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Abstract

Determining the distribution of biologically active compounds within cells 
is a major issue to understand their mechanism of action and to optimize 
their properties. Over the past decade DNA secondary structures called 
G-quadruplexes (G4) have been identified as key modulators of genomic 
functions. This very active research field has led to the development of G4-
targeted molecular probes that are used to track quadruplex forming domains in 
cells, which is achieved, in most cases, by conventional fluorescence microcopy. 
However, the intrinsic low resolution of fluorescence microcopy as well as the 
necessity to tag the drugs with fluorophores represent strong limitations. Here 
we present the use of secondary ion mass spectroscopy imaging (nanoSIMS) 
for mapping within metaphase human chromosomes the distribution of a bromo-
bisquinolinium phenanthroline derivative (Br- PhenDC3) used as G-quadruplex 
probe. In addition a statistical approach to increase the accuracy and the spatial 
resolution of the nanoSIMS imaging was implemented as a plug in for the 
image analysis software ImageJ. The results demonstrate the presence of Br-
PhenDC3both at terminal and interstitial regions of chromosomes and constitute 
a demonstration of the effectiveness of nanoSIMS imaging as an alternative 
method for accurate genome-wide mapping of DNA interactive drugs. 
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Introduction 
Most anticancer chemotherapeutic agents used in the clinic 

as frontline drugs act as nuclear DNA binders. These agents are 
considered to bind more or less randomly on the polymeric structure 
of DNA, or at least in a non-controllable manner thereby hitting 
both crucial target regions and off-target regions. This uncontrollable 
distribution is assumed to be responsible for the high cytotoxicity and 
the potential mutagenicity frequently associated with DNA interactive 
drugs, two features often used as decisive arguments to decrease 
research and development studies on this class of compounds. 
Therefore, determining whether DNA drugs localize uniformly or 
show preference for certain genomic regions has become a crucial 
issue for the development of optimized DNA binding anticancer 
agents in the future. Surprisingly this topic remains largely unexplored 
so far, essentially due to the lack of genome-wide analytical methods. 
However this has been recently challenged by the emergence of 
Chemical-Sequencing (Chem-Seq) methodologies which propose to 
map the genomic distribution of drugs by identifying drug-induced 
DNA damages or repair protein recruitment using chemical capture 
and sequencing [1-4]. Nevertheless, although powerful and highly 
promising, Chem-Seq approaches are still technically challenging, 
highly expensive in the case of whole-genome studies and require 
extreme caution in data analysis with stringent bioinformatics 
procedures [5,6]. In addition, they provide indirect read out and 
not direct visualization of drug DNA binding targets. Consequently, 
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there is a strong need for new complementary imaging methods for 
identifying the distribution of DNA interactive drugs at the genomic 
level.

Although drugs can be labelled with fluorescent tags (or be 
intrinsically fluorescent) routine fluorescence microscopy provides 
resolution limited by light diffraction thereby enabling only the 
detection of spots (foci) corresponding to the presence of at least 
20-40 fluorophores or more. This works fine for immunostaining 
strategies, in which the fluorescent signal is amplified by heavily 
labelled antibodies, but it is not applicable to the detection of small 
molecules unless these are confined in sub compartments (e.g. 
nucleus, mitochondria, lysosomes),which increases the density of 
fluorescent markers. Moreover, the labelling of drugs represents an 
issue as most fluorophores impact target recognition and may modify 
drug intracellular localization and penetration [7-9]. Although super 
resolution microscopies hold great potential for chromosome and 
cellular imaging with high spatial resolution, they are far from being 
routine imaging techniques and they are highly dependent on the 
specific photophysics of the dyes.

For two decades we have been involved in the design of drugs 
targeting DNA secondary structures called G-quadruplexes 
(G4). These tetra helical structures arise in sequences containing 
repeat of guanine stretches that fold over due to self-assembly of 
guanine bases into quartets. It is now well documented that G4s 
exist in a conformational equilibrium with single-stranded DNA 
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domains transiently generated during major DNA transactions like 
replication, transcription, repair and recombination [10], which 
make them potential roadblocks for the enzymatic machineries 
operating these vital processes.G4s constitute privileged receptors 
for small molecules thereby offering possibility to achieve structure-
targeted pharmacological action. Therefore, G4 interactive small 
molecules (G4-ligands) represent a new class of DNA drugs differing 
from the classical ones as they are assumed to act region selectively at 
specific genomic G-rich loci such as telomeres, oncogene promoters, 
tandem mini satellites that are more likely to generate quadruplexes 
[11]. Interestingly quadruplex-targeted agents, in most cases, do not 
display acute cytotoxicity and constitute new promising anticancer 
drugs, which is currently a topic of considerable interest [12-16]. G4 
ligands may display various cellular phenotypes, which are attributed 
to the targeting of different G4s with various accessibilities within 
G-rich domains. It would be therefore of great interest to map the 
genomic binding sites of G4 ligands to gain understanding and better 
define their therapeutic potential. In terms of imaging, a crucial 
consideration is that genome-wide mapping of drugs cannot be 
achieved with significant spatial resolution in the context of chromatin 
due to complex 3D architecture, thus an alternative approach is to 
operate at the level of metaphase chromosomes.

