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Abstract 

The histone methyltransferase ASH1L, first discovered for its role in transcription, has been shown to accelerate the removal of ultraviolet 
(UV) light-induced cy clobutane p yrimidine dimers (CPDs) b y nucleotide e x cision repair. P re vious reports demonstrated that CPD e x cision is 
most efficient at transcriptional regulatory elements, including enhancers, relative to other genomic sites. Therefore, we analyzed DNA damage 
maps in ASH1L-proficient and ASH1L-deficient cells to understand how ASH1L controls enhancer st abilit y. This comparison showed that ASH1L 
protects enhancer sequences against the induction of CPDs besides stimulating repair activity. ASH1L reduces CPD formation at C–containing 
but not at TT dinucleotides, and no protection occurs against p yrimidine-(6,4)-p yrimidone photoproducts or cisplatin crosslinks. The diminished 
CPD induction extends to gene promoters but excludes retrotransposons. This guardian role against CPDs in regulatory elements is associated 
with the presence of H3K4me3 and H3K27ac histone marks, which are known to interact with the PHD and BRD motifs of ASH1L, respectively. 
Molecular dynamics simulations identified a DNA-binding AT hook of ASH1L that alters the distance and dihedral angle between neighboring C 

nucleotides to disf a v or dimerization. T he loss of this protection results in a higher frequency of C–> T transitions at enhancers of skin cancers 
carrying ASH1L mutations compared to ASH1L -intact counterparts. 
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Introduction 

Genome stability is continually threatened by environmental
genotoxic agents including ultraviolet (UV) light, which in-
duces bulky DNA adducts, principally cyclobutane pyrimi-
dine dimers (CPDs) and pyrimidine-(6,4)-pyrimidone photo-
products (6–4 PPs) ( 1 ,2 ). These bulky DNA lesions must be
removed to maintain gene expression and avoid sequence mu-
tations or chromosomal aberrations ( 3 ). The global-genome
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nucleotide excision repair (GG-NER) system recognizes and 

repairs such bulky UV lesions to restore genome functions 
and stability ( 4 ). This GG-NER reaction operates through- 
out the genome, including in intergenic regions that harbor 
enhancer elements ( 5 ) and, in fact, prioritizes the repair of 
both enhancers and active promoters ( 6–8 ), thus crucially con- 
trolling DNA damage and mutagenesis in these cis -regulatory 
elements. 
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CPDs cause a minor destabilization of the DNA double he-
ix compared to 6–4 PPs. Therefore, to detect CPDs, the GG-
ER machinery makes use of the DDB2 (Damaged DNA-
inding 2) lesion receptor ( 9 ,10 ), which recognizes and ex-

rudes UV dimers into a dedicated binding pocket ( 11 ). DDB2
omplexed with DDB1 and cullin 4A recruits the XPC (Xe-
oderma Pigmentosum group C) repair initiator ( 12 ,13 ) that,
n turn, hands over the lesions to TFIIH (Transcription Fac-
or IIH) and further downstream GG-NER factors ultimately
eading to excision of the damage ( 14 ,15 ). Genetic diseases af-
ecting this pathway are associated with severe photosensitiv-
ty, abnormal skin pigmentation and a dramatically increased
isk of skin cancer ( 16 ). 

The recognition, incision, excision and repair synthesis
teps of GG-NER are accompanied by chromatin rearrange-
ents mediated by remodeling complexes ( 17 ,18 ) and post-

ranslational histone modifications. For example, histone
cetylation ( 19–21 ) and ubiquitination ( 22 ,23 ) have been as-
ociated with increased chromatin accessibility upon UV ir-
adiation. Another histone modification that stimulates GG-
ER activity is the tri-methylation of histone H3 at ly-

ine 4 by ASH1L (Absent, Small, or Homeotic discs 1-Like;
 24 ,25 )). This histone methyltransferase supports normal de-
elopment ( 26 ), fertility ( 27 ), immune responses ( 28 ), neuro-
ogic functions ( 29 ) and skin integrity ( 30 ). Upon UV irra-
iation, ASH1L accelerates CPD repair through a bimodal
rocess. By generating H3K4me3 marks, ASH1L relocates
PC along chromatin and then triggers recruitment of the hi-

tone chaperone FACT (Facilitates Chromatin Transcription),
hich is required for the lesion handover from XPC to TFIIH

 25 ). 
Enhancers are critical cis -regulatory elements dispersed

cross the genome that, together with promoters, control the
ocation and timing of gene expression. Knowing that en-
ancers are frequently disrupted by sunlight-induced muta-
ions in skin cancer ( 31 ), that ASH1L stimulates GG-NER ac-
ivity, and that GG-NER prioritizes cis -regulatory sequences,
he aim of this study was to examine the impact of ASH1L on
he occurrence of CPD lesions at enhancer elements. We mon-
tored the genome-wide distribution of a methyltransferase-
nd DNA repair-active domain of ASH1L, compared the pat-
ern of histone marks as well as the profiles of CPD induction
nd repair, and discovered that ASH1L not only stimulates
PD excision but, unexpectedly, also diminishes CPD induc-

ion at both enhancer and promoter sequences. 

aterials and methods 

eagents 

ommercial sources of all reagents are indicated throughout
he methods section. 

iological resources 

uman U2OS cells obtained from the American Type Cul-
ure Collection were maintained and UV-treated as detailed
efore ( 25 ). The introduction of the ASH1L deletion in U2OS
ells and the construction of the vector for expression of Flag-
agged protein are likewise described previously ( 25 ). 

equence data resources 

s listed under the Data Availability section, DNA sequencing
ata are available in NCBI’s Gene Expression Omnibus ( 32 )
and can be accessed with BioProject accession number PR-
JNA872306. Protein sequencing data can be found at UniProt
(UniProt Consortium, 2019) with accession ID Q99MY8. 

P rograms, softw are, algorithms 

Publicly available resources and codes were used for the
analysis of sequencing data and the prediction of ASH1L
structures as indicated below. Bash and R scripts to pro-
cess genomics data are posted to FigShare under the doi
10.6084 / m9.figshare.24008043, as are scripts, input and pre-
processed files, and plotting notebooks for the computational
modelling. RosettaFold2NA (RF2NA) ( https://github.com/
uw-ipd/RoseTTAFold2NA.git; UniProt Consortium, 2019)
was used to predict the ASH1L-DNA structure. 

Web sites and database referencing 

Mutation data were retrieved from the cBioPortal database
( https://www.cbioportal.org; ( 33–35 ). Uniref30 ( http:
// wwwuser.gwdg.de/ ~ compbiol/ uniclust/ 2020 _ 06/ ( 36 ), BFD
( https:// bfd.mmseqs.com/ ( 37 ), and databases and struc-
ture templates ( https:// files.ipd.uw.edu/ pub/ RoseTTAFold/
pdb100 _ 2021Mar03.tar.gz ) were used in the RF2NA
workflow, using the latest pre-trained weights ( https:
// files.ipd.uw.edu/ dimaio/ RF2NA _ apr23.tgz ). 

ChIP-sequencing 

The acquisition and processing of H3K4me3-, H3K36me2-
and ASH1L-ChIP-seq data was as described ( 25 ). H3K4me1-
and H3K27aC–ChIP-seq libraries in wildtype and ASH1L 

–/ –

cells were generated following the published protocol ( 25 ).
For the immunoprecipitation step, 4 μg of anti-H3K4me1
(ChIP-grade, Abcam, Cambridge UK, ab8895) or 3 μg of anti-
H3K27ac (ChIP-grade, Abcam, Cambridge UK, ab4729) an-
tibody were used. Libraries were prepared as biological tripli-
cates with broad peaks called for H3K4me1 and narrow peaks
for H3K27ac. To track the pre- and post-UV levels of histone
marks at enhancers, robust peaks found in a majority of bio-
logical replicates were mapped to each enhancer and the total
peak count per base pair was plotted and statistically analyzed
in GraphPad Prism v.9.5.0 (GraphPad Software, San Diego,
California USA, www.graphpad.com ) to compare peak den-
sity across conditions. To detect subtle changes in peak density,
plotting was repeated with only the top quartile (by ChIP-seq
fold enrichment signal) of robust peaks. 

