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Whole-Genome Mapping of Small Molecule Targets for Cancer Medicine

Cancers display intra-and intertumoral heterogeneity, which poses challenges to small molecule intervention. Studying drug responses on a whole-genome and transcriptome level using next generation sequencing (NGS) has revolutionized our understanding of how small molecules intervene in cells, which helps study and potentially predict treatment outcomes. Some small molecules act directly at the genomic level by targeting DNA or chromatin proteins.

Here, we review recent advances in establishing whole-genome and transcriptome maps of small-molecule targets, comprising chromatin components or downstream events. We also describe recent advances in studying drug responses using single-cell RNA and DNA sequencing. Furthermore, we discuss how this fundamental research can be taken forward to devise innovative personalized treatment modalities.

Introduction

Since the advent of NGS [START_REF] Furey | Use of fluorescence resonance energy transfer to investigate the conformation of DNA substrates bound to the Klenow fragment[END_REF], this technology has been used extensively, ranging from fundamental cell biology studies to sequencing patient cohorts. This has allowed to monitor the cellular effects of small molecules on a genomic and transcriptomic level. Several anti-cancer drugs, including the commonly used cisplatin and nitrosoureas, can directly interact with chromatin. DNA sequencing of treated cells can deliver valuable information on their mechanisms of action, treatment resistance and potentially devise therapeutic alternatives [START_REF] Rodriguez | Unravelling the genomic targets of small molecules using high-throughput sequencing[END_REF].

The development of orthogonal approaches to map genomic sites of small molecules using Chem-seq holds great promise to unravel the complex genetic and epigenetic drug response in diseases, including cancers [START_REF] Rodriguez | Unravelling the genomic targets of small molecules using high-throughput sequencing[END_REF][START_REF] Anders | Genome-wide localization of small molecules[END_REF][START_REF] Jin | Chem-seq permits identification of genomic targets of drugs against androgen receptor regulation selected by functional phenotypic screens[END_REF][START_REF] Tyler | Click chemistry enables preclinical evaluation of targeted epigenetic therapies[END_REF]. This information is invaluable, especially given the often 2 pleiotropic nature of small molecules in cells [START_REF] Müller | DNA Damage-inducing Compounds: Unraveling their Pleiotropic Effects Using High Throughput Sequencing[END_REF]. Direct DNA and RNA-sequencing of tumors can also give insights to drug responses on a more general scale and in particular transcriptome analyses have helped profile tumors and resistant phenotypes [START_REF] Morash | The Role of Next-Generation Sequencing in Precision Medicine: A Review of Outcomes in Oncology[END_REF]. In recent years, the advent of single-cell (sc) sequencing including scRNA-seq and scDNA-seq has helped profile tumor evolution before and after drug treatment. Here, we discuss how recent studies that used these approaches have shed light on the complexity of cancer heterogeneity in light of small-molecule intervention and drug treatment, and how this information could be used to devise appropriate treatment modalities for patients in the future.

Small molecule genome mapping

Whole-genome and transcriptome maps of DNA-interacting small molecules

The earliest studies looking at establishing genomic maps of small molecules interacting with DNA involved G-quadruplex-(G4) interacting small molecules [START_REF] Müller | G-quadruplex interacting small molecules and drugs: from bench toward bedside[END_REF]. G4 are non-Watson-Crick nucleic acid topologies linked to diverse biological processes, including telomere maintenance, transcription, replication and genome rearrangements [START_REF] Müller | G-quadruplex interacting small molecules and drugs: from bench toward bedside[END_REF][START_REF] Bochman | DNA secondary structures: stability and function of G-quadruplex structures[END_REF][START_REF] Rhodes | G-quadruplexes and their regulatory roles in biology[END_REF]. The extensive aromatic surface of G4 allows for specific small molecule interactions to alter biological processes, which require DNA templates. This was exemplified in early studies attempting to specifically target promoter G4 in genes such as the MYC oncogene to interfere with gene expression [START_REF] Siddiqui-Jain | Direct evidence for a G-quadruplex in a promoter region and its targeting with a small molecule to repress c-MYC transcription[END_REF].

