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DNA replication is essential to maintain genome integrity in S phase of the cell division cycle.

Accumulation of stalled replication forks is a major source of genetic instability, and likely constitutes a key driver of tumorigenesis. The mechanisms of regulation of replication fork progression have therefore been extensively investigated, in particular with DNA combing, an optical mapping technique that allows the stretching of single molecules and the mapping of active region for DNA synthesis by fluorescence microscopy. DNA linearization in nanochannels has been successfully used to probe genomic information patterns along single chromosomes, and has been proposed to be a competitive alternative to DNA combing. Yet this conjecture remains to be confirmed experimentally.

Here we establish two complementary techniques to detect the genomic distribution of tracks of newly synthesized DNA in human cells by optical mapping in nanochannels. We compare their respective advantages and limitations, and apply them to detect deregulations of the replication program induced by the antitumor drug hydroxyurea. Our developments thus broaden the field of applications accessible to nanofluidic technologies, and could be used in the future as part for molecular diagnostics in the context of high throughput cancer drug screening.

Introduction

DNA replication, which occurs just before cell progress into mitosis, is one of the most regulated and concerted process within cell cycle. It initiates at replication origins from which replication forks proceed bi-directionally, allowing an accurate and rigorous duplication of the genomic material that insures transmission of the genome integrity in successive cell generations.

There is a single origin of replication on the Escherichia coli chromosome [START_REF] Kornberg | DNA Replication[END_REF] and this number increases with the size of the genome from ~400 in the yeast S. Cerevisiae to 30-50 thousands in human cells distributed with an average interval of 100 kb [START_REF] Alabert | [END_REF] . The firing of these origins is regulated temporally [3] , and this timing program is deregulated in many disease states, including cancer [4] . Therefore the characterization of the dynamics of DNA replication in living cells and/or in cell-free systems constitutes a major challenge in biology. Among the techniques to map the replication program, DNA combing allows the visualization of newly synthesized DNA at the single molecule level [5,6] . This technique, which met considerable success in academic environment, consists in adsorbing and aligning single DNA molecules onto microscope coverslips using the spreading forces exerted by a receding meniscus. Elongated molecules are then observed by fluorescence microscopy in order to map the genomic distance between tracks of newly-synthesized DNA at a maximal resolution of ~700 bp [7] . DNA combing suffers from intrinsic limitations mainly associated to the random placement of molecules on the surface, and to the critical quality of the surfaces onto which fibers are stretched [8] .

Micro-and Nano-technologies have been employed to enhance the throughput of DNA combing. The placement of elongated molecules in ordered arrays has been achieved using surface patterning [9] or arrays of micro-channels of 8 µm in height [10] . Single chromosome fragments have also been elongated after partial immobilization on a charged glass surface in a microfluidic flow cell [11] . After sequence-specific enzymatic digestion, genome restriction maps have been produced in bacteria [12] , human [13] , and goat with this technique [14] . Alternatively, using shallow channels of ~100 nm in cross section, the steric constraints imposed by the walls on single DNA molecules have been exploited to force their longitudinal elongation [15,16] . This method, which is often referred to as optical mapping in nanochannels [17] , has been optimized for continuous genomic analysis based on the control of the flux of molecules entering in nanochannels [18] . Potentially relevant to high throughput replication analysis, this technology has been predominantly applied to produce genomic barcodes based on enzyme recognition sites [19] or GC-content along partially-denaturated molecules [20] .

Genome-wide measurements for the identification of bacterial cells [21] or the detection of chromosome rearrangements in human cells [22] have been reported.

Here we establish two complementary methods to investigate DNA replication by optical mapping in nanochannels (Fig. 1A). Newly synthesized DNA is detected either with a fluorescent nucleotide analog (dUTP-Cy3) incorporated in the genome during replication, or by titration of the DNA content along a single chromosome fiber using the DNA intercalating fluorophore SYTOX-Orange. We demonstrate the consistency of the readouts obtained with these two methods, and come to the conclusion that the second approach is easier to implement and significantly more workeffective. We finally show that optical mapping in nanochannels can be used to monitor replication stress induced by hydroxyurea, a drug that stalls the progression of replication forks through the depletion of deoxyribonucleotides. We finally discuss the relevance of our developments in comparison to DNA combing, in particular in the context of drug screening and/or diagnostic applications.

