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SUMMARY

Guanine quadruplexes (G4s) are non-canonical nucleic acid structures commonly found in regulatory
genomic regions. G4 targeting has emerged as a therapeutic approach in cancer. We have screened naph-
thalene-diimides (NDlIs), a class of G4 ligands, in a cellular model of colorectal cancer (CRC). Here, we identify
the leading compound T5 with a potent and selective inhibition of cell growth by high-affinity binding to G4s in
ribosomal DNA, impairing RNA polymerase | (Pol I) elongation. Consequently, T5 induces a rapid inhibition of
Pol | transcription, nucleolus disruption, proteasome-dependent Pol | catalytic subunit A degradation and
autophagy. Moreover, we attribute the higher selectivity of carbohydrate-conjugated T5 for tumoral cells
to its preferential uptake through the overexpressed glucose transporter 1. Finally, we succinctly demon-
strate that T5 could be explored as a therapeutic agent in a patient cohort with CRC. Therefore, we report

a mode of action for these NDIs involving ribosomal G4 targeting.

INTRODUCTION

Guanine quadruplexes (G4s) are non-B DNA structures derived
from Hoogsteen hydrogen bonding of four guanines arranged
within a planar quartet. Self-stacking of two or more G quartets
generates a G4 structure that is further stabilized by monovalent
cations and can display a wide variety of topologies (Hansel-
Hertsch et al., 2017). Computational predictions and direct G4
sequencing have identified more than 700,000 G4s in the human
genome (Huppert and Balasubramanian, 2005; Todd et al., 2005;
Chambers et al., 2015). More recently, 1,000-10,000 endogenous
G4s have beendetected in living cells through the use of G4-selec-
tive probes (Biffi et al., 2013; Hansel-Hertsch et al., 2018). G4s are
enriched in key regulatory sites, including promoters, gene bodies,
and 5’ UTRs of highly transcribed genes, particularly those related
to cancer, in somatic copy-number amplifications, ribosomal
DNA, as well as telomeres (Hansel-Hertsch et al., 2016). In these
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genomic locations, G4s are linked to fundamental biological pro-
cesses, such as transcription, replication, genomic instability,
and telomere maintenance (Hansel-Hertsch et al., 2017). Thereby,
G4 targeting is gaining relevance as a therapeutic approach to
disrupt the aforementioned cellular processes (Balasubramanian
et al., 2011). In fact, a series of well-known G4 stabilizers have
been evaluated as an anticancer strategy (Neidle, 2017). Of partic-
ular note is CX-5461, which has recently entered clinical trials for
patients with BRCA-deficient tumors (Xu et al., 2017).

To date, around 1,000 small molecules targeting G4 structures
have been reported in the G-Quadruplex Ligands Database (Li et
al., 2013). During the last decade, extensive research efforts
have identified naphthalene-diimides (NDIs) as favored chemo-
types for G4 binding because of their high target affinity, synthetic
accessibility, and great potential for chemical variability (Cuenca et
al., 2008; Arévalo-Ruiz et al., 2017; Rasadean et al., 2017). It is fully
described that NDIs bind G4s at telomeres and oncogene
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Figure 1. T1 and T5 show selective antitumor activity in a cellular model of colorectal carcinogenesis
(A) CRC model with the typical pattern of genetic aberrations according to the Cancer Cell Line Encyclopedia. Cell lines used for this study, CRL1790, SW480, and

SW620, mimic different stages in colorectal carcinogenesis.

(B). Chemical structure of T1 (aglycone-NDI) and T5 (B-Lact-C-di-NDI) selected as antitumoral candidates in this study.
(C and D) Propidium iodide flow cytometry analysis of SW480 cells treated with DMSO (non-treated, NT) or treated with T1 ICsq or T5 ICsq for 24 h. (C) Stacked bar
graph illustrating cell-cycle distribution. (D) Representative histograms are shown.

promoters with consequent antitumor activity (Pirota et al., 2019;
Ahmed et al., 2020). Indeed, NDIs such as MM41 (Ohnmacht et
al., 2015) and CMO03 (Marchetti et al., 2018) have already shown
promising results in cancer therapeutics.

Colorectal cancer (CRC) is the second most common cancer
diagnosed in women and the third in men. It is a serious socio-
medical problem causing almost 900,000 annual deaths world-
wide (Dekker et al., 2019). In general, CRC formation begins
with the transformation of a normal colorectal epithelium into a
benign adenoma, which then progresses through the gradual
accumulation of multiple genetic and epigenetic aberrations to
an invasive and metastatic tumor (Nguyen and Duong, 2018).
Conventional treatments for CRC, including surgery and radio-
chemotherapy, have had limited impact on cure rates and long-
term survival (Kuipers et al., 2015) and, thus, screening programs
of new drugs have gained momentum (Kuipers et al., 2015).

Therefore, the aim of this study was to investigate approaches
based on G4 ligands for CRC treatment. We performed the
screening of a previously reported NDI library (Arévalo-Ruiz et
al., 2017; Zuffo et al., 2019) in a cellular model of CRC. We further
elucidated the mode of action of the leading compound, T5, by
multiple in vitro experiments, providing a molecular mechanism

bridging the gap between G4 binding in rDNA and polymerase
I (Pol I) inhibition. Moreover, we validated that the proposed se-
lective inhibition of Pol | by T5 could be a promising therapeutic
approach in a cohort of patients with CRC. Thereby, our study
will lend further support to develop therapeutic strategies for
successful CRC treatment.

RESULTS

Identification of two NDI derivatives (T1 and T5) with
selective antitumor activity in a cellular model of CRC
To test the cytotoxic activity of a NDI library (Arévalo-Ruiz et al.,
2017; Zuffo et al., 2019) at different stages in CRC, we estab-
lished a cellular model to mimic colorectal carcinogenesis
(Figure 1A). We used three different human cell lines: CRL1790
(colon epithelial cells) as non-tumoral stage, SW480 (Dukes’
type B colorectal adenocarcinoma cells) representing the pri-
mary tumor stage, and SW620 (Dukes’ type C colorectal adeno-
carcinoma derived from metastatic site cells) as the aggressive
metastatic stage. To note, SW620 was established from a met-
astatic lymph node belonging to the same patient from whom
the SW480 cell line was previously derived. According to the
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Table 1. IC5, values and selectivity index for NDI derivatives in
the cellular model of CRC

