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ABSTRACT 21 

Cyclobutane pyrimidine dimers (CPDs) are formed in DNA following exposure to 22 

ultraviolet (UV) light and are mutagenic unless repaired by nucleotide excision repair 23 

(NER). It is known that CPD repair rates vary in different genome regions due to 24 

transcription-coupled NER and differences in chromatin accessibility; however, the 25 

impact of regional chromatin organization on CPD formation remains unclear. 26 

Furthermore, nucleosomes are known to modulate UV damage and repair activity, but 27 

how these damage and repair patterns are affected by the overarching chromatin 28 

domains in which these nucleosomes are located is not understood. Here, we 29 

generated a new CPD damage map in Drosophila S2 cells using CPD-seq and 30 

analyzed it alongside existing excision repair-sequencing (XR-seq) data to compare 31 

CPD damage formation and repair rates across five previously established chromatin 32 

types in Drosophila. This analysis revealed that repair activity varied substantially 33 

across different chromatin types, while CPD formation was relatively unaffected. 34 

Moreover, we observed distinct patterns of repair activity in nucleosomes located in 35 

different chromatin types, which we show is due to domain-specific differences in 36 

nucleosome repeat length (NRL). These findings indicate that NRL is altered in different 37 

chromatin types in Drosophila and that changes in NRL modulate the repair of UV 38 

lesions. 39 

  40 
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INTRODUCTION 41 

Cells are equipped with multiple DNA repair mechanisms to repair various types 42 

of DNA damage that would otherwise compromise the integrity of the genome. 43 

Nucleotide excision repair (NER) is a conserved DNA repair pathway that is important 44 

for removing bulky, helix-distorting DNA lesions, such as ultraviolet (UV)-induced 45 

cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) (Schärer 2013). 46 

Global genomic NER (GG-NER) is an NER subpathway that removes lesions 47 

throughout the genome (Gillet and Schärer 2006; Sugasawa et al. 2001), whereas 48 

transcription coupled NER (TC-NER) is the other NER subpathway that is dedicated to 49 

the rapid removal of lesions in the transcribed strand of active genes (Hanawalt and 50 

Spivak 2008). The two NER subpathways differ at the damage-recognition step but 51 

utilize the same mechanisms for incision of the DNA on both sides of the lesion, 52 

excision of an oligonucleotide containing the lesion, repair synthesis, and ligation. The 53 

relative efficiency of these two subpathways, along with variations in chromatin 54 

organization, drive differential patterns of regional NER activity across the genome 55 

(Adar et al. 2016; Hu et al. 2017). However, to what extent variations in chromatin 56 

organization cause regional differences in UV damage formation is controversial 57 

(García-Nieto et al. 2017; Roberts et al. 2019). 58 

In eukaryotic cells, 147 bp of genomic DNA wrap around a histone octamer 59 

(consisting of an H3–H4 tetramer and two H2A–H2B dimers) to form a nucleosome, and 60 

groups of nucleosomes are further folded into higher order chromatin structures (Luger 61 

et al. 1997; McGinty and Tan 2015). While chromatin packaging can protect the DNA 62 

from damage (Takata et al. 2013), it also inhibits the accessibility of DNA repair 63 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


4 
 

machinery (Brown et al. 2018; Pich et al. 2018; Rodriguez et al. 2015). Some repair 64 

factors, such as the UV-DDB complex, can recognize lesions within nucleosomes via a 65 

register-shifting mechanism to promote repair in nucleosomal DNA in vitro (Scrima et al. 66 

2008; Matsumoto et al. 2019), while lesion recognition by other repair factors is 67 

significantly inhibited by nucleosomes (Rodriguez et al. 2015). The accessibility of repair 68 

proteins to DNA damage in chromatin is also influenced by histone post-translational 69 

modifications (PTMs), which are associated with regional chromatin states (Selvam et 70 

al. 2024). For example, previous studies in UV-irradiated human cells indicate that 71 

repair rates for CPDs and 6-4PPs are highest in regions with open chromatin states, 72 

such as in active promoters or strong enhancers, and are comparatively lower in 73 

repressed and heterochromatic states (Adar et al. 2016). Additionally, the wrapping of 74 

DNA around the histone octamer in individual nucleosomes significantly modulates UV 75 

damage formation and repair, generating nucleosome-associated patterns that correlate 76 

with somatic mutation rates in skin cancers (Pich et al. 2019; Brown et al. 2018). For 77 

example, the formation of UV-induced CPDs is elevated at rotational settings in which 78 

the minor groove of the DNA faces out from the histone octamer (minor-out) (Brown et 79 

al. 2018; Stark et al. 2022; Pich et al. 2018; Mao et al. 2016; Gale et al. 1987), resulting 80 

in a ~10 bp rotational periodicity of UV damage in nucleosomal DNA. Previous genome-81 

wide studies in both yeast and human cells indicate that the repair of UV damage is 82 

inhibited in nucleosomes relative to adjacent linker DNA, generating a translational 83 

periodicity in repair activity that reflects the nucleosome repeat length (NRL) (Mao et al. 84 

2016; Brown et al. 2018; Mao et al. 2020). To what extent the regional chromatin state 85 
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in which nucleosomes are located affects these patterns of damage formation and 86 

repair in nucleosomes is unclear. 87 

The length of linker DNA between nucleosomes determines the NRL, which 88 

varies depending upon species as well as between cell types within the same species. 89 

This variation can be influenced by a number of factors, including the differential 90 

abundance of H1 subtypes in linker DNA and the activity of chromatin remodeling 91 

complexes (Fan et al. 2005; Beshnova et al. 2014). Even within the same cell type, 92 

transcription-dependent differences in NRL have been reported. Specifically, domains 93 

associated with active promoters were found to have the shortest spacing (i.e., shortest 94 

NRL), while heterochromatin domains had the largest spacing between nucleosomes 95 

(Valouev et al. 2011). Such local variation in NRL can depend on the metabolic state of 96 

the cell, regional regulatory state, and local gene activity in addition to the DNA 97 

sequence (Szerlong and Hansen 2010; Singh and Mueller-Planitz 2021; Jiang and 98 

Zhang 2021). However, to what extent variations in NRL impact cellular processes such 99 

as DNA repair is unclear. 100 

Drosophila melanogaster (hereafter referred to as Drosophila) has commonly 101 

been used as a model organism to study chromatin and its associated biological 102 

functions (Schulze and Wallrath 2007; Filion et al. 2010; Kharchenko et al. 2011; 103 

Chaouch and Lasko 2021). A study analyzed comprehensive genome-wide binding 104 

profiles of 53 chromatin proteins and used this information to divide the Drosophila 105 

genome into five chromatin types, each originally labeled with a different color (Filion et 106 

al. 2010). These include three heterochromatin-like states (repressive chromatin 107 

[BLACK], Polycomb group [PcG] heterochromatin [BLUE], and centromeric chromatin 108 
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[GREEN]) and two euchromatin states (inducible euchromatin [RED] and constitutive 109 

euchromatin [YELLOW]), each defined by a unique combination of chromatin-110 

associated proteins and linked to specific histone PTMs (Table 1). We aimed to use 111 

these chromatin states alongside damage and repair maps to study how CPD formation 112 

and repair in Drosophila S2 cells are modulated by chromatin organization. 113 

 114 

RESULTS 115 

Nucleosomes modulate UV damage formation in Drosophila 116 

 Previous studies have indicated that nucleosomes modulate UV damage 117 

formation and repair in humans and yeast (Brown et al. 2018; Gonzalez-Perez et al. 118 

2019; Mao et al. 2017, 2016). To study the influence of nucleosomes on UV damage 119 

formation in Drosophila, we used CPD-seq (Mao et al. 2016; Mao and Wyrick 2020) to 120 

map CPDs at single-nucleotide resolution in S2 cells immediately after UV-irradiation 121 

and in genomic DNA from S2 cells that was UV irradiated in vitro as a naked DNA 122 

control (Fig 1A). Analysis of the resulting sequencing reads revealed that in both UV-123 

irradiated S2 cells and naked DNA, CPD-seq reads are enriched at dipyrimidine 124 

sequences, especially those with a 5’ thymine (TT and TC), as expected (Brash 2015; 125 

Mao et al. 2016) (Fig. 1B). In contrast, no enrichment at dipyrimidine sequences was 126 

observed in the unexposed (No UV) control (Fig. 1B). Cellular CPD counts occurring at 127 

lesion-forming dipyrimidine sequences were then mapped to nucleosome positions 128 

called using Drosophila MNase-seq reads from a previous study (Nalabothula et al. 129 

