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Platinum-based chemotherapies, including oxaliplatin, are a
mainstay in the management of solid tumors and induce cell
death by forming intrastrand dinucleotide DNA adducts.
Despite their common use, they are highly toxic, and approxi-
mately half of cancer patients have tumors that are either intrin-
sically resistant or develop resistance. Previous studies suggest
that this resistance is mediated by variations in DNA repair lev-
els or net drug influx. Here, we aimed to better define the roles of
nucleotide excision repair and DNA damage in platinum chem-
otherapy resistance by profiling DNA damage and repair effi-
ciency in seven oxaliplatin-sensitive and three oxaliplatin-re-
sistant colorectal cancer cell lines. We assayed DNA repair
indirectly as toxicity and directly measured bulky adduct forma-
tion and removal from the genome by slot blot and repair capac-
ity in an excision assay, and used excision repair sequencing
(XR-seq) to map repair events genome-wide at single-nucleo-
tide resolution. Using this combinatorial approach and proxies
for oxaliplatin—-DNA damage, we observed no significant dif-
ferences in repair efficiency that could explain the relative
sensitivities and chemotherapy resistances of these cell lines.
In contrast, the levels of oxaliplatin-induced DNA damage
were significantly lower in the resistant cells, indicating that
decreased damage formation, rather than increased damage
repair, is a major determinant of oxaliplatin resistance in
these cell lines. XR-seq—based analysis of gene expression
revealed up-regulation of membrane transport pathways in
the resistant cells, and these pathways may contribute to resis-
tance. In conclusion, additional research is needed to charac-
terize the factors mitigating cellular DNA damage formation
by platinum compounds.

Platinum-based chemotherapies are a mainstay of solid
tumor treatment and are used to treat a wide array of tumors.
Unfortunately, platinum therapy is very toxic and patients can
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experience numerous detrimental side effects including severe
emesis, nephrotoxicity, ototoxicity, and neurotoxicity (1).
Oxaliplatin is a first-line treatment for colorectal cancer, one of
the most common forms of cancer and one of the most com-
mon causes of cancer-related deaths worldwide (2). Despite its
common use, approximately half of patients have tumors are
intrinsically resistant to oxaliplatin, and many initially sensitive
cancers develop resistance. Patients with resistant tumors of
either form endure this toxic treatment with limited or no clin-
ical benefit (3). Thus defining mechanisms that lead to drug
resistance is important for providing patients with more effec-
tive treatment options.

Platinum-based chemotherapies work by creating intras-
trand dinucleotide adducts in DNA with the platinum atom
covalently bound to the N7 nitrogen in adjacent guanines (4, 5).
This damage is solely repaired by nucleotide excision repair
(6—8). Mammalian nucleotide excision repair initiates when
the XPC, RPA, and XPA factors recognize the damage and
recruit the TFIIH? complex. Next, XPC dissociates, XPF and
XPG bind to the pre-incision complex, and then the damaged
strand is cleaved on the 3’ and 5’ side of the damage. The
excised damage-containing DNA is then released as a single-
stranded oligomer, ~24—30 nucleotides long complexed with
TFIIH and XPG. DNA polymerase fills in the resulting single-
stranded gap, and ligation of the nick completes repair. Excision
repair of damage in the template strand of genes can also be
transcription-coupled (9). In this pathway, RNA polymerase II
stalls at damage sites and recruits the transcription coupling
factors, CSA and CSB, which appear to assist in recruitment of
the excision repair factors. Repair then proceeds following the
same mechanism as in the global repair pathway. Transcrip-
tion-coupled repair ensures rapid removal of transcription-
blocking damage, especially damage such as platinum adducts,
which are relatively slowly repaired by global repair (10).

Given that nucleotide excision repair is the sole repair mech-
anism for bulky intrastrand adducts, it has been widely specu-

2 The abbreviations used are: TF, transcription factor; 6-4 PP, 6-4 pyrimidine-
pyrimidine photoproducts; CPD, cyclobutane pyrimidine dimer; NTS, non-
transcribed strand; RPKM, reads/kilobase/million total reads; TES, tran-
scription end site; TS, transcribed strand; TSS, transcription start site; GSEA,
gene set enrichment analysis; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide; CCAT2, colon cancer-associated transcript 2;
ssDNA, single-stranded DNA; IP, immunoprecipitation; XR-seq, excision
repair sequencing.
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Figure 1. Defining a panel of oxaliplatin-sensitive and oxaliplatin-resistant colorectal cancer cell lines. Ten colorectal cancer cell lines were tested using
an MTT assay. Oxaliplatin was added to media at concentrations ranging from 0.25 to 64 um. Four days following addition of oxaliplatin, survival was measured
and normalized to an untreated control. A, oxaliplatin dose-response curves identified seven oxaliplatin-sensitive cell lines (green) and three oxaliplatin-

resistant cell lines (red). B, the IC,, for each cell line was calculated using PRISM.

lated that increased repair efficiency would lead to platinum
resistance. Many studies have explored how variation of repair
at the sequence, expression, or functional level may correlate
with response to platinum-based chemotherapies (11-18).
However, many of the results are not reproducible and are often
confounded by the multiple roles of individual proteins. Thus
the link between alterations in nucleotide excision repair and
response to platinum-based chemotherapies remains unclear
(19, 20). In this study, we use novel methods to provide a com-
prehensive profile of repair efficiency for a panel of colorectal
cancer cell lines that vary in oxaliplatin sensitivity by an order of
magnitude. We find no link between sensitivity and repair,
rather, resistant cells display diminished oxaliplatin—DNA
adduct formation.