ChIP-sequencing secondary analysis 

The generation and processing of ChIP-seq data for the
carboxy-terminal domain (CTD) of ASH1L is described ( 25 ).
Due to difficulty of expressing and purifying longer versions
of ASH1L, we used the CTD as a surrogate protein that in-
cludes the ’writer’ and ‘reader’ domains of ASH1L and is
sufficient for the stimulation of GG-NER activity ( 25 ). To
plot CTD binding levels at each genic region, the U2OS
genome was divided into enhancers (from the EnhancerAt-
las 2.0 database) and other genic regions, where the latter
were derived by overlapping protein-coding transcript coor-
dinates from the UCSC Table Browser ( 38 ) with a list of ac-
tive genes obtained from single-cell RNA-seq in U2OS cells
( 39 ) and with the TAD coordinates from interphase cells ( 40 ).
The average immunoprecipitation-over-input CTD-ChIP-seq
signal was obtained per base pair of each genic feature using

https://github.com/uw-ipd/RoseTTAFold2NA.git;
https://www.cbioportal.org;
http://wwwuser.gwdg.de/~compbiol/uniclust/2020_06/;
https://bfd.mmseqs.com/;
https://files.ipd.uw.edu/pub/RoseTTAFold/pdb100_2021Mar03.tar.gz
https://files.ipd.uw.edu/dimaio/RF2NA_apr23.tgz
http://www.graphpad.com
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bigWigAverageOverBed v.2 from the UCSC tool suite and was
plotted in R, summing the ChIP-seq signal across 3 triplicates
per condition with the ggplot2 R package (v.3.3.5, ( 41 ). Mean
CTD signals between each timepoint were compared using the
paired two-tailed Wilcoxon rank sum test. 

To generate binding profiles of CTD at enhancers, promot-
ers or long interspersed nuclear element (LINE) retrotrans-
posons (also known as LINE-1 elements), the centers of each
enhancer, promoter or LINE-1 element were binned into 64-
bp bins extending approximately ±2 kilobase pairs (kb) from
each center. The immunoprecipitation-over-input CTD-ChIP-
seq signal per bin, averaged across each set of CTD-ChIP-seq
biological triplicates, was averaged per bin position (with 63
total positions defined for each plot, spanning a total of ±2 kb
around the centers of each type of genic feature), and was plot-
ted in R using the ggplot2 v3.3.5 package. Lines were plotted
around the datapoints using the locally weighted scatterplot
smoothing method with the default level of 0.75 units, with
grey shaded areas representing the 95% confidence intervals. 

CPD damage-sequencing 

The generation and processing of the high sensitivity (HS)
CPD damage-seq data is described ( 25 ). To map CPDs around
enhancers, promoters, LINE-1 elements or histone marks,
raw dipyrimidine counts per 64-bp bin were normalized into
counts per million reads (CPM) using the trimmed mean of
M-values (TMM) method from the edgeR v.3.3.4.1 R pack-
age ( 42 ). CPM from cellular samples were divided by the CPM
from the corresponding naked DNA controls to correct for the
underlying DNA sequence. To calculate dipyrimidine frequen-
cies at genomic regions of interest, the FASTA sequences of the
regions were retrieved with bedtools getfasta v2.30.0 and fed
into a custom Perl script. 

External ChIP-sequencing data processing 

To derive subsets of foreskin fibroblast enhancers, pro-
cessed histone ChIP-seq data (that is, true replicate BED
files aligned to the hg38 genome) from newborn fore-
skin fibroblast cells not exposed to UV were down-
loaded from ENCODE (The ENCODE Project Consor-
tium; accession numbers ENCFF414CIP / ENCFF594RVK
and ENCFF639KG / ENCFF805WO, corresponding to iso-
genic and biological replicates of H3K4me3- and H3K4me1-
ChIP-seq read pileups, respectively). For each histone mark
ChIP-seq dataset, only peaks shared across duplicates were
retained. Next, the coordinates of enhancers from foreskin fi-
broblast (FF) and neonatal foreskin fibroblast (BJ) cells were
retrieved from the EnhancerAtlas 2.0 database ( 43 ). The FF
and BJ enhancer coordinates were converted from the hg19
to the hg38 genome build using liftOver (UCSC tool suite,
( 44 ). The FF enhancers were subdivided (bedtools v.2.30.0)
into those that contained or lacked each of the histone marks.

NHF1 damage-sequencing data processing 

6–4 PP damage-seq data (that is, BED files containing the
inferred positions of damage) from ( 7 ) were retrieved from
NCBI (GEO Series accession code GSE98025). Two biologi-
cal replicates were downloaded of NHF1 cells 0 h after a UV-
C dose of 20 J ·m 

–2 . The coordinates of all damage positions
were converted from hg19 to hg38 using liftOver from the
UCSC tool suite. The new damage coordinates were filtered
to exclude non-canonical chromosomes, leaving 18–22 mil- 
lion genome-wide 6–4 PPs per replicate. 

CPD ( 7 ) and cisplatin-induced ( 45 ) damage sites were 
downloaded from the GEO as paired-end sequencing reads 
in compressed SRA format. The reads are from NHF1 

cells 0 min after a 10-s dose of 10 J ·m 

–2 UV-C (2 bio- 
logical replicates; GEO accession numbers GSM2585687,
GSM2585688) and from cisplatin-treated NHF1 cells (two 

biological replicates; GEO accession numbers GSM2186605 

and GSM2186606). Reads were converted to fastq format 
with fasterq-dump (v.3.0.5; SRA Toolkit Development Team).
Raw reads were trimmed and the 5 

′ adapter GACTGGTTC- 
CAA TTGAAAGTGCTCTTCCGA TCT was removed with cu- 
tadapt v.4.2 ( 46 ) in paired-end mode specifying a mini- 
mum length of 20 bp. Trimmed reads were aligned with 

bowtie v.1.3.1 ( 47 ) to the human reference genome build 

GCA hg38 lacking chrY but including non-canonical contigs 
with the same command line parameters specified by ( 45 ).
Alignments were filtered with samtools v.1.16.1 and bedtools 
v.2.30.0 to remove PCR and optical duplicates, ENCODE- 
blacklisted regions, non-canonical contigs, and alignments 
with mapping quality scores below 20. Damage positions 
were inferred as the dinucleotides immediately upstream of 
each read. For CPDs, only di-pyrimidine positions were re- 
tained, summing to 41–47 million genome-wide damage po- 
sitions for each replicate. Because cisplatin preferentially 
forms intra-strand crosslinks between purines ( 48 ), only GG,
GA and AG dinucleotide positions were retained, summing 
to 19–22 million genome-wide damage positions for each 

replicate. 
The NHF1 damage-seq data (CPDs, 6–4 PPs and cisplatin) 

from cellular samples were mapped to the 64-bp bins centered 

around each genomic feature of interest. As there were no UV- 
or cisplatin-treated naked DNA controls from the same cell 
type that were publicly available for download, only the dam- 
age from cellular samples was plotted. 

Molecular modelling 

We used machine learning methods and molecular dynam- 
ics (MD) simulations to predict the atomic-level mechanism 

of how ASH1L safeguards CC-rich sequences from CPD for- 
mation. To predict ASH1L-DNA complexes, it is imperative 
to computationally identify relevant sub-domains of ASH1L 

and their probable secondary structures. Given computational 
limitations in predicting entire ASH1L-DNA structures, bioin- 
formatics analyses were used to model the interaction of 
ASH1L sub-domains with DNA. For this purpose, we uti- 
lized InterPro ( 37 ), SMART ( 49 ,50 ), and PredictProtein.org 
( 51 ,52 ) tools as detailed in the Supplementary Data. Based 

on these analyses, we identified from the NP_619620.3 se- 
quence of ASH1L (gene ID 192195) a critical 440-amino acid 

sequence containing the SET domain and an AT hook motif 
(ATH4) between residues 1843–1855, which facilitates inter- 
actions within the DNA-ASH1L complex. 