Results and discussion

Process flow for DNA replication analysis in nanochannels

We set up two methods to probe DNA replication, as depicted in Fig. 1A. In both cases, U20S osteosarcoma cells were treated by addition of 0.5 µM aphidicolin during 16 h in order to increase the proportion of cells in S phase to 73% versus 43% in untreated conditions, as inferred from fluorescence assisted cell sorting (FACS, Supplementary Fig. S1). Cells were then placed in fresh medium during 3 or 6 hours at 37°C to resume replication. In method 1, stable incorporation of dUTP-Cy3 into the genome was achieved by forcing the entry of this label into the cells by scraping them with a rubber, as described in ref. [23,24] . Cells were harvested by trypsinization the day after, and encapsulated in agarose for chromosome extraction. 3 hours after aphidicolin release, cells were directly harvested in method 2 and encapsulated in agarose for extraction of genomic DNA.

After agarose enzymatic digestion, the genomic material was stained with the DNA intercalating fluorophores SYTOX-Orange or YOYO-1. Chromosome structural inspection by linearization in nanochannels was carried out in poly-dimethysiloxane nanochannels of 250*200 nm 2 in rectangular cross section and 100 µm in length (Fig. 1B, see methods section and ref. [25] for details). Chromosome fragments were continuously conveyed through nanochannels by hydrodynamics at a velocity of 200 +/-20 µm/s, following the manipulation method described in [26] .

They were observed by fluorescence microscopy at an inter-frame interval of 40 ms, which included an exposure time of 15 ms and a transfer time of 25 ms. Molecules were analyzed 'on the fly' at the onset of the nanochannel because the degree of elongation is enhanced with hydrodynamic actuation [26] .

Optical mapping of Cy3 labeled newly-synthesized DNA (Method 1) Successful incorporation of dUTP-Cy3 was first validated in living cells by monitoring the presence of discrete, mostly diffraction-limited, foci by fluorescence microscopy (Fig. 2A). The fraction of Cy3-positive cells was 70 +/-15%, according to the percentage of cells in S phase measured by FACS (Supplementary Fig. S1), but the survival rate after the scraping step spanning 10 to 40% was modest. Chromosomes were extracted and characterized by DNA combing, which was used as benchmark technique (Fig. 2B). Along linear DNA fibers stained with YOYO-1, we observed tracks of dUTP-Cy3 of 23.5 +/-6.6 µm (n=115, Fig. 2C), which exhibited polarized intensity distributions (Fig. 2B). In order to estimate the genomic length of these tracks, we considered the stretching factor of 0.45 µm/kb determined with combed -DNA (48.5 kbp) on amino-coated surfaces [27] , and deduced that dUTP-Cy3 tracks measured 52 +/-14 kbp. Given the speed of DNA replication forks of ~2 kbp/min [28] , we evaluated that dUTP-Cy3 incorporation occurred during ~30 minutes. This time scale appeared to be consistent with our live cell observations on the formation of dUTP-CY3 foci after microinjection, which took place in ~30 minutes (S.H. unpublished results). In addition, we suggest that the polarity of dUTP-Cy3 tracks is accounted for by the progressive consumption and/or degradation after the mechanical formation of pores by scraping.

dUTP-Cy3 tracks were subsequently analyzed by optical mapping in nanochannels. We first recorded the passage of dUTP-Cy3 loci with single color wide field microscopy (Fig. 2D). The physical size of dUTP-Cy3 tracks was 15 +/-5 µm (n=40; Fig. 2E). In order to relate this measurement to that of DNA combing, we had to estimate the stretching factor in nanochannels. We prepared concatemers of -phage DNA (see methods) and measured the extension of molecules containing 1 to 4 copies of -DNA at the entry of nanochannels (Supplementary Fig. S2A). This calibration allowed us to determine the stretching factor of 0.3 µm/kb, implying that the average size of dUTP-Cy3 tracks of 50 +/-15 kbp was consistent with our DNA combing data (Fig. 2F). Note that the stretching factor corresponds to 80 +/-10% of DNA contour length, consistent with DNA elongation response in nanochannels [29] that varies marginally for forces larger than ~1 pN. Furthermore we confirmed our observation on the polarity of the tracks, as for instance shown in Fig. 2G. We then scored inter-track distances, which were inferred from the distance between the center of mass of consecutive tracks.