Results

Identification of oxaliplatin-sensitive and oxaliplatin-resistant
cell lines

To study whether nucleotide excision repair efficiency is a
determinant of oxaliplatin sensitivity, we used a panel of 10
colorectal cancer cell lines. We first tested their sensitivity to
killing by oxaliplatin using the MTT cell viability assay. We
treated each cell line with oxaliplatin concentrations varying
from O to 64 uMm and tested survival 4 days later. Dose-response
curves clearly identified three resistant cell lines and seven sen-
sitive cell lines (Fig. 1A4). IC,, values for each cell line are shown
in Fig. 1B. Cell line characteristics, including key driver muta-
tions and source information are summarized in Table S1
(21, 22).

Similar oxaliplatin repair kinetics in oxaliplatin-sensitive
and -resistant cell lines

To evaluate repair efficiency in the sensitive and resistant cell
lines, we first examined rates of oxaliplatin removal from the
genome using slot blot assays. Each cell line was incubated with
200 um oxaliplatin for 2 h, an early damage formation time
point, whereas still allowing for measurable damage levels (23).
Then, the respective cell line medium was changed to be fresh
and cells were incubated for an additional O to 34 h. The results
in Fig. 2A show loss of oxaliplatin from the genome with time in
a representative sensitive (Colo205) and resistant (DId1) cell
line. Damage levels were quantified by first normalizing the
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signal intensity of each damage band to its respective total
amount of DNA (detected by SyberGold staining), and then
calculating the fraction of damage remaining at each time point
compared with 2 h. Average values for all sensitive and all
resistant cell lines are plotted in Fig. 2B. The time for 50% of the
peak initial damage to be repaired (Repair50) is listed for each
cell line in Table S2. Sensitive and resistant lines show very
similar repair rates, indicating that faster DNA damage repair is
not a necessary component of oxaliplatin resistance.

Initial damage differs significantly between sensitive and
resistant cell lines

Inspection of the oxaliplatin repair slot blots such as in Fig.
2A suggested uneven levels of initial damage among the cell
lines. Oxaliplatin treatment is known to be influenced by fac-
tors such as drug influx, efflux, and neutralization (24 -26). We
therefore systematically compared the amount of initial dam-
age incurred following treatment of each cell line with 200 pum
oxaliplatin for 2 h. The results in Fig. 2C and Table S2 reveal
substantial variations in initial damage levels. The average ini-
tial damage level was lower in resistant cells, as shown in Fig.
2D, furthermore, a significant, inverse correlation was found
between oxaliplatin IC,, and initial damage level using a Pear-
son’s correlation test (Fig. 2E). This association, whereas not
perfect, indicates that initial damage levels contribute to cellu-
lar sensitivity. Damage levels were consistently low in the resist-
ant lines. However, variability was seen among the sensitive
lines. Several possible scenarios could explain the sensitive lines
with relatively low initial damage, notably, it is possible that
these two lines (Colo320hsr and Ls1034) have repair deficien-
cies not detected by the slot blot assay or other alterations in
DNA metabolism.

Oxaliplatin-sensitive and -resistant cell lines have similar
repair responses to UV irradiation

We next evaluated the role of repair on oxaliplatin sensitivity
employing means to avoid the confounding factors of drug
treatment mentioned above. Unlike platinums, UV irradiation
rapidly and uniformly induces the intrastrand DNA diadducts
cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine-py-
rimidine photoproducts (6-4 PPs) that, like platinum-induced
bulky adducts, are solely repaired by nucleotide excision repair.
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Figure 2. Oxaliplatin repair and damage formation. A, repair kinetics in oxaliplatin-sensitive and -resistant cell lines. Representative slot blot shows loss of
damage from the genome with time following 2 h of treatment of a sensitive cell line (Colo205) and a resistant cell line (DId 1) with 200 um oxaliplatin. Probing
with anti-platinum-DNA adduct antibody (/eft) reveals the genomic DNA damage levels, and subsequent SyberGold staining of the same blot (right) shows the
total amount of DNA blotted onto the membrane through each slot. B, average values for repair in the three sensitive and two resistant cell lines assayed are
plotted and show no significant difference in repair rate. Two technical replicates of two biological replicates were done for each cell line. C, representative slot
blot showing damage level following 2 h exposure of the oxaliplatin-resistant (red) and -sensitive (green) cell lines to oxaliplatin. Probing with anti-ssDNA
reveals the total amount of DNA on the membrane. D, a plot of average initial damage levels for three resistant cell lines (red) and seven sensitive cell lines
(green) shows a significant difference (p = 0.008, Welch's t test) between the two groups, indicating that a lower initial damage level correlates with resistance.
E, a trend line fitting the 1C5, values (x axis) and normalized initial damage levels (y axis) is plotted. A significant (Pearson’s correlation, p = 0.046), inverse
correlation again indicates that lower initial damage levels correlate with resistance.