To investigate how ASH1L binding induces conformational 
changes at enhancers, we selected a representative U2OS en- 
hancer linked to the SAMD4B gene implicated in melanoma 
( 31 ). This enhancer maps to chr19: 40,090,234–40,090,793 

(hg38) and has a GC content of 56.8%, close to the typical 
∼55% GC content of bidirectionally transcribed human en- 
hancers ( 53 ). Due to length constraints, only the first 50 bp of 
this enhancer were used for modelling. This 50-bp sequence 
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5 

′ - GA CTGGA GAA GGA T A CGGCAA GCGTGA GA CTCCA
GCATTTCTTGGAGCG-3 

′ ) has a GC content of 56%. Sub-
equently, we used RF2NA ( 54 ), a machine learning approach,
o obtain the predicted structure of the complex formed by this
40-amino acid ASH1L segment with DNA. As a baseline,
e also studied the conformation of the same 50-bp sequence
ithout ASH1L protein. 

D simulations 

ach model system was solvated in a TIP3P ( 55 ) water box
ith 6 Å padding, and 93 / 99 counter Na + ions were added

o neutralize the system for the complex and naked DNA.
ll-atom MD simulations were performed under isothermal-

sobaric (NPT) conditions at 300 K and 1 bar pressure using
he AMBER ( 56–58 ) simulation engine. The FF14SB ( 59 ) and
sc1 ( 60 ) force fields were used for the protein and DNA, re-
pectively. The energy minimization of the ASH1L-DNA com-
lex was performed in two stages. Initially, the ASH1L-DNA
omplex was harmonically restrained with a spring constant
00 kcal / mol Å–2 , and only the water molecules were allowed
o relax. Following this, the total potential energy of the en-
ire system was minimized for 100 000 cycles of steepest gra-
ient descent, and 1000 cycles of conjugate gradient descent
ithout any harmonic restraints. The naked DNA system was
irectly minimized for 100 000 cycles of steepest gradient de-
cent, followed by 3046 steps of conjugate gradient descent
ntil convergence. 
Thereafter, the systems were equilibrated for 20 ns in the
PT ensemble at 300 K and 1 bar pressure. The equations
f motion were integrated using the Leapfrog integrator ( 61 )
ith a timestep of 2 fs. The SHAKE ( 62 ) algorithm was used

o constrain the lengths of bonds containing hydrogen atoms.
he Langevin thermostat ( 63 ) with a collision frequency of 1
s –1 was used to maintain the temperature, while the Berend-
en barostat ( 64 ) with a pressure relaxation time of 1 ps was
sed to maintain the pressure. All models were simulated with
D periodic boundary conditions, and long-range electrostatic
orces were calculated using the particle mesh Ewald ( 65 ) ap-
roach with a direct space cutoff of 10 Å. Finally, production
uns were performed for 100 ns using the same parameters. 

To determine the propensity of adjacent pyrimidines to
orm CPDs, we used the following two order parameters: the
istance ( d C–C 

) between the C5 atoms of adjacent pyrimidine
ases, and the C5–C6–C6 

′ –C5 

′ dihedral angle ( θ ) formed by
he adjacent base pairs ( 66 ). Hence, d C–C 

measures the sep-
ration of the adjacent pyrimidines of interest, while θ de-
ermines their relative orientation. Previous studies have sug-
ested that CPD formation is inhibited when the distance d C–C 

xceeds 4.2 Å or the dihedral angle θ is greater than 48.2 

◦

 67–69 ). To investigate potential metastable states along the
ollective variable d C–C 

, we performed constrained MD simu-
ations at different values of d C–C, ranging from 1.0 to 7.75 Å
n steps of 0.25 Å. At each window, d C–C 

was harmonically re-
trained with a spring constant of 5 kcal mol –1 ·Å–2 at the cor-
esponding value for 5 ns. Constrained simulations showed
istinct conformations of the AT hook ATH4 in the favor-
ble ( d C–C 

< 4.2 Å) and unfavorable ( d C–C 

> 4.2 Å) regimes
or CPD formation, indicating that d C–C 

is modulated by the
TH4 binding to DNA. To test this, four independent 160
s unbiased NPT simulations were performed for each of the
indows corresponding to d C–C 

4.0 Å (favorable) and 6.25 Å
unfavorable), respectively. 
Enhancer mutations from cancer samples 

To investigate the impact of ASH1L on mutation rates in en-
hancers, the cBioPortal database ( https://www.cbioportal.org )
was queried for skin melanoma studies and all classes of
ASH1L mutations. The ASH1L mutation-carrying samples
obtained from 12 non-redundant studies were filtered to ex-
clude samples from patients assayed more than once. In total,
140 samples from the 12 melanoma studies were used in the
analysis. As negative controls, the remaining 1373 ASH1L -
intact (non-mutated) melanoma samples were obtained from
the same 12 melanoma studies. To detect enhancer muta-
tions relevant to melanoma, the hg19 coordinates of all mu-
tations were intersected with the original (hg19) coordinates
of melanocyte enhancers from the EnhancerAtlas 2.0 database
using bedtools intersect. To increase the potential for overlaps,
we also retrieved the nearly 200 000 non-cell-type-specific
putative human enhancer coordinates from the FANTOM5
database ( 70 ) and the ∼12 000 cutaneous melanoma en-
hancers from the Human Enhancer Disease Database ( 71 ).
The mutation counts from the ASH1L- mutated and non-
mutated samples were plotted genome-wide as well as at
the overlapping enhancer-mutation coordinates. Plotting was
conducted in R (v.4.1.0) using the ggplot2 package (v.3.3.5). 

Statistical analyses 

ChIP-sequencing experiments were performed with three bi-
ological replicates per condition. All P -values in the main
figures were generated by two-tailed Wilcoxon rank sum
tests. Two-tailed unpaired t -tests were used in Supplementary 
Figure S1 B. For plots that depict enrichments (of CTD or
CPDs) around the centers of genomic bins, lines of best fit
added to the plots were plotted with the locally weighted scat-
terplot smoothing method as detailed in the figure legends. For
plots depicting normalized CPD levels, CPDs were normalized
by transforming CPD read counts with TMM, then averaging
the resulting CPM across each bin position. 

Results 

ASH1L binds to enhancer elements 

We previously reported that, upon UV exposure, the histone
methyltransferase ASH1L, in association with MRG15
(MORF4-Related Gene on chromosome 15), deposits
H3K4me3 marks at CPD lesions amenable to repair by
the GG-NER pathway, prompting XPC to relocate to these
favorable sites. ASH1L furthermore recruits the histone
chaperone FACT to mediate the subsequent XPC-to-TFIIH
transition, thus facilitating the lesion verification necessary
for downstream GG-NER reactions ( 25 ). As ASH1L is known
to reside on active promoters ( 72 ,73 ), we next tested whether
this methyltransferase also interacts with enhancer elements.
In addition to its catalytic SET [Su(var)3–9 Enhancer-of-Zeste
and Trithorax] domain conferring enzymatic activity ( 74 ),
ASH1L comprises in its carboxy-terminal portion a bromod-
omain (BRD) and a plant homeodomain (PHD) motif (Figure
1 A) enabling the reading of acetylated ( 75 ) and methylated
lysine residues ( 76 ), respectively. As both promoters and
enhancers are commonly decorated by histone acetylation
and methylation marks, we investigated ASH1L occupancy
at these sites using a Flag-tagged carboxy-terminal domain
(Flag-CTD) of ASH1L comprising the catalytic site as well as
the BRD and PHD motifs (Figure 1 A). 

