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Cisplatin, one of the most widely used anticancer drugs, crosslinks DNA and ultimately induces 

cell death. However, the genomic pattern of cisplatin–DNA adducts has remained unknown owing 

to the lack of a reliable and sensitive genome-wide method. Herein we present “cisplatin-seq” to 

identify genome-wide cisplatin crosslinking sites at base resolution. Cisplatin-seq reveals that 

mitochondrial DNA is a preferred target of cisplatin. For nuclear genomes, cisplatin–DNA adducts 

are enriched within promoters and regions harboring transcription termination sites. While the 

density of GG dinucleotides determines the initial crosslinking of cisplatin, binding of proteins to 

the genome largely contributes to the accumulative pattern of cisplatin–DNA adducts.
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Cisplatin plays a central role in cancer chemotherapy.[1] It is highly effective in treating a 

variety of solid tumors, including testicular, ovarian, cervical, head and neck, lung, and 

colorectal cancer.[2] Although cisplatin can bind to proteins, RNA, membrane phospholipids, 

microfilaments, and thiol-containing peptides,[3] DNA is generally considered as its major 

biological target.[2] The platinum atom of cisplatin can form covalent bonds to the N7 

positions of purine bases, resulting in about 65% cis-[Pt(NH3)2{d(GpG)}] (“cis-GG”), 

approximately 25% cis-[Pt(NH3)2{d(ApG)}] (“cis-AG”) 1,2-intrastrand adducts, and about 

5–10% 1,3-intrastrand adducts (“cis-GNG”).[4] Compared to the 1,2-intrastrand adducts, 

1,3-intrastrand adducts are more readily excised in vitro by the nucleotide excision repair 

(NER) machinery.[5] A small percentage of monofunctional adducts and interstrand 

crosslinks also exist.[4] Transplatin, the clinically ineffective isomer of cisplatin, mainly 

forms 1,3-intrastrand and interstrand crosslinks; it is unable to form 1,2-intrastrand cis-GG 

or cis-AG adducts owing to stereochemical constraints.[6] Collectively, these findings 

suggest that the 1,2-intrastand adducts may be important to the anticancer activity of 

cisplatin.[3a]

Cisplatin crosslinking distorts DNA duplex structures, which can be recognized by various 

classes of proteins.[2] One well-studied example is the high mobility group (HMG) box 

protein HMGB1,[7] which is an abundant and highly conserved non-histone chromosomal 

protein. As a non-sequence-specific DNA binding protein, HMGB1 regulates many cellular 

processes, including transcription, replication, recombination, and chromatin remodeling.[8] 

It consists of a highly acidic C-terminal tail and two tandem HMG boxes (domain A and 

domain B). While each domain as well as the full-length protein can bind to cisplatin-

modified DNA, domain A interacts more strongly with cisplatin-modified DNA than domain 

B.[2] Instead of directly recognizing the platinum modification, domain A binds to the 

cisplatin-induced widened minor groove of the highly distorted DNA duplex.[9]

To uncover the genomic distribution of cisplatin–DNA adducts, we developed “cisplatin-

seq” to identify cisplatin crosslinking sites in the human genome with base resolution. 

Although previous studies have reported cisplatin adducts in several specific genomic 

regions using primer extension and PCR,[10] a genome-wide method to detect cisplatin–

DNA adducts is lacking. In this study, we took advantage of the preferential binding of 
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HMGB1 domain A to distorted DNA structures to selectively enrich cisplatin-modified 

DNA for high-throughput sequencing. Owing to the ability of cisplatin–DNA adducts to stall 

DNA synthesis,[11] cisplatin crosslinking sites could be identified at base resolution 

throughout the genome (Scheme 1).

To identify a suitable construct of HMGB1 to enrich cisplatin-modified DNA, we first 

expressed and purified a series of protein constructs comprising different truncations and 

mutations to wild-type HMGB1 (see the Supporting Information, Figure S3a, b), and 

compared their specificities as well as affinities to cisplatin-modified model DNA 

sequences. Each model sequence contains one or more site-specific, fully modified 

cisplatin–DNA adducts (Figures S1 and S2). Dot blot analyses showed that among all of the 

HMGB1 constructs tested, domain A demonstrates the highest specificity and affinity to 

cisplatin-modified DNA (Figure S3c), which is consistent with results from previous gel 

shift assays.[2] Owing to its ability to recognize the distorted duplex structure instead of the 

crosslinking sites, domain A efficiently recognizes both cis-GG and cis-AG adducts (Figure 

1a), which cannot be achieved with a commercial antibody (Figure S4). Compared to 

sequences with a single adduct, domain A exhibited a higher binding affinity to sequences 

with multiple adducts, independent of the relative positions of the platinum modifications 

(whether they are on different DNA strands or separated by different distances; Figure 1a 

and Figure S5). We then optimized the conditions to selectively pull down cisplatin-modified 

DNA (Figure S6). Model sequences with a single cisplatin were enriched by about 20 fold, 

and sequences containing two or three cisplatin modifications were enriched by about 50–

300 fold (Figure 1b). Importantly, no enrichment was observed under our optimized 

conditions for a control sequence with a four-way junction structure,[12] suggesting the 

specificity of cisplatin-seq.