However, the complexity of gene regulatory networks, and the lack of whole-genome data of the effect of small molecules at the time, challenged this hypothesis. The development of the small molecule pyridostatin (PDS), highly selective for G4 [START_REF] Rodriguez | A novel small molecule that alters shelterin integrity and triggers a DNA-damage response at telomeres[END_REF], formed the basis for the development of affinity-based isolation of G4 from cells. An early approach using PDS with a biotin tag to isolate G4 from cells (Fig 1a) [START_REF] Müller | Small-molecule-mediated Gquadruplex isolation from human cells[END_REF] showed how a small molecule could be used to establish its whole-genome interaction maps with chromatin from cell lysates. However, the dynamic nature of G4 made target isolation from cell lysates moderately representative of native conditions in living cells and importantly, biotin tagging altered the potency of PDS.

Bulky biotinylated polyethylene glycol linkers may also adversely affect cellular uptake, metabolism and small-molecule-target interactions, thereby offering limited value in the context of identifying small-molecule target sites. Thus, this approach was developed further to introduce biorthogonal groups to PDS, such as an alkyne, to allow experiments in living cells with little effect on the biological properties of the molecule. The use of click chemistry on PDS -a strategy now widely used to identify small molecule targets in cells [START_REF] Cañeque | Visualizing biologically active small molecules in cells using click chemistry[END_REF] -was exploited to introduce a fluorophore onto the molecule (Fig 1b) [15]. This strategy identified overlapping genomic binding domains of PDS and the human G4 unwinding helicase PIF1α, a protein previously described to unwind G4 structures [START_REF] Sanders | Human Pif1 helicase is a G-quadruplex DNA-binding protein with Gquadruplex DNA-unwinding activity[END_REF]. Importantly, click chemistry on a PDS-derivative identified these overlapping sites on cells fixed prior to addition of the small molecule, which indicated that G4 structures exist prior to drug addition [15]. This work has further been substantiated by a recent report of a crystal structure of the helicase DHX36 with a G4 [START_REF] Chen | Structural basis of G-quadruplex unfolding by the DEAH/RHA helicase DHX36[END_REF]. Taken together, this provided strong evidence for the existence of G4 structures in human cells. In addition, double-strand DNA breaks induced by PDS [START_REF] Rodriguez | A novel small molecule that alters shelterin integrity and triggers a DNA-damage response at telomeres[END_REF] were used to identify affected genomic sites using immunoprecipitation of genomic DNA bound to the DNA-damage marker phosphorylated histone H2AX (γH2AX), followed by NGS (ChIP-seq) (Fig 1b). This was a pioneering approach for mapping functional sites of action of a small molecule genomewide [15]. This approach identified novel G4-containing genomic sites and genes, susceptible to be targeted by a G4-interacting small molecule. Interestingly, G4 density predicted by means of bioinformatics did not always correlate with functional sites identified experimentally, indicating that other factors, such as chromatin conformation, influences drug targeting in cells.

This study prompted a similar approach to provide a genome-wide map of G4, using PDS or stabilizing ions such as K + to induce G4 structures that can stall the polymerase during the elongation step in the sequencing process [START_REF] Chambers | High-throughput sequencing of DNA G-quadruplex structures in the human genome[END_REF] (Fig 1c). These polymerase stalling sites were then used to deliver a map of possible G4 structures susceptible to be folded during replication.