https://www.cbioportal.org
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
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Figure 1. Carbo xy -terminal motifs of A SH1L mediate binding to H3K4me3- and H3K27ac-decorated enhancers. ( A ) Str uct ure of full-length A SH1L and 
Flag-tagged carbo xy -terminal domain (CTD). H1 -H4, A T hooks f or DNA binding; FxLP, MR G15-interacting sequence; SET, Su(v ar)3–9, Enhancer-of-z este 
and Trithorax (catalytic subdomain); AWS, associated with SET; BRD, bromodomain (reader of acetylated histones); PHD, plant homeodomain (reader of 
methylated histones); BAH, bromo-adjacent homology. The 440-amino acid segment used in molecular dynamics simulations, encompassing the fourth 
AT hook through the SET domain, is indicated in purple. The CTD fragment has been shown to complement the NER repair defect of ASH1L –/ – cells 
( 25 ). ( B ) Chromatin distribution of Flag-CTD determined by ChIP-seq in ASH1L –/ – cells (before UV irradiation and 3 h after a UV dose of 20 J ·m 

–2 ). 
B o xplots sho w medians (normaliz ed to the CTD signal at inactiv e intergenic regions in unchallenged cells), first and third quartiles (three independent 
e xperiments). Whisk ers e xtend from 10th to 90th percentiles. T hese ChIP-seq assa y s re v ealed that CTD occupancy is higher at enhancers than at activ e 
promoters (two-sided unpaired Wilco x on rank sum test: **** P < 0.0001) and that its binding to enhancers, as well as to all other genomic regions, 
increases after UV irradiation (two-sided paired Wilco x on rank sum test; **** P < 0.0001; not shown on plot). The coordinates of ∼14 800 U2OS 
enhancers from the EnhancerAtlas 2.0 database were subtracted from other genomic features to obtain mutually e x clusiv e categories. ( C ) 
CTD-ChIP-seq plots were generated for unchallenged cells (before UV exposure) by mapping Flag-CTD signals onto contiguous 64-bp bins centered 
around enhancers and a v eraging the signals across each bin position (mean values of three independent experiments). Lines of best fit were plotted 
with the locally weighted scatterplot smoothing method and shaded areas represent 95% confidence intervals. The preference of CTD for enhancers 
depends on the presence of the histone marks H3K4me3 and H3K27ac. 

 

 

 

 

 

 

 

 

 

 

 

Upon expression in ASH1L -deleted ( ASH1L 

–/ –) U2OS
cells ( 25 ), this Flag-CTD fragment of ASH1L was sub-
jected to ChIP-seq experiments with an anti-Flag antibody.
The genome-wide Flag-CTD distribution was subsequently
mapped across 14 800 putative U2OS enhancer elements with
an average length of 2.9 kb, obtained from the EnhancerAt-
las 2.0 database ( 43 ). In unchallenged cells, i.e. in the ab-
sence of UV damage, the highest CTD occupancy across dif-
ferent genomic features occurred at enhancer sequences (Fig-
ure 1 B). In fact, the presence of CTD was even higher at en-
hancer elements than at active promoters. After UV irradia- 
tion at a dose of 20 J ·m 

–2 , estimated to induce ∼1 CPD per 
10 kb, the CTD enrichment at enhancers further increased,
as it did at all other genomic regions (Figure 1 B), reflecting 
its previously identified role in the GG-NER reaction. In con- 
clusion, these CTD-ChIP-seq experiments are indicative of a 
strong localization of ASH1L not only to active promoters but 
also to enhancer elements. In view of these findings, we fur- 
ther tested how ASH1L controls enhancer stability following 
UV stress. 
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SH1L binds to enhancers through interactions 

ith histone marks 

e first examined whether the recruitment of ASH1L to
nhancers is mediated by histone methylation and acetyla-
ion marks encountered at these transcriptional regulatory se-
uences ( 77–79 ). To identify such histone modifications in
he enhancers of U2OS cells, we performed ChIP-seq assays
argeting histone H3K4me1, H3K4me3 or H3 acetylated at
ys27 (H3K27ac). The resulting histone mark read pileups
ere used to divide the 14 800 putative U2OS enhancer el-

ments into subsets based on whether they contain or lack the
bove histone modifications under unchallenged conditions.
ost enhancers ( ∼90%) contained at least one of the above

istone marks. Also, many enhancers (8200 out of 14 800)
ontained all three marks, but distinct subsets were identi-
ed that comprise only one or combinations of two of the
bove histone modifications. Only a small fraction of en-
ancers ( ∼12%) contained none of the three tested histone
arks ( Supplementary Figure S1 A). 
Finally, we mapped the CTD occupancy signals in contigu-

us 64-bp bins positioned up to 2 kb upstream and down-
tream of the center of each enhancer category containing
r lacking a particular histone mark. These positional com-
arisons of CTD occupancy and histone modifications re-
ealed that the presence of CTD is increased at the center
f H3K4me3- and H3K27ac-decorated enhancers relative to
he corresponding enhancers lacking H3K4me3 or H3K27ac
Figure 1 C). By contrast, CTD occupancy remains sharply
nriched at the center of H3K4me1-lacking enhancers, al-
hough with a generally lower background level compared
o H3K4me1-containing sequences (Figure 1 C). This diverg-
ng dependence on histone modifications is consistent with the
onclusion that the PHD and BRD motifs of ASH1L (respon-
ible for interactions with tri-methylated and acetylated his-
ones, respectively) modulate its binding to enhancer elements.

e note in this context that the ∼10 000 enhancers containing
3K4me3 and the ∼11 000 enhancers containing H3K27ac

re largely overlapping. 

SH1L contributes to the deposition of histone 

ethylation marks at enhancers 

 comparison of H3K4me1-, H3K4me3- and H3K27aC–
hIP-seq data from wildtype and ASH1L 

–/ – cells revealed
hat the constitutive levels (without any UV exposure) of
3K4 mono- and trimethylation at enhancers are lower in

he absence of ASH1L. In particular, the top quartiles (i.e.
aving the strongest enrichment) of constitutive H3K4me3
eaks and constitutive H3K4me1 peaks were significantly
igher in ASH1L-proficient than in ASH1L-deficient cells
 Supplementary Figure S1 B). Further analyses 3 h after UV
rradiation (20 J ·m 

–2 ) showed that ASH1L also contributes
o an increase of H3K4me3 marks at enhancers upon le-
ion induction. Thus, histone-ChIP-seq experiments indicated
hat ASH1L not only occupies enhancer elements as an epi-
enetic ‘reader’ but also adopts an epigenetic ‘writer’ func-
ion by methylating histones at enhancers, both to maintain
onstitutive histone methylation levels and to deposit novel
3K4me3 marks in response to UV damage. By contrast,
SH1L has no impact on the levels of H3K27ac at enhancers

 Supplementary Figure S1 B). The increased histone methy-
ation in response to the UV challenge prompted us to test
hether, as observed for the genome overall ( 25 ), ASH1L-
deposited H3K4me3 marks stimulate CPD excision at en-
hancer sequences. 

ASH1L protects H3K4me3- and H3K27ac-decorated 

enhancers 

To assess how ASH1L occupancy relates to damage for-
mation and repair, we mapped CPDs from high sensitivity
(HS) damage-seq tracks previously obtained in wildtype and
ASH1L-deficient U2OS cells exposed to the UV dose of 20
J ·m 

–2 ( 25 ). For each enhancer-centered 64-bp bin, the normal-
ized damage frequency in cellular DNA was divided by the
normalized damage frequency generated with the same UV
dose in naked DNA and the results were averaged for each
position at the 14 800 enhancers. Strikingly, the CPD levels
captured across the overall 14 800 U2OS enhancer sequences
immediately after the UV challenge (indicated by the filled
circles in Figure 2 A) were lower in wildtype than in ASH1L-
deficient cells, with a distinctive decline in CPD formation at
the center of the enhancers. This clearly noticeable lesion fre-
quency dip at the center of enhancers was much shallower in
ASH1L 

–/ – cells (Figure 2 A). The residual small reduction in
CPD frequency at the enhancers of ASH1L-deficient cells can
be explained by the nucleotide composition of such elements
(see below). 

