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ABSTRACT: Guanine and cytosine-rich nucleic acid se-
quences have the potential to form secondary structures
such as G-quadruplexes and i-motifs, respectively. We
show that stabilization of G-quadruplexes using small
molecules destabilizes the i-motifs, and vice versa, indi-
cating these gene regulatory controllers are interdepend-
ent in human cells. This has important implications as
these structures are predominately considered as isolated
structural targets for therapy, but their interdependency
highlights the interplay of both structures as an important
gene regulatory switch.

Dynamic structural transitions between the common B-
DNA and alternative DNA conformations provides an ad-
ditional layer of regulatory control in gene expression.'™
G-quadruplex (G4) and i-motif (iM) are two important
classes of non-canonical DNA structures that form within
certain guanine and cytosine-rich regions of the human
genome, respectively. As iM structures are formed via a
stack of intercalating hemiprotonated cytosine base pairs
(C+:C), it was initially thought that iM formation required
slightly acidic pH, however, it has now been established
that these structures form at physiological pH within cel-
lular environments.>® G4 structures are formed from pi-
stacked planar G-tetrads, where each G-tetrad consists of
four guanine bases held together by Hoogsteen hydrogen
bonding, and are further stabilized by physiologically rel-
evant cations.” ' G4 and iM folding mechanisms have
been used to predict the propensity of their formation
across the genome and their overrepresentation in regula-
tory regions.>!! Furthermore, their structural features

have been widely exploited as scaffolds for the design of
small molecule targeting ligands to stabilize G4 and iM
structures and thereby regulate gene expression.'>"'* Most
G4s identified to date have been classified as transcrip-
tional suppressors, in contrast, there is increasing evi-
dence that iM structures may play the opposite role in
gene regulation in activating gene expression."*!* Given
that these G- and C-rich sequences occur in complimen-
tary strands of duplex DNA, understanding G4 and iM
dynamics relative to each other is crucial for developing
targeted therapies. Previous in vitro studies of duplex
DNA containing complementary G- and C-rich strands
have reported that G4 and iM formation are mutually ex-
clusive.!>!3!7 Here, we demonstrate for the first time that
inducing and stabilizing G4 or iM simultaneously desta-
bilizes the other in human cells, potentially perturbing dy-
namic structural transitions across the genome. In partic-
ular, we show that targeting one of these non-canonical
DNA structures using small molecule stabilizing ligands
induces destabilization of the other. Given that these non-
canonical structures are important genomic regulatory el-
ements, their dynamic interdependence suggests that it is
not only active stabilization but also concomitant destabi-
lization of the other that governs gene regulation.

During transcription local unwinding of duplex DNA
facilitated by negative supercoiling stress generates tran-
siently exposed single-strand segments enabling G4 and
iM structures to form.'® In order to establish the propen-
sity of formation of G4 and iM secondary structures in
human cells, it was pivotal to comprehensively map G4
and iM formation throughout the entirety of the cell cycle.
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Figure 1. Visualisation and quantification of G4 and iM structures throughout the MCF-7 cell cycle. (a) Representative
images of G4 foci (red) and iM foci (green) in MCF-7 nuclei (blue) at each cell cycle stage. Image scale bar, 5 um. (b) Quan-
tification of G4 foci throughout the cell cycle. (¢) Quantification of iM foci throughout the cell cycle. n = 60 to 107 nuclei, and
mean and S E.M. were calculated from two biological replicates. Statistical significance was assessed by one-way ANOVA
and Tukey’s multiple comparisons test. Significance shown is relative to GO/G1. **p<0.01, ***p<0.001, ****p<(0.0001.