Treatment Cellline 1G5 (uM) Selectivity index
(T1) Aglycone-NDI 25 CRL1790 22.38 +2.64 -
(T1) Aglycone-NDI 25 SW480 6.81 +0.64 3.29
(T1) Aglycone-NDI 25 SW620 536 +0.61 4.18
(T2) @-Man-C2-di-NDI  CRL1790 >100 -
(T2) a-Man-C2-di-NDI  SW480 >100 1
(T2) a-Man-C2-di-NDI  SW620 37.15+5.45 2.69
(T3) a-Man-C-di-NDI CRL1790 23.93+3.49 -
(T3) a-Man-C-di-NDI SW480 20.18 £ 0.74 1.19
(T3) a-Man-C-di-NDI SW620 11.64 +1.25 2.06
(T4) B-Lact-C2-tri-NDI  CRL1790 >100 -
(T4) B-Lact-C2-tri-NDI  SW480 >100 =
(T4) B-Lact-C2-tri-NDI  SW620 >100 -
(T5) B-Lact-C-di-NDI CRL1790 50.46 +2.94 -
(T5) B-Lact-C-di-NDI SW480 5.62 +0.57 8.98
(T5) B-Lact-C-di-NDI SW620 7.94+0.72 6.36
(T6) B-Malt-C-tri-NDI CRL1790 >100 -
(T6) B-Malt-C-tri-NDI SW480 >100 =
(T6) B-Malt-C-tri-NDI SW620 >100 -
(T7) B-Man-TEG-di-NDI CRL1790 >100 =
(T7) B-Man-TEG-di-NDI SW480 70.79+3.25 1.41
(T7) B-Man-TEG-di-NDI SW620 53.33 +4.81 1.87

ICso values represent NDI concentration inhibiting cell growth by 50%
and are expressed as mean + standard deviation. Selectivity index is
the ratio of IC5q values in non-tumoral and cancer cell lines. Experiments
were performed in biological triplicates. The nomenclature given for each
NDI derivative corresponds to that used in a previously reported study
(Zuffo et al., 2019).

Cancer Cell Line Encyclopedia database, both tumoral cell lines
were characterized by the typical pattern of genetic aberrations
defining CRC (APC, K-RAS, and TP53 mutations).

Selection criteria for anticancer agents included cytotoxic po-
tency and differential activity against tumoral versus normal cell
lines (Hostettmann, 1991). Among seven NDI derivatives tested,
only two met the selection criteria (Table 1). Aglycone-NDI (T1)
and B-Lact-C-di-NDI (T5) inhibited SW480 and SW620 cell
growth with half-maximal inhibitory concentration (ICs0) values
lower than 30 uM and were much less cytotoxic to CRL1790,
showing selectivity indexes greater than 2.0 (both compounds
were over twice more cytotoxic to the tumor cells as compared
with the normal cells). Cytotoxic activity, regardless of TP53
mutational status, was confirmed in other CRC cell lines, such
as HCT116 (TP53 wild type) and HT29 (TP53 pP309S; C- > T)
(supplemental Figure S1). Based on these results, T1 and T5
were considered leading antitumor candidates, showing that
T5 had a higher selectivity for tumoral cells. To note, T1 is an
aglycone-NDI, while T5 is an NDI conjugated with a carbohy-
drate, lactose in particular (Figure 1B).

Next, we extended these findings by performing cell-cycle as-
says. Both NDIs triggered an S phase arrest, to a lower extent
with T5, and a G2/M increase (Figure 1C). Propidium iodide
cell-cycle analysis (Figure 1D) showed that T1/T5 ICsq treat-
ments during 24 h were minimally toxic with only a <5% increase
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in the sub-G1 population. Therefore, both NDls affected cell cy-
cle and were considered for subsequent analysis.

T1 and T5 cause nucleolus disintegration, loss of Pol |
catalytic subunit A, and autophagy

T1 and T5 derivatives belong to the NDI family, known to be G4
ligands. However, NDI binding to G4s in rDNA has not been previ-
ously studied. To explore this hypothesis, we performed an immu-
nofluorescence of SW480 cells treated with T1/T5 ICgq for 24 h to
determine the intracellular localization of nucleolar proteins indica-
tive of nucleolus status (Hernandez-Verdun, 2006). Markedly, both
derivatives caused segregation of nucleolar structures, including
translocation of the granular component protein nucleolin to the
nucleoplasm, segregation of fibrillarin to the nucleolar periphery
caps and loss of Pol | catalytic subunit A (POLR1A) (Figure 2A).
Zoom in of these images are shown in supplemental Figure S2.
Therefore, T1 and T5 caused a remarkable nucleolar stress.

To confirm these alterations in POLR1A protein levels, we per-
formed a western blot of SW480 cell lysates treated with T1/T5
ICsq for 3, 6, and 24 h. T1 and T5 markedly induced a POLR1A
clearance (Figure 2B). Quantitatively, POLR1A was downregu-
lated around 3, 10, and 40 times in cells treated for 3, 6, and
24 h, respectively (Figure 2C). We then checked whether such
POLR1A degradation at 3 h was impaired after treatment with
the proteasome inhibitor MG132 (10 uM, 6 h). We proved that
inhibition of ubiquitination by MG132 rescued POLR1A degrada-
tion caused by T1 and T5 (Figure 2D). However, POLR1A clear-
ance observed at the protein level was not associated with a
decrease in POLR1A mRNA levels after treatment with T1/T5
ICs0 for 3 h (Figure S3). Next, to explore the relationship between
nucleolar stress and autophagy (Katagiri et al., 2015), we treated
SW480 cells with T1/T5 ICsq for 24 h and assessed LC3 protein
levels as an indicator of autophagy. Although T1 exerted a more
potent effect, both NDIs led to the conversion of LC3-1 to LC3-lI,
thus inducing autophagy (Figure 2E). We quantitatively
confirmed that LC3-Il production upon T1/T5 treatment for
24 h was significant (Figure 2F). Altogether, these results show
that T1 and T5 induced proteasome-dependent POLR1A degra-
dation, leading to cell death by autophagy.