Herein we report on the use of NanoSIMS (nanoscale Secondary 
ion Mass Spectrometry) chemical imaging technique for accurate 
localization of the quadruplex DNA probe PhenDC3 at the level of 
human chromosomes. PhenDC3 is a bisquinolinium phenanthroline 
derivative considered one of the best benchmark G4-ligand sticking 
to most G4 targets with nano molar Kd and featuring low to no 
binding to other DNA conformations [17]. This compound therefore 
represents a robust G4 reporter that has been validated in many in 
vitro and in-cell functional studies [18-20]. 

NanoSIMS is based on a focused energetic primary ion beam 
(in general Cs+ or O-) that is directed onto the sample surface which 
triggers a collision cascade and generates emission of secondary ion 
particles. Representing the surface composition, the secondary ions 
are then collected and guided to a mass spectrometer, which sorts 
the different ions according to their mass-to-charge ratio. At the exit 
of the spectrometer, a set of detectors record in parallel the intensity 
of ions corresponding to different preselected masses from the same 
micro-volume. By scanning the probe across the sample surface, 
a chemical map of the sample can then be generated, providing 
elemental and isotopic information [21,22].

The high detection efficiency of SIMS technique for halogens (I, 
Br, Cl, F) allows their detection simultaneously to main elements 
present in biological samples (C, N, S, P). This feature exhibits strong 
advantage for tagging drugs using halogens at low labeling level 
as compared to radio labeling as they are easy to introduce, highly 
chemically stable and in most cases do not affect the drug target 
recognition. Indeed halogen introduction on drugs is a classical 
practice of medicinal chemistry to modulate electro negativity 
of aromatic rings and to improve hydrophobicity. Therefore, for 
the purpose of the present study, we introduced a bromine atom 
at position 5 on the phenanthroline core of PhenDC3, to obtain 
a suitable compound (Br-PhenDC3) able to act as reporter for 
NanoSIMS chemical imaging.

Materials and Methods
Synthesis of Br-PhenDC3 and evaluation of its biophysical 
properties compared to PhenDC3

PhenDC3 has been brominated at position 5 on the 
phenanthroline core as this position is easy to functionalize following 
a standard protocol and is not likely to affect the binding to G4 
targets (Supplementary information Figure 1). FRET-melting assay 
was performed in 96-well plates on real time PCR apparatus 7900HT 
Fast Real-Time PCR System as follow: 5min at 25°C, then increase 
of 0.5°C every minute until 95°C. Each experimental condition was 
tested in duplicated in a volume of 25µL for each sample. FRET-
melting assay was performed with oligonucleotides that mimic the 
human telomeric sequence, as well as other quadruplex-forming 
oligonucleotides, equipped with FRET partners at each extremity. 
The oligonucleotides were prepared at 0.2µM, the ligands at 1µM and 
competitors at 3 and 10µM final concentration. Measurements were 
made with excitation at 492nm and detection at 516nm in a buffer 
of lithium cacodylate (10mM, pH 7.2), KCl (10mM, completed by 
90mM LiCl for F21T, and 1mM, completed by 99mM LiCl for all the 
others G-quadruplex sequences) then heated at 95°C for 5min and 
left to cool down at 4°C overnight. The employed sequences are:

F21T[6FAM-GGGTTAGGGTTAGGGTTAGGG-3TAMRA], 

FCEB25wtT[FAM-AAGGGTGGGTGTAAGTGTGGGTGGGT 
-TAMRA], 

FCEB25-L121T[FAM-AAGGGTGGGTTGGGTGGGT-
TAMRA], and

FPu24TT[FAM-TGAGGGTGGTGAGGGTGGGGAAGG-
TAMRA]

with FAM: 6-carboxyfluorescein and TAMRA: 6-carboxy-
tetramethylrhodamine).