Inter-track appeared to be broadly distributed with a mean 120 kb and a standard deviation of 35 kb (n=32). Furthermore the histogram was skewed toward long intervals, in agreement with the non-Gaussian behavior observed in most DNA combing studies [30] .

We also intended to monitor the passage of chromosome fragments labeled with YOYO-1 and dUTP-Cy3 simultaneously in order to improve the quality of this measurement technique. In our hands, however, the signal-to-noise ratio of dUTP-Cy3 tracks was degraded in dual color wide field microscopy, seriously challenging the mapping of inter-track distances. Using confocal microscopy, tracks of weak intensity in the Cy3 spectral window were detected along chromosomes (Supplementary Fig. S2B), the size of which was consistent with DNA combing and optical mapping observations. However these tracks were spatially concomitant with 3-fold intensity onsets in the YOYO-1 channel. This result was somewhat surprising given the separate emission-excitation spectrum of the two fluorophores, and raised concerns about the feasibility of the determination of chromosome fragment size using dUTP-Cy3 incorporation method. Consequently, although our experiments showed that newly-synthesized DNA labeled with Cy3 could be detected by optical mapping in nanochannels, the modest survival rate and the limitations of dual color microscopy led us to consider an alternative, yet mutually reinforcing, technique for DNA replication analysis.

Optical mapping of SYTOX-labeled chromosomes (Method 2)

DNA replication has been studied using surface-immobilized DNA, and replication bubbles have been detected by measuring the DNA content along the contour of individual molecules with the fluorescent probe SYTOX-Orange [31,32] . Hence we used this fluorophore to stain genomic DNA and map fluorescence intensity patterns at the single molecule level. We expectedly detected the passage of chromosome fragments with telegraphic intensity modulations likely associated to the doubling of fluorescence intensity in tracks of newly synthesized DNA (Fig. 3A). Similar intensity patterns were also detectable with DNA combing (Supplementary Fig. S2C).

We focused our investigations on chromosomes purified 3 hours after aphidicolin release, and specifically analyzed long fragments of more than 100 µm (Fig. 3B). We recorded a time series of ~45 minutes with an inter-frame interval of 40 ms, and scored the fraction of patterned molecules passing through nanochannels, which represented 46 +/-5% of the genomic sample of ~45 Mbp. We also observed that this fraction dropped to ~7 % for chromosomes purified 6 hours after aphidicolin release (not shown), i.e. at the end of the replication program. This result strongly supported the fact that intensity patterns on single molecules were associated to replication tracks. We then evaluated the physical length of SYTOX tracks and the distance between the center of mass of consecutive tracks, which were characterized by broad distributions with average sizes of 38 +/-13 µm (n=38) and are blurred due to the travel of the molecule in the course of the acquisition, and we show that tracks of less than ~5 µm are underscored in Supplementary Fig. S2D.

We then wished to translate these results into genomic distances. Given that chromosome fragments were analyzed at the entry of nanochannels, we used the same stretching factor of 0. Monitoring replication stress induced by hydroxyurea by optical mapping Hydroxyurea (HU) is a DNA replication inhibitor, which affects DNA synthesis by depletion of deoxyribonucleotides, resulting in stalled replication forks [33] which, after prolonged treatment, collapse into double-strand breaks [34] . 3 hours after aphidicolin release (Fig. 4A), cells were exposed to 2 mM HU during 3 hours, their genomic DNA was then purified, and optical mapping in nanochannels was carried out in control vs. HU treated cells. This analysis was carried out on ~35

Mbp of genomic DNA, and it indicated that HU treatment was associated to an onset of the fraction of patterned molecules to 30 +/-5%. In fact patterned molecules became consistently detectable upon drug addition whereas they could hardly be seen in the control with a fraction of ~7%. This result was in agreement with the fact that HU stalls the replication forks. In addition we noticed that the distribution of track lengths was 52 +/-13 µm, equivalently 173 +/-40 kbp (Fig. 4B), hence 40% greater than that the average after three hours under normal conditions for replication (Fig. 3C, note that we could not evaluate the track length distribution after 6 hours due to the low number of patterned molecules). Inter-track also increased to ~90 µm (n=6) although we could not precisely sample the distribution for such long genomic distances of ~300 kbp. Because HU slows down the progression of the replication fork, we could detect replication tracks upon addition of the drug whereas tracks likely become overly long to be detected given our technological settings.