T1 and T5 inhibit rRNA synthesis and cause POLR1A

disassembly from rDNA prior to POLR1A degradation

Since disruption of the nucleolar structure is a cellular hallmark of
rRNA transcription impairment (Hernandez-Verdun, 2006), we
aimed to determine whether T1 and T5 affected cellular transcrip-
tion by Pol | using gRT-PCR and considering the short-lived &'
external transcribed spacer (5'ETS) of the pre-RNA (Figure 3A),
whose abundance is generally reflective of the rRNA synthesis
rate (Popov et al., 2013). We observed a drastic and significant
decrease of 5'ETS transcripts (Figure 3B) in SW480 cells treated
with T1/T5 ICsq for 3 h. To further assess the extent to which
rRNA synthesis was inhibited by T1 and T5, we analyzed Pol |
transcription in SW480 cells using both compounds at doses
below their ICsq (0.5, 1, and 2.5 uM) for 3 h. Concentrations of
0.5 uM for T1 and 1 uM for T5 showed a 10- and 5-fold inhibition
of rRNA synthesis, respectively (Figure 3C). In addition, we
excluded that neither T1 0.5 uM nor T5 1 uM for 3 h had inhibitory
effect on Pol ll-driven transcription of G4-enriched genes through
quantification of BCL-2, C-MYB, C-MYC, and K-RAS expression
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Figure 2. T1 and T5 induce nucleolus disintegration, proteasome-dependent POLR1A degradation, and autophagy
(A) SW480 cells were treated with DMSO (NT) or treated with T1 or T5 ICsq for 24 h and stained for nucleolin (NCL), fibrillarin (FBL), and POLR1A by immuno-
fluorescence. Merged image with DAPI for DNA staining is shown below. Scale bar, 10 um.

(B) Western blot analysis performed in SW480 cells after treatment with T1 or T5 ICs for 3, 6, or 24 h, or treated with DMSO (NT) to determine protein levels of

POLR1A and actin as housekeeping gene.
(C) Quantification of POLR1A protein levels normalized to actin data in (B).

(D) POLR1A and actin immunoblotting analysis of SW480 cells preincubated with the proteasome inhibitor MG132 (10 mM) for 6 h and subsequently treated with

DMSO (NT) or treated with T1 or T5 ICsq for 3 h.

(E) Western blot analysis of SW480 cells treated with T1 or T5 ICs for 24 h or DMSO (NT) to determine actin and LC3 (both LC3-1 and LC3-Il) protein levels as an
autophagy marker. All western blot experiments were performed in biological triplicate.

(F) Quantification of LC3-II protein levels normalized to actin of data in (E).

levels by qRT-PCR (Figure S4). Therefore, a prominent inhibition
of Pol | transcription was observed after NDI treatment for 3 h
with an inhibitory concentration of 0.5 uM for T1 and 1 uM for T5.

Next, to analyze the kinetics of the cellular response to T1 and
T5, we treated SW480 cells with T1/T5 at inhibitory concentra-
tions for 0.5-, 1- and 3 h and measured rRNA synthesis. A signif-
icant decrease in 5'ETS transcript was observed after treatment,
with a minimum inhibition at 30 min and a maximum inhibition at
3 h (Figure 3D). As rDNA transcription occurs via modulation of
the assembly efficiency of Pol | transcription complex subunits
on rDNA (Gorski et al., 2008), we tested whether T1 0.5 uM or

T5 1 uM for 3 h could be altering POLR1A engagement with
rDNA by POLR1A-chromatin immunoprecipitation and gPCR us-
ing primers for different regions of the rDNA gene body. As a
consequence of T1 and T5 treatment, POLR1A association
with rDNA was significantly affected throughout the rDNA gene
(Figure 3E). Altogether, these results are consistent with a rapid
kinetics regarding the inhibition of rRNA synthesis and a POLR1A
disengagement from rDNA, suggesting the ribosomal locus as
the main target of T1 and T5.

Our next aim was to assess the induction of POLR1A degrada-
tion at the inhibitory concentration (lower than IC5g). For this

Cell Chemical Biology 28, 1590-1601, November 18, 2021 1593
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Figure 3. T1 and T5 rapidly induce inhibition of rRNA synthesis and POLR1A disengagement prior to POLR1A clearance

(A) Diagram of human tandem arrangement of rDNA repeated units, each containing an rRNA coding region (red) and an intergenic spacer (pink). Location of qRT-
PCR and chromatin immunoprecipitation (ChIP)-gPCR primers used for this study is marked in green and orange, respectively.

(B) SW480 cells were treated with T1 or T5 ICs, for 3 h and rDNA transcription was analyzed by qRT-PCR using four primer sets for short-lived 5’'ETS rRNA.
(C) rDNA transcription analysis (as in B) in SW480 cells treated with T1 or T5 at lower doses than ICsq (0.5, 1, and 2.5 uM) for 3 h.

(D) Kinetic analysis of rDNA transcription by qRT-PCR using 5’ETS_1 primers in SW480 cells treated with T1 0.5 uM or T5 1 uM for 0.5, 1, and 3 h.

(E) ChIP-gPCR analyses of POLR1A binding to rDNA in SW480 cells treated with DMSO (NT) or treated with T1 0.5 uM or T5 1 uM for 3 h. Primer locations and

associated rDNA region paired are shown on the x axis.

(F) POLR1A and actin (housekeeping) protein abundance determined by western blot in SW480 cells treated either with T1 0.5 pM or T5 1 uM for 3 h. All ex-

periments were performed in biological triplicate.

purpose, protein extracts of SW480 cells treated with T1 0.5 uM
and T5 1 uM for 3 h were subjected to western blot analysis. Sur-
prisingly, POLR1A protein was not degraded at these doses (Fig-
ure 3F). Thereupon, within 3 h after T1 0.5 uM and T5 1 uM treat-
ment, the inhibition kinetics of rRNA synthesis and POLR1A
disengagement from rDNA is faster than POLR1A clearance,
which could be considered a downstream effect.

T5 possesses a tumor-selective effect depending partly
on GLUT1 overexpression

We sought to identify if the inhibition of rRNA synthesis was
maintained across our cellular model of CRC. CRL1790,
SW480, and SW620 cells treated with T1 0.5 uM, T5 1 uM, or

1594 Cell Chemical Biology 28, 1590-1601, November 18, 2021

CX5461 1 uM (as a positive control for Pol | inhibition) for 3 h
were subjected to Pol | transcription analysis (Figure 4A). As a
result, T1 significantly inhibited rRNA synthesis in all cell lines
to the same extent. Conversely, T5 showed a significant and se-
lective effect for tumoral cell lines SW480 and SW620, while
rRNA levels remained unchanged in CRL1790 non-tumoral cells.
CX5461 was confirmed to act as a non-selective RNA Pol | inhib-
itor in all cell lines. Next, we investigated stabilization properties
of G4s for T1 and T5 in a cellular environment. It was achieved by
immunofluorescence with the G4-selective antibody BG4 in
CRL1790, SW480, and SW620 cells after incubation with T1
0.5 uM or T5 1 uM for 3 h. T1 induced a notorious increase of nu-
clear BG4 signal in all cell lines, while this effect was only
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Figure 5. T5 exerts its function through binding to G4s in rDNA
(A) TOPROS3 FID assay using oligonucleotides from putative G4 sequences found in rDNA to determine the fluorescence percentage in the absence (NT) or

presence of T5 5 uM. Experiments were performed in triplicate.
(legend continued on next page)
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observed for tumoral SW480 and SW620 cells upon T5 treat-
ment (Figure 4B). In accordance, BG4 mean fluorescence quan-
tification (N > 100) rendered a significant increase after T1 and T5
treatment, indicating that these compounds strongly stabilized
G4 structures, except for T5 in CRL1790 cells (where significant
differences were not observed) (Figure 4C). Therefore, T5 offered
the best therapeutic window with a predominant effect on tu-
moral cells.

