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Materials and Methods 
 
Cell Culture 
IMR-90 (cat. no. I90-83) and WI-38 primary fibroblasts (cat. no. AG06814) were obtained from 
Coriell Institute. Primary neonatal keratinocytes (cat. no. C0015C) and melanocytes (cat. no. 
C0025C) were obtained from Thermo Fisher Scientific. All cells were grown in media 
recommended by the respective vendor. All experiments were performed prior to passage 16. 

TP53 CRISPR-Cas9 guide RNA was designed with the E-CRISP design tool (1). Guide 
RNA sequences: 5′- GCTTGTAGATGGCCATGGCG -3′; 3′-CGAACATCTACCGGTACCGC-
5′ were cloned into lentiCRISPR plasmid (Addgene, cat. no. 49535) and transfected into HEK293T 
cells with VSV-g, psPAX2 to produce virus to transduce primary IMR-90 cells. Puromycin 
resistant cells were pooled. TP53 disruption was confirmed by Western blot using anti-p53 
antibody (Cell Signaling, cat. no. 9282) and anti-Emerin antibody (Cell Signaling, cat. no. 5430) 
as a loading control. 
 
UV Tag-Seq Experimental Methods 
Cyclobutane pyrimidine dimers (CPDs) were investigated in this study because CPDs are the most 
abundant and mutagenic UVB-induced lesion, compared to (6-4) photoproducts and Dewar 
isomers (2).  

Cells were grown to confluency for 48 hours, then irradiated with 200 J/m2 UVB, or 100 
J/m2 UVC, followed by immediate (< 10 seconds) cell lysis and DNA purification with Quick-
gDNA MiniPrep (Zymo Research, cat. no. D3007). Lambda spike-in DNA was prepared by 
irradiating purified bacteriophage lambda DNA (New England Biolabs, cat. no. N3011) with 100 
J/m2 UVC. For each sample, 100ngs of high molecular weight genomic DNA and 5ngs of lambda 
spike-in were treated with APE1 apurinic/apyrimidinic (AP) endonuclease (New England Biolabs, 
cat. no. M0282), Bst1 polymerase (New England Biolabs, cat. no. M0328) and Taq ligase (New 
England Biolabs, cat. no. M0208) to repair possible gaps/nicks and abasic sites in the DNA. After 
purification using Zymo Genomic DNA Clean & Concentrator (D4011), the DNA was processed 
to cleave at CPDs using T4 PDG (NEB, M0308). The resulting 3'-α, β-unsaturated aldehyde and 
5'-phosphate termini were removed by APE1 and Quick CIP (NEB, M0525) to prepare the DNA 
ends for subsequent ligation. DNA was again purified with Zymo Genomic DNA Clean & 
Concentrator (D4011). dsDNA was denatured with alkali (400 mM KOH, 10 mM EDTA, pH 8) 
for three minutes before neutralization with 800 mM Tris HCl, pH 4. 

Barcoded biotinylated adapters were ligated onto the processed 3’-OH single-stranded 
DNA using 4000 units of high-concentration T4 Ligase (New England Biolabs, cat. no. M0202) 
and 20% final concentration of PEG 8000 overnight at 16°C. Unligated adapters were removed 
using PCRClean DX (Aline Biosciences, cat. no. C-1003). Ligations from each library were then 
inactivated and added to a multiplexed pool. Adapter-ligated DNA was captured on MyOne 
Streptavidin C1 beads (Invitrogen, cat. no. 65001) according to the manufacturer's instructions. 
Second strand synthesis by nick extension was performed by first nicking the adaptor with 
Nt.BspQI (NEB, cat. no. R0644S), then extending with LongAmp Taq Master Mix (NEB, 
M0287S). Beads were subsequently washed to remove strand synthesis reagents. The distal 
adapter was inserted in processed DNA fragments using tagmentation with Tn5 transposase at 
55°C, followed by extensive washing of beads. DNA fragments were released from the beads by 
heat denaturation, followed by immediate pelleting to remove beads and transfer of eluant to 
LoBind tubes (Eppendorf, cat. no. 4043-1021). 
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After the number of optimal PCR cycles were determined using qPCR libraries, DNA was 
amplified with Ultra II Q5 Master Mix (NEB, cat. no. M0544S), ODK74_P7umi, and NEBNext 
Universal PCR Primer for Illumina (NEB, cat. no. E7335S). Library quality was assessed with the 
Agilent High Sensitivity D1000 TapeStation and Qubit HS dsDNA assays. Final libraries were 
double-side size-selected with sequential 0.75x and 0.2x PCRClean DX bead additions before 
sequencing on an Illumina NovaSeq in paired-end, single index 2 x 150 cycle configuration. 
 