Competition experiments where performed in the presence of 
duplex DNA:

ds26[CAATCGGATCGAATTCGATCCGATTG]

Cell culture and drug treatment 
The human embryonic kidney cells 293 (HEK-293)was grown 

in RPMI medium completed by 2mM of glutamine, 0.1mg/mL 
of streptomycin, 100U of penicillin and 10% of fetal bovine serum 
(Gibco). Cells were treated with 0.3µM of Br-PhenDC3 at 37°C 
under humidity and 5% CO2 conditions for 48h. Cellular growth 
was quantified using the particle counter Z2 Coulter® (Beckman, 
COULTER®).

Chromosome spreads
Metaphase chromosome spreads were performed following a 

protocol previously reported [23]. HEK-293 was cultured in the 
same conditions mentioned above. Cells were then incubated with 
colchicine (1µg/ml, Eurobio) at 37°C for 90min. After washing, 
trypsinisation (trypsin–EDTA 0.05% (Eurobio)) and centrifugation 
(1500 r.p.m for 10min), they were subjected to hypotonic swelling 
(0.075M KCl (Sigma) at 37°C for 10-18min. Metaphase preparations 
were then fixed in ethanol: acetic acid (3:1 v/v) overnight at 4°C.
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Percentage of cell growth inhibition
KB (keratin-forming tumor cell line HeLa), A549 

(adenocarcinomic human alveolar basal epithelial cells), MCF7 
(human breast adenocarcinoma cell line), MRC5 (human fetal 
lung fibroblast cells), HCT116 (human colon cancer cell line) cell 
lines were treated with various concentrations of Br-PhenDC3 and 
PhenDC3 at 37°C under humidity and 5% CO2 conditions for 48 or 
96h. Cellular growth was quantified using the particle counter Z2 
Coulter® (Beckman, COULTER®).

NanoSIMS: sample preparation and imaging
HEK-293 metaphase chromosomes were spread onto silicon chip 

in the same manner as for preparation on glass slide for chromosome 
karyotype analysis. To reduce the hydrophobic property of bare 
silicon surface and to improve the chromosomes spreading, the 
surface of silicon chip was cleaned and activated by plasma (using 
a PELCO easiGlow, TED PELLA, INC). After drying in air, the 
silicon chip was introduced into a NanoSIMS-50 Ion microprobe 
(CAMECA, Gennevilliers, France) operating in scanning mode 
[24]. For the present study, by using a tightly focused Cs+ primary 
ion beam, four secondary ion species (12C−, 12C14N−, 31P−, as well as 
81Br−, an isotope with natural abundance of 49.3%) were monitored 
in parallel from the same sputtered volume. For the measurement 
of 81Br− signal, appropriate mass resolution was applied to prevent 
interference due to isobaric species. The primary beam steps over the 
surface of the sample to create images for these selected ion species. 
The primary beam intensity was 3pA with a typical probe size of 
≈200nm. The raster size was from 50 to 60µm in order to image the 
whole karyotype from HEK-293 cell lines, with an image definition of 
512 × 512 pixels. Due to the destructive nature of SIMS technique, in 
order to accumulate ion signal without damaging the chromosome 
structure, the image acquisition was carried out in multi-frame 

mode. With a dwell time of 0.5ms per pixel, up to 150 frames were 
acquired and the total analysis time was around 5h. Image processing 
was performed using the “ImageJ” software [25]. Successive image 
frames were properly aligned using TOMOJ plugin [26] with 12C14N− 
images as reference before a summed image was obtained for each 
ion species.

Statistical analysis
Due to the low labeling level and despite the high detection 

efficiency, the counting rate (counts per second) for 81Br- ions under 
our experimental conditions is quite low. As the ion counting obeys 
the Poisson law, large counting fluctuation (uncertainty) is inevitable 
during NanoSIMS imaging. Therefore, long accumulation was 
performed in multi-frame mode. Then, by using a home-made ImageJ 
macro (supplementary material figure S2), average images from 
multi-frame acquisition was computed and only those pixels with 
averaged level higher than the maximum confidence interval value 
(p=0.9999) was retained as they are considered highly statistically 
significant. For each pixel, such maximum confidence interval value 
has been determined by adding to the averaged level, the Poisson law 
statistical error:

where Zα/2=3.72 (for α=0.0001), n is the number of averaged values 
and µ the average value computed for that pixel, respectively. Similar 
process has been performed for the P images.