CPDs, the predominant photoproduct, are similar to platinum We next used excision assays to measure the amount of
adducts in that they are relatively poorly recognized and slowly  excised oligomer present in cells 3 h following varying doses of
repaired by the global excision repair pathway, whereas 6-4PPs UV irradiation. The excision assay uses an XPG immunopre-
are more rapidly repaired (6). We measured the repair of UV  cipitation to capture the excised, damage-containing oligo-
photoproducts in our cell lines to provide a more well-con- mers. The oligomers are isolated, purified, labeled, and resolved
trolled assessment of repair efficiency. on a gel. The intensity of the oligomer bands can be quantified
We first measured survival in response to UV treatment. The by normalizing to a known concentration of spiked in control
results in Fig. 34 and UV IC,, values in Table S2 show that DNA (50-mer, Fig. 3D). The amount of excision product pres-
whereas there is some variation in UV survival among cell lines, ent at any given time reflects both the rate of oligomer release
overall UV sensitivity is similar among cell lines, in contrast to  and concurrent degradation. Excision in representative sensi-
the order of magnitude differences in sensitivity to oxaliplatin  tive (Hct116) and resistant (Sw480) cell lines are shown in Fig.
(Fig. 1A). Thus oxaliplatin resistance is not associated with a 3D, and the UV dose required to obtain 50% maximum repair
more resilient response to intrastrand adducts either by for each cell line is listed in Table S2. Average values for the
increased repair or decreased apoptotic signaling in responseto  three oxaliplatin-resistant cell lines and four sensitive cell lines
similar initial damage levels. tested show no difference in UV photoproduct excision as a
We then characterized UV repair using slot blot assays to  function of dose (Fig. 3E). These experiments further support
measure removal of CPD adducts from the genome. Results the finding that improved nucleotide excision repair is not a
obtained with representative oxaliplatin-sensitive (Ls1034) and  necessary component of oxaliplatin resistance.
-resistant (Rko) cell lines are shown in Fig. 3B, and average
values for the three sensitive and two resistant lines tested are
shown in Fig. 3C (individual cell line UV Repair50 values are
listed in Table S2). CPDs were removed from the genome at the Although overall repair rates, measured by slot blot and exci-
same rate in sensitive and resistant cell lines. sion assays, do not differ between oxaliplatin-sensitive and

Oxaliplatin-sensitive and oxaliplatin-resistant cell lines have
similar genome-wide repair patterns
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Figure 3. Repair of UV damage in oxaliplatin-sensitive and -resistant cell lines. UV creates intrastrand adducts that, like platinum intrastrand adducts, are
solely removed by nucleotide excision repair. UV damage, however, is not influenced by drug influx, efflux, or neutralizing mechanisms that influence response
to platinum drugs. A, UV survival dose-response curves for all cell lines fail to recapitulate the sensitive and resistant grouping seen with oxaliplatin survival
curves. This indicates that the sensitive/resistant status of each cell line is not based on repair of intrastrand diadducts. B, representative slot blots (n = 3 blots
per cell line) measuring UV-induced CPD damage levels over time are shown for a representative oxaliplatin-sensitive cell line (Ls7034) and a representative
oxaliplatin-resistant cell line (RKO). Blots were probed first with anti-CPD antibody to measure damage (left), stripped, then probed with anti-ssDNA antibody
(right) to measure the amount of DNA on the membrane. C, average damage levels, normalized to initial damage, of two oxaliplatin-resistant cell lines (red) and
three oxaliplatin-sensitive cell lines (green) are plotted as a function of repair time. No difference in UV repair rate is seen between the oxaliplatin-sensitive and
oxaliplatin-resistant cell lines. D, a representative excision assay shows similar amounts of excision product following varying doses of UV in both a represen-
tative oxaliplatin-sensitive cell line (Hct176) and a representative resistant cell line (Sw480). E, the average amount of excision product, measured as femtomole
of excised oligo, in oxaliplatin-sensitive cell lines (green, n = 4 repeats) and oxaliplatin-resistant cell lines (red, n = 3 repeats) are plotted as a function of UV dose.