Although this approach relied on G4 forming sequences, which not necessarily cause DNA damage, the major caveat here was the use of naked DNA, excluding other chromatin factors that play a role during replication. The same approach was used later to map G4 in RNA [START_REF] Kwok | rG4-seq reveals widespread formation of G-quadruplex structures in the human transcriptome[END_REF]. RNA G4 maps were also established using another small molecule probe labelled BioTASQ, which is essentially an artificial G-tetrad comprised of guanines fused with a linker to a cyclen scaffold [START_REF] Yang | Transcriptome-wide identification of transient RNA G-quadruplexes in human cells[END_REF]. This molecule was employed to fish out G4 forming sequences to establish a G4 RNA map. Another approach to establish G4 whole-genome maps employed a G4-specific antibody [START_REF] Biffi | Quantitative visualization of DNA G-quadruplex structures in human cells[END_REF] to pull-down G4 forming sequences [START_REF] Hänsel-Hertsch | G-quadruplex structures mark human regulatory chromatin[END_REF][START_REF] Hänsel-Hertsch | Genome-wide mapping of endogenous G-quadruplex DNA structures by chromatin immunoprecipitation and high-throughput sequencing[END_REF] (Fig 1d). This approach identified ~10,000 G4 structures in human chromatin, predominantly in regulatory, nucleosome-depleted regions. Interestingly, G4 formation was associated with increased transcriptional activity, as shown by HDAC inhibitor-induced chromatin relaxation. Although G4 interacting small molecules have not yet made it into the clinic, these pioneering approaches could be applied to other chromatin-interacting chemotherapeutic agents, mapping their interaction sites to gain mechanistic insight and to compare the resulting maps between tumors of different patients. Indeed, a click chemistry approach to pull-down interacting genomic sites of a cisplatin analog was attempted, which revealed that chromatin is an important factor for drug accessibility [START_REF] Zacharioudakis | Chromatin regulates genome targeting with cisplatin[END_REF]. This could now be taken forward to study chromatin effects on cisplatin treatment, especially in light of acquired resistance to this class of drugs.

Mapping drug targets using Chem-seq

Early work on biotinylated G4-binding small molecules inspired other approaches using pulldown strategies of chromatin-interacting small molecules with biotin affinity tags (Fig 2a). JQ1 is a small molecule that specifically interacts with BET bromodomains of proteins [START_REF] Filippakopoulos | Selective inhibition of BET bromodomains[END_REF]. A landmark study employed a biotinylated version to identify genome-wide binding sites of bromodomain-containing proteins, notably the so-called bromodomain (BRD)-containing family of proteins [START_REF] Anders | Genome-wide localization of small molecules[END_REF]. To this end, the authors pulled down chromatin bound to biotinylated JQ1 and then subjected bound DNA fragments to NGS. Sequencing revealed that biotinylated JQ1 isolated DNA fragments of the same regions pulled down by ChIP-seq experiments using specific antibodies against the BRD2, BRD3 and BRD4 proteins (Fig 2b). Essentially orthogonal to the earlier work on G4, this work demonstrated that a biotinylated small molecule coupled to NGS could be used to map its site of interaction with chromatin, a process the authors coined Chem-seq.

A similar Chem-seq approach was used to determine the genomic targeting of the small molecule SD70, a drug that inhibits dihydrotestosterone (DHT)-induced androgen receptormediated gene translocations in prostate cancer [START_REF] Jin | Chem-seq permits identification of genomic targets of drugs against androgen receptor regulation selected by functional phenotypic screens[END_REF]. The authors employed a biotinylated derivative of SD70 to pull-down DNA, and sequencing revealed colocalization of the small molecule with androgen receptor-bound regulatory enhancers. This work revealed that the small molecule did not target androgen receptors directly, but rather inhibited the lysine demethylase activity of KDM4C, a known mediator of androgen receptor transcriptional regulation. Thus, Chem-seq allowed to identify the target of this small molecule and to elucidate its molecular mode of action in cells. This approach is therefore a powerful tool that could be used to delineate complex drug responses of chromatin-interacting small molecules, potentially acting differentially between patients.