This is essential to map both the prevalence of these
secondary structures and the biological roles they play in
regulating gene expression. Using recent breakthroughs
in the development of structure-specific antibodies scFv
BG4!%nd iMab®, to detect G4 and iM structures, respec-
tively, in human cells, we quantified their formation at the
five main cell cycle stages (Go/G1, Gi, S, G2, and M) in
the MCF-7 cell line (cell cycle arrest was confirmed by
flow cytometry, Supplementary Fig. 2). The scFv BG4
antibody!® was utilized in our study as it does not bind to
iM structures, unlike the IgG BG4.° We confirmed the
propensity for G4 formation was maximal at S phase, dur-
ing DNA replication, and iM formation was highest at G,
during high levels of transcription (Fig. 1).!° Not surpris-
ingly, G4 and iM formation were lowest during G2 and M
phase (Fig. 1), when cellular processes such as transcrip-
tion and replication are restricted, and histone modifica-
tions lead to chromatin condensation.'® This suggests that
the number of these secondary structures formed within
the genome coincides with chromatin accessibility.!! Fur-
thermore we validated that mimosine, RO-3306, and col-
cemid, which were used to arrest the cell cycle, did not
affect the stabilisation of G4 or iM structures, confirming
that the changes in the number of detectable G4 and iM
were indeed related to cell cycle stage (Supplementary
Fig. 3).

In order to establish whether treatment of cells with
small molecules designed to stabilize G4 and iM would
induce a concomitant increase in the number of detectable
structures, we treated unsynchronized MCF-7 cells with
ellipticine analogues, either a G4 stabilizing ligand
(GQC-05, 10 uM) or iM stabilizing ligand (71795, 10
uM) for 1 h ( Fig. 2). The efficacy of GQC-05 to

a B d
T 3
® -
N NS
(@]
~\_/
N
\
b  NoLigand +GQC-05 e NoLigand

B G4 H DAPI

150

=]
S

50

Mean BG4 foci per nucleus
Mean iM foci per nucleus

Figure 2. Stabilization of G4 and iM structures within
MCF-7 nuclei. (a) Chemical structure of GQC-05
(NSC338258). (b) Representative images of G4 foci in
MCF-7 nuclei after treatment with GQC-05 (10 uM). (c¢)
Stabilization of G4s by GQC-05 increases G4 foci count.
(d) Chemical structure of 71795 (NSC71795). (e) Repre-
sentative images of iM foci in MCF-7 nuclei after treat-
ment with 71795 (10 uM). (f) Stabilization of iMs by
71795 increases iM foci count. Image scale bar, 5 um.
(c,f) Quantification of G4 and iM foci in MCF-7 nuclei,
n= 138-213. Mean and S.E.M. calculated from two bio-
logical replicates. Statistical significance was assessed by
t-test, ¥****p>0.0001.
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Figure 3. G4 and iM formation is interdependent in human cell nuclei. (a) Immunofluorescence of G4 (red) and iM (green)
foci in MCF-7 nuclei (blue) at G1 in the presence of GQC-05 (10 uM) and 71795 (10 uM). (b) Immunofluorescence of G4
and iM in S phase arrested MCF-7 nuclei, after treatment with GQC-05 (10 uM) and 71795 (10 uM). (c-h) Quantification of
G4 and iM foci in G1 (c-¢) and S (f-h) arrested MCF-7 cells. Sample sizes ranged from n= 168 to 204 nuclei from two biological
replicates. Statistical significance is shown relative to the no ligand control and was assessed by one-way ANOVA and Tukey’s
multiple comparisons test. *p<0.1, **p<0.01, ***p<0.001, ****p<0.0001. (e,h) Stack plots showing the relative abundance of

G4 and iM foci in G1 (e) and S (h) arrested MCF-7 nuclei.

selectively stabilize G4 DNA has been previously re-
ported.?’ In the case of iM ligand (71795) we performed
biophysical analysis to demonstrate a high preference for
stabilizing iM DNA structures over G4 and duplex DNA
(Supplementary Tables 2-5, Supplementary Figures 5-
13). Using FRET melting experiments the ligand-induced
change in melting temperature (ATm) for i-motif was
found to be much higher (e.g. 29°C for the i-motif from
the human telomere) compared to double stranded (2°C)
and G-quadruplex DNA (2°C, Supplementary Table 2
Supplementary Figure 5). Similar differences in stabiliza-
tion properties between i-motif and G-quadruplex and
double helical DNA were also observed using circular di-
chroism spectroscopy (Supplementary Table 3, Supple-
mentary Figures 6-13). Moreover, ligand 71795 was ob-
served to induce folding of i-motif at physiological pH
(Supplementary Table 4, Supplementary Figures 5 and
12).