NDIs are fluorescent molecules whose excitation and emis-
sion maxima take place at 595 and 661 nm, respectively (Aré-
valo-Ruiz et al., 2017). To further investigate the differences in tu-
moral selectivity between both compounds, we analyzed T1 and
T5 uptake in our cellular model of CRC by fluorescence confocal
microscopy and quantified the uptake profiles by measuring the
nuclear fluorescence. No differences were found in cellular up-
take between non-tumoral and tumoral cells for T1, while T5
showed a 4-fold greater entrance into tumoral cells (SW480) in
relation to non-tumoral ones (Figure 4D). As mentioned before,
T1 is an aglycone-NDI while T5 is a lactose-conjugated NDI,
and such chemical differences could affect their uptake rates.
Then, we hypothesized that T5 could be preferably translocated
into cancer cells through glucose transporters (GLUTS). Since
GLUT1 is frequently upregulated during oncogenesis (Ganapa-
thy et al., 2009), we quantified the entrance of both NDI deriva-
tives in SW480 cells in the presence of two different GLUT1 in-
hibitors: BAY876 (Siebeneicher et al., 2016) and WZB117 (Liu
et al., 2012). T1 uptake was not affected after exposure to
GLUT1 inhibitors. Notwithstanding, GLUT1 inhibition caused a
significant decrease in T5 cellular uptake (Figure 4E). Therefore,
T5 is preferably taken up by tumoral cells, at least in part, through
GLUT1. However, additional uptake mechanisms associated
with cancer cells must be involved. Due to its higher tumor selec-
tivity, we further continued our study with T5.

T5 exerts its effect through binding to specific G4s

in rDNA

Using the software QGRS mapper, we found 12 putative G4-form-
ing sequences in the human ribosomal 5’ETS DNA region (Table
S2). Inhibition of the rDNA transcription by T5 prompted us to
examine whether T5 interacted with these G4-forming sequences
by TOPROS fluoresecent intercalator displacement (FID) assay.
Interestingly, T5 5 uM significantly exhibited a preferential binding
to G4_F5 and G4_R4, decreasing the fluorescence percentage
down to 34.5% and 70.6%, respectively (Figure 5A). Moreover,
we performed FID titration assays using T5 from 0.02 to 100 uM
with the selected G4_F5 and G4_R4 to quantify the concentration
required to displace TOPROS from the DNA matrix by 50% (DCsq
values) (Largy et al., 2011). To note, DCsq values were at micro-
molar range and T5 DCs value for G4_F5 was significantly lower
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than for G4_R4 (Figure 5B). Therefore, we continued our study
with G4_F5. Guanine imino signals between 10.5 and 12 ppm in
the NMR spectrum clearly confirmed the formation of a G4 struc-
ture in G4_F5 (Figure 5C). Upon T5 addition, NMR signals
changed due to interaction between T5 and the G4_F5. The gen-
eral signal broadening suggested the formation of higher-order
structures resulting from ligand-induced association of Gd4s.
This behavior is common in many G4 ligands. To further assess
the mode of action, we evaluated the ability of T5-stabilized
G4_F5 sequence to stall a DNA polymerase by an in vitro DNA po-
lymerase extension assay. As negative control, we used a mutant
sequence incapable of G4 formation (MUT_F5). T5 demonstrated
a selective and dose-dependent inhibition of PCR amplification for
the wild-type G4_F5 (Figure 5D). In contrast, T5 had no effect on
the DNA polymerase stalling in the mutant sequence. Overall,
these results confirm that T5 exerts the inhibition of rRNA synthe-
sis by a high-affinity binding to specific G4s in rDNA.

To test effects of T5 on Pol | transcription in vitro, a DNA tem-
plate that fused the yeast rDNA promoter to the human rDNA
sequence carrying the G4_F5 sequence or a mutated G4_F5
sequence were synthesized. These templates were included in
fully reconstituted in vitro transcription assays using purified
yeast components in multiple rounds (Keener et al., 1998; Bed-
well et al., 2012). Promoter-dependent transcription of the linear
templates yielded 756 nt runoff RNA products. RNA accumula-
tion was significantly inhibited by addition of T5 in reactions,
including the G4_F5 template (Figures 5E and 5F). Reactions us-
ing the mutant form of the G4 sequence were less affected by T5.
The full-size image of the denaturing gel is included in Figure S5.
Therefore, T5 directly inhibits transcription by RNA Pol | in vitro.

Next, we investigated in a cellular environment the stabilization
properties of T5 in rDNA-associated G4s by a competition
experiment in the presence of thioflavin T (ThT), a fluorescent
light-up probe of ribosomal G4s in the nucleolus (Zhang et al.,
2018). SW480 cells non-treated or treated with T5 1 uM for 3 h
were subjected to ThT fluorescence confocal microscopy. In
non-treated cells, ThT foci mainly accumulated in the nucleoli.
In contrast, the ThT-stained foci sharply decreased upon treat-
ment with T5, indicating that T5 displaced ThT from the nucleolar
Gd4s (Figure 5G). These results further sustain that T5 exhibits a
G4-binding pattern inside cells and mainly targets G4s in the
nucleolar rDNA at physiological conditions.

T5 could be explored as a therapeutic agent for patients
with CRC

Since POLR1A activity rate is proportional to cell proliferation
(Pelletier et al., 2017), we postulated that POLR1A expression
was increased along colorectal carcinogenesis to meet the
increasing demands for protein synthesis and, thus, it could be

(
C
(

B) FID titration assay with increasing concentrations of T5 to determine DCs, values in the selected putative G4s. Experiments were conducted in triplicate.
) Exchangeable proton region of the NMR spectra of G4_F5 with T5 at different R = [T5])/[DNA] ratios.
D) PCR stop assay to determine the effect of T5 on the stabilization of the G4-forming candidate G4_F5 and mutant MUT_F5 with increasing T5 concentrations.