2014) (see Materials and Methods) and normalized to CPD counts in UV-irradiated 130 

naked DNA to account for sequence bias. This analysis revealed a strong rotational 131 
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periodicity of 10.2 bp (signal-to-noise ratio [SNR] = 142), consistent with the helical 132 

repeat length of nucleosomal DNA (Luger et al. 1997) (Fig. 1C). Normalized CPD 133 

formation rates were lower at positions where the DNA minor groove faced inward 134 

(minor-in), towards the histone octamer, and higher at minor-out positions (Fig. 1C,D). 135 

This rotational periodicity indicates that nucleosomes modulate UV damage formation 136 

across the Drosophila genome. 137 

 138 

Chromatin type influences repair but not formation of CPDs 139 

 To determine whether the regional, higher-order chromatin organization across 140 

the Drosophila genome impacts CPD formation, as has been reported in human cells 141 

(García-Nieto et al. 2017), we analyzed cellular CPD levels in UV-irradiated S2 cells 142 

that had been normalized to a naked DNA control in 10,000-bp bins across each 143 

chromosome. The resulting data showed that, after normalizing for DNA sequence 144 

content using the naked DNA control, cellular CPD formation was relatively constant 145 

across the genome (Fig. 2A; Fig. S1). In parallel, we also analyzed CPD repair activity 146 

using excision repair-sequencing (XR-seq) data from a previous study (Deger et al. 147 

2019). CPD repair reads obtained from Drosophila S2 cells 30 minutes after UV 148 

exposure (30min repair time point) were normalized to cellular CPD levels measured 149 

using CPD-seq and used to determine genome-wide repair patterns. Compared to 150 

damage, normalized repair activity was much more variable across the genome (Fig. 151 

2B; Fig. S2). 152 

We hypothesized that differences in chromatin state may be responsible for the 153 

observed variability in CPD repair activity. In order to test this hypothesis, we leveraged 154 
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data from a previous study which divided the Drosophila genome into five distinct 155 

chromatin types based on differential protein binding in Drosophila Kc167 cells (Filion et 156 

al. 2010) (Table 1). Cross-referencing the domains for each of these chromatin types 157 

with CPD repair data revealed that inducible euchromatin generally displayed high 158 

repair activity at the 30min time point, while repressive chromatin had low repair activity 159 

(Fig. 2C). Repair activity in constitutive euchromatin, PcG heterochromatin, and 160 

centromeric chromatin was more variable, with associated domains showing both 161 

elevated and reduced repair activity (Fig. 2C). These observations were supported by 162 

statistical tests using ANOVA, which revealed significant differences in repair activity 163 

between nearly all of the chromatin types, both in Chromosome 2R and genome-wide (p 164 

< 0.01; Fig. S3), with inducible euchromatin showing the highest repair activity and 165 

repressive chromatin showing the lowest. 166 

In order to test if these patterns were consistent as repair progressed, we 167 

performed similar analyses with data at later repair time points from the same XR-seq 168 

data set (Deger et al. 2019). At the latest repair time point (24h), the opposite pattern 169 

was seen, with lower CPD repair activity in both euchromatin types compared to 170 

repressive chromatin (Fig. S4). To better characterize this trend, we generated a time 171 

course of genome-wide CPD repair activity in each domain, starting at 10 minutes of 172 

repair and ending at 24 hours (Fig. S5). The results indicated that relative repair activity 173 

in both euchromatin types decreased over time, following initially higher repair activity. 174 

In contrast, repair activity in repressive chromatin increased over time until it surpassed 175 

all other chromatin types at the 12h and 24h time points. These data are consistent with 176 
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a model in which euchromatin domains are repaired more rapidly (i.e., higher repair 177 

activity at earlier time points) than domains with low transcriptional activity. 178 

Because a major distinction between the euchromatin types and the repressive 179 

chromatin type is their transcriptional activity, we suspected TC-NER could play a role in 180 

the observed differences in repair activity between the associated domains. This 181 

pathway repairs lesions more quickly than GG-NER but operates only in actively 182 

transcribed regions of the genome (Adar et al. 2016; Hu et al. 2015; Selvam et al. 183 

2022). As a result, CPD lesions in these regions may be preferentially repaired early on 184 

and become scarce at later time points. To test this hypothesis, we analyzed repair on 185 

the transcribed strand (TS) vs. non-transcribed strand (NTS) for the 30min and 24h time 186 

points. In order to compare across genes of different lengths, repair data was divided 187 

into 6 bins for each gene (each with 1/6th the length of the gene), with 3 additional bins 188 

before the TSS and 3 after the TES (each 356 bp long, the median length of coding 189 

bins). Repair activity was higher on the TS at the 30min time point, but lower at 24h 190 

(Fig. S6A,B), indicating more rapid repair of the TS relative to the NTS. These results 191 

are consistent with previous analysis of these XR-seq data indicating efficient TC-NER 192 

of the TS in Drosophila genes (Deger et al. 2019). We then further stratified the repair 193 

data by chromatin type. This stratification showed accentuated repair asymmetry in 194 

euchromatin and centromeric chromatin domains (i.e., these domains exhibited greater 195 

repair activity on the TS at the 30min time point and lower repair activity at the 24h time 196 

point), while repressive chromatin and PcG heterochromatin domains showed little to no 197 

repair asymmetry at either time point (Fig. S6C,D). These findings suggest that 198 

differential TC-NER activity is at least in part responsible for the differences in repair 199 
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kinetics across the five chromatin types (Table S1). In addition, these results emphasize 200 

the heterogenous nature of the centromeric chromatin type, which harbors significant 201 

transcriptional activity despite also being associated with markers of heterochromatin 202 

(Filion et al. 2010). 203 

 204 

Nucleosomal DNA exhibits reduced repair of CPDs compared to linker DNA 205 

across all chromatin types 206 

Next, we investigated repair activity in nucleosomal DNA relative to adjacent 207 

linker DNA. Analysis of CPD formation using our CPD-seq data indicates that the 208 

rotational positioning of nucleosomes modulates CPD formation, but there is no 209 

significant difference in CPD enrichment in nucleosomal DNA relative to adjacent linker 210 

DNA (Fig. 3A). In contrast, analysis of repair activity at the 30min time point indicated 211 

elevated CPD repair in linker DNA compared to nucleosomal DNA (Fig. 3B). These 212 

results are consistent with previous genome-wide studies in yeast cells showing that 213 

repair of CPDs is more efficient in linker DNA (Mao et al. 2016). Notably, this variation in 214 

repair activity is greater than the variation in CPD enrichment seen in the corresponding 215 

damage patterns (Fig. 3A). While these data represent the combined repair activity 216 

across both DNA strands, analysis of each strand individually revealed higher repair 217 

activity on their 5’ ends in nucleosome core regions (i.e., -60 to +60 bp from the 218 

nucleosome dyad, see Fig. S7), consistent with previous work in yeast and human cells 219 

indicating strand-specific repair asymmetry in nucleosomal DNA (Mao et al. 2020). 220 

Having established these general CPD repair patterns in nucleosomal and linker 221 

DNA, we proceeded to analyze the repair data across five time points (spanning 10min 222 
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to 24h), stratified by chromatin type, in order to determine if chromatin state impacts 223 

nucleosomal repair patterns. The results across all of these stratifications showed clear 224 

peaks of repair activity in the linker regions, with magnitudes similar to the aggregate 225 

data (~20%; Fig. 3B,C), suggesting that faster repair in the linker region occurs in all 226 

chromatin states and persists for at least the first 24 hours of repair, irrespective of 227 

differences in higher-order chromatin organization and histone H1 occupancy between 228 

these chromatin types (Table 1). Additionally, repair activity at earlier time points in 229 

constitutive euchromatin domains decreased near the center of the nucleosome dyad, 230 

resulting in a concave shape (Fig. 3C). This could be indicative of preferential repair at 231 

the edges of the nucleosome, possibly owing to transient nucleosomal DNA unwrapping 232 

(Kono and Ishida 2020; Thoma 1999). Altogether, these results show that in Drosophila, 233 

CPD repair activity is increased in linker regions regardless of chromatin type or repair 234 

time point. 235 

 236 

Nucleosome repeat length varies across chromatin types and impacts CPD repair 237 