In a recent study, using the alkyne substituted JQ1-derivative (JQ1-PA) or the strained alkene-based JQ1-TCO, click chemistry-based proteomics and sequencing (Click-seq) allowed to explore the gene regulatory function of BRD4 and the transcriptional changes induced by BET inhibitors [START_REF] Tyler | Click chemistry enables preclinical evaluation of targeted epigenetic therapies[END_REF] (Fig 2c). JQ1-PA and JQ1-TCO have very small tags and exhibited properties very close to the parent compound, an important advantage over biotinylated JQ1analogues. These molecules were used to perform click chemistry using specific fluorophores in cellulo in different tissues, which highlighted the heterogeneity of drug activity within tumor cells located throughout a diseased tissue. This approach demonstrated that both NGS and small molecule imaging could potentially be used together for a preclinical assessment of drug activity, and this strategy could be employed to tailor drug treatment in a personalized medicine approach in oncology [START_REF] Rodriguez | Unravelling the genomic targets of small molecules using high-throughput sequencing[END_REF].

Mapping drug responses in the genome

This topic is vast and there have been some key recent advances using NGS to profile drug responses in cancer. Small molecules acting on epigenetic regulators such as histone methyltransferases have attracted attention of the scientific community, in particular for the development of compounds that can be exploited to assert an effect on the epigenetic landscape of cancer. The small molecule GSK126, a selective inhibitor of EZH2 methyltransferase activity, involved in repressing gene expression through methylation of histone H3 on lysine 27, proved to be a valuable tool to assess the response of GSK126-treated cells using a ChIPseq approach against this histone mark [START_REF] Mccabe | EZH2 inhibition as a therapeutic strategy for lymphoma with EZH2-activating mutations[END_REF]. The authors showed using GSK126 that pharmacological inhibition of EZH2 activity may provide a promising treatment for EZH2 mutant lymphoma, highlighting how NGS of the drug response against a chromatin modifying small molecule can give mechanistic and potentially therapeutic insights. On a wider scale, NGS has helped profile drug responses in an array of different cancer tissues. This has sparked the creation of big repositories of data, which could help design data banks to design specialized personalized anti-cancer treatments [START_REF] Gupta | Prioritization of anticancer drugs against a cancer using genomic features of cancer cells: A step towards personalized medicine[END_REF]. Furthermore, these approaches have been used in clinical studies, showing that genomic and transcriptomic profiling can be useful to predict treatment outcomes and to suggest improvements in therapy [START_REF] Agarwal | Precision medicine for hepatocelluar carcinoma using molecular pattern diagnostics: results from a preclinical pilot study[END_REF][START_REF] Rodon | Genomic and transcriptomic profiling expands precision cancer medicine: the WINTHER trial[END_REF]. Innovative approaches have exploited automated high-throughput workflows for RNA-seq that take advantage of barcoding individual mRNA sequences, which are then subjected to repeated PCR amplification. This approach, coined DRUG-seq, can generate transcription profiles of high fidelity and throughput, and in one study, 433 compounds across 8 treatment doses were profiled [START_REF] Ye | DRUG-seq for miniaturized high-throughput transcriptome profiling in drug discovery[END_REF]. In another study, investigating 5-FU, a drug commonly used for several solid tumors, NGS revealed that prolonged treatment of organoids with 5-FU interferes with nucleotide synthesis and incorporates into DNA, which causes mutations. This signature was found in patient tumors, rationalizing how drug resistance could occur, and how prolonged 5-FU treatment can cause secondary malignancies [START_REF] Christensen | 5-Fluorouracil treatment induces characteristic T>G mutations in human cancer[END_REF]. Taken together, this work shows how indispensable NGS has become to profile drug responses in patients. It also holds the premise to be instrumental in devising personalized chemotherapeutic treatments.