No significant difference in amount of repair is seen between sensitive and resistant cell lines.

oxaliplatin-resistant cell lines, we hypothesized that resistant
cell lines may, to their benefit, prioritize repair of certain
genomic regions differently from sensitive cell lines. To test this
hypothesis we used XR-seq after treating the cells with 200 um
oxaliplatin for 2 h (27, 28). In XR-seq, the damage-containing
oligomers excised during repair are isolated and purified by
sequential immunoprecipitations, first using repair protein
antibodies, and then using platinum damage antibodies. The
damage is then reversed and the oligomers are amplified by
PCR, and sequenced. The oligomer sequences are then aligned
to the genome. The result is a nucleotide level map of repair
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throughout the genome. The screenshot in Fig. 44 shows XR-
seq results for a representative 250,000-kbp section of the
genome. This section contains the Dhfr and Msh3 genes, which
are transcribed in opposite directions. Repair in each strand
(plus and minus) of a representative resistant (DIld1, red) and
sensitive (Ls180, green) cell line is shown. Excised oligo reads
per kilobase per million total reads (RPKM, y axis) are repre-
sented as peaks across the gene and indicate the number of
excision products found at a given location. Clearly evident in
the screenshot is preferential, transcription-coupled repair of
the transcribed strand (TS) of the DAfr and Msh3 genes in both

J. Biol. Chem. (2020) 295(22) 7584-7594 7587
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Figure 4. Oxaliplatin-sensitive and -resistant cell lines show similar genome wide repair patterns. Repair maps were created for all cell lines using XR-seq
after 2 h of treatment with 200 um oxaliplatin (2 biological replicates for all cell lines except Ls174t and Colo320hsr). A, representative genes, DHFR and MSH3,
show similar repair levels and patterns in sensitive (green, Ls180) and resistant (red, DLD1) cell lines. Both genes have strong transcription-coupled repair as
indicated by the stronger repair signal seen in the TS compared with the NTS. The minus strand is the TS in Msh3 and the plus strand is the TS in Dhfr. B, average
RPKM for the TS and NTS of DHFR and MSH3 from all XR-seq experiments show similar repair levels between all sensitive (green) and all resistant (red) cell lines.
G, average RPKM of all resistant cell lines (red) and all sensitive cell lines (green) for all genes over 1 kbp with =5 kbp between genes are plotted for the TS and
NTS, scaled to a unit gene. Each gene is split into 100 bins to create the x axis, and the average bin values for all genes are plotted as RPKM. No significant

difference is seen in repair pattern or level of transcription-coupled repair.

cell lines. We quantified the RPKM for both strands of each
gene, then averaged the repair values for all sensitive and resist-
ant cell lines, and found no difference in strand-specific repair
levels at any significance threshold (Fig. 4B).

To compare transcription-coupled repair in all genes and cell
lines, we first constructed a “unit gene” for all 10 cell lines (n =
2 for all cell lines except # = 1 for Ls174t and Colo320hsr). The
unit gene illustrates the average repair of each gene in a cell line.
To do this, for each cell line, results for all nonoverlapping
genes over 1 kbp were divided into 100 bins, and the repair level
for each bin was averaged from the first bin at the transcription
start site (TSS) to the last bin at the transcription end site (TES).

7588 J. Biol. Chem. (2020) 295(22) 75847594

Average repair 2 kbp upstream and downstream was also deter-
mined for each unit gene. Next, repair across the sensitive and
resistant cell lines were averaged. The average unit gene repair
profiles in Fig. 4C are similar to profiles seen in other human
cell types, and in cells of other species, which show elevated TS
repair, which peaks near the TSS, and largely depressed non-
transcribed strand (NTS) repair, which peaks immediately
upstream of the TSS and results from antisense transcription at
the promoter (28 -32). Fig. 4C shows that overall, there is no
difference in amount or pattern of gene-specific repair between
oxaliplatin-sensitive and oxaliplatin-resistant cell lines. This
indicates that the levels of transcription-coupled repair are sim-
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Figure 5. Genes differentially expressed in sensitive versus resistant cells. Oxaliplatin-resistant cells show enrichment for membrane components and
transport in resistant cells, and sensitive cells exhibit enrichment for metabolic processes. A, MAplot of genes shows that a small fraction of genes are
significantly differentially repaired (expressed) between sensitive and resistant cell lines. For each gene (plotted as a dot), the difference between sensitive and
resistant cell lines (log fold-change) is plotted over the average counts across all samples (mean of normalized counts). Genes exhibiting significantly different
repair (expression) are plotted in purple (adjusted p values <0.05). B, heat map of the genes repaired differentially in sensitive (green band) versus resistant (red
band) cell lines. Yellow lines indicate higher expression, whereas blue lines indicate lower expression. 417 genes were found to have significantly higher repair
in resistant cell lines, whereas 705 genes were found to have significantly higher repair in sensitive cell lines. R7T and R2 denote repeats for each cell line. C, gene
set enrichment analysis of the differentially repaired genes showed enrichment of membrane transport pathways in resistant cell lines (FDR g-value <25%).
The top 10 most significantly enriched pathways are shown, additional pathways are in Table S1. No significantly enriched pathways (FDR g-value <25%) were
identified from the genes up-regulated in sensitive cell lines (Table S2). Size, number of genes from our input in the pathway; NES, normalized enrichment score,
the quantification of the overrepresentation of a gene set in the top or bottom of a ranked list of genes normalized for all dataset permutations; FDR, false
discovery rate, the probability a NES score is a false-positive finding (39).

ilar in both groups. These analyses extend our observation that
repair efficiency is not an essential component of oxaliplatin
resistance.