In addition to the rotational periodicity in nucleosomes caused by the orientation 238 

of DNA with respect to the histone octamer, a translational periodicity can arise from 239 

differences between nucleosomal and linker DNA across groups of nucleosomes. The 240 

higher CPD repair activity we observed in linker DNA compared to nucleosomal DNA 241 

indicated a translational periodicity for CPD repair, which we aimed to characterize 242 

further. Because translational periodicities are directly influenced by the spacing 243 

between nucleosomes, we first characterized the nucleosome repeat length (NRL) of 244 

the Drosophila nucleosome map (the same map used for the analysis of rotational 245 
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periodicity) using the mutperiod software package (Morledge-Hampton and Wyrick 246 

2021). This analysis estimated a NRL of 181.65 bp, which is consistent with the median 247 

NRL given by the researchers who produced the original MNase-seq map (181.4 ± 0.4 248 

bp) (Nalabothula et al. 2014). Using the NRL from mutperiod, we first mapped CPD 249 

enrichment across a 1000 bp window centered on each nucleosome and found that 250 

there was no clear translational periodicity (Fig. 4A). In contrast, CPD repair activity at 251 

the 30min time point was consistently higher in linker DNA and lower in nucleosomes 252 

(Fig. 4B). Quantifying these periodicities using a Lomb-Scargle periodogram revealed a 253 

peak period in the repair data at 180.98 bp but no concurrent peak in the damage data 254 

(Fig. 4C). 255 

 Subsequently, we analyzed the CPD repair data in a 1000-bp window across the 256 

5 chromatin types and repair time points in order to determine how they affected the 257 

observed translational periodicity. These data revealed that the translational periodicity 258 

is strongest at earlier repair time points (e.g., 10 or 30 minutes) and weaker at later 259 

repair time points (e.g., 8-24 hours), with visibly diminished oscillations in the data (Fig. 260 

4D). These data are consistent with the rapid repair of linker DNA associated with early 261 

repair time points. Notably, these data are scaled so that the normalized repair activities 262 

for all subplots have a mean value of 1 and are easier to compare to one another. Plots 263 

scaled uniformly by differences in sequencing depth between the damage and repair 264 

data can be found in Fig. S8. A closer examination of the repair data revealed that the 265 

translational periodicity was not visible for all chromatin types. While repressive 266 

chromatin, PcG heterochromatin, and constitutive euchromatin display regular peaks in 267 

repair activity associated with linker regions, inducible euchromatin and centromeric 268 
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chromatin do not show this pattern, except for in linker regions immediately flanking the 269 

central nucleosome (Fig. 4D). Curiously, both of these cohorts (i.e., chromatin types 270 

with clear translational periodicities and chromatin types without) contain 271 

transcriptionally active and inactive domains, suggesting that transcriptional activity 272 

alone is not responsible for the presence or absence of translational periodicity in CPD 273 

repair data. 274 

 In order to better understand these differences in translational repair patterns 275 

across chromatin types, we quantified the translational repair periodicity of each 276 

chromatin type at the 30min time point using Lomb-Scargle periodograms. For each 277 

chromatin type, we identified the translational period with the maximum power for the 278 

CPD repair data and calculated a signal-to-noise ratio as a measure of its clarity. 279 

Consistent with our previous observations (Fig. 4D), repressive chromatin, PcG 280 

heterochromatin, and constitutive euchromatin chromatin had clear periodicities, with 281 

the strongest signal in constitutive euchromatin (SNR = 78.3; Fig. 5A), followed by 282 

repressive chromatin (SNR = 41.0; Fig. 5B), then PcG heterochromatin (SNR = 24.8; 283 

Fig. 5C). Centromeric chromatin (Fig. 5D) and inducible euchromatin (Fig. 5E) had no 284 

clear periodicities and relatively low SNR values (5.3 and 6.4, respectively). Next, we 285 

compared the translational periods associated with these SNR values (i.e., the average 286 

distance between repair peaks associated with linker regions in each domain) against 287 

the genome-wide translational period (180.98 bp; Fig. 4C). This analysis revealed that 288 

repressive chromatin and PcG heterochromatin had slightly higher translational periods 289 

at 184.8 bp and 183.8 bp, respectively, while the translational period for constitutive 290 

euchromatin was much lower at 173.7 bp (Fig. 5A-C). Similar results were obtained for 291 
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the 10min time point (<1 bp difference in translational repair periods for each of the 292 

chromatin types compared to the 30min time point for those with clear translational 293 

periods; Fig. S9). These results indicate that CPD repair patterns with respect to 294 

nucleosomes are significantly altered by the overarching chromatin domain in which the 295 

nucleosomes are located. 296 

 Given that translational repair periodicities typically follow patterns of nucleosome 297 

positioning, we hypothesized that the differences in translational periods for repair 298 

activity between chromatin types were due to differences in the underlying NRL. To test 299 

this hypothesis, we quantified the NRL of each chromatin type using a Lomb-Scargle 300 

periodogram of relative nucleosome positions based on the MNase-seq data 301 

(Nalabothula et al. 2014), similar to the quantification of the translational repair 302 

periodicity. This analysis revealed that constitutive euchromatin, repressive chromatin, 303 

and PcG Heterochromatin had NRLs of 173.9 bp, 184.8 bp, and 183.2 bp, respectively 304 

(Fig. 6A). These NRLs almost exactly matched their corresponding translational repair 305 

periods at the 30min time point, supporting our hypothesis (Fig. 6A,B; Table S1). 306 

Additionally, both the centromeric chromatin and inducible euchromatin types have clear 307 

and quantifiable nucleosome repeat lengths, indicating that their lack of translational 308 

repair periodicity is not merely due to a lack of regular nucleosome positioning (Fig. 6B; 309 

Table S1). The differences in repair patterns between repressive chromatin and 310 

constitutive euchromatin and the relationship between NRL and repair periodicity can be 311 

observed more clearly when the translational data for constitutive euchromatin and 312 

repressive chromatin are superimposed on one another. Over a distance of 1000 bp, 313 

the two waveforms become completely out of phase with one another, and this 314 
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phenomenon is clearly observed in both the nucleosome occupancy (Fig. 6C) and 315 

repair data (Fig. 6D). These data indicate that NRL varies across chromatin types, 316 

resulting in altered CPD repair patterns. 317 

 318 

DISCUSSION 319 

 Nucleosomes are ubiquitous throughout the genomes of higher-eukaryotes and 320 

have indispensable roles in genome organization (McGinty and Tan 2015). Exploring 321 

the influences of nucleosomes on DNA repair systems such as NER is critical to our 322 

understanding of genome maintenance and stability. Here, we produced the first CPD 323 

damage map in Drosophila and combined it with previously published data on CPD 324 

repair (Deger et al. 2019), nucleosomes (Nalabothula et al. 2014), and chromatin 325 

domains (Filion et al. 2010) to explore how chromatin organization modulates CPD 326 

damage formation and repair throughout the Drosophila genome. Our study indicates 327 

that regional differences in chromatin state influence repair of CPDs but do not 328 

substantially impact damage formation. Furthermore, inhibition of CPD repair by 329 

nucleosomes relative to fast-repairing linker DNA produces a translational repair 330 

periodicity throughout the Drosophila genome. However, this translational periodicity is 331 

modulated across different chromatin domains, suggesting that pre-existing differences 332 

in nucleosome repeat length in distinct chromatin types significantly affect the repair of 333 

UV-induced CPD lesions. 334 

 As a key component of this study, we produced a map of CPD lesions in 335 

Drosophila S2 cells using CPD-seq. This damage map displayed a clear rotational 336 

periodicity within nucleosomes, with CPD enrichment being elevated at minor-out 337 

rotation settings, consistent with previous findings (Mao et al. 2016; Brown et al. 2018; 338 
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Stark et al. 2022; Pich et al. 2018; Gale et al. 1987). Previous studies have suggested 339 

that regional variations in chromatin state, which are associated with differences in 340 

spatial positioning within the nucleus, can also affect DNA damage formation (García-341 

Nieto et al. 2017). However, our data indicate chromatin state does not significantly 342 

modulate CPD enrichment in UV-irradiated Drosophila S2 cells relative to a naked DNA 343 

control. In contrast, analysis of published XR-seq data generated from the same cell 344 

type showed significant regional variations in CPD repair activity (Deger et al. 2019). 345 

This pattern was apparent even after normalizing these data with initial damage levels 346 

based on our CPD-seq data in order to account for the impact of differential CPD 347 

formation on repair (e.g., due to sequence context or chromatin interactions, such as in 348 

nucleosomes) (Brown et al. 2018; Gonzalez-Perez et al. 2019; Mao et al. 2017, 2016). 349 