Consequently, although improvements could be made to improve track detection for features smaller than 5 µm or greater than ~100 µm, our technological development enabled us to detect the consequences of replication stress induced by HU on human cancer cells.

Discussion and conclusion

We have described a novel method at the frontiers of molecular biology and nanotechnology to characterize the process of DNA replication by optical mapping in nanochannels. Its development has required the setting up of non conventional methods to label newly synthesized DNA. For instance whenever DNA was stained with YOYO-1 instead of SYTOX Orange, patterns became indiscernible, likely because the cross-links mediated by this bis-intercalating dye [35] biased DNA content titration in replication bubbles. In addition the standard labeling technique in DNA combing involves immunostaining using antibodies that target synthetic nucleosides such as the thymidine analog BrdU (5-bromo-2'-deoxyuridine). The antibody reacts with BrdU in single stranded DNA [36] . Yet single stranded DNA has been seldom manipulated in nanochannels due to its low persistence length of ~3 nm vs. ~50 nm for double stranded DNA, because linearization is only achieved in highly confined canalizations. Alternatively the cell-permeable alkynyl nucleoside analog EdU (5-ethynyl-2'deoxyuridine), which allows direct labeling of newly synthesized DNA by Click-chemistry [37] , was incompatible with optical mapping in our hands. Oxidative DNA damage, which is coincident with the Click-reaction [38] , indeed leads to chromosome fragmentation (Supplementary Material and Fig. S3).

Notably the variety of synthetic nucleoside available on the market is readily suited to carry out pulse chase labeling, which has been ubiquitously used to measure the dynamics of replication forks. We did not show multi-color labeling in this report, mostly because cell re-adhesion after the scraping step takes ~4 hours, hence forbidding consecutive operations. We thus suggest that additional labeling methods, based on e.g. electroporation or lipotransfection, should be implemented to enhance the potential of nanofluidics for basic research.

Despite this limitation, optical mapping in nanochannels may have key advantages over DNA combing. First DNA combing results critically depend on the quality of the surfaces onto which fibers are stretched [8] , because the background signal of immunofluorescence detection can be challenging to reduce for single molecule detection. Conversely DNA is repelled from surfaces for its manipulation in nanochannels using polymer coating (see methods section), and labeling is carried out in bulk, allowing us to carefully titrate the DNA:fluorophore ratio (method 2). Moreover, the detection of linearized molecules in DNA combing imposes the scanning over entire glass coverslips, whereas chromosomes are conveyed to the nanochannel array for their analysis by optical mapping. The nanofluidic chip can thus be used for continuous acquisitions, which are more favorable for large datasets acquisition. Finally this technology is readily suited to the manipulation of cell samples comprising small numbers of cells. In this report the vial for molecular analysis contained 30 000 cells diluted in 800 µL, and we conveyed approximately 10% of this solution in the chip, implying that the sample contained ~3000 cells. Further efforts to analyze 1-10 cells are underway [39] , and they mostly require the engineering access microchannels rather than modification of the strategy of DNA manipulation in nanochannels. Consequently, although DNA combing has demonstrated its relevance for unveiling detailed cellular events that take place during fork progression under normal growth conditions or after replication stress, developments of specific assays and calibration schemes for optical mapping in nanochannels may have advantages for translational and clinical research. For example, the establishment of DNA replication profiles has been proposed to be relevant for cancer therapy, since several widely used anticancer drugs, such as cisplatin, cytarabin, or fludarabin, target replication forks [40] . However, the determination of DNA replication parameters, such as fork velocity and origin activity, in a large cohort of patients remains a challenge. For this challenge to be overtaken, several technological parameters should be optimized. For instance, the lateral size of nanochannels, which defines DNA stretching factor, may be specified in order to reach genomic resolutions of 400-bp, as was shown in 100 nm nanochannels [15] . Furthermore chromosome preparation should be optimized so as to manipulate fragments of several Megabp in the fluidic chip.

