4 structure formation in the
Pu27 G4 motif in a topology independent manner possi-
bly via a direct interaction. This is consistent with the pre-
viously reported ability of wildtype TOP1 or a N-terminal
truncated mutant to induce intermolecular G4 formation
in oligonucleotides (39). Also it was supported by the classi-
cal competition experiment in which OL_Pu27 markedly re-
duced the relaxation activity of purified TOPI indicating a
strong affinity of TOP1 to G4, which is consistent with pre-
vious findings (36-39). In comparison, the inhibitory effect
of OL_Pu27(1(G/A)) was more modest and equal to that of
a double stranded DNA fragment with similar length and
G content in one of the strands as the Pu27 sequence. Re-
laxation was unaffected by addition of OL_Pu27(5(G/A)).
These results were in agreement with EMSA and SPRi
analyses demonstrating the highest affinity of TOPI to
OL_Pu27, a weakened affinity to OL_Pu27(G1(G/A)), and
no binding to OL_Pu27(G5(G/A)).

All experiments performed in a cell free environment sug-
gested that TOP1 binds to and induces G4 formation in a
topology independent manner. This is difficult to address
directly in cells, but our conclusion is somewhat supported
by the finding that downregulation of the two other major
topoisomerases with DNA relaxation activity, TOP2« and
TOP2R, did not affect NHEIII; activity in a Pu27 sequence
dependent manner. Hence, G4 formation in Pu27 do not
appear to be regulated by topology in the utilized test plas-
mids.

In the present study we demonstrate for the first time
that TOPI can induce G4 formation in double stranded
DNA, namely in the Pu27 region of the NHEIII; pro-
moter, both in vitro and in a cellular context. Moreover,
we demonstrated that although G4 formation in a naked
plasmid depends on negative supercoils, TOP1 was able
to overcome such dependence and introduce G4 even in
a relaxed DNA fragment. There have been conflicting re-
ports on the effect of TOP1 on G4 formation. Consistent
with the present study, a handful of in vitro investigations
have suggested that TOP1 may influence G4 formation di-
rectly by introducing (39) or by binding (36-38) these struc-
tures with high affinity. Cellular studies, on the other hand,
have demonstrated that TOPI activity may act as an in-
hibitor of G4 formation in genomic DNA (46,47) thereby
preventing, for example genomic instability induced by G4
(48). This is associated with the relaxation activity of TOP1
that inhibits R-loop formation (24,25) and possibly also
by TOP1 attracting G4 resolving RecQ helicases (49,50).
Hence, it appears that TOPI has two counteracting func-
tions when it comes to regulation of G4 formation. It is yet
unknown which factors that determine whether TOP1 ac-
tivity will promote or inhibit G4 formation in a given situ-
ation. In the present study, we demonstrated an inhibitory
effect of TOP1 on transcription from two G4 forming pro-
moter elements, namely Pu27 and WT21, suggesting a gen-
eral effect of TOP1 on G4 dependent promoter activity.
However, G4 is regulated by a myriad of cis- and trans-
acting factors. The specific function of TOP1 may depend
on the interplay with these factors, which in turn may be
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influenced by the physical location and identity of the G4
motif.
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