Single-cell analyses of drug responses in cancer

NGS has provided the means to decipher genomic and transcriptomic intratumoral heterogenicity of cancers [START_REF] Curtis | The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups[END_REF][START_REF] Zhang | Characterization of cancer genomic heterogeneity by next-generation sequencing advances precision medicine in cancer treatment[END_REF][START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF] (Fig 3a). In recent years, with the development of single-cell sequencing approaches, important information about intratumoral cell heterogeneity has been gathered, especially with respect to drug-resistant tumor subpopulations. The complexity of cancer heterogeneity is often further increased by the presence of cancer-associated cells (for example fibroblasts [START_REF] Kalluri | The biology and function of fibroblasts in cancer[END_REF] or macrophages [START_REF] Cassetta | Targeting macrophages: therapeutic approaches in cancer[END_REF]), which can make up a large part of the tumor and/or its microenvironment (Fig 3a). Important recent reports using single-cell RNA-seq (scRNA-seq) revealed that the acquisition of malignant phenotypes after treatment resulted from the selection of treatment-resistant cells that were already present in the initial tumor [START_REF] Brady | Combating subclonal evolution of resistant cancer phenotypes[END_REF][START_REF] Sharma | Longitudinal single-cell RNA sequencing of patient-derived primary cells reveals drug-induced infidelity in stem cell hierarchy[END_REF]. This included enhanced mesenchymal and growth factor signaling, typical signatures of an epithelial-to-mesenchymal (EMT) transition [START_REF] Brady | Combating subclonal evolution of resistant cancer phenotypes[END_REF]. Interestingly, these findings argue that eradicating cancer stem cells or persister cancer cells should be a prime objective for the development of the next generation of anti-cancer therapies [START_REF] Müller | Targeting Cancer Stem Cells with Small Molecules[END_REF]. This could be achieved by targeting this subpopulation of cells using novel approaches in line with their distinct biochemistry and epigenetic signatures, such as their addiction to iron and copper [START_REF] Mai | Salinomycin kills cancer stem cells by sequestering iron in lysosomes[END_REF][START_REF] Müller | Metformin reveals a mitochondrial copper addiction of mesenchymal cancer cells[END_REF].

Using breast cancer models, it was demonstrated that taxol-resistant cells exhibit specific RNA expression profiles involved in microtubule organization and stabilization [START_REF] Lee | Single-cell analyses of transcriptional heterogeneity during drug tolerance transition in cancer cells by RNA sequencing[END_REF]. Another study on renal cell carcinoma and their metastatic sites using scRNA-seq showed that the primary tumor and metastases responded differentially to treatment with tyrosine kinase inhibitors, commonly used to treat this type of cancer [START_REF] Kim | Application of single-cell RNA sequencing in optimizing a combinatorial therapeutic strategy in metastatic renal cell carcinoma[END_REF]. Indeed, the authors demonstrated that a cotreatment with the tyrosine inhibitors afatinib and desatinib improved treatment outcome in some tumors, suggesting that this approach can help fine tune anti-cancer treatments in a personalized manner. Interesting data on the analyses of malignant cell states that promote immune evasion showed a signature for immunotherapy resistance in melanoma, which could be used to devise appropriate treatments [START_REF] Jerby-Arnon | A Cancer Cell Program Promotes T Cell Exclusion and Resistance to Checkpoint Blockade[END_REF]. Using scRNA-seq on human myeloma [START_REF] Mitra | Single-cell analysis of targeted transcriptome predicts drug sensitivity of single cells within human myeloma tumors[END_REF] and melanoma [START_REF] Ho | Single-cell RNA-seq analysis identifies markers of resistance to targeted BRAF inhibitors in melanoma cell populations[END_REF], expression profiles were devised to predict treatment outcome by coupling this to predictive algorithms, the so-called machine-learning approach.

More challenging has been epigenetic profiling using ChIP-seq at the single-cell level.

A landmark study showed that a subset of cells within untreated drug-sensitive breast tumors share a common chromatin signature with resistant cells, undetectable using bulk approaches Although these single-cell DNA sequencing approaches harbor interesting premises, single-cell ChIP-seq is still in its infancy and at a too early stage to be exploited routinely for therapeutic advancements, something that may well change in the near future.