Three independent reactions were conducted per concentration and representative lanes are displayed.
(E) Pol 1 in vitro transcription elongation assay of the yeast/human rDNA fusion template carrying the G4_F5 sequence and a mutated MUT_F5 sequence. Each
reaction was performed at least four independent times and representative lanes are shown for display purposes.

(F) Quantification of RNA levels from in vitro transcription experiments in (E).

(G) Fluorescence confocal imaging of SW480 cells pre-stained with thioflavin T non-treated (NT) or treated with T5 1 pM for 3 h. Nuclei are colored in red by

counterstaining with propidium iodide (PI). Scale bar, 10 um.
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considered an attainable antitumor target in CRC. In particular,
we determined POLR1A expression level in our cellular model
of CRC by gRT-PCR. Ct is the threshold cycle of detection and
ACt values show relative gene expression using actin as house-
keeping gene. As expected, ACt POLR1A decreased in CRC
meaning that POLR1A expression was higher in both tumoral
cells, SW480 and SW620, versus CRL1790 normal cells (Fig-
ure 6A). We also appreciated that T1 and T5 ICsq values were
correlated to POLR1A expression with a Pearson R value of
0.8669 (p = 0.0254). Overall, these results confirm that specific
POLR1A inhibition by T1 and T5 represents a remarkable thera-
peutic opportunity in CRC. To further understand the selective
mode of action of T5 in CRC, we aimed to analyze GLUT1
expression levels in the cellular model of CRC. Both SW480
and SW620 cancer cells showed a significantly higher GLUT1
expression (lower ACt GLUTT) in comparison with CRL1790
normal cells (Figure 6B). These results suggested that T5 is a
more promising leading compound since its cellular uptake
and inhibition of rRNA synthesis is partially restricted to tumoral
cells owing to GLUT1 overexpression.

Finally, we aimed to assess the translational potential of T5 in a
patient cohort with CRC. To explore POLR1A inhibitors as a ther-
apeutic strategy in CRC, POLR1A gRT-PCR analysis was per-
formed in 15 CRC tumoral samples and 7 colorectal biopsies
derived from non-tumoral adjacent tissue in patients with CRC.
POLR1A mRNA expression was significantly upregulated (lower
ACt POLR1A) in CRC compared with non-tumoral tissues (Fig-
ure 6C). Furthermore, since GLUT1 overexpression would be
exploitable for a targeted T5 treatment, we also analyzed GLUT1
expression in patients with CRC by gRT-PCR. GLUT1 expression
level was significantly increased (lower ACt GLUTT) in tumoral
compared with non-tumoral tissues (Figure 6D). POLR1A and
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the potential therapeutic role of NDI G4 li-
gands in CRC, where only compounds interacting with the K-
RAS promoter have been previously evaluated (Lavrado et al.,
2015). We simulated colorectal carcinogenesis with a cellular
model to identify the G4 ligands T1 and T5, which exhibited a
potent and selective effect inhibiting cell growth in vitro. T1
and T5 belong to the NDI family, a class of small molecules
capable of stabilizing G4s with high affinity (Cuenca et al,
2008). They are composed of a single naphthalene core that
can be substituted with alternative side chains, from alkyls to
amino acids (Rasadean et al., 2017) and carbohydrates (Aré-
valo-Ruiz et al., 2017), resulting in an extensive list of NDI de-
rivatives. Interplay of different binding modes of NDIs to G4s
with different topologies has been confirmed, with end-stack-
ing always operative as the predominant binding event (Platella
et al., 2020). Traditionally, NDIs have been considered to bind
primarily to telomeric G4s and inhibit telomerase activity
(Cuenca et al., 2008). More recent studies designated addi-
tional targets for G4 binding, including the promoters of BCL-
2 and C-MYC oncogenes (Pirota et al., 2019). However, this
study reports the role of NDI derivatives on Pol | inhibition. In
fact, to date most research has focused on ex vivo G4-binding
assays with large amounts of NDIs. Very little is known about
the primary role and mechanism of NDIs on tumoral cells at
smaller concentration ranges. This work demonstrates that T1
and T5 NDI derivatives inhibit rRNA synthesis in a cellular
context at concentrations even lower than ICso. This gap be-
tween rRNA synthesis inhibition and its effect on cell prolifera-
tion may be due to the long half-life of human ribosomes (Bois-
vert et al., 2012).
In an attempt to study the precise manner in which T5 inhibits
rDNA transcription, we identified specific rDNA sequences
capable of forming stable G4s structures and mainly targeted
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by T5 in physiological conditions. We propose a mechanism
whereby binding of T5 to rDNA G4s causes the disengagement
of POLR1A subunit and the consequent inhibition of transcrip-
tion by Pol I. These rapid kinetic effects occur before the
decrease in the abundance of POLR1A. Next, in response to
the blockade of POLR1A near G4 sites, POLR1A is marked for
proteasome-mediated clearance as a downstream effect. The
in vitro transcription assays further support this model. Finally,
T5 causes cell death by autophagy.

The above-mentioned activity is strikingly similar to other
structurally distinct compounds described as first-in-kind Pol |
inhibitors, such as BMH-21, CX-5461, and CX-3543. To note,
redundancy in therapeutic strategies targeting Pol | is not only
useful, but essential for clinical development. Notwithstanding,
the proposed mechanism for T5 is a distinctive feature among
the previously described Pol | inhibitors. Within them, BMH-21
has been suggested to intercalate within GC-rich regions in
rDNA and promote degradation of POLR1A subunit (Wei et al.,
2018). Alternatively, previous studies have also shown that CX-
5461 exerts its effect through targeting the SL1 transcription
factor, indispensable to recruit the Pol | preinitiation complex
(Drygin et al., 2011). Conversely, CX-3543 disrupts nucleolin/
rDNA G4 complexes in the nucleolus thereby inhibiting Pol | tran-
scription (Drygin et al., 2009). In fact, a recent study proposed a
role for both CX compounds as general G4 binders and re-
marked that both are mechanistically different from BMH-21,
which revealed no detectable G4 binding (Xu et al., 2017).
More recently, BMH-21 has been reported to bind to G4s in
the C-MYC promoter (Musso et al., 2018). In this context, there
is no strong evidence connecting Pol | inhibitors with the stabili-
zation of rDNA G4s. At this point, it is worth noting the fact that T5
specifically targets G4s in rDNA backbone at the micromolar
range, inducing a rapid inhibition of Pol I-mediated transcription
as a consequence. In accordance with its preferential binding to
rDNA G4s, T5 displaced ThT from nucleolar G4s in a cellular
environment.