To explore the source of these regional variations in repair activity, we leveraged 350 

existing data on five distinct chromatin types in the Drosophila genome (Filion et al. 351 

2010). This analysis showed clear correlations between chromatin domains and areas 352 

of higher/lower repair activity. Areas of higher repair activity were associated with 353 

inducible euchromatin at early repair time points, while areas of lower repair activity 354 

were generally associated with repressive chromatin domains. These differences 355 

seemed to be broadly influenced by TC-NER, which was especially active in both 356 

euchromatin types as well as in centromeric chromatin. Curiously, the centromeric 357 

chromatin type is also characterized by the heterochromatin marker H3K9me2, (Filion et 358 

al. 2010), possibly indicating a composite of highly transcribed and inactive regions 359 

within this chromatin type. Additionally, despite constitutive euchromatin boasting the 360 

highest transcriptional activity of the five chromatin types (in undamaged cells), its 361 
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genome-wide repair activity was lower than inducible euchromatin at early repair 362 

timepoints and displayed less transcriptional repair asymmetry. Lower repair activity in 363 

constitutive euchromatin may be explained in part by its more compact nucleosome 364 

organization, as reflected in the shorter NRL of constitutive euchromatin relative to other 365 

chromatin types. The lower transcriptional asymmetry in constitutive euchromatin might 366 

arise from the phenomena of domain-associated repair observed in human cells, 367 

whereby active transcription relaxes chromatin structure to allow for easier access to 368 

the NTS of genes (Nouspikel et al. 2006; Bohr et al. 1985; Zheng et al. 2014). 369 

Alternatively, it is possible that the expression patterns in undamaged cells do not 370 

accurately reflect expression patterns in cells exposed to UV light, consistent with 371 

previous studies indicating that the expression of individual genes is altered in flies 372 

exposed to UV light (Ujfaludi et al. 2007; Zhou et al. 2013). To what extent 373 

transcriptional changes occur throughout the Drosophila genome in response to UV 374 

exposure will be important to address in future studies. Ultimately, these results indicate 375 

that regional NER activity in Drosophila is significantly influenced by chromatin state, at 376 

least in part owing to differences in transcriptional activity. 377 

 Incorporating a nucleosome map derived from published MNase-seq data 378 

(Nalabothula et al. 2014) allowed us to analyze the impact of the overarching chromatin 379 

type on repair patterns in nucleosomes. All five of the chromatin types in Drosophila 380 

exhibit enhanced repair activity at early repair time points in linker DNA, and 381 

correspondingly lower repair activity in nucleosomal DNA, consistent with previous 382 

genome wide studies indicating that nucleosomes inhibit NER (Brown et al. 2018; Pich 383 

et al. 2018; Mao et al. 2016, 2020). However, only three of these chromatin types 384 
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(repressive chromatin, PcG heterochromatin, and constitutive euchromatin) exhibit 385 

translational periodicities spanning multiple nucleosomes. Notably, repressive chromatin 386 

displays this translational periodicity, reflecting elevated repair activity in linker DNA, 387 

despite high levels of histone H1 binding (Filion et al. 2010). Previous biochemical 388 

studies have indicated that histone H1 can inhibit base excision repair of DNA base 389 

damage in linker DNA in vitro (Cole et al. 2010), but our results suggest that histone H1 390 

binding does not significantly impair NER of UV damage in linker DNA in Drosophila 391 

cells. Curiously, the three chromatin types with clear translational periodicities include 392 

both heterochromatin and euchromatin domains, as do the two chromatin types without 393 

translational periodicities (centromeric chromatin and inducible euchromatin), indicating 394 

that general characteristics of such chromatin domains (e.g., euchromatin vs. 395 

heterochromatin or high vs. low transcriptional activity) are not necessarily accurate 396 

predictors of repair patterns in nucleosomes.  397 

 Even within the three chromatin types which exhibit clear translational 398 

periodicities, the exact repair periodicities were inconsistent. Repressive chromatin and 399 

PcG heterochromatin had relatively similar repair periods of ~185 bp and ~184 bp, 400 

respectively, but constitutive euchromatin had a much shorter period of ~174 bp. This 401 

11-bp difference in NRL reflects a >25% decrease in the length of linker DNA, 402 

presumably reflecting a more compact chromatin structure. Despite this, elevated repair 403 

activity in linker DNA was still apparent in nucleosomes within constitutive euchromatin 404 

domains. Importantly, all of these periods were highly similar to calculated NRLs for 405 

each of the domains based on published MNase-seq data (Nalabothula et al. 2014), 406 

indicating that underlying and pre-existing differences in nucleosome organization are 407 
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driving these distinct repair patterns. While previous studies in mouse (Teif et al. 2012) 408 

and human (Valouev et al. 2011) cells have reported different NRLs across cell type 409 

and chromatin domain, respectively, the potential impact of these differences in NRL on 410 

cellular processes such as DNA repair was previously unclear. Our data indicate that 411 

variations in NRL across different chromatin domains in Drosophila significantly affect 412 

DNA repair. 413 

 A key question is what molecular mechanism(s) are responsible for the shorter 414 

NRL in constitutive euchromatin relative to other chromatin types. Previous studies have 415 

shown that transcriptional activity can reduce the spacing between nucleosomes as 416 

RNA polymerase II transcribes through them (Weiner et al. 2010; Studitsky et al. 1994, 417 

1997). Given that constitutive euchromatin exhibits the highest transcriptional activity of 418 

the five chromatin types (Filion et al. 2010), this may help explain its shorter NRL. 419 

Additionally, this chromatin type is enriched in H3K36me3 (Filion et al. 2010) which has 420 

been reported to regulate nucleosome spacing in yeast (Eriksson and Clark 2021). 421 

Further research is required to determine whether these or other mechanisms reduce 422 

nucleosome spacing in constitutive euchromatin. 423 

While the differences in translational repair periodicity between repressive 424 

chromatin, PcG heterochromatin, and constitutive euchromatin can be explained by 425 

differences in NRL, the lack of a translational repair periodicity in centromeric chromatin 426 

and inducible euchromatin cannot. Analysis of MNase-seq data with respect to these 427 

chromatin types revealed periodic nucleosome organization consistent with NRLs of 428 

~179 and ~181 bp, respectively, yet this translational periodicity was not reflected in the 429 

corresponding repair data. One possible explanation for these findings is that the 430 
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nucleosome organization in these chromatin types may be more susceptible to 431 

disruption or repositioning in response to the cellular stress and ongoing repair activity 432 

induced by UV damage. For example, a previous study has shown that the SWI/SNF 433 

complex can remodel nucleosomes to accommodate the repair of UV damage (Gaillard 434 

et al. 2003). Such a mechanism may be particularly important for inducible euchromatin, 435 

since this chromatin state contains many stress-responsive genes (Filion et al. 2010). It 436 

will be important in future studies to investigate to what extent UV irradiation induces 437 

nucleosome disruption or repositioning in these chromatin states.  438 

In summary, we have generated a CPD damage map in Drosophila and analyzed 439 

it alongside XR-seq data (Deger et al. 2019), chromatin domains (Filion et al. 2010), 440 

and nucleosome positions (Nalabothula et al. 2014) in order to investigate regional and 441 

nucleosomal damage and repair patterns across the Drosophila genome. Our analysis 442 

indicates that while nucleosomes modulate both UV damage formation and repair, 443 

regional variations in chromatin state only affect repair activity. Importantly, our findings 444 

indicate that repair patterns in and around nucleosomes are significantly modulated by 445 

the chromatin type in which the nucleosomes are located. This effect is primarily due to 446 

domain-specific changes in nucleosome repeat length, which we show significantly 447 

impacts repair activity. DNA-protein interactions dominate the genome landscape and 448 

can modulate DNA damage and repair in numerous ways, impacting genome stability 449 

and shaping the mutational landscape of genetic diseases such as skin cancer (Pich et 450 

al. 2019, 2018; Selvam et al. 2023). These results in Drosophila inform these 451 

interactions by showing how variable nucleosome organization across chromatin 452 

domains impacts nucleotide excision repair. 453 
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 454 

METHODS 455 

Culture and UV treatment of the cell lines 456 

Drosophila S2 cells were maintained at 28°C in tissue culture flasks containing 457 