As expected, more CPDs disappear during a 3-h repair in-
cubation (indicated by open circles) in wildtype cells than
in ASH1L 

–/ – cells, consistent with our previous finding that
ASH1L stimulates GG-NER activity. Thus, the findings of Fig-
ure 2 A reveal a dual role of ASH1L in mediating not only
GG-NER activity but also in partly protecting the enhancer
sequences from the induction of UV lesions. In support of
this conclusion, H3K4me3 and H3K27ac—the same two hi-
stone marks with which the CTD associates under pre-UV
conditions (Figure 1 C)—are necessary for ASH1L to confer
the protection from CPD formation. Indeed, the characteristic
dip in CPD induction at the centers of enhancers is flattened
in the absence of these two histone marks (Figures 2 B and
2 C). By contrast, the reduction of CPD formation in the cen-
ter of enhancers was maintained in the absence of H3K4me1
(Figure 2 D), which is consistent with the observed binding of
CTD to such H3K4me1-depleted sites (Figure 1 C). Thus, the
combined effect of protection from CPD induction and re-
pair stimulation by ASH1L diminishes the burden of CPDs in
enhancer sequences of wildtype cells compared to ASH1L 

–/ –

counterparts. 

Validation of enhancer protection by ASH1L 

We next confirmed that this protection from CPD induction
is replicated in a biologically independent HS damage-seq ex-
periment, in which CPD formation was likewise reduced at
the center of the full set of U2OS enhancers ( Supplementary 
Figure S2 A). To rule out any bias due to a possibly redundant
calling of enhancer elements, we filtered out the 30% of en-
hancers that were within 4 kb of one another (as this could
have resulted in overlapping 64-bp bins within the ±2 kb ex-
tending from the enhancer centers). Additionally, to rule out
a redundant calling of CPDs due to uncertainty in the poly-
merase position during the HS damage-seq experiment, we
also filtered out the 84% of CPDs that had a flanking dipyrim-
idine context either directly upstream or downstream of each
CPD. This greatly filtered data still showed a decrease in CPD

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
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Figure 2. ASH1L protects H3K4me3- and H3K27ac-decorated enhancers against CPD induction. CPD distributions in the enhancers of wildtype (WT) 
and ASH1L –/ – cells were determined by HS damage-seq immediately after UV irradiation at 20 J · m 

–2 (0 h) and following a 3-h repair incubation. 
Damage-seq plots were generated by mapping CPD signals onto 64-bp bins centered around the enhancers, transforming the counts using TMM 

(Trimmed Mean of M-values) to obtain CPMs (Counts Per Million reads), and a v eraging the CPM signals across each bin position. Depicted is the ratio of 
a v erage CPMs per bin in cellular to naked DNA. Solid lines: best fit plotted using the locally weighted scatterplot method with a default span of 0.75; 
shaded areas: 95% confidence intervals. ( A ) CPD distributions across the full set of 14 800 enhancers of WT and ASH1L –/ – cells obtained from the 
EnhancerAtlas 2.0 database. CPD le v els are lo w est at the centers of the enhancers in WT cells but this protection from CPD formation is dampened in 
the ASH1L –/ – background. As observed for the genome overall ( 25 ), ASH1L also stimulates CPD repair at enhancers, thus reducing the CPD frequency 
during the post UV incubation. ( B ) The protection from CPD induction in WT cells is more pronounced at H3K4me3-containing than at H3K4me3-lacking 
enhancers. ( C ) The protection from CPD induction is more pronounced in H3K27ac–containing than in H3K27ac-lacking enhancers. ( D ) The protection 
from CPD induction is observed at enhancers of WT cells regardless of whether they contain or lack H3K4me1. 

 

 

 

 

 

 

 

 

formation at the center of enhancers in wildtype but not in
ASH1L 

–/ – cells ( Supplementary Figure S2 B). 
We also confirmed the trend of reduced CPD induction at

enhancers of a different cell type by using CPD HS damage-
seq tracks obtained from NHF1 cells (normal human lung fi-
broblasts ( 7 ). Because the EnhancerAtlas 2.0 database does
not provide enhancer coordinates for NHF1 cells, we aligned
the CPD tracks with either foreskin fibroblast enhancers
( Supplementary Figure S3 A) or BJ neonatal foreskin fibroblast
enhancers ( Supplementary Figure S3 B). Both datasets demon- 
strated the expected dip in CPD formation at the center of the 
two enhancer types. As the EnhancerAtlas database only pro- 
vides the coordinates of 3 200 BJ enhancers, but of ∼40 000 

foreskin fibroblast enhancers, we divided only the latter into 

subsets based on their histone mark composition and found 

that H3K4me3 was again associated with protection from 

CPD induction at enhancers ( Supplementary Figure S3 C). No 

protection occurred in enhancers devoid of the H3K4me3 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
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each of the above histone modification sites. At H3K4me3 
ark. Instead, as observed in the U2OS enhancers, this pro-
ection against CPD induction in the foreskin fibroblast en-
ancers occurs regardless of whether they contain or lack
3K4me1 marks ( Supplementary Figure S3 D). 

rotection of enhancers from DNA damage is 

nique to CPDs 

e also tested the specificity of the observed lesion modula-
ion using NHF1 HS damage-seq maps along the ∼40 000
oreskin fibroblast enhancers. As with CPDs, 6–4PP and cis-
latin lesions also dimerize DNA bases but have different for-
ation patterns with respect to the underlying sequence con-

ext ( 80 ). We found an enrichment of 6–4 PPs at the foreskin
broblast enhancers using the 6–4 PP damage-seq data gen-
rated by others ( 7 ) ( Supplementary Figure S4 A). Likewise,
apping of cisplatin damage ( 45 ) revealed an enrichment of

isplatin adducts at the center of enhancers ( Supplementary 
igure S4 B). Thus, no protection of enhancer sequences was
bserved against the induction of 6–4 PPs upon UV irradi-
tion or the induction of base adducts by treatment with the
nticancer drug cisplatin. The enhancer-specific protection ap-
ears to be restricted to CPDs. 

SH1L guards enhancers against C–containing 

ipyrimidines 

e asked whether the protection from CPD induction at en-
ancers could be attributed to their distinct sequence com-
osition, which is a major determinant of CPD formation
ates ( 81–83 ). Indeed, enhancer elements (and gene promot-
rs, see below) are characterized by a relatively low presence
f thymine-thymine (TT) dinucleotides compensated by an en-
ichment of cytosine-cytosine (CC) dinucleotides. 

We, therefore, divided the CPDs detected in the enhancer se-
uences of U2OS cells immediately after UV irradiation into
 categories based on their dipyrimidine identity. Although
PDs at TT dinucleotides are by far the most common UV

esions occurring across the genome ( 81 ), we found that only
0% of CPDs captured in the enhancers of wildtype U2OS
ells immediately after UV exposure were at TT dipyrimidines,
ess than their genome-wide proportion of 56%. This dif-
erence in the frequency of dimerized TTs is consistent with
he known higher GC content of enhancers compared to the
est of the genome ( 53 ). This GC enrichment at enhancers
and gene promoters, see below) favors CPD formation at C–
ontaining dipyrimidines generating TC, CT and CC dimers. 