Differences in gene expression in oxaliplatin-sensitive and
oxaliplatin-resistant cell lines indicate a role for membrane
transport in oxaliplatin resistance

Although overall, average transcription-coupled repair of all
genes showed no difference in sensitive versus resistant cell
lines (Fig. 4), we extended our analysis to detect possible differ-
ences in transcription-coupled repair within individual genes.
To do this, we used the RPKM values for the TS of each gene,
which reflects each gene’s transcription-coupled repair level
and thus gene expression level. Focusing first on individual
repair genes, as shown in Fig. S14, we found comparable levels
of expression in sensitive and resistant cell lines, with the
exception of XPF which, despite claims that XPF up-regulation
correlates with platinum resistance (33), displayed higher
expression in sensitive cell lines than in resistant lines. We next
tested the copper efflux (ATP7A, ATP7B) and influx channels
(SLC31A1, SLC31A2) that have been strongly implicated in
platinum resistance (34-36). No difference in expression of

SASBMB

these transporter genes was detected with the possible excep-
tion of SLC31A1. Repair of the TS of SLC31A1 was lower in
resistant lines at a p value of 0.015 (Welch’s ¢ test, Fig. S1B),
although the association between SLC31A1 and DNA damage
in the 10 cell lines was not significant (Pearson’s correlation
test, Fig. S1C).

The above comparisons of TS repair, done on a gene-by-gene
basis, were extended to compare expression of all genes in sen-
sitive versus resistant cell lines using the DESeq2 analysis pack-
age (37). Among the ~30,000 genes analyzed, we identified
1122 differentially repaired genes with an adjusted p value less
than 0.05 (Fig. 5A). 417 of these genes had higher repair levels in
resistant cell lines compared with sensitive cell lines and 705 of
the genes had higher repair levels in sensitive cell lines com-
pared with resistant cell lines (Fig. 5B). One or more of these
genes, listed in Table S3, could be involved in processes such as
oxaliplatin transport, stability, or processing.

It is possible that resistance is determined by the outcome of
several of the 1122 differentially expressed genes acting in a
related manner, for example, having related functions, cellular
locations, or regulation. We tested this supposition by applying
gene set enrichment analysis (GSEA) of the 1122 genes. In
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agreement with other studies (24, 38), our analysis found that
oxaliplatin-resistant cells were enriched in gene sets including
membrane transporters and channels, and their regulators, at a
false discovery rate g-value of under 25% indicative of a low
chance that these findings are false positives (Table S4) (39).
Transport processes and plasma membrane components were
also identified as significantly up-regulated in resistant cells
using the publically available STRING database pathway anal-
ysis software (40). Among oxaliplatin-sensitive cell lines,
enrichment of the cell cycle and metabolism gene sets was the
strongest; however, none of these were below a 25% false dis-
covery rate (Table S5).

We were particularly interested in understanding why the
Ls1034 and Colo320hsr cell lines were sensitive even though
they displayed relatively low initial damage. To this end, we first
compared gene expression (as transcribed strand repair level)
in these two lines with expression in the other sensitive lines
(that exhibited high levels of oxaliplatin damage) by analyzing
with DESeq2. 4117 differentially expressed genes were identi-
fied. Comparison of gene expression in Ls1034 and Colo320hsr
with the resistant cell lines revealed 3603 differentially
expressed genes. It is possible that one or more genes in these
two sets contribute to relatively high toxicity of low levels of
oxaliplatin—-DNA damage. Inspection of these two data sets,
focusing on the most differentially expressed genes yielded
some provocative candidates. For example, compared with
resistant cell lines, low-damage sensitive lines have 5.5X higher
expression of colon cancer-associated transcript 2 (CCAT?2).
CCAT?2 is expressed at higher levels in colorectal tumor tissue
compared with adjacent healthy tissue, and promotes cancer
cell proliferation by down-regulating expression of the micro
RNA-145 tumor suppressor. It is linked to clinical outcome
(41-44), and a functional SNP in CCAT?2 has been shown to
correlate with improved response to oxaliplatin (45). Thus
CCAT2 may be an important factor in activating cell death in
response to low initial oxaliplatin damage levels. We found
other cancer-associated noncoding RNAs among the top up-
regulated genes in low damage-sensitive cell lines compared
with resistant cell lines (CCAT2 and CASC8) and compared
with high-damage sensitive lines (CASC11, CASC8, and
PCAT1), supporting a possible role for regulatory RNAs in
oxaliplatin response (Fig. S2) as previously described (46).
GSEA and STRING analysis of the two differentially expressed
gene data sets did not yield any sets of genes associated with
resistance.