Schneider’s Drosophila medium (Gibco, Waltham, MA) supplemented with 10% heat- 458 

inactivated fetal bovine serum (FBS) (HyClone), 100 U/ml of penicillin, 100 g/ml of 459 

streptomycin, and 0.25 g/ml of amphotericin B (Fungizone) antimycotic (Life 460 

Technologies, Waltham, MA). Upon ~80% confluence the culture medium was 461 

removed, washed once with 1× phosphate buffered saline (PBS) and layered with 2ml 462 

of sterile PBS. The cells were exposed to 100 J/m2 UVC. Following irradiation, PBS was 463 

removed, and cells were harvested with vigorous pipetting and pelleted for the “UV 464 

cellular” sample. Cells without treatment were pelleted for the “No UV” and “UV naked 465 

DNA” control samples. All the cell pellets were stored at -80°C till genomic DNA 466 

isolation. 467 

 468 

Genomic DNA isolation and UV irradiation of naked DNA 469 

Genomic DNA was isolated from the frozen cell pellets using GenElute Mammalian 470 

genomic DNA miniprep kits (G1N70, Sigma-Aldrich). One fraction of “No UV” DNA was 471 

spotted on clean cover glass and exposed to 80 J/m2 UVC. After irradiation, the DNA 472 

samples from the cover glass were collected and processed as the “UV naked DNA” 473 

sample.  474 

 475 

CPD-seq library preparation 476 
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All the DNA samples were processed according to published protocols (Mao and Wyrick 477 

2020; Mao et al. 2016). The genomic DNA samples were sonicated, end-repaired (NEB, 478 

E6050L) and dA-tailed (NEB, E6053L), ligated to F1 adapter, and treated with terminal 479 

transferase (NEB, M0315L). The DNA was then digested with T4 endonuclease V (T4 480 

PDG, M0308S, NEB) and AP endonuclease (M0282S, NEB) to create 3′-OH groups 481 

immediately upstream of the CPD lesions and 5’ phosphate groups were removed using 482 

shrimp alkaline phosphatase (Affymetrix, AF78390500). The samples were 483 

subsequently denatured at 95oC for 5 minutes and snap-cooled on ice. The biotin 484 

labeled second adapter, the A adapter with unique barcodes for different samples, was 485 

then ligated to the 3′-OH groups. The single stranded DNA was eluted with streptavidin 486 

beads (Thermo Fisher Scientific, 11205D) and final PCR was done with trP1 and A 487 

primers. The final PCR product was sequenced using Ion Proton sequencing (Life 488 

Technologies). 489 

 490 

Calling CPD lesions 491 

CPD lesions were called as previously described (Mao et al. 2016). Samples were 492 

differentiated by barcodes on the 5’ ends of sequencing reads, and the barcodes were 493 

then removed along with 1 base on the 3’ end. These trimmed reads were aligned to the 494 

dm6 genome using default Bowtie 2 parameters and converted to BED files using 495 

SAMtools (Li et al. 2009) and BEDTools (Quinlan and Hall 2010). Putative lesions were 496 

called at the positions complementary to the two bases 5’ of each aligned read. Only 497 

putative lesions at dipyrimidines were retained for further analysis. 498 

 499 
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Calling Nucleosome Dyads 500 

Nucleosome dyads were called from existing MNase-seq data (Nalabothula et al. 2014) 501 

by using a pipeline developed for analyzing nucleosome periodicities (Pich et al. 2018). 502 

The pipeline was modified slightly so that nucleosomes were called throughout the 503 

entire genome instead of solely from mappable genic regions. Dyad positions were 504 

converted to the dm6 genome assembly from dm3 using the UCSC Genome Browser 505 

liftOver tool (Hinrichs et al. 2006). Nucleosomes were assigned to specific chromatin 506 

domains by intersection of the dyad centers with the domain positions (Filion et al. 507 

2010). 508 

 509 

Calling XR-seq lesion positions 510 

XR-seq reads (Deger et al. 2019) were aligned to the dm6 reference genome using 511 

Bowtie 2 (Langmead and Salzberg 2012) with default parameters. Trimmomatic (Bolger 512 

et al. 2014) v0.3.9 was used with the trimming parameters “ILLUMINACLIP:[XR-513 

seq_adapter_file]:2:30:10” to remove adapter sequences from XR-seq reads prior to 514 

alignment. The resulting SAM files were converted to BED files using SAMtools (Li et al. 515 

2009) and BEDTools (Quinlan and Hall 2010). Lesions were called at the 7th and 8th 516 

nucleotides relative to the 3’ end (regardless of nucleotide identity) for reads 24-32 bp in 517 

length. All other reads were omitted. These parameters were determined by searching 518 

for the most common read lengths that still maintained high dipyrimidine enrichment at 519 

3’ proximal positions, based on known NER excision patterns (Hu et al. 2015; Kemp et 520 

al. 2012; Huang et al. 1992). 521 

 522 
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Quantification of Nucleosome Periodicities 523 

Nucleosome periodicities were quantified using the mutperiod software package 524 

(Morledge-Hampton and Wyrick 2021). Damage and repair events were counted 525 

relative to nucleosome dyads and normalized to a naked DNA control and damage 526 

data, respectively. Periodicities were quantified using a Lomb-Scargle periodogram, and 527 

SNR values were calculated as previously described (Morledge-Hampton and Wyrick 528 

2021; Pich et al. 2018). Expected linker and nucleosomal regions were derived from the 529 

NRL for each nucleosome map, calculated using a Lomb-Scargle periodogram. Minor-in 530 

and minor-out positions were derived from structural models of rotational positioning 531 

throughout the nucleosome (Cui and Zhurkin 2010). 532 

 533 

Classifying genome-wide bins and genes by chromatin type 534 

Genome-wide bins and genes were assigned a chromatin type when greater than 50% 535 

of the bin/gene fell within domains belonging to that chromatin type (Filion et al. 2010). If 536 

this threshold was not met, the bin/gene was classified as “GRAY” (in reference to the 537 

original “color” names for the chromatin types) to indicate that no chromatin type 538 

encompassed the majority of the region. 539 

 540 

Transcriptional asymmetry analysis 541 

Each gene was split into six bins equal to 1/6 of that gene’s length so that bins were 542 

comparable across all genes. As an internal control, six flanking bins (three on either 543 

side) were established around each genic region. The length of each flanking bin was 544 

set to the median genic bin length: 356 bp. Repair events were counted inside each bin 545 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


25 

and assigned to the transcribed or non-transcribed strand. For intergenic (flanking) bins, 546 

strand designation was determined by the flanked genic region. 547 

548 

Previously Published Data 549 

The MNase-seq map used to call dyad positions can be found through the NCBI Gene 550 

Expression Omnibus (GEO) under the accession ID GSE49526 551 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49526) (Nalabothula et al. 552 

2014). 553 

The chromatin domain designations can be accessed through GEO under the 554 

accession ID GSE22069 555 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE22069) (Filion et al. 2010). 556 

The CPD XR-seq data can be accessed through GEO under the accession ID 557 

GSE138846 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138846) (Deger 558 

et al. 2019). 559 

The RPKM values used in Table S1 can be accessed through GEO under the 560 

accession ID GSE19325 561 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19325) (Gan et al. 2010). 562 

563 

DATA ACCESS 564 

All raw and processed sequencing data generated in this study have been submitted to 565 

the NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under 566 

accession number GSE267055. The called nucleosomes dyads used in this analysis 567 

are available for download in this project’s code repository (see code availability 568 
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section) at https://github.com/bmorledge-569 

hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/S2_nucleosome_570 

map.bed. 571 

The gene designations used in this analysis are available for download in this project’s 572 

code repository (see code availability section) at https://github.com/bmorledge-573 

hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/dm6_BDGP6_89574 

_named_genes.bed 575 

576 

577 

Software Availability 578 

The code used to perform these analyses can be found at the following GitHub 579 

repository: https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis as 580 

well as in the supplemental materials. 581 

582 

COMPETING INTEREST STATEMENT 583 

The authors declare no conflicts of interest. 584 

585 

ACKNOWLEDGEMENTS 586 

This research was supported by the following grants from NIEHS: R01ES028698 587 

(J.J.W.), R01ES032814 (J.J.W.), R21ES035888 (A.G.G., J.J.W., and K.S.). 588 

589 

Author contributions: A.G.G. and J.J.W conceived and supervised the study. K.S. and 590 

M.C. performed the experimental work. B.M-H. and J.J.W. performed the computational591 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/S2_nucleosome_map.bed
https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/S2_nucleosome_map.bed
https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/S2_nucleosome_map.bed
https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/dm6_BDGP6_89_named_genes.bed
https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/dm6_BDGP6_89_named_genes.bed
https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis/blob/main/maintained_data/dm6_BDGP6_89_named_genes.bed
https://github.com/bmorledge-hampton19/Chromatin_Features_Analysis
http://genome.cshlp.org/
http://www.cshlpress.com