UV Tag-Seq Computational Methods 
Raw sequencing reads were de-multiplexed and adapter-trimmed using cutadapt. Read quality was 
assessed with FastQC, and UMI information was recovered using a custom awk script. Reads were 
aligned to a concatenated lambda-hg19 genome using STAR, quality filtered, and de-duplicated 
using samtools. Resulting BAM files were split by species to extract spike-in reads from human 
reads. Human reads overlapping ENCODE blacklisted regions were discarded. BED files were 
then generated by shifting each read to cover two bases immediately five-prime to the original 
alignment position. The reverse complement of these two bases was tallied. Final signal tracks 
were filtered to include only reads corresponding to TT, TC, CT, and CC dinucleotide sequences. 
A minimum of 80M high-quality uniquely mapped reads with a dipyrimidine end were obtained 
for each sample. 

Lesion counts were tallied across the genome in different windows ranging from 1 Kb to 1 
Mb. Scree plots and PCA were used to determine that 50kb sliding windows were appropriate for 
subsequent analysis. Dispersion estimates, along with negative binomial linear model fitting and 
Wald statistics, were used to assess the suitability of the data for analysis using DESeq2.  Genomic 
bins with fewer than 100 reads were removed. Count matrices were used as input to the DESeq2 
algorithm with default parameters except that size factors were manually overridden with 
human/lambda spike-in ratios. Top DSRs were defined as genomic windows with FDR-adjusted 
α < 0.00001 and |log2FC| > 1.  
 
RNA-Seq 
RNA was extracted using Quick-RNA Miniprep Kit (cat. no. R1054). Total RNA was purified 
using NEBNext rRNA Depletion Kit v2 (cat. no. E7400). Library prep was performed using 
NEBNext Ultra II Directional RNA Library Prep Kit (cat. no. E7760) and NEBNext Multiplex 
Oligos for Illumina (Unique Dual Index UMI Adaptors RNA Set 1) (cat. no. E7416) with Lexogen 
SIRV-Set 3 (Iso Mix E0 / ERCC) (cat. no. 051.01) spike-in. Sequencing was performed on 
Illumina NovaSeq with a minimum of 170 million mapped reads per sample (2 technical 
replicates). 
 RNA-Seq was processed using nf-core/rna-seq pipeline with default parameters and the 
T2T-CHM13v2.0 reference genome. For analysis of samples produced in this study, UMI 
deduplication was performed, and spike-in scaling factors were determined using Lexogen 
SIRVsuite (v0.1.2). DESeq2 was used to determine differential expression (Table S1). Enrichment 
of KEGG pathways was performed using ShinyGO. 
 For comparative analysis with other studies that treat IMR-90 (GSE58740, GSE115940, 
GSE111437)  and U2OS (GSE84863) cells with DNA damage (3–5), all datasets were processed 
using the nf-core/rna-seq pipeline with default parameters and the T2T-CHM13v2.0 reference 
genome. Normalization was performed using Trimmed Mean of M-values (TMM), batch 
correction using ComBat, and differential expression with limma. 
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Epigenomic Analysis 
Chromatin states and ChIP-Seq signal track files for E017 (IMR-90) were taken from the Roadmap 
Epigenomics Project (6). Lamin B1 ChIP-Seq data was obtained from (GSE49341) (7), and re-
processed using the ENCODE DCC ChIP-seq pipeline 2 (https://github.com/ENCODE-
DCC/chip-seq-pipeline2) for conformity with Roadmap Epigenomics data. Signal tracks were 
aggregated in 10 kb bins and composite signals were plotted over composite DSRs. In heatmaps, 
-log10 P-value were scaled by row. 
 