We then compared the four CPD categories (TT, TC,
T and CC dipyrimidines) with the underlying sequence

requency by calculating the dinucleotide content of each
nhancer-centered bin. This analysis shows the expected de-
letion of TT dinucleotides at enhancers compensated by an
nrichment of CC dinucleotides (Figure 3 A). While the dip
n CPDs at TTs is matched by the low TT dinucleotide con-
ent, the reduced formation of CPDs at C–containing dinu-
leotides (i.e. at TC, CT and CC) within enhancers is not
 direct reflection of the underlying sequence composition
Figure 3 B). In fact, the CPD formation at CC dinucleotides
as diametrically opposed to the sequence composition, as

ewer CC–CPDs were detected in the enhancers despite the
mple opportunity for formation provided by the CC din-
cleotide enrichment. This protective effect against CPD in-
uction at TC, CT and particularly CC dinucleotides is miss-
ng in ASH1L 

–/ – cells (Figure 3 C). No dip in the induction of
PDs at these C–containing dinucleotides of enhancers was
observed after UV irradiation of naked DNA extracted from
ASH1L-proficient (Figure 3 D) or ASH1L-deficient cells (Fig-
ure 3 E). Finally, the pronounced protection from CPD induc-
tion at the CC dinucleotides of enhancers is dependent on
the presence of H3K4me3 ( Supplementary Figure S5 A) but
not H3K4me1 marks ( Supplementary Figure S5 B). We con-
cluded that ASH1L guards enhancers against the induction
of CPDs at C–containing dinucleotides, particularly at CC
dinucleotides. 

To summarize, we provide the following three lines of ev-
idence supporting the conclusion that the observed protec-
tion of enhancer elements against CPD induction is not a
sequencing artifact. This protection depends i) on the pres-
ence of ASH1L (Figure 2 A), ii) on the local histone modifica-
tion pattern (Figures 2 B–D, Supplementary Figures S5 A and
S5 B) and iii) on the high C content of enhancer sequences
(Figure 3 ). Further analyses were performed focusing on CC
dinucleotides and their susceptibility to dimerize upon UV
exposure. 

ASH1L also guards promoters against CC–CPD 

formation 

Besides enhancer elements, active gene promoters are the chro-
matin feature with the second-highest occupancy by the Flag-
CTD fragment of ASH1L as demonstrated by our ChIP-seq
experiments (Figure 1 B and Figure 4 A). As noted above for
enhancers, the local sequences of promoters are characterized
by a relative depletion of TT dinucleotides compensated by
an enrichment of CC dinucleotides (Figure 4 B). For compar-
ison, we also tested the Flag-CTD occupancy and CPD for-
mation in LINE-1 retrotransposons, which constitute nearly
one-third of the human genome and have an average length
of 540 bp. These sequences are characterized by a low Flag-
CTD occupancy (Figure 4 A), indicating that they do not rep-
resent preferred binding sites for ASH1L. Unlike enhancers
and promoters, the center of these LINE-1 sequences display
a reduced CC dinucleotide frequency compensated by a high
TT dinucleotide content (Figure 4 B). 

We observed that, following UV irradiation, ASH1L pre-
vents the formation of CPDs at the CC dinucleotides of pro-
moters in wildtype cells. Consistent with its low presence
in LINE-1 elements, however, ASH1L is not able to protect
these retrotransposons against CPD induction at TT dinu-
cleotides (Figure 4 C). Notably, no protection against CPD in-
duction at CC dinucleotides was observed at the promoters of
ASH1L 

–/ – cells (Figure 4 D). Conversely, the pattern of CPDs
across LINE-1 sequences reflected their T-rich sequence com-
position and was indistinguishable between ASH1L-proficient
and ASH1L-deficient cells (Figure 4 D). Altogether, we con-
cluded that the reduced CPD formation at CC dinucleotides is
also observed in CC-rich promoter sequences and is mediated
by ASH1L protein. 

Only H3K4me3 sites in cis -regulatory elements are 

protected from CC–CPD formation 

ASH1L deposits not only H3K4me3 but also H3K36me2
( 84 ,85 ). Whereas H3K4me3 is enriched at active promot-
ers and enhancers, H3K36me2 displays a broader distri-
bution across transcribed genes as well as intergenic re-
gions ( 86 ). We explored whether ASH1L exerts its protec-
tive role at additional genomic regions by comparing the CC–
CPD formation in UV-irradiated wildtype cells at subsets of

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
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Figure 3. ASH1L protects enhancers against CPD induction at C–containing dinucleotides. The CPD distribution in the enhancers of wildtype (WT) and 
ASH1L –/ – cells of Figure 2 were dissected according to dinucleotide categories, demonstrating that ASH1L reduces the formation of C–containing 
CPDs, particularly CC–CPDs. HS damage-seq plots were generated by mapping CPD signals onto 64-bp bins centered around the enhancers, 
transforming the counts using TMM to obtain CPMs, and averaging the CPM signals across each bin position (shaded areas represent 95% confidence 
intervals). ( A ) Dinucleotide distributions of the ∼14 800 enhancers of U2OS cells, illustrating that enhancer sequences are depleted of TT dinucleotides 
but enriched for CC dinucleotides. ( B ) In WT cells exposed to UV (20 J ·m 

–2 ), there is reduced formation of all four CPD types in the center of enhancers. 
Each plot depicts the a v erage count of TT-, TC-, CT- and CC–CPDs per bin position. ( C ) ASH1L –/ – cells lack protection at enhancers mainly against the 
induction of CC–CPDs and partially against the induction of TC- and CT-containing CPDs. ( D ) No protection against the formation of C–containing CPDs in 
enhancer sequences is observed after UV irradiation of naked DNA extracted from WT cells. ( E ) Similarly, no protection against the formation of 
C–containing CPDs in enhancer sequences is noted after UV irradiation of naked DNA extracted from ASH1L –/ – cells. 

 

 

 

 

 

 

 

 

 

peaks located in enhancers and promoters, there was as ex-
pected a markedly reduced CC–CPD induction. However, at
H3K4me3 peaks located outside of these regions, no such pro-
tection was observed. Instead, CC–CPDs tended to accumu-
late at H3K4me3 peaks located outside of enhancer or pro-
moter sequences (Figure 5 ). H3K36me2 peaks likewise tend to
carry more CC–CPDs than the surrounding DNA regardless
of genomic location ( Supplementary Figure S6 ). We concluded
that the guardian function of ASH1L against CPD formation
at CC dinucleotides does not extend outside of cis -regulatory 
elements. 

Modulation of the CC dinucleotide geometry by 

ASH1L 

We used computational methods to elucidate the atomic-level 
mechanism of how ASH1L safeguards C-rich sequences from 

CPD formation. Modeling the binding of ASH1L to DNA 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
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Figure 4. ASH1L hinders CC–CPDs from forming at promoters but not at 
LINE-1 retrotransposons. ( A ) The Flag-CTD fragment of ASH1L is 
enriched to w ards the centers of activ e promoter sequences in 
unirradiated U2OS cells but is depleted in LINE-1 retrotransposons. TSS, 
transcriptional start sites. Solid lines: best fit using the locally weighted 
scatterplot smoothing method with a default span of 0.75; shaded areas: 
95% confidence intervals. ( B ) The centers of promoters are enriched for 
CC dinucleotides (panel on the left), whereas the centers of LINE-1 
elements are enriched for TT dinucleotides (panel on the right). ( C ) 
ASH1L in wildtype (WT) cells protects from CC–CPD formation at active 
promoters despite an enrichment of CC dinucleotides (left panel). 
Ho w e v er, no protection against TT-CPD formation is detectable in LINE-1 
elements (right panel). ( D ) The protection against CC–CPD formation 
occurring at active promoters of WT cells is missing in ASH1L –/ – cells. 
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s challenging because the structure of the whole 333-kDa
SH1L protein has not yet been experimentally determined.
owever, bioinformatic analyses pointed to an AT hook mo-

if (ATH4, Figure 1 A), which in view of its immediate prox-
mity to other interaction domains in ASH1L (including the
RD and PHD motifs) may facilitate crucial associations with
the DNA double helix. We studied the structure of a complex
formed by a 440-amino acid fragment of ASH1L (containing
ATH4 and the neighboring SET domain) with a representa-
tive enhancer sequence of 50 bp containing several CC dinu-
cleotides. As a baseline, we also studied the structure of the
same 50-bp sequence without ASH1L protein. 