27 
 

analysis. B.M-H., J.J.W., and K.S. compiled the figures and wrote the manuscript. All 592 

authors edited and approved of the final draft of the manuscript.  593 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


28 
 

REFERENCES 594 

Adar S, Hu J, Lieb JD, Sancar A. 2016. Genome-wide kinetics of DNA excision repair in 595 
relation to chromatin state and mutagenesis. Proceedings of the National Academy 596 
of Sciences 113: E2124 LP-E2133. 597 
http://www.pnas.org/content/113/15/E2124.abstract. 598 

Beshnova DA, Cherstvy AG, Vainshtein Y, Teif VB. 2014. Regulation of the 599 
Nucleosome Repeat Length In Vivo by the DNA Sequence, Protein Concentrations 600 
and Long-Range Interactions. PLoS Comput Biol 10: e1003698. 601 
https://doi.org/10.1371/journal.pcbi.1003698. 602 

Bohr VA, Smith CA, Okumoto DS, Hanawalt PC. 1985. DNA repair in an active gene: 603 
Removal of pyrimidine dimers from the DHFR gene of CHO cells is much more 604 
efficient than in the genome overall. Cell 40: 359–369. https://doi.org/10.1016/0092-605 
8674(85)90150-3. 606 

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for Illumina 607 
sequence data. Bioinformatics 30: 2114–2120. 608 
https://doi.org/10.1093/bioinformatics/btu170. 609 

Brash DE. 2015. UV signature mutations. Photochem Photobiol 91: 15–26. 610 
https://pubmed.ncbi.nlm.nih.gov/25354245. 611 

Brown AJ, Mao P, Smerdon MJ, Wyrick JJ, Roberts SA. 2018. Nucleosome positions 612 
establish an extended mutation signature in melanoma. PLoS Genet 14: e1007823. 613 
https://doi.org/10.1371/journal.pgen.1007823. 614 

Chaouch A, Lasko P. 2021. Drosophila melanogaster: a fruitful model for oncohistones. 615 
Fly (Austin) 15: 28–37. https://doi.org/10.1080/19336934.2020.1863124. 616 

Clapier CR, Chakravarthy S, Petosa C, Fernández-Tornero C, Luger K, Müller CW. 617 
2008. Structure of the Drosophila nucleosome core particle highlights evolutionary 618 
constraints on the H2A-H2B histone dimer. Proteins: Structure, Function, and 619 
Bioinformatics 71: 1–7. https://doi.org/10.1002/prot.21720. 620 

Cole HA, Tabor-Godwin JM, Hayes JJ. 2010. Uracil DNA Glycosylase Activity on 621 
Nucleosomal DNA Depends on Rotational Orientation of Targets. Journal of 622 
Biological Chemistry 285: 2876–2885. https://doi.org/10.1074/jbc.M109.073544. 623 

Cui F, Zhurkin VB. 2010. Structure-based Analysis of DNA Sequence Patterns Guiding 624 
Nucleosome Positioning in vitro. J Biomol Struct Dyn 27: 821–841. 625 
https://doi.org/10.1080/073911010010524947. 626 

Deger N, Yang Y, Lindsey-Boltz LA, Sancar A, Selby CP. 2019. Drosophila, which lacks 627 
canonical transcription-coupled repair proteins, performs transcription-coupled 628 
repair. J Biol Chem 294: 18092–18098. https://pubmed.ncbi.nlm.nih.gov/31624146. 629 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


29 
 

Eriksson PR, Clark DJ. 2021. The yeast ISW1b ATP-dependent chromatin remodeler is 630 
critical for nucleosome spacing and dinucleosome resolution. Sci Rep 11: 4195. 631 
https://doi.org/10.1038/s41598-021-82842-9. 632 

Fan Y, Nikitina T, Zhao J, Fleury TJ, Bhattacharyya R, Bouhassira EE, Stein A, 633 
Woodcock CL, Skoultchi AI. 2005. Histone H1 Depletion in Mammals Alters Global 634 
Chromatin Structure but Causes Specific Changes in Gene Regulation. Cell 123: 635 
1199–1212. https://doi.org/10.1016/j.cell.2005.10.028. 636 

Filion GJ, van Bemmel JG, Braunschweig U, Talhout W, Kind J, Ward LD, Brugman W, 637 
de Castro IJ, Kerkhoven RM, Bussemaker HJ, et al. 2010. Systematic protein 638 
location mapping reveals five principal chromatin types in Drosophila cells. Cell 639 
143: 212–224. https://pubmed.ncbi.nlm.nih.gov/20888037. 640 

Gaillard H, Fitzgerald DJ, Smith CL, Peterson CL, Richmond TJ, Thoma F. 2003. 641 
Chromatin Remodeling Activities Act on UV-damaged Nucleosomes and Modulate 642 
DNA Damage Accessibility to Photolyase*. Journal of Biological Chemistry 278: 643 
17655–17663. 644 
https://www.sciencedirect.com/science/article/pii/S0021925819548487. 645 

Gale JM, Nissen KA, Smerdon MJ. 1987. UV-induced formation of pyrimidine dimers in 646 
nucleosome core DNA is strongly modulated with a period of 10.3 bases. 647 
Proceedings of the National Academy of Sciences 84: 6644–6648. 648 
https://doi.org/10.1073/pnas.84.19.6644. 649 

Gan Q, Schones DE, Ho Eun S, Wei G, Cui K, Zhao K, Chen X. 2010. Monovalent and 650 
unpoised status of most genes in undifferentiated cell-enriched Drosophila testis. 651 
Genome Biol 11: R42–R42. https://pubmed.ncbi.nlm.nih.gov/20398323. 652 

García-Nieto PE, Schwartz EK, King DA, Paulsen J, Collas P, Herrera RE, Morrison AJ. 653 
2017. Carcinogen susceptibility is regulated by genome architecture and predicts 654 
cancer mutagenesis. EMBO J 36: 2829–2843. 655 
https://doi.org/10.15252/embj.201796717. 656 

Gillet LCJ, Schärer OD. 2006. Molecular Mechanisms of Mammalian Global Genome 657 
Nucleotide Excision Repair. Chem Rev 106: 253–276. 658 
https://doi.org/10.1021/cr040483f. 659 

Gonzalez-Perez A, Sabarinathan R, Lopez-Bigas N. 2019. Local Determinants of the 660 
Mutational Landscape of the Human Genome. Cell 177: 101–114. 661 
http://www.sciencedirect.com/science/article/pii/S009286741930234X. 662 

Hanawalt PC, Spivak G. 2008. Transcription-coupled DNA repair: two decades of 663 
progress and surprises. Nat Rev Mol Cell Biol 9: 958–970. 664 
https://doi.org/10.1038/nrm2549. 665 

Hinrichs AS, Karolchik D, Baertsch R, Barber GP, Bejerano G, Clawson H, Diekhans M, 666 
Furey TS, Harte RA, Hsu F, et al. 2006. The UCSC Genome Browser Database: 667 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


30 
 

update 2006. Nucleic Acids Res 34: D590–D598. 668 
https://pubmed.ncbi.nlm.nih.gov/16381938. 669 

Hu J, Adar S, Selby CP, Lieb JD, Sancar A. 2015. Genome-wide analysis of human 670 
global and transcription-coupled excision repair of UV damage at single-nucleotide 671 
resolution. Genes & Development 29: 948–960. 672 
http://genesdev.cshlp.org/content/29/9/948.abstract. 673 

Hu J, Adebali O, Adar S, Sancar A. 2017. Dynamic maps of UV damage formation and 674 
repair for the human genome. Proceedings of the National Academy of Sciences 675 
114: 6758–6763. 10.1073/pnas.1706522114. 676 

Huang JC, Svoboda DL, Reardon JT, Sancar A. 1992. Human nucleotide excision 677 
nuclease removes thymine dimers from DNA by incising the 22nd phosphodiester 678 
bond 5’ and the 6th phosphodiester bond 3’ to the photodimer. Proceedings of the 679 
National Academy of Sciences 89: 3664–3668. 680 
https://doi.org/10.1073/pnas.89.8.3664. 681 

Jiang Z, Zhang B. 2021. On the role of transcription in positioning nucleosomes. PLoS 682 
Comput Biol 17: e1008556. https://doi.org/10.1371/journal.pcbi.1008556. 683 