In this way, the location of such highly significant 81Br-signal can 
be accurately determined which corresponds to the Br-PhenDC3 
preferential binding sites. Furthermore, this allows us to compute the 
pixel intensity profiles of chromatids alone each chromosome on the 
Br-significant images in order to determine if chromosomal domains 
are Br-PhenDC3 labelled. On these profiles the Spearman correlation 

Figure 1: A) Br-PhenDC3 structure. B) Quantitative analysis of the FRET-melting competition experiments with the telomeric sequence (F21T), c-myc oncogene 
sequence (FPu24TT), mini satellite sequences FCEB25wtT and FCEB25L121TT. Stabilisation in: 10mM KCl + 90mM LiCl/10mM Lithium cacodylate pH 7.2 (F21T), 
or 1mM KCl + 99mM LiCl/10mM Lithium cacodylate pH 7.2 (FPu24TT, FCEB25wtT, and FCEB25L121TT) is shown for PhenDC3 used as a reference and Br-
PhenDC3 in the absence (black bars) or presence of double-stranded DNA (ds26) at 3mm (dark grey bars) or 10mm (fair grey bars).
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coefficients were determined using the Excel functionsRANK.AVG 
followed by CORREL and the positions of the maxima were visually 
compared. The p-values were computed in Excel using T.DIST.2T for 
each Spearman correlation coefficient.

Results and Discussion
In vitro evaluation was performed by classical FRET-melting 

assay in the presence of well-known G-quadruplex sequences, such 
as the human telomeric sequence (F21T), the c-myc oncogene 
sequence (FPu24TT), and the mini-satellite sequences FCEB25wtT 
and FCEB25L121TT. The data on Figure 1 indicate that Br-PhenDC3 
retains the affinity of PhenDC3as variation in melting temperature 
induced by the ligand on the four G4 matrices (∆Tm) have very 
close values: ∆Tm (PhenDC3) vs ∆Tm (Br-PhenDC3): F21T =33 
°Cvs 32°C, FPu24TT=20°Cvs 15°C, FCEB25wtT = 22°Cvs21 and  
FCEB25L121TT =22°C vs 18°C. As well the binding of Br-PhenDC3 
is not significantly modified in presence of the duplex competitor 
ds26 (Figure 1, grey bars), thereby revealing a high selectivity for G4 
structures. In cellulo Br-PhenDC3 exhibits moderate cytoxicity close 
to that of PhenDC3as evaluated on a large panel of human cancer cell 
lines (KB, A549, MCF7, MRC5, and HCT116, Table S1). Altogether 
these data indicate that the addition of a bromine atom on PhenDC3 
has no or poor effect on the in vitro affinity and selectivity for the 
G4 targets and on the in cellulo activity as compared to the non 
labelled compound. These results make possible to assume that the 
two compounds have similar behavior in cells and that their genomic 
distribution should be similar, which confirms that the brominated 
derivative can be used reliably to locate G4 structures.

The analysis of statistically significant 81Br- images was then 
performed on samples containing both entire nuclei and metaphase 
chromosomes isolated from cells incubated with a subtoxic dose 
(0.3µM) of Br-PhenDC3. The merge of 81Br−images with the 31P−

map typical of DNA allows evaluating the genomic distribution of 

the compound (Figure 2, Figure S3). First examination indicates a 
non-homogeneous distribution of the ligand at the level of nucleus 
(Figure 2A) which evidences binding in specific regions as expected 
from the ligand preference for non-canonical DNA structures. 
Secondly, observation of chromosome spread shows that the 
molecule is located to telomeric regions on almost all chromosomes 
(Figure 2A and S3). Finally, in addition to the telomeric localization 
of Br-PhenDC3, the reliable NanoSIMS images allow us to observe 
Br-PhenDC3 labelling in non-telomeric domains which may vary 
significantly from one chromosome to another(Figure 2 and S3).
Remarkably the sensitivity in detecting Br-labelled molecules and 
the high spatial resolution provided by NanoSIMS permit not only 
to locate Br-PhenDC3 in various non-telomeric regions but also to 
precisely determine its position in each chromatid of a chromosome 
(Figure S3B). Supplementary Figure S3 illustrates that it is possible 
to take advantage of this approach to study if Br-PhenDC3 binds in 
specific domains of chromatids. Effectively, in case of the existence of 
specific G4 domains in chromosomes, the 81Br-signal should be placed 
at equivalent positions in each chromatid. This is easy to verify by 
plotting the integrated pixel intensity profile of the 81Br- signal from 
each chromatid computed by adding pixel values along the chromatid 
axis and comparing the two plots (Figure S3). The analysis of 5 
chromosomes, depicted as an example on supplementary Figure S3A, 
shows that the position of most of the Br-peaks overlap, or are close, 
in sister chromatids. Moreover, the Spearman correlation coefficients 
(-0.0505, 0.6814, 0.5808, 0.5455 and 0.6278) show a significant 
correlation of four over five chromosomes analyzed (p-values 0.55, 
<0.0001, <0.0001, <0.0001, <0.0001 respectively) (Figure S3B). In the 
case where the correlation is not significant this can be explained by 
two effects: shifts in the positions of the maxima and absence of some 
peaks. The shifts can be explained by the fact that chromatid fibers 
are not straight and parallel and might be coiled to a certain extent. 
The absence can be justified by unspecific binding of Br-PhenDC3 