MD simulations starting from the RF2NA-predicted
ASH1L-DNA complex structure revealed that ATH4 binds
to the CC–containing minor groove of the DNA double he-
lix (Figure 6 A). We tested the effect of this interaction on the
distance ( d C–C 

) between the C5 atoms of adjacent pyrimidine
bases and on the C5–C6–C6 

′ –C5 

′ dihedral angle ( θ ) formed
by these two neighboring pyrimidines. The constrained simu-
lations show that, for low values of d C–C 

( < 4.5 Å), ATH4 is
stabilized when its center of mass is located approximately
9 Å away from the proximal CC, which is the CC at the
binding interface between ATH4 and DNA. As d C–C 

increases
( > 5.5 Å), the ATH4 inserts into the minor groove, reduc-
ing the spacing between ATH4 and the proximal CC to 6
Å ( Supplementary Figure S7 A). This indicates that the bind-
ing process of ATH4 to double-stranded DNA occurs in two
distinct stages. Initially, ATH4 approaches the minor groove
and establishes contacts without altering the distance ( d C–C 

)
and the dihedral angle ( θ ) between the bases in the proximal
CC dinucleotide. Subsequently, ATH4 inserts further into the
minor groove, forming a tightly bound complex, which in-
creases the values of d C–C 

and θ for the proximal CC pair. We
termed the former of these states as the ‘encounter complex’
(EC state), and the latter as the ‘productively bound’ (PB) state
(Figure 6 A; Supplementary Video S1 ). The time series of the
distances between ATH4 and proximal CC computed from
MD trajectories of EC and PB states offer additional support
for the stability of these states ( Supplementary Figure S7 B) and
support the presence of two distinct binding modes of ASH1L
to DNA. 

We next compared the MD-derived distributions of d C–C

(Figure 6 B) and θ (Figure 6 C) for the CC dinucleotides in
naked DNA with the distributions for both distal and proxi-
mal CCs in the EC and PB states of the ASH1L-DNA complex.
As described earlier, CPD formation is inhibited when d C–C 

ex-
ceeds 4.2 Å or θ is greater than 48.2 

◦ ( 67–69 ). Figure 6 B shows
a shift to a bimodal distribution for d C–C 

with the second peak
at ∼5.5 Å in the PB state where the CC dinucleotide is far more
likely to adopt conformations that exceed the favorable range
for CPD formation. Figure 6 C shows that also the correspond-
ing θ distribution shifts to higher values in the PB compared
to the EC state. Thus, these ASH1L binding-induced changes
in d C–C 

and θ towards values outside the favorable range for
dimerization offer a rationale for the protective role of ASH1L
against CPD formation in C-rich sequences. 

Analysis of skin cancer mutations 

To confirm the biological relevance of this ASH1L-mediated
protection from UV damage, we investigated the impact of
this histone methyltransferase on mutation rates in human
melanomas. According to the cBioPortal resource for Cancer
Genomics, ASH1L itself is commonly mutated in skin cancer,
with 11% of the melanoma samples from 12 included stud-
ies featuring at least one ASH1L mutation. To avoid repeated
counts by multiple analyses of the same cancer samples, we
used only non-redundant studies, leaving ∼1 500 retrieved
cancer samples with a total of ∼870 000 genome-wide exome

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae517#supplementary-data
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Figure 5. Only H3K4me3 sites within cis -regulatory elements are protected from CC–CPD formation. Average normalized counts of CC–CPDs 
immediately after UV exposure of wildtype U2OS cells are depicted at 64-bp bins centered around H3K4me3-ChIP-seq peaks obtained from unirradiated 
wildtype U2OS cells. H3K4me3-decorated regions are consistently protected from CC–CPD formation only when they are located within cis -regulatory 
regions (enhancers, active promoters and, to a small extent, inactive promoters; top row). By contrast, H3K4me3-decorated regions elsewhere in the 
genome (activ e / inactiv e genes and intergenic regions; bottom ro w) tend to ha v e more CC–CPDs. CPD counts w ere transf ormed using TMM to obtain 
CPMs, dividing CPM from wildtype irradiated cells by CPM from irradiated naked DNA, and a v eraging the resulting values across each bin position. Solid 
lines: best fit using the locally weighted scatterplot smoothing method with a default span of 0.75; shaded areas: 95% confidence intervals. The 
genomic regions are the same as those defined in Figure 1 B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mutations. Compared to ASH1L -intact cases, cancer samples
with ASH1L alterations display significantly higher levels of
total exome mutations and also carry higher levels of total
C → T transitions (Figure 7 A). ASH1L alterations were defined
as missense, nonsense, splice and frameshift mutations. This
difference is consistent with the role of ASH1L in stimulating
genome-wide CPD repair ( 25 ), thus limiting the overall accu-
mulation of UV-induced mutations. 

To specifically detect enhancer mutations relevant to the de-
velopment of melanoma, the overall mutations were aligned
with melanocyte enhancers from the EnhancerAtlas 2.0
database. However, the overlap between these mutations and
the ∼1 400 listed melanocyte enhancers (with a total of only
5 enhancer mutations) was so low as to be uninformative.
For this reason, we instead retrieved the ∼200 000 non-cell-
type-specific putative human enhancer coordinates from the
FANTOM5 database ( 70 ). Half of the melanocyte enhancers
are within 1 kb of these FANTOM enhancers. The much
higher tendency of the FANTOM enhancers to overlap with
the exome mutations from the melanoma samples allowed us
to compare the fraction of mutations in enhancer sequences
relative to the overall (genome-wide) mutations of Figure
7 A. Of note, the proportion of all classes of mutations in
enhancers was indistinguishable between ASH1L -intact and
ASH1L -mutated cancer samples. However, the proportion of
C → T transitions (arising from C–containing dipyrimidines)
in enhancers was higher in the cancer samples with mutated
ASH1L (Figure 7 B). We also mapped the skin cancer muta-
tions to ∼12 000 enhancers retrieved from the Human En- 
hancer Disease Database. These enhancers have been impli- 
cated in cutaneous melanoma through genome-wide associa- 
tion and disease-gene studies ( 71 ). Despite the scarcity of over- 
lap between these enhancers and the exome mutation data,
the proportion of C → T transitions at these more specific en- 
hancers was again higher in skin cancer samples with mutated 

ASH1L compared to ASH1L -intact skin cancer samples (Fig- 
ure 7 C). Thus, the mutational analysis of human skin cancer 
lends further support to the role of ASH1L in protecting the 
integrity of enhancer elements against CPD induction at C- 
rich sequences. 

Discussion 

The histone methyltransferase ASH1 was first described in 

Drosophila melanogaster as a member of trithorax transcrip- 
tional activators that compete with the Polycomb gene si- 
lencing system ( 87 ,88 ). The mammalian ASH1L homolog 
(also known as KMT2H) is widely expressed during devel- 
opment and in adult tissues, including the skin ( 30 ), deposit- 
ing H3K4me3 ( 72 ,26 ) and H3K36me2 ( 84 ,85 ) marks. The 
ASH1L gene is essential in mice ( 89 ) and hypomorphic mu- 
tants result in malformations and organ dysfunctions ( 29 ).
In addition, we identified ASH1L as an accessory repair fac- 
tor for the recognition of UV lesions by the GG-NER path- 
way ( 24 ,25 ). In this report, we assign yet another role to this 
methyltransferase: that of a guardian of cis -acting transcrip- 
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Figure 6. Binding of an AT hook of ASH1L to CC dinucleotides increases the distance and dihedral angle between adjacent pyrimidines. ( A ) Molecular 
dynamics-refined str uct ure of the A SH1L-DNA comple x in the initial ‘encounter comple x’ (EC) and the ‘productiv ely bound’ (PB) states. T he ASH1L 
protein is depicted in y ello w and its fourth AT hook (ATH4) in green. The proximal CC dinucleotide, which is the dinucleotide at the binding interface 
between ATH4 and DNA, is in blue, with the remaining 5 CC dinucleotides of the 50-bp representative enhancer sequence in red. In the EC, ATH4 
approaches the minor groo v e and establishes contact but does not induce conformational changes. ATH4 subsequently enters the PB state by inserting 
itself into the minor groo v e, f orming a tightly bound comple x. ( B ) Increase in d C–C . T he dist ance bet ween the C5-C5 atoms (red spheres) of adjacent 
pyrimidines (purple and green hexagons) increases from < 4 Å to nearly 6 Å (grey histograms right and left of the dinucleotide str uct ure) as the ATH4 
mo v es from the EC to the PB state. This increase in d C–C does not occur at CCs distal to ATH4 (red histograms), nor when ASH1L protein is absent from 

the model (blue histograms). ( C ) Increase in θ . Lik e wise, the dihedral angle between the two adjacent pyrimidines (determined as indicated by the red 
spheres) increases from a peak at ∼35 ◦ to nearly 50 ◦ (grey histograms right and left of the dinucleotide str uct ure) when the ATH4 mo v es from the EC to 
the PB state. This increase in θ does not occur at CCs distal to ATH4 (red histograms), nor when ASH1L protein is absent from the model (blue 
histograms). 