Oxaliplatin-sensitive and -resistant cell lines have similar
responses to mitomycin C and hydrogen peroxide

In addition to forming intrastrand diadducts, platinums
induce very low levels of interstrand cross-links, and it has been
proposed that these cross-links contribute to sensitivity (47).
To examine the sensitivity of our cell lines to this type of DNA
damage, we treated them with mitomycin C, an interstrand
cross-linker, and measured cell viability 4 days later (Fig. S34,
Table S2). No significant correlation was found between oxalip-
latin IC;, and mitomycin C ICg,, suggesting that enhanced
repair of interstrand cross-links is not a common pathway in
oxaliplatin resistance. Results also show that the two oxalipla-
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tin-sensitive lines (Colo320hsr and Ls1034) that exhibited rel-
atively low levels of oxaliplatin damage are not hypersensitive to
mitomycin C, therefore, their sensitivity is unlikely due to defi-
cient cross-link repair.

Platinating drugs may also induce reactive oxygen species
that damage DNA (48). To test if oxaliplatin response correlates
with response to this damage type, we treated our cell lines with
hydrogen peroxide and measured viability 4 days later (Fig. S3B,
Table S2). Although two of the three oxaliplatin-resistant cell
lines were more resistant to reactive oxygen damage, the third
was quite sensitive and thus there was no significant correlation
between oxaliplatin IC,, and hydrogen peroxide IC,,, suggest-
ing that enhanced repair of reactive oxygen-mediated oxalipla-
tin damage is not a common pathway for resistance. Again, the
Colo320hsr and Ls1034 lines were not hypersensitive to hydro-
gen peroxide and therefore their apparent high sensitivity to
oxaliplatin is probably not due to inadequate repair of oxidative
damage produced by oxaliplatin.

Discussion

Enhanced excision repair capacity has been proposed as a
contributing factor in cellular resistance to platinating antican-
cer drugs; however, the current data to support this notion are
inconsistent and fail to address confounding factors (11-20).
To our knowledge, ours is the most comprehensive study to
address this issue, compounding multiple novel methods to
create the most complete characterization of nucleotide exci-
sion repair in cancer cell lines. Notably, this is the first time
excision repair maps have been generated to study drug
response. This is also one of the first studies to measure the
repair response to UV in the context of platinum resistance
allowing us to control for confounding factors such as drug
transport and additional damage types. We analyzed the exci-
sion repair capacity of seven oxaliplatin-sensitive and three
oxaliplatin-resistant colorectal cancer cell lines. IC,, values for
these lines varied by an order of magnitude, yet the measures of
repair that we employed revealed no consistent association
between resistance and repair. Repair measurements included
slot blot assays to detect removal of both oxaliplatin and UV
photoproducts from the genomes of each line. UV photoprod-
uct repair was also measured among cell lines by excision assay,
which detects the relative repair rate at the time sampled, as
opposed to the slot blot assay, which detects cumulative repair
at each time sampled. Oxaliplatin is known to produce inter-
strand cross-links at a low level, and also may damage cells by
producing reactive oxygen species (47, 48). We tested response
to UV, the interstrand cross-linking agent mitomycin C, and
hydrogen peroxide and found that oxaliplatin response does
not significantly correlate with response to any individual dam-
age type. Finally, we assayed repair by XR-seq to detect how the
different cell lines prioritize repair across the genome. Overall,
repair patterns were the same in all cell lines. Interestingly,
transcription-coupled repair in a small set of genes varied con-
sistently between sensitive and resistant lines. However, these
differences reflect differences in transcription, not repair per se.
Our consistent finding that repair differences cannot account
for differences in oxaliplatin response in our cell lines is further
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supported by our XR-seq analysis, which showed no increased
expression of repair genes in resistant cell lines.

Platinating anticancer drugs kill cells by binding to DNA. In
light of our results showing that differences in DNA repair do
not account for the cellular resistance we observed, it makes
sense that this resistance is related to lower net influx of drug, as
has been found in other studies and now is strongly supported
by this study (23,49-51). Low initial platinum levels in resistant
cells are thought to arise from reduced influx and/or increased
efflux of drug, and several membrane proteins have been impli-
cated in transmembrane transport of platinum drugs (34 —36).
Analysis of gene expression based upon our XR-seq data sup-
port a role for one of these proteins, CTR1 (encoded by
SLC31A1), which transports copper into the cell and was down-
regulated in our resistant cells. Interestingly, our data did not
support a role for the other three candidate transport proteins,
rather, our data identified a novel set of membrane proteins as
candidates for future study. Identifying whether any of these
factors contribute to oxaliplatin resistance could improve treat-
ment options for patients. For example, co-treatment of oxalip-
latin with an inhibitor to an up-regulated oxaliplatin efflux
pump could in theory render resistant cells sensitive again.