Figure 2: NanoSIMS analysis. A) Overlay of significant (p=0.9999) Br (red) and P (green) NanoSIMS images depicting the localization of Br in discrete regions 
in chromosomes center, c) and nucleus (top, n).White arrows point some telomere regions on chromosomes. Scale bar 4µm. B) Numerical zoom of single 
chromosome indicated by yellow arrow in (A). Left P signal; Middle, overlay of Br (red) and P (green) signals; right Br significant (p=0.9999) signal.
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to regions in which G4 structures are not present. Therefore, we 
can consider that Br-PhenDC3 binding is not random as it occurs 
mainly at the same position in the two sister chromatids of all the 
chromosomes analyzed.

Few methods have been reported to visualize G4 ligands on 
metaphase chromosomes which suffer from intrinsic limitations. So far 
the only example of direct localisation of G4 ligand on chromosomes 
has been provided by Boussin et al. [27] in a pioneering study in 
which a tritium (3H) radiolabeled derivative of the bisquinolinium 
drug PDC (360A) was used to evaluate its distribution on metaphase 
human chromosomes. The drug localization was observed both in 
terminal and interstitial chromosome regions in consistency with 
our study. However, this method requires the use of radioisotopes 
and the obtained spatial resolution cannot rival the one achieved in 
the present study by NanoSIMS. The presence of a fluorescent G4-
ligand (BMVC) at telomeric extremities of chromosomes has also 
been observed using Fluorescence Lifetime IMaging (FLIM) [28,29], 
but with low accuracy and poor spatial resolution compared to 
those obtained by NanoSIMS imaging. A more recent study reveals 
that FLIM might be a powerful method for mapping G4 in cells 
using the fluorescent probe DOTA but seems so far more adapted 
to nuclear DNA imaging [30]. Finally fluorescent immunostaining 
with multiply labeled G4-antibodieshas enabled the detection of large 
fluorescent G4-foci located in telomeric (25%) and other regions 
(75%) of chromosomes but still with intrinsically limited resolution 
[31]. Altogether our data are fully consistent with the G4 localization 
approaches reported so far, which make use of either G4 interactive 
compounds or G4-antibodies, with the outstanding difference that the 
precision and spatial resolution proposed herein are unprecedented. 

Finally, a complementary approach to get more information on 
the ligand distribution observed in our study in correlation with the 
presence of G4 domains would be to perform karyotype analysis of 
the sample in the aim evaluating if there is specific enrichment of the 
signal for chromosomes that are known to contain G-rich domains 
(comparison of chromosomes 17 and 19 for instance). The quality of 
the sample did not allow complete karyotyping, but a partial analysis 
could be done resulting in identification of six pairs of chromosomes 
(data not shown), which emphasizes the powerfulness of the proposed 
method and validates this imaging combined approach.

Conclusion
We applied NanoSIMS imaging for mapping the distribution 

of the bromo-labelled G4 ligand PhenDC3 on metaphase human 
chromosomes. We showed that the ligand localizes both at terminal 
and interstitial regions with a high spatial resolution surpassing 
that of all other methods reported so far. The distribution may vary 
from one chromosome to another but is globally similar on sister 
chromatids, which is fully consistent with the presence of specific 
DNA domains bound by the G4 drug. To fully strengthen our 
approach complementary experiments in various cellular contexts 
and with different drug isotopic label signatures will be performed 
in the future. Nonetheless our study already represents the first step 
towards genome-wide mapping of DNA interactive drugs using 
chromosome chemical imaging that is both alternative and fully 
complementary to other existing approaches.
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