Kemp MG, Reardon JT, Lindsey-Boltz LA, Sancar A. 2012. Mechanism of Release and 684 
Fate of Excised Oligonucleotides during Nucleotide Excision Repair. Journal of 685 
Biological Chemistry 287: 22889–22899. 686 
https://www.sciencedirect.com/science/article/pii/S002192582043460X. 687 

Kharchenko P V, Alekseyenko AA, Schwartz YB, Minoda A, Riddle NC, Ernst J, Sabo 688 
PJ, Larschan E, Gorchakov AA, Gu T, et al. 2011. Comprehensive analysis of the 689 
chromatin landscape in Drosophila melanogaster. Nature 471: 480–485. 690 
https://doi.org/10.1038/nature09725. 691 

Kono H, Ishida H. 2020. Nucleosome unwrapping and unstacking. Curr Opin Struct Biol 692 
64: 119–125. 693 
https://www.sciencedirect.com/science/article/pii/S0959440X20301196. 694 

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie 2. Nat 695 
Methods 9: 357–359. https://pubmed.ncbi.nlm.nih.gov/22388286. 696 

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, 697 
Durbin R, Subgroup 1000 Genome Project Data Processing. 2009. The Sequence 698 
Alignment/Map format and SAMtools. Bioinformatics 25: 2078–2079. 699 
https://doi.org/10.1093/bioinformatics/btp352. 700 

Luger K, Mäder AW, Richmond RK, Sargent DF, Richmond TJ. 1997. Crystal structure 701 
of the nucleosome core particle at 2.8 Å resolution. Nature 389: 251–260. 702 
https://doi.org/10.1038/38444. 703 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


31 
 

Mao P, Smerdon MJ, Roberts SA, Wyrick JJ. 2020. Asymmetric repair of UV damage in 704 
nucleosomes imposes a DNA strand polarity on somatic mutations in skin cancer. 705 
Genome Res 30: 12–21. 706 

Mao P, Smerdon MJ, Roberts SA, Wyrick JJ. 2016. Chromosomal landscape of UV 707 
damage formation and repair at single-nucleotide resolution. Proceedings of the 708 
National Academy of Sciences 113: 9057–9062. 709 
http://www.pnas.org/content/113/32/9057.abstract. 710 

Mao P, Wyrick JJ. 2020. Genome-Wide Mapping of UV-Induced DNA Damage with 711 
CPD-Seq. In The Nucleus (ed. R. Hancock), pp. 79–94, Springer US, New York, 712 
NY 10.1007/978-1-0716-0763-3_7. 713 

Mao P, Wyrick JJ, Roberts SA, Smerdon MJ. 2017. UV-Induced DNA Damage and 714 
Mutagenesis in Chromatin. Photochem Photobiol 93: 216–228. 715 
https://doi.org/10.1111/php.12646. 716 

Matsumoto S, Cavadini S, Bunker RD, Grand RS, Potenza A, Rabl J, Yamamoto J, 717 
Schenk AD, Schübeler D, Iwai S, et al. 2019. DNA damage detection in 718 
nucleosomes involves DNA register shifting. Nature 571: 79–84. 719 
https://doi.org/10.1038/s41586-019-1259-3. 720 

McGinty RK, Tan S. 2015. Nucleosome Structure and Function. Chem Rev 115: 2255–721 
2273. https://doi.org/10.1021/cr500373h. 722 

Morledge-Hampton B, Wyrick JJ. 2021. Mutperiod: Analysis of periodic mutation rates in 723 
nucleosomes. Comput Struct Biotechnol J 19: 4177–4183. 724 
https://www.sciencedirect.com/science/article/pii/S2001037021003159. 725 

Nalabothula N, McVicker G, Maiorano J, Martin R, Pritchard JK, Fondufe-Mittendorf YN. 726 
2014. The chromatin architectural proteins HMGD1 and H1 bind reciprocally and 727 
have opposite effects on chromatin structure and gene regulation. BMC Genomics 728 
15: 92. https://doi.org/10.1186/1471-2164-15-92. 729 

Nouspikel TP, Hyka-Nouspikel N, Hanawalt PC. 2006. Transcription Domain-Associated 730 
Repair in Human Cells. Mol Cell Biol 26: 8722–8730. 731 
https://doi.org/10.1128/MCB.01263-06. 732 

Pich O, Muiños F, Lolkema MP, Steeghs N, Gonzalez-Perez A, Lopez-Bigas N. 2019. 733 
The mutational footprints of cancer therapies. Nat Genet 51: 1732–1740. 734 
https://doi.org/10.1038/s41588-019-0525-5. 735 

Pich O, Muiños F, Sabarinathan R, Reyes-Salazar I, Gonzalez-Perez A, Lopez-Bigas N. 736 
2018. Somatic and Germline Mutation Periodicity Follow the Orientation of the DNA 737 
Minor Groove around Nucleosomes. Cell 175: 1074-1087.e18. 738 
http://www.sciencedirect.com/science/article/pii/S0092867418313126. 739 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


32 
 

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for comparing genomic 740 
features. Bioinformatics 26: 841–842. https://doi.org/10.1093/bioinformatics/btq033. 741 

Roberts SA, Brown AJ, Wyrick JJ. 2019. Recurrent Noncoding Mutations in Skin 742 
Cancers: UV Damage Susceptibility or Repair Inhibition as Primary Driver? 743 
Bioessays 41: e1800152–e1800152. https://pubmed.ncbi.nlm.nih.gov/30801747. 744 

Rodriguez Y, Hinz JM, Smerdon MJ. 2015. Accessing DNA damage in chromatin: 745 
Preparing the chromatin landscape for base excision repair. DNA Repair (Amst) 32: 746 
113–119. https://www.sciencedirect.com/science/article/pii/S1568786415001135. 747 

Schärer OD. 2013. Nucleotide Excision Repair in Eukaryotes. Cold Spring Harb 748 
Perspect Biol 5. http://cshperspectives.cshlp.org/content/5/10/a012609.abstract. 749 

Schulze SR, Wallrath LL. 2007. Gene Regulation by Chromatin Structure: Paradigms 750 
Established in Drosophila melanogaster. Annu Rev Entomol 52: 171–192. 751 

Scrima A, Koníčková R, Czyzewski BK, Kawasaki Y, Jeffrey PD, Groisman R, Nakatani 752 
Y, Iwai S, Pavletich NP, Thomä NH. 2008. Structural Basis of UV DNA-Damage 753 
Recognition by the DDB1–DDB2 Complex. Cell 135: 1213–1223. 754 
https://www.sciencedirect.com/science/article/pii/S0092867408013834. 755 

Selvam K, Plummer DA, Mao P, Wyrick JJ. 2022. Set2 histone methyltransferase 756 
regulates transcription coupled-nucleotide excision repair in yeast. PLoS Genet 18: 757 
e1010085. https://doi.org/10.1371/journal.pgen.1010085. 758 

Selvam K, Sivapragasam S, Poon GMK, Wyrick JJ. 2023. Detecting recurrent 759 
passenger mutations in melanoma by targeted UV damage sequencing. Nat 760 
Commun 14: 2702. https://doi.org/10.1038/s41467-023-38265-3. 761 

Selvam K, Wyrick JJ, Parra MA. 2024. DNA Repair in Nucleosomes: Insights from 762 
Histone Modifications and Mutants. Int J Mol Sci 25. 763 

Singh AK, Mueller-Planitz F. 2021. Nucleosome Positioning and Spacing: From 764 
Mechanism to Function. J Mol Biol 433: 166847. 765 
https://www.sciencedirect.com/science/article/pii/S0022283621000413. 766 

Stark B, Poon GMK, Wyrick JJ. 2022. Molecular mechanism of UV damage modulation 767 
in nucleosomes. Comput Struct Biotechnol J 20: 5393–5400. 768 
https://www.sciencedirect.com/science/article/pii/S2001037022004056. 769 

Studitsky VM, Clark DJ, Felsenfeld G. 1994. A histone octamer can step around a 770 
transcribing polymerase without leaving the template. Cell 76: 371–382. 771 
https://www.sciencedirect.com/science/article/pii/0092867494903433. 772 

Studitsky VM, Kassavetis GA, Geiduschek EP, Felsenfeld G. 1997. Mechanism of 773 
Transcription Through the Nucleosome by Eukaryotic RNA Polymerase. Science 774 
(1979) 278: 1960–1963. https://doi.org/10.1126/science.278.5345.1960. 775 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


