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Phen-DC; is among the most commonly used G-quadruplex
(G4)-stabilizers in vitro and in cells. Here, we show that the
G4-interactive binding interactions enable one to tune the optical
properties of Phen-DC; allowing the detection of G4 structures in
cancer cells. This work opens up new directions for the use of Phen-DC3
as a selective G4 fluorescent reporter.

G-Quadruplexes (G4s) are non-canonical four-stranded DNA
and RNA structures formed by co-planar guanine-quartets
stabilized through Hoogsteen-type hydrogen bonding and
centrally octa-coordinated by monovalent cations." Recent
evidences suggest the involvement of G4 structures in key
biological functions, such as replication, transcription, trans-
lation, and telomere maintenance.> Moreover, bioinformatics
and sequencing studies have highlighted the widespread
distribution of evolutionary conserved putative G4 sites in
the genomes of humans and different model organisms.””
Collectively, these findings have stimulated research probing
G4-associated mechanisms and consequent opportunities for
therapeutic intervention. This has led to the development of
small-molecule therapeutics that can selectively bind, detect
and stabilize these non-B DNA globular structures.” The majority
of current G4 binders contain polyaromatic heterocyclic ring
systems functionalized with flexible substituents.” This simple
but efficient molecular design approach ensures both n-n
stacking interactions between the terminal G-quartets and
the central ligand’s core and additionally electrostatic or
ionic attractions between the pendant ligand’s arms and the
G-quadruplex’s grooves. The phenanthroline dicarboxamide
bisquinolinium compound, Phen-DC;, is one of the most
potent G4-binders reported so far and is used as a benchmark
compound in a wide number of studies to probe G4 formation
in vitro and in cellular systems.®*® Its overall crescent-like bent
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shape ensures an extensive overlap with the guanines on the
terminal G-quartets and prevents intercalation between the
Watson—-Crick base pairs in duplex DNA, therefore limiting
off-target binding interactions (Fig. 1).>

The weak fluorescence emission of Phen-DC; has been
proven to be the major bottleneck of this compound to diag-
nostic transformation.® Indeed, in situ post-labeling by
copper(i)-catalyzed 1,3-dipolar azide-alkyne cycloaddition
(CuAAC) and strain-promoted azide-alkyne cycloaddition
(SPAAC) click reactions were used to probe the cellular emis-
sion fingerprint of Phen-DC;-based compounds in cancer
cells.® These methods did not provide unambiguous evidences
of Phen-DCj’s cellular localization and showed inherent draw-
backs including the need for ad hoc Phen-DC; structural
optimization through laborious multi-step synthetic procedures
as well as the possibility of artefactual staining by intermediate
species when using ligands post-labeled by CuAAC. Therefore,
there is still an urgent need to decipher the intracellular localiza-
tion of Phen-DC; and answer open questions concerning its
ability to track DNA and RNA G4 structures in cancer cells. Herein,
we shed light on the ability of Phen-DC; to be used as an
intrinsically fluorescent probe and we unravel its in-cell fate in
the particular context of G4 recognition, opening new routes to
advance future studies of G4 biology.

The absorption spectrum of Phen-DC; was monitored by UV-VIS
spectroscopy and showed an intense well-structured band in

Fig. 1
stick model. (C) Solution structure of c-MYC Pu24T-Phen-DCs complex
(PDB code: 2MGN).6 Guanine, thymine and adenine bases are shown in
red, green and blue, respectively.
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Fig. 2 Absorption (solid lines) and fluorescence (dashed lines) spectra
of Phen-DC3 in the absence (blue lines) and presence (red lines) of an
equimolar concentration of c-MYC Pu24T (cyis = 50 mM, ckc = 100 mM,
CPhen-DC; = 2.50r 5.0 uM and cc_mycpuzat = 0.0, 2.5 or 5.0 uM for emission
and absorption, respectively, Zexc = 350 nm). The excitation spectrum of
Phen-DCs3 is represented by the black dotted line. The green solid line
indicates the diode laser’s excitation wavelength at 405 nm used for CLSM.

the UV-spectral region with the maximum (4.,,,) centered at
350 nm and extinction coefficient ¢ ~ 2.0 x 10* M~' em™"
(Fig. 2). The addition of an equimolar concentration of ¢c-MYC
Pu24T, a widely used model parallel G4 structure derived from
the oncogenic ¢-MYC promoter® (Fig. S1, ESIt), to Phen-DC;
resulted in the concomitant bathochromic shift of its absorp-
tion maximum (~355 nm) and the appearance of a long-
wavelength tail that extended over the blue region of the
spectrum (Fig. 2).