Although the initial level of DNA damage is a major deter-
minant of oxaliplatin sensitivity, however, other factors may
also contribute. Notably, sensitive lines demonstrated a rela-
tively wide range of initial damage and two of these lines dem-
onstrated relatively low levels of initial damage. Analysis of our
XR-seq data identified several factors including cancer-associ-
ated noncoding RNAs that may contribute to the high sensitiv-
ity of these two cell lines to relatively low levels of damage.

Our data showed a wide range in response of cell lines to
mitomycin C and peroxide, and it is possible that enhanced
repair of interstrand cross-links and oxygen-mediated damage
have a modest role in resistance to oxaliplatin in some cell lines.
If enhanced repair of DNA cross-links or oxygen-mediated
damage by oxaliplatin were to substantially increase resistance,
then we would have observed resistant cells that demonstrate
high levels of oxaliplatin damage. This was not observed. None
of our cell lines showed both high resistance and high damage.
Conversely, the two sensitive cell lines that exhibited relatively
low levels of oxaliplatin were not hypersensitive to mitomycin
C or hydrogen peroxide (Table S2), suggesting no substantial
role of cross-link or oxidative damage repair in the sensitivity of
these cells.

Overall, we characterized a panel of colorectal cancer cell
lines to provide the most holistic view of the role of nucleotide
excision repair in oxaliplatin resistance possible with current
methods. All of our results support the conclusion that repair is
not a necessary determinant of oxaliplatin resistance. We also
show that damage levels play a major role in determining
oxaliplatin treatment outcome in our cell lines; however, dam-
age levels do not completely predict sensitivity. Additional
studies are needed to determine the factors that both lead to
and mitigate initial damage formation and their roles in oxalip-
latin response. Our repair sequencing datasets provide a start-
ing point to identify these factors.
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Experimental procedures
Cell culture

DId1, Rko, Ls1034, Ls180, and Colo205 cell lines were pur-
chased from American Type Culture Collection (ATCC).
Sw480, Hctl16, Ht29, Colo320hsr, and Ls174t cell lines were
obtained from the Tissue Culture Facility at the University of
North Carolina. All cell lines used are ATCC cell lines and were
grown under the conditions specified on their website. Cells
were split at a 1:10 ratio when they reached 80% confluence and
were never split more than 30 passages. Frozen stocks for each
cell line were made on the second and third passages. Cell cul-
ture and drug treatments were conducted at 37 °C in 5% CO,,

Oxaliplatin survival

All survival studies were conducted in 96-well Corning
Costar plates using the Promega MTT assay. Cells were plated
at 5,000 cells/well 24 h prior to treatment with oxaliplatin.
Oxaliplatin from TSZChem was first dissolved as a 6.4 M stock
in DMSO (made fresh before each biological replicate), and
then diluted to a 640 um solution using the culture media
appropriate for each cell line. Serial dilutions in the respective
culture media were performed to obtain solutions with 160, 40,
10, and 2.5 um oxaliplatin. Solutions were then added to the
wells at a 1:10 ratio such that cells were ultimately treated with
64, 16, 4, 1, 0.25, or 0 uMm. For every cell line, three technical
repeats of each dose were conducted for each of the three bio-
logical replicates. Four days after the addition of oxaliplatin to
the media, MTT dye was added to the media. Three hours after
the addition of dye, the media was replaced with solubilizer
solution. Dye intensity was read using a Spectra Max M3 plate
reader and SoftMax® Pro 6 microplate reader control and data
analysis software. The three technical repeats for each dose
were averaged and normalized to the signal from the untreated
control. Graph Pad Prism 8 software was used to plot dose-
response and determine IC,,.

UV survival

Survival following irradiation with principally 254-nm UV
light was conducted following the same protocol as oxaliplatin
survival with the following exceptions. Cells were plated at
50,000 cells/well 24 h prior to treatment. Immediately before
UVirradiation, media was removed and wells were washed with
PBS to eliminate any effect of culture media on UV treatment.
Fresh media was added to each well following treatment. One
96-well-plate was used for each UV dose (0, 5, 10, 20, 40, and 80
J/m?). Irradiations took 80 s or less at the dose rate used. Sur-
vival was measured 1 day after UV treatment rather than 4 days.

Mitomycin C and hydrogen peroxide survival

These survival assays were conducted following the same
protocol as the oxaliplatin survival studies with the following
exceptions: mitomycin C was first diluted to a 5 M stock in
DMSO. This 5 m stock was then diluted for each biological
replicate using the appropriate culture media to make 40 um
solution and was then serially diluted to make solutions with 20,
10, 5, and 2.5 uM concentrations. Hydrogen peroxide came as a
30% solution and was diluted to 640 um concentration in the
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appropriate culture media. Serial dilutions in media were then
made to create solutions with 160, 40, 10, and 2.5 um. Both
mitomycin C and hydrogen peroxide solutions were added to
wells at a 1:10 ratio.