Mass Spectrometry of Cyclobutane-Pyrimidine Dimers (CPDs) 
DNA was extracted from frozen UV-irradiated cell pellets by first purifying nuclei followed by 
lysis. Lysate was treated with RNase and proteinase, then DNA was precipitated with sodium 
iodide and isopropanol, as previously described (8). The lyophilized DNA pellet was hydrolyzed 
into monomer nucleotides by incubation with endonucleases, exonucleases, and 
phosphodiesterases, first at pH 5.5 and then at pH 8.0. Injected samples were first assessed for 
normal bases by a reverse-phase HPLC with a UV detector. Subsequently, fragments from all UV-
induced pyrimidine dimeric photoproducts (9) were specifically and sensitively analyzed using an 
electrospray mass spectrometer with triple quadrupole analyzer in “multiple reaction monitoring” 
mode. DNA was quantified using an external calibration with reference compounds. Pyrimidine 
dimers were quantified by internal calibration using [M+12]-isotopically labeled TT 
photoproducts as standards, as previously described (10). 
 
p53 ChIP-Seq and XR-Seq Analysis 
p53 ChIP-Seq peak datasets for the hg19 genome were obtained from ENCODE for A549 
(ENCFF699UTZ, n=6207), HepG2 (ENCFF701DTE, n=7621) and WTC11 (ENCFF403HEQ, 
n=8037) cell lines (11). Overlap of p53 signal within DSRs at specific genomic regions was 
assessed using the GenomicDistributions R package. Cumulative XR-Seq nucleotide excision 
repair signal (GSE76391) was calculated from Adar et al, 2016 (12). 
 
Melanoma Mutation Analysis 
Mutations from 2,922 deep-sequenced tumors from the Pan-cancer Analysis of Whole Genomes 
project and 100 tumors from the Brazilian project SKCA-BR were retrieved from ICGC (13, 14). 
Tumor mutation rates were computed in the same 50 kb bins used for DSR analysis. Simple 
somatic mutations and mutational signatures were extracted using the R MutationalPatterns 
package. Cosmic Mutational Signatures (v3.4) were previously determined (15, 16). 
 
3D Genome Modeling and Fluorescent Imaging 
A three-dimensional volumetric model of the IMR-90 genome in the nucleus was previously 
generated (17) using the Chrom3D modeling technique which incorporates lamin-mapping and 
Hi-C genome contacts to simulate spatial positioning of chromosomes relative to each other and 
the nuclear periphery (18, 19). 
 For fluorescent imaging, cells were grown on coverslips to confluency then fixed for 10 
mins at room temperature with 4% fresh formaldehyde. Cells were permeabilized with 0.5% 
TritonX-100 for 5 minutes on ice then blocked with 2.5% bovine serum albumin (BSA), 10% 
Normal Goat Serum, 0.1% Tween-20 for 30 minutes at room temperature. Anti-lamin B1 antibody 
(Abcam cat. no. ab16048) was added to blocking buffer overnight at 4°C. Washed cells were 
mounted with DAPI and imaged on Leica SP8 with 60x objective. 
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 Fluorescent images were analyzed using CellProfiler (v4.2.5) using default settings for 
“MeasureObjectSizeShape” and “MeasureObjectDistribution” (20). Intensity measurements were 
excluded (Table S2). A Random Forest algorithm was derived from the tidymodels package to 
create a machine-learning pipeline that classifies cell types based on image-derived features. 
Principal Component Analysis (PCA) used features that explain 75% of the variance between 
TP53KO and wild-type cells. 
 