Similar spectral changes were observed for Phen-DC; com-
plexed with a hybrid telomeric G4-forming sequence, Tel-22,
and a parallel RNA G4 structure, 4G;Uj; (Fig. S1-S3, ESIt).° This
evolution pattern suggests that Phen-DC; may be sensitive to
viscosity and/or polarity changes. To test this hypothesis, we
recorded the UV-VIS absorption spectra of Phen-DC; in pure
water as well as in a highly viscous H,O: glycerol (50: 50) binary
mixture (Fig. S4, ESIt). No relevant spectral changes were
observed in the absorption band of Phen-DC; ruling out
spectral modifications associated with viscosity changes. On
the other hand, Phen-DC;, in methanol (MeOH), showed
similar spectral changes to those observed with DNA or RNA
G4 structures (Fig. S5, ESIT). In particular, the appearance of a
long-wavelength tail suggests that Phen-DC; is sensitive to the
matrix polarity and its accommodation within the hydrophobic
G4 scaffold well matched a relative polarity value (EY) of 0.76."
We also recorded the fluorescence spectrum of Phen-DCj;, and
upon photoexcitation at 350 nm, an emission maximum (Aep,)
at ~405 nm was observed (Fig. 2). The addition of an equimolar
concentration of ¢-MYC Pu24T significantly quenched and red-
shifted the emission band of Phen-DC; (Fig. 2). Similar optical
changes were observed for Phen-DC; complexed with Tel-22 or
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4G;U; (Fig. S6, ESIT). Due to the resulting low molecular bright-
ness of the Phen-DC;-G4 complexes, excitation at 405 nm did not
provide enough sensitivity to detect the associated luminescence
band of Phen-DCs’s bound states by using conventional steady-
state emission spectroscopy. Nevertheless, this outcome did not
preclude its implementation as a cellular G4-selective fluorescent
reporter in confocal laser scanning microscopy (CLSM, vide infia).

In order to further examine the interaction of c-MYC Pu24T
DNA and Phen-DC;, we determined Phen-DCj;’s stabilization
properties of ¢-MYC Pu24T and a non-G4 DNA control. We
performed the Taq-polymerase stop assay, a type of primer
extension assay that determines DNA replication progression
and pausing at single nucleotide resolution.’® We found that
increasing the concentration of Phen-DC; induced an increased
G4 stabilization response, which resulted in the inhibition of
DNA replication and a clear pausing site one nucleotide before
the first G-tract (Fig. 3A). The pausing site on the ¢-MYC Pu24T
template was already detected at 8 nM, while the synthesis of
the non-G4 template was unaffected at this concentration. High
concentrations of Phen-DC; (2 and 5 uM) caused non-specific
inhibition of DNA replication on both the G4 and non-G4 DNA
templates showing a wide window of selectivity between G4 and
non-G4 DNA structures (Fig. 3A and B). To further investigate
the ability of Phen-DC; to induce G4 stabilization on the c-MYC
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Fig. 3 (A) Dose-dependent Tag-DNA polymerase stop assay with different

Phen-DC3 concentrations using c-MYC Pu24T and non-G4 DNA templates.
(B) Gel quantification of full-length product normalized to the DMSO control
sample of the gelin (A). (C) Time-dependent Tag-DNA polymerase stop assay
using Phen-DCs (0 and 0.5 uM) and c-MYC Pu24T as the G4 template. (D) Gel
quantification of full-length products of the gel in (C). The G4 sequence is
presented on the left side of the gels in (A and C). Guanines involved in
the formation of the G4 motif are in bold. Asterisks indicate pausing sites;
the black arrow indicates the start of the reaction and the grey arrow
full-length products.
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Pu24T template, we monitored the replication progression by
primer extension assay over time (Fig. 3C and D). G4-Mediated
formation of pausing sites was visible after 1 minute in both
untreated and Phen-DCs-treated samples. With time progres-
sion, the pausing site in the control sample slowly disappeared,
showing that allowing multiple attempts by the DNA poly-
merase to bypass the G4 structure induces G4 destabilization
and eventually results in bypass of the G4 structures by the DNA
polymerase. However, in Phen-DC;-treated samples, the paus-
ing site was detected even after 60 mins of incubation and the
synthesis of the full-length product was completely inhibited
(Fig. 3C and D), indicating that Phen-DC; is indeed a highly
potent G4 stabilizer.