t  

u  

a  

p  

c  

U
 

i  

a  

q  

C  

e  

t  

b  

t  

m  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ional regulatory elements against the induction CPD lesions
pon UV irradiation. Thus, ASH1L exerts a dual DNA dam-
ge control function by not only stimulating genome-wide re-
air of CPDs but also protecting against CPD induction at
is -regulatory sequences, thereby diminishing the burden of
V lesions in the sun-exposed skin. 
Besides having an efficient UV repair machinery, preventing

nitial damage formation is likely evolutionarily advantageous
s the completion of CPD excision in placental mammals re-
uires a substantial time investment. In fact, remediation of
PD lesions by the GG-NER machinery is a slow process, with
xcision still detectable 48 h after UV exposure ( 7 ). Several al-
ernative defense mechanisms exist. In mammals, cells near the
ody surface are shielded from UV radiation by hair or fur and
he pigment melanin ( 90 ,91 ). Intrinsic characteristics of chro-
atin confer further protection from CPDs. Most simply, CPD
formation is correlated with the local dipyrimidine and flank-
ing base pair sequence context, with CPD induction highest
at TT dinucleotides ( 7 , 67 , 80 , 92 , 93 ). Accordingly, chromatin
features depleted for TT dinucleotides, including promoters
and enhancers, are generally less susceptible to CPD induction
( 83 ). Moreover, lamina-associated domains and heterochro-
matin at the nuclear periphery accumulate more CPDs than
do regions at the nuclear center, supporting a ‘bodyguard’ ef-
fect whereby the outermost-facing nuclear regions absorb the
most UV radiation ( 94 ,95 ). A shielding effect also occurs at
the level of individual nucleosomes as histone-bound DNA
facing the inside of nucleosomes is protected from CPD in-
duction ( 92 , 96 , 97 ). Binding of certain transcription factors to
the DNA double helix can also prevent CPD formation ( 7 ,98 ).
However, the presence of other transcription factors is posi-
tively or not at all correlated with CPD levels ( 92 ,99–101 ).
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Figure 7. ASH1L counteracts C → T transitions in enhancer elements. ( A ) 
Higher mutation frequency in ASH1L -mutated melanoma compared to 
counterparts with intact ASH1L . Left panel: overall mutations; right panel: 
C → T transitions (two-sided unpaired Wilco x on rank sum test; 
**** P < 0.0 0 01). Red lines depict the median of each distribution. The 
general reduction of the mutation burden across genomes reflects the 
ability of ASH1L to stimulate GG-NER activity ( 25 ). ( B ) Proportion of 
mutations within FANTOM enhancers relative to the overall mutation 
count. Left panel: all mutations; right panel: C → T transitions. The 
increased proportion of C → T transitions in the enhancers of 
ASH1L -mutated compared to ASH1L -intact melanoma (two-sided 
unpaired Wilco x on rank sum test; ** P < 0.01) is lik ely due to the ability 
of ASH1L to protect enhancer sequences against CPD induction at 
C–containing dinucleotides. ( C ) Proportion of mutations within cutaneous 
melanoma-implicated enhancers from the Human Enhancer Disease 
Database. Left panel: all mutations; right panel: C → T transitions. 
ASH1L -mutated melanoma samples again accumulate a higher 
proportion of C → T transitions in the tested enhancer elements 
compared to ASH1L -intact samples (two-sided unpaired Wilco x on rank 
sum test; **** P < 0.0 0 01; median line at 0% for ASH1L -intact samples 
not depicted to a v oid obscuring the datapoints). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thus, the overall impact of transcription factor binding at pro-
moters and enhancers is not consistent, and the susceptibil-
ity to CPD formation can vary even across different positions
within the same transcription factor binding site ( 99 , 101 , 102 ).

Here, we describe an unexpected role of ASH1L in sys-
tematically lowering the UV-induced acquisition of CPDs in
C-rich cis -regulatory sequences, i.e. at gene promoters and
enhancer elements. This UV-protective function is most pro-
nounced at promoters and enhancers displaying epigenetic 
marks (H3K27ac and H3K4me3) that favor occupancy by 
ASH1L, presumably mediated by its BRD and PHD binding 
motifs. Computational modeling revealed that the AT hook of 
ASH1L closest to these BRD and PHD motifs interacts with 

CC dinucleotides in the DNA, altering their separation and 

relative orientation to reduce the propensity to form CPDs.
We note that another AT hook-containing protein, HMGA1,
has been shown to influence CPD formation but in TT-rich 

sequences and in the opposite direction. HMGA1 induces a 
double helix conformation favoring CPD formation while si- 
multaneously repressing NER activity by restricting access to 

the lesions ( 103 ). Instead, the depletion in CPD formation as- 
sociated with ASH1L binding is reminiscent of that observed 

upon binding by members of the c-Fos and c-Jun families of 
transcription factors, among others ( 99 ). 

Importantly, the ASH1L-mediated protection from CPD 

induction occurs independently of the TT dinucleotide fre- 
quency and, in fact, helps to reduce the formation of CPDs 
at C–containing dinucleotides, which are particularly abun- 
dant in cis -regulatory elements. The ASH1L-mediated pro- 
tection against C–containing CPDs may be even stronger 
than reflected in our analyses, because anti-CPD antibody—
used to pull down CPD-containing DNA fragments as an 

initial step in HS damage-seq experiments—tends to under- 
represent CC–CPDs ( 104 ,105 ). Dimerized Cs or methylcy- 
tosines in CPDs are referred to as highly mutagenic CPDs as 
they are prone to undergo deamination, generating U and T 

bases, whose replicative bypass gives rise to C → T transitions 
that constitute the predominate UV signature associated with 

skin cancer ( 106–108 ). We, therefore, conclude that ASH1L 

serves to protect cis -regulatory sequences from excessive UV 

mutagenesis. This conclusion is supported by the finding that 
ASH1L -mutated melanomas carry more C → T transitions 
in enhancer elements compared to ASH1L -intact melanoma 
counterparts. 

Data availability 

The previously generated CPD HS damage-seq data,
H3K4me3- and H3K36me2-ChIP-seq, and ASH1L CTD- 
ChIP-seq are available in NCBI’s Gene Expression Om- 
nibus and can be accessed with BioProject accession 

number PRJNA872306. Processed damage-seq files are 
available in the GEO with record GSE260917. Raw and 

processed H3K4me1- and H3K27aC–ChIP-seq files are 
available in the GEO with record GSE261073. Bash, R,
and Python scripts to process genomics data and simu- 
late ASH1L modelling are posted to FigShare at https: 
// figshare.com/ s/ 4f9e6199762af469f9c2 . Models and files 
to reproduce the simulations are available in ModelArchive 
at https:// www.modelarchive.org/ doi/ 10.5452/ ma-sg392 .
A UCSC browser session with damage- and ChIP-seq 

data is available at http:// genome.ucsc.edu/ s/ myancoskie/ 
ASH1L _ enhancer _ MS featuring a 10 Mbp region of Chr2. 
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Supplementary Data are available at NAR Online. 
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