Conclusions and Perspectives

NGS has provided unprecedented means to understand the genetic and epigenetic landscapes of cancer. Approaches like Chem-seq have provided mechanistic insights into chromatintargeting small molecules, a powerful technique especially in conjunction with in cellulo imaging of these compounds [START_REF] Cañeque | Visualizing biologically active small molecules in cells using click chemistry[END_REF]. Whole genome sequencing and transcriptomics analyses of drug responses have further refined the understanding of chemotherapy treatments and provided the means to predict or unravel treatment outcomes in some cases. In recent years, single-cell sequencing has given the means to study intratumoral heterogeneity with unprecedented resolution, and how distinct cell subpopulations react to treatment.

A common theme that has emerged from recent studies, is that failure in cancer chemotherapy almost exclusively underlies gain of treatment resistance arising from a subpopulation of tumor cells. While this notion is hardly novel, NGS has provided unprecedented means to characterize these cell populations. New effort should now be channeled as to how these cells could be eradicated, which could help prevent relapse and metastases formation in various cancers. In addition, cohort studies have identified intratumoral heterogeneity, and these approaches can now be used to assess therapeutic responses to propose alternatives in a personalized medicine approach, and potentially to predict treatment outcomes to improve anticancer regiments. Key paper using scATAC-seq to identify subpopulations in the tumor microenvironment. 
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  47]. This approach allowed identification of cell subpopulations based on epigenetic profiles using histone marks (Fig 3b). Transposase-accessible chromatin sequencing in single cells (scATAC-seq) of basal cell carcinoma and intratumoral T-cells revealed regulatory programs and chromatin regulators, and therapy-resistant cells in the bulk population [48] (Fig 3c).

Figure 1 |

 1 Figure 1 | Whole-genome maps of G-quadruplexes. (a) Molecular structures of pyridostatin (PDS) and biotinylated pyridostatin (top panel). UV absorbance measurements of remaining DNA in supernatants after pull-down using H-telo G4 or ds-DNA (lower panel, left). Gel showing selective G4 pull-down compared to ds-DNA pull-down (lower panel, right). Adapted from [13]. (b) Molecular structure of PDS labelled with a fluorophore, allowing the visualization of the small molecule in cells (left panel). Overlapping of fluorescently tagged PDS-α with the G4 binding helicase Pif1α in U2OS human osteosarcoma cells (middle panel). Scale bar, 5 µm. ChIP-Seq identified γH2AX regions in oncogenes and tumor suppressors containing PQS clusters in MRC5-SV40 fibroblasts treated with PDS (right panel). Transcripts are shown, the purple bars correspond to putative G4 sequences determined bioinformatically. Adapted from [15]. (c) Schematic representation of the G4-seq method. Two sequencing runs, under normal and G4 stabilizing conditions, provide a reference map and detect G4-dependent polymerase stalling (upper panel). Identification of the base mismatches for the c-kit control sequence depicted in a heatmap plot of sequencing in Na + , K + and PDS conditions (lower panel). Each row is an independent sequenced template, and each column corresponds to the sequenced bases. Mismatches are shown in red. Adapted from [18]. (d) Schematic representation of the G4-ChIPseq method (upper panel). Example of G4 ChIP peaks for a 100kb region in different cell lines (lower panel). Adapted from [23].

Figure 2 |

 2 Figure 2 | Whole-genome maps of JQ1 responses. (a) Biotinylated derivatives of JQ1 or SD70 can be used to isolate and sequence genomic targets. (b) Molecular structures of JQ1 and

Figure 3 |

 3 Figure 3 | Intra-and intertumoral heterogeneity and single-cell technology in cancer. (a) Various sequencing approaches to decipher cell heterogeneity in cancer. (b) Epigenetic profiling using scChIP-seq on a single-cell basis. Overview of a microfluidics scChIP-seq workflow (left panel). Snapshot of differentially enriched loci of bulk profiles along with cumulative single-cell profiles for B-cells and T-cells. Differentially bound region is indicated in gray (right panel). Adapted from [47]. (c) Profiling of cancer cells on a single-cell level using scATAC-seq. Overview of scATAC-seq workflow (left panel). Snapshot of scATAC-seq results comparing different cell numbers (right panel). Adapted from [48].
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