Treatment of MCF-7 cells with GQC-05 and 71795 at
10 uM resulted in statistically significant (p < 0.0001) in-
creases in the number of nuclear G4 and iM foci respec-
tively (Fig. 2) confirming ligand-induced stabilization
within the cellular environment. Given that both these

structural transitions are dynamic, small molecule bind-
ing stabilizes the structures, locking them into position.

We next examined the consequences of stabilizing one
structure on the prevalence of the other. Given that G4
formation is maximal at early S phase, and iM formation
is maximal at Gi, we synchronized MCF-7 cells at these
two stages, followed by treatment with GQC-05 (10 uM,
1 h) and 71795 (10 uM, 1 h). In the case of cells arrested
in G stage, treatment with GQC-05 resulted in a signifi-
cant increase in G4 and a decrease in iM formation (Fig.
3c,d,g). Treatment with 71795 resulted in an increase in
iM and significant decrease in G4 formation (Fig. 3¢,d,g).
Similar results were obtained for cells arrested in S phase
(Fig. 3e,f)h). This result suggests that during G; phase,
when there is high propensity towards the formation of
iM, the stabilization of G4 structures occurs at the ex-
pense of the number of iM structures. Similarly, during S
phase, when there is high propensity towards the for-
mation of G4, treatment with the iM-stabilizing ligand
triggers the unfolding of G4 structures. This indicates that
G4 and iMs are interdependent and act as structural con-
trollers of each other’s formation.'>!3 We also treated
cells with both GQC-05 and 71795 sequentially after



G4/iM stabilization, as well as adding both ligands sim-
ultaneously, and found that these ligands act competi-
tively (Fig. 4).

To verify that these effects were due to the stabilizing
ability of the ligands and not compound class, G4-stabi-
lizing ligands that belong to different compound classes,
pyridostatin ((V,N'-bis(quinolinyl)pyridine-2,6-dicarbox-
amide scaffold)'’ and GSA0932 (Quindoline analogue)*!
were tested and also resulted in reduced iM formation
compared the no ligand control (Supplementary Figure
15). To corroborate this relationship further, circular di-
chroism was conducted of dsSDNA containing G4 and iM
complementary sequences under conditions that favor
both G4 and iM formation, which demonstrated that lig-
and-induced stabilization of one structure prevents for-
mation of the other (Supplementary Figure 16).
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Figure 4. BG4 and iMab quantification in MCF-7 cell nu-
clei with G4 and iM stabilization. GQC-05 and 71795 lig-
ands were used to stabilize G4 and iM structures, respec-
tively. MCF-7 cell nuclei were treated with GQC-05 (10 uM)
after iM stabilization and as well as treatment with 71795
(10 uM) after G4 stabilization. GQC-05 (10 uM) and 71795
(10 uM) were also added simultaneously. (a) BG4 quantifi-
cation in MCF-7 nuclei. (b) iMab quantification in MCF-7
nuclei. Mean and S.E.M. are displayed. Sample sizes ranged
from n= 47 to 95 nuclei from three technical triplicates. Sta-
tistical significance relative to the no ligand control is dis-
played. ns = nonsignificant, *p<0.1, **p<0.01, ***p<0.001,
*xEXp<0.0001.

In conclusion our findings confirm that while G4 and
iM formation in human cells is dependent on chromatin
accessibility and cell cycle progression, they are also
highly dependent on the formation of each other. In par-
ticular we show that stabilization of G4 structures at G1
phase (when iMs are most prevalent) causes a reduction

in the number of iM structures, while stabilizing iMs at S
phase (when G4s are most abundant) results in a decrease
in the number of observed G4 structures. Our results pro-
vide insights into the nature of G4 and iM formation and
offer a basis for future biological studies and therapeutic
targeting for diseases.
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