We then subjected the model sequences to high-throughput sequencing. To preserve the 

base-resolution information of cisplatin crosslinking, we utilized a modified library 

preparation procedure in which the second adaptor was ligated after the synthesis of the first 

DNA strand (see the Experimental Section in the Supporting Information). Indeed, 

sequencing reads were truncated at the sites of cisplatin crosslinking (Figure 1c and Figure 

S7); moreover, for model sequences that contained multiple platinum modifications on one 

strand, consecutive stops within sequencing reads were observed (Figure 1c). Thus cisplatin-

seq is able to identify platinum modifications at base resolution even when they are clustered 

within short distances.

Having validated our method in model sequences, we next applied cisplatin-seq to cisplatin-

modified genomic DNA from Hela cells. We first confirmed the capability of cisplatin-seq to 

effectively enrich cisplatin-modified genomic DNA using a commercial anti-cisplatin 

antibody in a dot blot assay (Figure S8). To identify genome-wide cisplatin–DNA adducts at 

base resolution, we adopted a stringent bioinformatics procedure: We performed peak 

calling and calculated the stop rate for each nucleotide throughout the genome; only sites 

that had high stop rates and were also located within cisplatin peaks were considered to be 

cisplatin crosslinking sites. 1782, 3917, and 3281 sites were identified from cells treated 

with cisplatin for 3 h, 12 h, and 24 h, respectively. In fact, most of the sites with high stop 
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rates (ca. 75%) were found to be present within the cisplatin peaks, and these sites were used 

for subsequent analysis.

We then calculated the frequency of guanosine spanning the identified sites (defined as 

“position 0”); within the 20 nt window, only position −1 and position 0 demonstrated 

dramatically increased frequencies of guanosine upon prolonged cisplatin treatment (Figure 

1d). This observation is consistent with the fact that cis-GG is a major product of cisplatin 

crosslinking. In addition, the amount of AG dinucleotides also increased (Figure S9). These 

results demonstrate that cisplatin-seq reliably detects cisplatin–DNA adducts in the whole 

genome.

We next analyzed the distribution of cisplatin crosslinking sites in the human genome; one 

typical example is shown in Figure 2a. Mitochondrial DNA, which is devoid of histone 

proteins or NER, was found to be a major target of cisplatin (Figure 2b and Figure S10a). 

Initially, fewer cisplatin–DNA adducts were found in the light strand of mitochondrial DNA, 

which carries more genes than the heavy strand; after extended cisplatin treatment, similar 

numbers of cisplatin crosslinking sites were found in the two strands (Figure 2c and Figure 

S10b).

For nuclear DNA, cisplatin crosslinking displays an uneven distribution (Figure 3a,b). 

Cisplatin is enriched within promoters and regions near transcription termination sites 

(TTSs). The GG dinucleotide densities (denoted as “GG density”) of cisplatin-modified 

promoters and TTS regions were found to be higher than that of other promoters and TTS 

regions (Figure S11a, b), which is consistent with the fact that GG dinucleotides are the 

major target of cisplatin crosslinking. Moreover, higher genomic GG densities were also 

observed in the regions surrounding cisplatin modifications (Figure S11c). Furthermore, the 

enrichment of cisplatin sites for different nuclear chromosomes demonstrates a positive 

correlation with their GG densities (Figure 3c). Therefore, the density of GG dinucleotides 

positively impacts the genomic pattern of cisplatin crosslinking.

While the density of GG dinucleotides may influence the initial crosslinking of cisplatin, 

other factors including the chromatin states have been proposed to affect the accumulative 

pattern of cisplatin crosslinking.[13] We first calculated the chromatin immunoprecipitation 

sequencing (ChIP-Seq) signals of several histone modification markers (including 

H3K4me3, H3K27ac, and H3k27me3) around cisplatin crosslinking sites; however, no 

noticeable differences were found between the treated and untreated samples (Figure S12). 