Selectivity is a major concern in cancer management to
decrease adverse effects frequently attributed to classical cyto-
toxic drugs. Generally, two key processes contribute to a tar-
geted therapy in cancer: exploiting unique features for tumor
cells and enhancing drug uptake by malignant cells.

Firstly, Pol | is a highly active enzyme responsible for synthe-
sizing rRNAs, the most abundant RNA species in the cell, consti-
tuting the rate-limiting step in ribosome biogenesis (Pelletier
et al., 2017). Since cancer cells possess an increased ribosyn-
thetic activity to meet their demands for increased protein syn-
thesis, it is easily concluded that Pol | constitutes an emerging
target in cancer therapeutics. Moreover, we show in this study
that POLR1A is overexpressed both in tumoral and metastatic
cell lines and in CRC tumor biopsies compared with the normal
cell line and non-tumoral colon tissues, confirming that POLR1A
expression rate is proportional to cell growth. These results are
consistent with data showing deregulation of Pol | transcription
in carcinogenesis (Drygin et al., 2010). In fact, POLR1A has
been previously identified among other candidates as a
biomarker in CRC (de Wit et al., 2014; Palma et al., 2014).
Despite evidence, the clinical significance of Pol | had not been
exploited before in CRC. On the other hand, we determine that
POLR1A expression levels are inversely correlated with ICsq
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values in our cellular model. Searching for personalized medi-
cine, these results could open up avenues to perform POLR1A
expression analysis before treatment to potentially select the
best responders to POLR1A inhibitors, such as T5.

Secondly, there is no denying that carbohydrate-NDI conjuga-
tion in T5 has contributed to promoting its selective entry into tu-
moral cells. It is widely established that tumor cells prioritize
glucose uptake via increasing the number of GLUT receptors
and coordinate an enhanced glucose entry with increased
glycolysis (Warburg effect) to sustain a demanding and uncon-
trolled proliferation (Thorens and Mueckler, 2010). This study re-
veals that T5 is selectively taken up by cancer cells where GLUT1
seems to play a major role, although the influence of different
GLUT isoforms still needs further investigations. Additional
mechanisms could be also involved, including asialoglycopro-
tein receptors, which are overexpressed in tumoral tissues and
specifically recognize galactose residues harbored in the lactose
residue of T5 (Mu et al., 1994; Ma et al., 2015). The analysis of
samples collected from patients with CRC and our cellular model
demonstrate that GLUT1 is overexpressed in cancer compared
with non-tumoral specimens. In fact, GLUT1 is frequently upre-
gulated during oncogenesis in many different types of tissues
(Ganapathy et al., 2009), and GLUT1 overexpression has been
previously considered as an unfavorable prognostic biomarker
in patients with CRC (Yang et al., 2017). Altogether, these data
highly reinforce that T5 takes advantage of the unique traits of
cancer cells and elicits a potent and selective antitumor activity,
while having minimal effect on non-malignant cells. Therefore, T5
would result in less genotoxic side effects than conventional
therapy.

SIGNIFICANCE

This work describes a mode of action for naphthalene-dii-
mides, a well-known class of G-quadruplex ligands. In previ-
ous studies, naphthalene-diimides have been considered to
bind mainly to G-quadruplexes in telomeres and oncogenic
promoters. However, our work provides evidence of naph-
thalene-diimide-targeting G-quadruplexes in ribosomal
DNA. This action induces a blockade of RNA polymerase I-
mediated transcription at low doses leading to inhibition of
rRNA synthesis and cell death, which could be exploited in
cancer treatment. Since tumoral cells possess an increased
ribosynthetic activity, inhibition of RNA polymerase | repre-
sents an emerging target in cancer therapeutics. Moreover,
we confirm that the carbohydrate-conjugated formulation of
the selected naphthalene-diimide (T5) enhances its selec-
tivity for tumoral cells partially due to overexpression of
GLUT transporters in cancer.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Nucleolin Invitrogen Cat #39-6400; RRID: AB_2533426
Fibrillarin Abcam Cat #ab5821; RRID: AB_2105785
POLR1A Santa Cruz Biotechnology Cat #sc-48385; RRID: AB_675814
LC3 MBL Cat #PD014; RRID: AB_843283
FLAG Sigma Aldrich Cat #F1804; RRID: AB_262044
Actin Sigma Aldrich Cat #A5441; RRID: AB_476744
Mouse Alexa Fluor 488 Invitrogen Cat #A-11001; RRID: AB_2534069
Rabbit Alexa Fluor 555 Invitrogen Cat #A-31572; RRID: AB_162543
Mouse HRP conjugated Promega Cat #W4021; RRID: AB_430834
Rabbit HRP conjugated Promega Cat #W4011; RRID: AB_430833

Biological samples

Patient samples University Hospital Virgen de las N/A

Nieves, Granada, Spain
Chemicals, peptides, and recombinant proteins
Naphthalene-diimide derivatives Laboratory of Juan Carlos Morales, CSIC, N/A

Granada, Spain. (Zuffo et al., 2019)
BG4 antibody Laboratory of Jose Antonio Garcia Salcedo, N/A

Genyo, Granada, Spain. (Biffi et al., 2013)
Critical commercial assays
Resazurin Fluorimetric Assay Sigma Aldrich Cat #R7017
Propidium iodide Sigma Aldrich Cat #P4864
Trizol Reagent Invitrogen Cat #15596
RevertAid First Strand cDNA Synthesis Kit Thermo Scientific Cat #K1622
SYBR Green Thermo Scientific Cat #4309155
Pierce Protein A/G Magnetic Beads Thermo Scientific Cat #88802
CX5461 MedChemExpress Cat #HY-13323
BAY876 Sigma-Aldrich Cat #SML1774
WzB117 Sigma-Aldrich Cat #400036
TOPRO3 Thermo Scientific Cat #T3605
Thioflavin T Sigma-Aldrich Cat #T3516
Experimental models: Cell lines
CRL1790 cell line ATCC CCD 841 CoN
SW480 cell line ATCC SW480 [SW-480]
SW620 cell line ATCC SW620 [SW-620]
Oligonucleotides
Primers for qRTPCR, see Table S1B Sigma-Aldrich N/A
G4-oligonucleotides for FID Sigma-Aldrich N/A
assay, see Table S2
G4_F5 forward oligo for PCR-stop Sigma-Aldrich N/A
assay: 5-TCGCGTGGGGG
GCGGGTGGTTGGG-3’
G4_F5 reverse oligo for PCR-stop assay: Sigma-Aldrich N/A