33 
 

Sugasawa K, Okamoto T, Shimizu Y, Masutani C, Iwai S, Hanaoka F. 2001. A multistep 776 
damage recognition mechanism for global genomic nucleotide excision repair. 777 
Genes & Development 15: 507–521. 778 
http://genesdev.cshlp.org/content/15/5/507.abstract. 779 

Szerlong HJ, Hansen JC. 2010. Nucleosome distribution and linker DNA: connecting 780 
nuclear function to dynamic chromatin structure. Biochemistry and Cell Biology 89: 781 
24–34. https://doi.org/10.1139/O10-139. 782 

Takata H, Hanafusa T, Mori T, Shimura M, Iida Y, Ishikawa K, Yoshikawa K, Yoshikawa 783 
Y, Maeshima K. 2013. Chromatin Compaction Protects Genomic DNA from 784 
Radiation Damage. PLoS One 8: e75622. 785 
https://doi.org/10.1371/journal.pone.0075622. 786 

Teif VB, Vainshtein Y, Caudron-Herger M, Mallm J-P, Marth C, Höfer T, Rippe K. 2012. 787 
Genome-wide nucleosome positioning during embryonic stem cell development. 788 
Nat Struct Mol Biol 19: 1185–1192. https://doi.org/10.1038/nsmb.2419. 789 

Thoma F. 1999. Light and dark in chromatin repair: repair of UV-induced DNA lesions 790 
by photolyase and nucleotide excision repair. EMBO J 18: 6585–6598. 791 
https://doi.org/10.1093/emboj/18.23.6585. 792 

Ujfaludi Z, Boros I, Bálint É. 2007. Different sets of genes are activated by P53 upon UV 793 
or ionizing radiation in Drosophila melanogaster. Acta Biol Hung 58: 65–79. 794 
https://akjournals.com/view/journals/018/58/10001/article-p65.xml. 795 

Valouev A, Johnson SM, Boyd SD, Smith CL, Fire AZ, Sidow A. 2011. Determinants of 796 
nucleosome organization in primary human cells. Nature 474: 516–520. 797 
https://doi.org/10.1038/nature10002. 798 

Weiner A, Hughes A, Yassour M, Rando OJ, Friedman N. 2010. High-resolution 799 
nucleosome mapping reveals transcription-dependent promoter packaging. 800 
Genome Research 20: 90–100. http://genome.cshlp.org/content/20/1/90.abstract. 801 

Zheng CL, Wang NJ, Chung J, Moslehi H, Sanborn JZ, Hur JS, Collisson EA, Vemula 802 
SS, Naujokas A, Chiotti KE, et al. 2014. Transcription Restores DNA Repair to 803 
Heterochromatin, Determining Regional Mutation Rates in Cancer Genomes. Cell 804 
Rep 9: 1228–1234. https://doi.org/10.1016/j.celrep.2014.10.031. 805 

Zhou L-J, Zhu Z-H, Liu Z-X, Ma W-H, Desneux N, Lei C-L. 2013. Identification and 806 
Transcriptional Profiling of Differentially Expressed Genes Associated With 807 
Response to Uva Radiation in Drosophila melanogaster (Diptera: Drosophilidae). 808 
Environ Entomol 42: 1110–1117. https://doi.org/10.1603/EN12319. 809 

  810 

  811 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


34 
 

Table 1: Summary of 5 chromatin types 812 

Original Name 
by Filion et al. 

Name For This Paper Key Markers Transcriptional 
Activity 

BLACK Repressive Chromatin Histone H1 Low 

BLUE PcGa Heterochromatin H3K27me3, PCb Low 
GREEN Centromeric 

Chromatin 
H3K9me2, HP1 Intermediate 

RED Inducible Euchromatin H3K4me2 High 
YELLOW Constitutive 

Euchromatin 
H3K36me3, 
MRG15 

High 

aPolycomb group; bPolycomb group protein  813 

  814 
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FIGURE LEGENDS 815 

 816 

Figure 1: CPD-seq reads are enriched at dipyrimidines and minor-out positions in 817 

Drosophila. (A) An outline of the CPD-seq protocol used to generate a map of UV-818 

induced CPDs in Drosophila. (B) Counts of CPD-seq reads from Drosophila S2 cells 819 

(with and without UV exposure) and UV-irradiated naked DNA, stratified by the 820 

dinucleotide sequence at the putative CPD positions. (C) Damage enrichment with 821 

respect to rotational positioning within nucleosomes. Data is normalized by a UV-822 

exposed, naked DNA control. (D) Model of how rotational positioning impacts CPD 823 

formation in Drosophila nucleosomes. The nucleosome structure corresponds to PDB 824 

entry 2PYO (Clapier et al. 2008). Minor-in positions are labeled with transparent 825 

lightning bolts to represent low rates of CPD formation, and minor-out positions are 826 

labeled with opaque lightning bolts to represent high rates of CPD formation. 827 

 828 

Figure 2: Regional differences in chromatin type impact CPD repair activity. (A,B) 829 

Relative CPD enrichment (A) and repair activity (30min; B) binned in 10,000-bp regions 830 

across Chromosome 2 of the Drosophila genome. CPD enrichment (A) is normalized to 831 

a UV-exposed, naked DNA control. Repair data (B) is normalized to cellular damage 832 

data. (C) Chromatin domains superimposed on repair data from plot B. Data is zoomed 833 

in on positions between 5Mb and the end of Chromosome 2R for increased resolution of 834 

bins and exclusion of the centromere-proximal region which does not have defined 835 

domains. Chromatin type was assigned when greater than 50% of the bin was covered 836 

by regions assigned to that type. Bins that failed to meet this threshold are colored grey. 837 

 838 
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Figure 3: Repair of CPDs is faster in linker DNA regardless of chromatin state. 839 

(A,B) Relative CPD enrichment (A) and repair activity (30min; B) with respect to 840 

rotational nucleosome positioning. The CPD enrichment data used to generate plot A is 841 

the same as in Fig. 1C, but both axes have been expanded to include linker DNA and 842 

highlight differences in amplitude compared to repair data (B). CPD enrichment (A) is 843 

normalized to a UV-exposed, naked DNA control. Repair data (B) is normalized to 844 

cellular damage data. (C) CPD repair activity within 103 bp of nucleosome dyads, 845 

stratified by chromatin type and time point. The data in plot C were scaled for each sub-846 

plot so that they have a uniform mean of 1. 847 

 848 

Figure 4: CPD repair activity exhibits a translational nucleosome periodicity that 849 

is inconsistent across different chromatin types. (A,B) Relative CPD enrichment (A) 850 

and repair (30min; B) trends with respect to translational nucleosome positioning. CPD 851 

enrichment (A) is normalized to a UV-exposed, naked DNA control. Repair data (B) is 852 

normalized to cellular damage data. (C) Lomb-scargle periodogram of translational 853 

nucleosome periodicities for CPD damage and repair. The damage and repair 854 

periodicities were derived from the data plotted in panels A and B, respectively. (D) 855 

CPD repair activity within 1000 bp of nucleosome dyads, stratified by chromatin type 856 

and time point. The data in plot C were scaled for each sub-plot so that they have a 857 

uniform mean of 1. 858 

 859 

Figure 5: Translational CPD repair periodicities vary in strength and period 860 

across chromatin types. (A-E) CPD repair activity (30min) with respect to translational 861 
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nucleosome positioning for constitutive euchromatin (A), repressive chromatin (B), PcG 862 

heterochromatin (C), centromeric chromatin (D), and inducible euchromatin (E). All 863 

repair data is normalized to cellular damage data. Periods were not assigned to 864 

centromeric chromatin (D) and inducible euchromatin (E) due to the diminished SNR 865 

values. 866 

 867 

Figure 6: Translational CPD repair periods and nucleosome repeat length vary in 868 

tandem across chromatin types. (A,B) Lomb-Scargle periodograms showing 869 

nucleosome occupancy (A) and CPD repair (B) periodicities for each chromatin type. 870 

Black trend lines represent repressive chromatin, blue trend lines represent PcG 871 

heterochromatin, green trend lines represent centromeric chromatin, red trend lines 872 

represent inducible euchromatin, and yellow trend lines represent constitutive 873 

euchromatin. (C,D) Overlaid constitutive euchromatin and repressive chromatin 874 

translational patterns for nucleosome occupancy (C) and CPD repair activity (30min; D). 875 

Nucleosome dyads were never called within 147 bp of one another, so the region from -876 

147 to 147 bp in the nucleosome occupancy data (C) was excluded from the periodicity 877 

analysis. 878 
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