Oxaliplatin slot blot (31, 52)

Cells were plated in 100-mm round dishes. Cells were treated
with 200 uM oxaliplatin for 2 h once they reached ~100% con-
fluence to eliminate damage level reduction due to cell divi-
sions. After a 2-h treatment period, culture media was changed
and cells were then either washed with ice-cold PBS and col-
lected, or incubated for an additional 4, 10, 22, or 34 h to allow
for repair before collection. DNA was extracted using the
QIAamp DNA mini kit. DNA was then treated with RNase A
for 1 h and purified using a Qiagen PCR purification kit. DNA
was quantified and diluted such that 150 ng of each DNA sam-
ple was loaded into each well of a slot blot apparatus for repair
kinetics experiments, and 250 ng of DNA was loaded into each
well for initial damage experiments. DNA was then transferred
to a membrane, and blots were blocked in PBS with 0.1% Tween
(PBS-T) and 5% milk at 4 °C overnight. The next day the blots
were washed in PBS-T three times, and incubated in Abcam
anti-platinum damage primary antibody (AbCam, 1:10,000 in
PBS-T) at 4 °C overnight. Blots were washed and incubated in
GE Healthcare anti-rat IgG conjugated to horseradish peroxi-
dase for 2 h. Bio-Rad Clarity™ Western ECL Substrates were
used to detect signal, and the signal was quantified using
ImageQuant. DNA loading was detected with either an anti-
body against ssDNA or with SyberGold. For the repair kinetic
study, two technical replicates were done for each of two bio-
logical replicates for each cell line. For the initial damage exper-
iments, two technical replicates of three biological repeats were
conducted for each cell line. GraphPad Prism 8 software was
used to plot damage amount and to calculate repair values.

UV slot blot

UV slot blot was conducted following the same protocol as
oxaliplatin slot blot with the following exceptions. Immediately
before UV irradiation, media was removed and cells were
washed with PBS. Cells were treated with 25 J/m? and fresh
media was added following treatment. Three biological repli-
cates were conducted for each cell line tested.

Excision assay (8, 53)

Cells were plated in one 150-mm round dish per dose and
allowed to grow to ~100% confluence. Immediately before UV
irradiation, media was removed and cells were washed with
PBS. Cells were then irradiated with 0, 5, 10, 25, 50, or 100 J/m?.
Fresh media was added following irradiation, and plates were
returned to the incubator for a 3-h repair incubation. Cells were
harvested in cold PBS, suspended in a lysis buffer without SDS,
and lysed using a homogenizer. Excised oligomers were isolated
from the soluble fraction of homogenates by XPG antibody
(Santa Cruz Biotechnology) immunoprecipitation. During the
elution of the XPG IP, “spike” control DNA (2 fmol) was added
to each sample. The control spike DNA was an undamaged
50-mer oligomer used to monitor subsequent DNA recovery
and labeling efficiency. At this point samples containing con-
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trol and excised DNA were extracted with phenol-chloroform,
precipitated with ethanol, labeled with **P-cordecepin, and run
on a sequencing gel. The gels were exposed to a phospho-
rimager screen and imaged with the Typhoon detection system.
Signal was measured using Image] software. GraphPad Prism 8
software was used to plot excised oligo amount and calculate
repair values. At least four biological replicates were conducted
for each cell line tested.

XR-seq (27, 28)

Cells were plated in 150-mm round dishes and allowed to
grow to ~100% confluence. The number of plates needed var-
ied by cell line. They were then exposed to 200 M oxaliplatin
for 2 h and then washed with cold PBS and collected. Cells were
suspended in lysis buffer without SDS and lysed using a homog-
enizer. Excised oligomers were isolated from the soluble frac-
tion of homogenates by XPG antibody (Santa Cruz Biotechnol-
ogy) immunoprecipitation. The oligomers were then eluted,
purified, annealed, and ligated to adaptors. A second IP for plat-
inum damage was then performed to further purify the excised
oligomers. The platinum damage was then reversed with
sodium cyanide. PCR amplification (15 cycles or fewer) and gel
purification were then conducted and samples were sequenced
using NextGen sequencing. XR-seq was conducted for two bio-
logical replicates for all cell lines, except Colo320hsr and
Ls174¢t, for a total of 18 libraries. Sequences were aligned to the
hg38_UCSC genome and read counts/gene were determined.
Each sample had at least 6.8 million unique mapped reads.
Repair patterns were visualized using the Integrated Genome
Viewer from the Broad Institute. Average repair patterns for a
unit gene was determined and plotted as described (31, 32).
Repair read counts from the transcribed strands of genes were
analyzed with the DESeq2 package in R to determine genes with
significant differential repair. GSEA software from the Broad
Institute and STRING (SIB, CPR, EMBL) were used to deter-
mine enriched processes for differentially repaired genes.

Data availability

The raw data and alignment data have been deposited in the
Gene Expression Omnibus under accession number GSE146473.
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