5’-TTCTCGTCCCAACCAC-3’
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
MUT_F5 forward oligo for PCR-stop assay: Sigma-Aldrich N/A
5’-TCGCGTCCACTTCAAGTGGTTGGG-3’

G4_F5 oligo for NMR experiments: Sigma-Aldrich N/A

5’-TGGGGGGCGGGTGGTTGGGT-3’

Software and algorithms

FlowdJo BD Biosciences https://www.flowjo.com/

Fiji ImagedJ https://imagej.nih.gov/ij/
Oncomine Thermo Fisher Scientific https://www.oncomine.org/
Prism GraphPad https://www.graphpad.com/

scientific-software/prism/

QGRS Mapper Ramapo College Bioinformatics http://bioinformatics.ramapo.
edu/QGRS/index.php

RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, Jose An-
tonio Garcia-Salcedo (jags@genyo.es).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate datasets or codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Cell lines were purchased from American Type Culture Collection and all procedures were carried out under aseptic conditions
meeting biological safety requirements. CRL1790 was derived from a female fetus of 21 weeks gestation, SW480 was established
from a primary adenocarcinoma of the colon from a 50 year old male donor and SW620 was derived from a metastasis of the same
tumor from which the SW480 was derived. Non-tumoral CRL1790 cell line was grown in MEM medium, whereas tumoral SW480 and
SW620 cells were maintained in RPMI medium. Both mediums were supplemented with 10% fetal bovine serum, penicillin (5000 U/
mL), streptomycin (5 mg/mL) and amphotericin (25 pg/mL). They were cultured at 37°C and 5% CO., atmosphere.

Human samples

Samples of patients with CRC were obtained from University Hospital Virgen de las Nieves, Granada, Spain. Informed consent was
obtained from all patients included in the study, which was approved by the local Ethical Committee of the University of Granada
(Spain). Before treatment, tumor biopsies from 15 patients and histologically non-tumoral adjacent tissue from 7 patients were
collected and freshly frozen until RNA extraction. Both female (10) and male (12) donors were included, with a mean age of 59 years
old (ranging from 51 to 66 years old). No statistically significant differences were found in terms of developmental stage, age or
gender when comparing the two groups (tumoral and non-tumoral).

METHOD DETAILS

NDIs preparation

NDlIs previously synthesized in a reported work (Arévalo-Ruiz et al., 2017; Zuffo et al., 2019) were used. Within the huge variety of NDI
derivatives available, we selected carbohydrate-conjugated NDIs for our study in an attempt for a targeted antitumoral therapy ac-
cording to previous results (Arévalo-Ruiz et al., 2017). Briefly, the carbohydrate-NDI conjugates were synthesized via the copper(l)-
catalyzed azide alkyne cycloaddition (CuAAC) click reaction using NDI and sugar moieties as the azide and alkyne coupling partners
respectively. Reverse phase preparative HPLC purification afforded the compounds in good yields (65-90%). All NDIs were dissolved
in dimethyl sulfoxide (DMSO) and stored at -20°C.
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Cytotoxic assay

Cytotoxic activity was screened in triplicate using Resazurin Fluorimetric Assay (R7017, Sigma Aldrich), according to the manufac-
turer’s protocol. Cells seeded into 96-well plates (8- 10° cells/well) were treated for 48 h with NDI derivatives in concentrations ranging
from 2-107° uM to 100 puM. A negative control with DMSO was included. Fluorescence was determined using Nanoquant Infinite
M200 Pro multi-plate reader (Tecan). IC50 values were determined by non-linear regression with Graphpad (Prism).

Cell cycle analysis

Cell cycle analyses were carried out by flow cytometry with propidium iodide (Pl) (P4864, Sigma Aldrich). SW480 cells (10°%) were
seeded into 10 cm culture dishes and treated with T1/T5 at IC50 concentration for 24 h or the vehicle (DMSO) control. Cells were
then fixed on ice with ice-cold 70% ethanol and stained with 0.04 mg/mL Pl and 0.1 mg/mL ribonuclease A (19101, Qiagen). Cell
cycle distribution was determined by an analytical DNA flow cytometer (FACSVerse, BD Biosciences) and FlowJo software with
DNA instrument settings on low mode.

Immunofluorescence

Cells under different experimental conditions were seeded into 13-mm circular coverslips and placed in 24-well plates. Fixation was
performed with 4% (v/v) paraformaldehyde (P6148, Sigma Aldrich) for 10 min at room temperature (RT), permeabilization with 0.1%
(v/v) Triton-X100 (T8787, Sigma Aldrich) for 10 min and blocking with 10% bovine serum albumin (A7906, Sigma Aldrich), 0.5% (v/v)
Triton-X100 for 30 min at RT. Primary antibodies were subsequently incubated for 1 h at RT and secondary antibodies for 30 min at
4°C in darkness. All coverslips were mounted onto poly-L-lysine slides (J2800AMNZ, Thermo scientific) with Vectashield (H-1200,
Vector) including DAPI (4’,6-diamidino-2-phenylindole) for nuclear counterstain. Images were acquired through a Confocal Zeiss
LSM 710 inverted microscope with a 63x immersion objective. Antibodies used are listed in Supplementary files (Table S1A). In
particular, the G4 selective antibody BG4 was expressed and used for immunofluorescence according to standard method (Biffi
et al., 2013).

Western blot

Total protein was extracted using RIPA lysis buffer containing 1% PMSF (P7626, Sigma Aldrich) and 1% protease inhibitor cocktail
(P8340, Sigma Aldrich). Protein content was loaded on 10% SDS-polyacrylamide gels (1610148, Bio-Rad) for electrophoresis and
wet transferred to nitrocellulose membranes (66485, Pall corporation), which were blocked with 5% semi-skimmed milk and incu-
bated overnight at 4°C with primary antibodies. Membranes were then incubated with Horseradish Peroxidase (HRP)-labeled sec-
ondary antibodies for 1 h at RT. After incubation with luminol solution (1705060, Bio-Rad), chemiluminiscence signals were measured
using Image Quant LAS 4000 (GE Healthcare Life Sciences). Protein levels were quantified by Imaged. Experiments were performed
in biological triplicate. Antibodies used are listed in Supplementary files (Table S1A).

qRT-PCR

Total cellular RNA was isolated from cells under different experimental conditions with Trizol Reagent (15596, Invitrogen). Reverse
transcription was performed using RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo Scientific) with random primers ac-
cording to the manufacturer’s protocol. Quantitative PCR was conducted on 7900HT Fast Real-time PCR System (Applied Bio-
systems) with SYBR Green (4309155, Thermo Scientific), a final concentration of primers at 500 nM and using 1 uL of 100 ng/uL
cDNA in 10 ul reaction. Target mMRNA levels were normalized in relation to actin (ACt) and fold change was determined using the
2728C method. Experiments were conducted in biological triplicate. Primers used for this study are listed in Supplementary files (Ta-
ble S1B). CX5461 (HY-13323, MedChemExpress) was used as an established control for Pol | inhibition.