The G4-interactive binding properties of Phen-DC; along
with its optical changes characterized by a long-wavelength
absorption tail and a red-shifted emission maximum,
prompted us to study the cellular localization of Phen-DC; in
human cervical carcinoma (HeLa) cells by CLSM. Indeed, the
spectral changes of Phen-DC; in the presence of DNA and RNA
G4s that led to a considerable increase in absorption at 405 nm,
matches well to the excitation laser line setting used in CLSM
(Fig. 2 and Fig. S2, S3, ESIt). This “double-check” detection
mechanism based on binary conditions (OFF-ON absorption
states at 405 nm) exclusively enables the cellular visualization
of the active fluorescent bound states (Phen-DC;-G4 complexes)
limiting issues related to off-target effects and low signal-to-noise
ratio. A limit of detection (LOD) of 582 + 9 nM was calculated by
monitoring the changes in the optical density at 405 nm as a
function of G4 concentration (Fig. S7, ESIt). This LOD value,
even if slightly higher compared to the most sensitive light-up G4
probes reported so far, still falls within the nanomolar range and
provides possibilities to probe G4 formation in a cellular
context.'®"?° The treatment of PFA-fixed HeLa cells with Phen-
DC; showed an intense fluorescence signal in the cytoplasmic
and nuclear regions with clear peaks in the subnuclear com-
partments whose appearance is compatible with nucleoli
(Fig. 4A and B).'®'%?1?%> The observed staining pattern was
independent of the fixation method, as Phen-DCj;-treated cells
fixed with MeOH showed a similar staining pattern but with
reduced cytoplasmic signal (Fig. S8, ESIt).

Under the same experimental conditions used to image
the Phen-DCj;-stained cells, untreated cells did not show
any fluorescence signal (Fig. 4A), showing that the fluorescence
observed in Phen-DC;-treated cells is not due to auto-fluorescence
of cells. Together, these data show that Phen-DC; can be
visualized in fixed cells (Fig. 4A, B and Fig. S8, ESIf).

The G4-specific BG4 antibody showed the occurrence of G4
structures at both cytoplasmic and nuclear regions indicating
cellular formation of RNA and DNA G4s, respectively.”*** Phen-DC;
targets both RNA and DNA G4 structures with nanomolar
dissociation constants.”*® Therefore, the staining pattern of
Phen-DC; may be directly related to its ability to target RNA G4s
in the cytoplasm and DNA G4s in the nucleus. To elucidate
the nature of the main cellular binding targets of Phen-DCs3;,
we pretreated the cells with either RNase or DNase before
incubation with Phen-DC;. RNase pretreatment did not affect
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Fig. 4 Microscopy imaging of PFA-fixed Hela cells. (A) Bright field image
and/or confocal fluorescence images of unstained or Phen-DCs-stained
(20 uM) cells. Where denoted, the fixed cells were pre-treated with either
RNase or DNase prior to Phen-DCs-treatment. (B) Quantification of
the fluorescence signal per single cell. Data represent quantification of
60 individual cells for each condition. Signals from nucleoli in RNase-
treated cells could not be quantified. Means + SD are indicated. Data were
analyzed using two-sample t tests. P-values are indicated. (C) Fluores-
cence displacement assay (upper panel) between Phen-DCs; (20 pM)
and BRACO-19 (10 and 20 puM). Fluorescence displacement assay (lower
panel) between TmPyP4 (10 pM) and Phen-DCs (10 and 20 pM).
(D) Quantification and analysis as in (B). Phen-DC3-BRACO-19 competition
(n = 40 for each condition) and TmPyP4—-Phen-DCz competition (n = 55
for each condition). Scale bar = 5 um. A diode 405 nm laser was used for
Phen-DC3 Jeye = 405 Nnm, Zem 430-630 nm; an argon laser was used for
TmPyP4 visualization Aexc = 514 Nnm, Aem = 550-700 nm.