Given that such resolution in size is hardly accessible to DNA combing, our technological contribution may be a serious option to elucidate whether cancer molecular signatures can be obtained from DNA replication analysis.

Material and Methods

All reagents were purchased from Sigma-Aldrich unless mentioned.

Cell culture

The human osteosarcoma U2OS cell line was grown in 6-well plates to ~80% confluence. They were synchronized at the G1/S transition using aphidicolin at a concentration of 0.5 µM during 16 h.

After aphidicolin release, cells were placed in fresh medium during 3 hours at 37°C to resume replication. At this stage, cells were harvested either for extraction of genomic DNA, or for labeling the newly synthesized DNA through dUTP-Cy3 incorporation. The latter method consisted in filling each well with 100 µL of phosphate saline buffer (PBS) supplemented with 10 µM dUTP-Cy3, this concentration representing ~1/3 of physiological dNTP levels [41] . Cells were scraped with a silicone rubber, and they were left during 30 minutes in this solution at 37°C before addition of 2 mL of medium during 5 hours at least.

Extraction of genomic DNA

Cells were trypsinized, counted, and centrifuged at 1400 rpm during 5 minutes. They were resuspended in PBS at a concentration of 1000 cells/µL. This solution was mixed in equal proportion with low melt agarose (BioRad) dissolved in PBS at a concentration of 1.6% (w:v). 100 µL of this solution was dispensed in parallelepiped-shaped teflon vials, then placed at 4°C during 30 minutes in order to trigger agarose reticulation. Genomic DNA was then purified by soaking the agarose plugs in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH=7.5) supplemented with 10% SDS and 250 µg/mL proteinase K (Fisher) during 48 h at 37°C. Agarose plugs were eventually rinsed in TE and stored at 4°C. We also prepared -phage DNA concatemers that were obtained by overnight ligation of a monomer solution at 50 ng/µL in the presence of 5% poly-vinylpyrrolidone (40 kDa).

Nanochannel fabrication

The mold for chip fabrication was generated using a combination of conventional photolithography and phase-shift lithography for printing micro-and nano-patterns, respectively.

These patterns were then transferred into silicon with reactive ion etching (see ref. [25] for details). The resulting reliefs for nanochannels measured 250*200 nm 2 in cross section and 100 µm in length (Fig. 1B). The nanofluidic chips for DNA replication analysis were produced by pouring and spin-coating a thin layer of 40 μm of a rigid silicone elastomer (poly-dimethylsiloxane (PDMS) of Young modulus of 5

MPa). This material was reticulated during 45 minutes at 75°C, and it was then covered by a thick layer of standard PDMS (Sylgard 184) of ~1 cm baked during 3 hours at 75°C. Access holes were punched through the resulting PDMS chips, and they were assembled on microscope coverslips using surface activation by oxygen plasma (200 W, 30 s).

Genomic DNA manipulation

Each experiment was carried out with the third of an agarose plug, which was deposited in a tube of 1.5 ml. The tube was then filled with 800 µL of 0.5X TBE buffer supplemented with 2% polyvinylpyrrolidone (40 kDa, below the overlapping concentration of 7%) and 5% dithiothreitol (DTT) or in 800 µL of 1X TE for optical mapping or DNA combing experiments, respectively. Agarose was melted by heating the tube at 60°C during 10 minutes. The temperature was set to 42°C, and 2 µL of -agarase (Fisher) was added for overnight agarose digestion. Finally DNA was stained with the fluorophores YOYO-1 or SYTOX-orange (Molecular Probes) at an approximate ratio of 1 dye per 5 pb.

Chromosome structural characterization was conducted with DNA combing using the protocol described in ref. [42] . The pH was set to 7.5 and glass slides were modified with (3aminopropyl)-triethoxysilane (surface modification protocol described in ref. [43] ). For optical mapping, we used hydrodynamics to force the uptake of chromosomes in nanochannels. The velocity of molecules was set to 200 +/-20 µm/s using a pressure source at ~300 mbar.