Chromatin immunoprecipitation (ChIP)

Chromatin was extracted as previously described (Wei et al., 2018) and sheared to 500-1,000 bp using Bioruptor Plus (Diagenode).
100 pg of sonicated DNA was immunoprecipitated with 5 pg of mouse «-POLR1A (sc-48385, Santa Cruz Biotechnology) and
collected with Pierce Protein A/G Magnetic Beads (88802, Thermo Scientific). DNA was purified using phenol:chloroform:isoamyl
alcohol (25:24:1) protocol (P2069, Sigma). Experiments were conducted in biological triplicate.

Fluorescence confocal microscopy

Taking advantage of NDIs’ strong emission in the red when excited with 594 nm-laser, experimental preparations to assess NDIs
intracellular location were performed as previously described (Arévalo-Ruiz et al., 2017). Images were acquired with a confocal
microscope and mean nuclear fluorescence intensity was measured using Fiji software (n>50). To allow comparability, instrument
settings were equally adjusted across the different cell lines.

Fluorescence spectroscopy

Quantification of cellular uptake in presence of GLUT1 transporter inhibitors such as BAY876 (SML1774, Sigma-Aldrich)
and WZB117 (400036, Sigma-Aldrich) was achieved by fluorescence spectroscopy as previously described (Arévalo-Ruiz et al.,
2017). Fluorescence intensity was detected with a Nanoquant Infinite M200 Pro multi-plate reader (Tecan) using 485 nm for
excitation and 535 nm for emission; experiments were performed in triplicate. Fluorescence values were calculated as follows: %
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Fluorescence = A/B-100; where (A) corresponds to the fluorescence determined for each sample and (B) is the fluorescence in the
respective inhibitor-free control samples.

Gd4s prefolding

G4-oligonucleotides listed in Table S2 were purchased from Sigma Aldrich. All of them were dissolved in G4s buffer (10 mM potas-
sium phosphate buffer containing 100 mM potassium chloride at pH 7.0), heated at 95°C for 10 min, slowly cooled to RT and stored
at 4°C.

Fluoresecent intercalator displacement (FID) assay

For FID assays, 5 uM TOPRO3 (T3605, Thermo Scientific) was used as a fluorescent intercalator, being saturated with 10 uM pre-
folded G4s and titrated with T5 in G4s buffer in 96-well plates. TOPRO3 was excited at 642 nm and emission profile was monitored
between 650-800 nm with a multi-plate reader. All assays were conducted in triplicate. Fluorescence values were calculated as fol-
lows: %Fluorescence = A/B-100; where (A) is the fluorescence value in presence of T5 and (B) corresponds to the fluorescence value
in T5-free controls. The affinity was estimated by the DC50 value, which corresponds to the required concentration of T5 to induce a
50% fluorescence decrease. DC50 values were determined by non-linear regression with Prism Graphpad using increasing concen-
trations of T5 from 0.02 to 100 uM.

PCR-stop assay

PCR-stop assay was performed as previously described (Tawani et al., 2017) using a test oligonucleotide including G4_F5 (5’-
TCGCGTGGGGGGCGGGTGGTTGGG-3’) and a partially complementary oligonucleotide (5’-TTCTCGTCCCAACCAC-3’). In parallel,
a mutant sequence (MUT_F5) incapable of G4 formation due to guanines 7-12 and 14-16 replacement (5’-TCGCGTCCACTTC
AAGTGGTTGGG-3’) was considered as a negative control. Amplified products were visualized in a 3% agarose gel in 1X TBE
and stained with GelGreen (41005, Biotium). Gel images were analyzed using ImageQuant LAS 4000. Three independent reactions
were conducted per concentration.

In vitro transcription assay

A DNA template containing the Saccharomyces cerevisiae rDNA promoter (-250 to +56 with respect to the transcription start site)
fused to a 700 base pair segment of the human rDNA starting at +3412 (containing the G4_F5 sequence) was synthesized (Genscript).
This template was amplified by PCR and incorporated into a multi-round in vitro transcription assay for RNA Polymerase I. Transcrip-
tion assays included all purified components (Pol |, core factor, Rrn3, and TBP) and were performed as previously described (Keener
et al.,, 1998; Bedwell et al., 2012). After preinitiation complexes were formed, T5 (or vehicle) was added to final concentrations indi-
cated. Transcription was initiated with substrate NTPs (200 uM ATP, GTP, CTP, 15 uM UTP, and 10 uCi a-32P UTP) and reactions
were halted by addition of 1 M ammonium acetate in 95% ethanol. RNA was precipitated, subjected to 5% denaturing polyacryl-
amide gel electrophoresis, and visualized by phosphorimaging. At least four independent reactions were conducted per concentra-
tion. The runoff RNA species were quantified using Quantity one software (BioRad).

Nuclear Magnetic Resonance (NMR) experiment

A DNA oligonucleotide including G4_F5 sequence (5-TGGGGGGCGGGTGGTTGGGT-3’) was resuspended in H,O/D,O 9:1 in
25 mM potassium phosphate, pH 7. NMR titrations were performed by adding increasing amounts of T5 to the oligonucleotide so-
lution at 100 uM. Different R ratios = [T5] / [DNA] were considered (R= 0, 1, 2). NMR spectra were acquired in Bruker Avance spec-
trometer operating at 600 MHz, and processed with Topspin software. Water suppression was achieved by including a WATERGATE
module in the pulse sequence prior to acquisition.

Thioflavin T (ThT) competition assay

Cells seeded into 13-mm circular coverslips and placed in 24-well plates (8- 10* cells/well) were non-treated or treated with T5 1 uM
for 3 h. Then, cells were fixed for 10 min in cold methanol, rinsed twice with PBS and incubated with 5 uM ThT (T3516, Sigma-Aldrich)
for 15 min. Cellular nuclei were counterstained with Pl and visualized by confocal microscopy as previously described (Zhang et
al., 2018).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Prism Graphpad software. Statistical significance was assessed using Student’s two-tailed t

test and two-way ANOVA. Values represent mean + SD. For all tests, p values below 0.05 were considered significant and expressed
as follows: *p < 0.05; **p < 0.01 and ***p < 0.001. The statistical details of experiments can be found in figure legends.
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