the nuclear staining pattern of Phen-DC; but reduced its
cytoplasmic (p = 1.1 x 10°°) and nucleolar signal, supporting
binding of Phen-DC; to RNA molecules in these two cellular
regions (Fig. 4A, B and Fig. S8, ESIt). RNase treatment caused
almost complete disappearance of the Phen-DCs;-associated
fluorescence signal in the nucleoli. Conversely, DNase treatment
significantly reduced the nuclear staining (p = 7.4 x 10~>°) and to
some extent the nucleolar signal (p = 5.7 x 10~ *?) by Phen-DCj,
but its cytoplasmic signal was almost unperturbed (Fig. 4A, B and
Fig. S8, ESIf). Together, these RNase/DNase-treated cell data
suggest that Phen-DC; mainly targets RNA G4s in both cytoplas-
mic and nucleolar regions and DNA G4s in the nucleus. In order
to confirm that only the bound Phen-DC;-DNA/RNA G4s states
were responsible for the fluorescence emission observed in cells,
we pre-treated the cells simultaneously with both DNase and
RNase (Fig. S8, ESIt). No fluorescence signal was observed for
Phen-DC; under these experimental conditions, suggesting that
the detected fluorescence observed in cells is due to Phen-DC;
being in complex with DNA and RNA G4s.

In order to further probe the sensing ability of Phen-DC;
when targeting G4 structures in cells, we performed two
independent fluorescence displacement assays using the
well-known G4-binders BRACO-19> and TmPyP4” (Fig. 4C
and D). Direct competition performed by adding BRACO-19 to
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cc05483f

Open Access Article. Published on 16 October 2020. Downloaded on 5/12/2026 11:53:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

Phen-DC;-pretreated cells showed a clear reduction of the
cytoplasmic and nucleolar Phen-DC; fluorescence signal
(p = 2.2 x 107?"), indicating the effective competition between
these two molecules for the same G4-sites, mostly at the RNA level
(Fig. 4C and D). TmPyP4 is a porphyrin-based fluorescent duplex/
G4 binder, and its absorption and emission spectra are more red-
shifted than Phen-DC;. Cells treated with TmPyP4 demonstrated a
similar staining pattern as Phen-DC;. Indeed, the addition of
Phen-DC; to cells pretreated with TmPyP4, resulted in an overall
fluorescence signal reduction (p = 6.1 x 107%) at both the
extranuclear and nuclear level, demonstrating the high degree
of co-localization between these two G4-binders (Fig. 4C and D).
The remaining weak nuclear fluorescence signal that still
occurred upon Phen-DC;-mediated TmPyP4 displacement may
be ascribed to the well-known ability of the porphyrin ligand to
intercalate duplex DNA, making these DNA sites highly inacces-
sible to Phen-DC,.”

Non-cancerous human embryonic kidney (HEK 293) cells
were also used to ascertain that the Phen-DC; emission
recorded was not strictly correlated to the cell-type used (Fig. S9,
ESIT). Under the same experimental conditions used to image
HelLa cells, HEK 293 cells treated with Phen-DC; showed a very
similar staining pattern with most of the associated signal
confined within the nucleolar sites. Direct quantitative comparison
of the G4 levels present in these two cell lines was not performed
because the two cell types are not derived from the same tissue,
and therefore the G4 levels cannot be compared.

In conclusion, we have reported for the first time, the
cellular localization of one of the most potent and widely used
G4 ligands, Phen-DC;. We demonstrate that Phen-DC; can be
used to image cells without the need of any chemical modifica-
tion. A set of cellular-based fluorescence experiments clearly
showed the sensing ability of Phen-DC; when targeting RNA
G4s in both the cytoplasm and nucleoli, and DNA G4s in the
nucleus. This report opens up new directions and possibilities
for the use of Phen-DC; to track non-canonical DNA structure
formations in different cellular contexts.
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