Interestingly, cisplatin was found to preferentially crosslink genomic regions with high 

nucleosome signals (Figure 3d). Given that nucleosome signals are also correlated with the 

GG density (Figure S13), we further separated the impact of these two factors on the 

cisplatin distribution (Figure 3e). The strength of the nucleosome signal significantly 

influences the distribution of cisplatin no matter whether the GG density is low, medium, or 

high (Figure 3e), suggesting that histone binding contributes to the cisplatin accumulation 

independent of the GG density. We then examined whether the binding of non-histone 

proteins could also influence the accumulation of cisplatin. Utilizing ChIP-seq data of three 

distinct types of DNA-binding proteins (Pol II, EZH2, and CTCF) and one histone variant 

(H2AZ) available from the ENCODE database, we found that cisplatin–DNA adducts tend 
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to accumulate in regions with concentrated binding of all of these proteins (Figure S14). 

Thus the binding of DNA-binding proteins will influence the accumulation of cisplatin 

within the corresponding genomic regions. In fact, previous reports have shown that protein 

binding limits the DNA accessibility to the NER machinery and hence impairs the NER 

activity.[14] Collectively, we concluded that after the preferential cisplatin targeting of 

regions with high GG density, shielding of cisplatin–DNA adducts by protein binding 

largely affects the accumulative pattern of cisplatin modification in the human genome.

In conclusion, the cisplatin-seq approach provides the first genome-wide profile of cisplatin–

DNA adducts at base resolution. Our results are genome-wide evidence that mitochondrial 

DNA is a major target of cisplatin. Whereas the GG dinucleotide density determines the 

initial cisplatin crosslinking, binding of proteins to the genome largely contributes to the 

accumulation of cisplatin–DNA adducts. Cisplatin-seq may also be applied to profile 

cisplatin–DNA adducts for different cisplatin dosages, when cisplatin is used in combination 

therapies with other drugs,[1a] or in cisplatin-resistant cancer cells.[15]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cisplatin-seq reliably detects cisplatin–DNA adducts in model DNA and the human genome. 

a) Dot blot analysis showed that HMGB1 domain A specifically binds to cisplatin-modified 

model DNA sequences (“G^G” denotes cis-GG 1,2-intrastrand adducts; all sequences in this 

Figure have two adenosines flanking the G^G and A^G adducts). b) Enrichment of cisplatin-

modified model DNA sequences after HMGB1 domain A pull-down experiments (n = 3). 

For the sequence named “dCG^GC-12”, “d” stands for “double” cis-GG adducts, and “12” 

means a 12 bp distance between two cis-GG adducts. Similarly, in other sequences, “t” 

stands for “triple” and the number represents the distance between two nearby cisplatin 

adducts; “junction” represents a sequence with a four-way junction structure, which was 

used as a control. c) The stop rate information in model sequences was used to detect 

cisplatin crosslinking sites at base resolution. The blue vertical lines are sequencing depths 

whereas the red lines are calculated stop rates (see the Supporting Information). The dashed 
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lines represent the cisplatin sites. The sequences in this Figure have two cytidines flanking 

the G^G adducts. d) Frequency of guanine nucleosides spanning the identified sites for 

treatment for 3 h, 12 h, and 24 h. “Position 0” corresponds to sites of high stop rates.
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Figure 2. 
Mitochondrial DNA is a preferred target of cisplatin. a) IGV views of representative 

cisplatin sites. Blue lines are sequencing depths; the enrichment of regions containing 

cisplatin modifications also gradually increased from 3 h to 12 h and 24 h. In the zoom-in 

view, both single and consecutive cisplatin crosslinking sites can be identified. b) Relative 

enrichment of cisplatin sites on each chromosome. Enrichments were normalized by the 

sequencing coverage of each chromosome in the “input” sample. c) The number of cisplatin 

sites in light and heavy strands of mitochondrial DNA after 3 h, 12 h, or 24 h of cisplatin 

treatment.
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Figure 3. 
Distribution of cisplatin–DNA adducts on nuclear DNA. a) Overall distribution of cisplatin 

sites in the human genome after cisplatin treatment for 3 h, 12 h, or 24 h. b) Relative 

enrichment of cisplatin crosslinking sites in promoter, intron, TTS, and intergenic regions. c) 

The enrichment of cisplatin sites on nuclear chromosomes positively correlates with their 

GG densities (Pearson correlation test, two-sided, correlation value: 0.53, p = 0.009). d) 

Nucleosome sequencing signals across the cisplatin sites. e) The enrichment of cisplatin–

DNA adducts increases with elevated nucleosome density regardless of the GG densities. 

The area of each circle corresponds to the log value of the cisplatin density. For each column 

and row, the nucleosome and GG density are fixed, respectively.
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Scheme 1. 
Workflow of cisplatin-seq. Following DNA fragmentation, cisplatin-modified DNA 

fragments are enriched by domain A of HMGB1. Cisplatin–DNA adducts cause primer 

extension (first strand DNA synthesis) to stop at the sites of cisplatin crosslinking, which 

gives base-resolution information of cisplatin crosslinking sites.
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