Transmission Electron Microscopy (TEM) 
Cells were pelleted and re-suspended in 10% gelatin in 0.1M sodium cacodylate buffer (pH 7.4) 
at 37°C for 5 minutes. After re-pelleting and removing excess gelatin, cells were fixed in 1% 
osmium tetroxide (EMS cat. no. 19100) for 2 hours at 4°C. The fixed cells were washed with cold 
ultrafiltered water and stained overnight with 1% uranyl acetate at 4°C. The samples were 
dehydrated through a graded ethanol series (30%, 50%, 70%, 95%) for 20 minutes each at 4°C, 
followed by two washes in 100% ethanol at room temperature. Subsequent processing involved 
propylene oxide (PO) and infiltration with Embed-812 resin (EMS cat. no. 14120), using graded 
resin mixtures (1:2, 1:1, 2:1) for 2 hours each. After overnight rotation in 2:1 resin at room 
temperature, samples were embedded in fresh Embed-812 resin and polymerized at 65°C 
overnight. Approximately 80nm sections were put on formvar/Carbon coated 100 mesh Cu grids, 
stained for 30 seconds in 3.5% Uranyl Acetate in 50% Acetone followed by staining in 0.2% lead 
citrate for 3 minutes. Sections were imaged in JEOL JEM-1400 120kV and photos were taken 
using a Gatan Orius 4k X 4k digital camera. 
 Nuclear periphery density was measured by creating a mask outline of the nuclear 
periphery in Fiji (21) from each of seven EM images for both TP53KO and wild-type cells. For 
each image, ten randomly selected regions spanning the mask were measured, from the inner to 
the outer region, and line lengths were quantified and scaled according to image magnification. 
 
Light Transmission Simulations 
Finite-difference time-domain simulations were performed on TEM images cropped to the nuclear 
boundary (22). ANSYS Lumerical Software binarized the image and assigned black pixels to 
represent heterochromatin and gray pixels to represent euchromatin. Refractive indices and 
extinction coefficients were previously determined (23) and assigned to euchromatin, n=1.385, 
k=0.0001; heterochromatin n=1.415, k=0.01; and background cytoplasm, n=1.365. Simulations of 
UVB light transmission into the nuclear interior were measured using a plane wave light source 
centered at 306 nm, the UVB wavelength used in the experimental manipulations.  
 
Computational Methods 
Computational programs used in this study are listed in Table 3. 
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fig. S1. Confirmation of UV-Tag Method. (A) Enrichment (fraction overlap) of different chromatin states, 
defined by the Roadmap Epigenomic Consortium, in UVC vs UVB Differentially Susceptible Regions 
(DSRs). The color of the dot indicates the median UV Tag-Seq signal within that chromatin state. The color 
of the chromatin state name indicates euchromatin (green), heterochromatin (red), or bivalent/mixed 
(black). (B) Counts of UV Tag-Seq reads that align to different dipyrimidine sequences. Lambda spike-in 
was used to calculate Spike-in normalized Reads Per Million mapped reads in the negative Control 
(SRPMC). Error bars represent the standard error of the mean. (C) Quantitative mass spectrometry counts 
of different cyclobutane pyrimidine dimers (CPDs) from UVB-irradiated cells. * indicates p-value >0.05 
from Welch’s t-test. 
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fig. S2. TP53 KO RNA-Seq and comparisons with cells treated with DNA damage. (A) KEGG Pathway 
enrichment of RNA-seq differential expression from TP53 KO vs wild-type cells. (B) Heatmap of RNA-
Seq Log2 Fold-Changes for genes in the GO:0030330 "DNA damage response, signal transduction by p53 
class mediator" pathway for the indicated cells exposed to DNA damage compared to unexposed/wild-type. 
TP53 KO vs wild-type IMR-90 cells were treated with 200 UVB J/m2.  
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fig S3. Most TP53 binding sites are not located within TP53 KO Differentially Susceptible Regions 
(DSRs).  (A) Genomic distribution of TP53 ChIP-seq peaks from indicated cell lines (ENCODE). N=6207 
for A549; N=7621 for HepG2; N= 8037 for WTC11. Shared are the peaks common between all cell lines, 
N=311.  (B) The percentage of top and bottom 10% DSRs that overlap TP53 ChIP-seq peaks. (C) Genomic 
distribution of DSRs that overlap and exclude p53 peaks in the top 10% DSRs, (D) and bottom 10% DSRs. 
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fig. S4. Validation of light transmission simulations. Finite-difference time-domain used on idealized 
cross-sections of the cell nucleus, where the amount of heterochromatin at the nuclear membrane varied 
from 10nm to 500nm. To ensure consistency, the relative refractive indices were varied, and consistent 
results were found. 
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