Imaging was performed with a wide-field inverted microscope equipped with a 40X lens (NA=1.4). The light source was a LED engine (Lumencor) emitting at 470/24 nm or 542/33 nm with the filter sets LF488/LP and Cy3-4040C (Semrock) for YOYO-1 and Cy3/SYTOX visualization, respectively. Images were collected with an Andor EM-CCD camera operating with an inter-frame interval of 40 ms with a 2x2 binning (pixel size = 400 nm).

Image treatment

All images presented in the manuscript were filtered using the FFT bandpass filter implemented in ImageJ using minimum and maximum cut-offs of 3 and 40 pixels, then background subtracted. 
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 3 kb as for the analysis of dUTP-Cy3 tracks. The track length was therefore 126 +/-40 kbp and the distance between the center of mass of consecutive tracks was 150 +/-45 kbp on patterned molecules. Considering the breadth of the distributions of replication tracks, this result was comparable to our measurement obtained with dUTP-Cy3 of 120 +/-35 kbp. Overall dUTP-Cy3 and SYTOX labeling methods appeared to yield consistent results, yet the simple sample preparation procedure with SYTOX led us to focus on this technology to demonstrate that optical mapping could be used to detect defects in the replication program under replication stress.

Figure 1 :

 1 Figure 1: DNA labeling methods for replication analysis by optical mapping in nanochannels. (A) The scheme represents the two processes for chromosome extraction and labeling. In each method, the dashed line corresponds to the step of genomic DNA extraction. (B) The central image in the panel sketches the chip for chromosome fragment manipulation. On the right side, we present scanning electron micrographs of the silicon mold, which is used for chip fabrication, with magnifications of 10000 and 25000 (red and green borderlines, respectively). The thickness of the two access microchannels is 2 µm and nanochannels measuer 200 nm in height. DNA molecules are linearized when they enter in nanochannels, as shown in the fluorescence micrograph at the right, which present -DNA concatemers labeled with YOYO-1 in the course of their migration through nanochannels.

Figure 2 :

 2 Figure 2: Newly-synthesized DNA labeled with dUTP-Cy3 (method 1 of Fig. 1A). (A) The fluorescence micrograph shows dUTP-Cy3 foci in a U2OS cell one day after scrape loading. (B) After chromosome extraction, DNA combing allows us to detect polar dUTP-Cy3 tracks along DNA fibers labeled with YOYO-1. (C) The histogram represents the physical size of dUTP-Cy3 tracks as inferred from DNA combing (n corresponds to the number of events in the histogram). (D) The time series represents the passage of one dUTP-Cy3 track in a nanochannel of 200 nm in cross section. The signal to noise ratio of the track, as defined by the maximum intensity divided by the variance of the background signal, is equal to 7. (E) The histogram shows the size distribution of dUTP-Cy3 tracks obtained by optical mapping in nanochannels. (F) The plot shows the comparison of genomic size distributions of dUTP-Cy3 tracks inferred from DNA combing and optical mapping (line and histogram, respectively), after calibration of the stretching factor in each technique (see main text). (G) The fluorescence micrograph corresponds to one chromosome fragment containing three dUTP-Cy3 tracks, which are indicated by green arrowheads. Polar fluorescence intensity is detected for the track in the middle, in agreement with our observation of DNA combing. The inter-track genomic distance distribution obtained by optical mapping is represented below.

Figure 3 :

 3 Figure 3: DNA titration with SYTOX-Orange for replication analysis (method 2 in Fig. 1A). (A) The upper schematic depicts the passage of a chromosome fragment with two replication bubbles. The lower panel shows the time series of one SYTOX labeled chromosome fragment with telegraphic intensity variations, which are characterized by a SNR of 2.5. The green arrowheads show the consecutive positions of one track within one long molecule of ~400 kbp in the course of its progress through the nanochannel. (B) The histogram represents the genomic size of 46 fragments analyzed by

Figure 4 :

 4 Figure 4: Monitoring replication stress induced by HU treatment. (A) Schematics of the protocol for HU treatment. (B) The two graphs represent the genomic size of SYTOX tracks and their consecutive distances in the control vs. HU treated cell sample (line vs. histogram plots, respectively), as inferred from method 2 (see e.g. Fig. 3A).
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